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Abstract

The aim of this Thesis is the study of the optical properties of different ox-
ide compounds doped with divalent transition metal ions (TM) such as Co (II)
or trivalent rare-earth ions (RE) such as Pr (III) through different spectroscopic
techniques: absorption, photoluminescence (PL), time resolved spectroscopy, Ra-
man spectroscopy, etc. The spectroscopic techniques will be used to study the
pressure-induced phase-transition from wurtzite to rock-salt phase in the case
of ZnO (Raman, absorption and PL spectroscopy) and from cubic to hexagonal
phase in the sesquioxides (PL spectroscopy), using for the PL experiments the op-
tically active ions as local probes to study the pressure-induced phase-transition.
We will study the effects of the size and dimensionality in the pressure-induced
phase-transitions in the ZnO samples as well as study the magnetic properties of
the Co2`-doped ZnO through such techniques.

We will also employ high pressure techniques, needed to the proper assignment
of the inter-electronic transitions in the ZnO: Co2` and crucial to explain the
absence of luminescence from the 3PJ (J = 0, 1, 2) multiplet in the Pr3`-doped
sesquioxides.
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Resumen

El objetivo principal de esta tesis es el estudio de las propiedades ópticas me-
diante técnicas espectroscópicas como absorción, fotoluminiscencia, tiempos de
vida, espectroscopía Raman, etc de diferentes óxidos impurificados con metales
de transición (TM) como el Cobalto (II) o tierras raras (RE) como el Praseodimio
(III). Las técnicas espectroscópicas se utilizarán ampliamente para el estudio de
las transiciones de fase inducidas por presión de la fase wurtzita a la NaCl en
el caso del ZnO (Raman, absorción, fotoluminiscencia) y el paso de estructura
cúbica a hexagonal en el caso de la familia de los sesquióxidos (fotoluminiscencia).
En el caso del estudio de la transición de fase por fotoluminiscencia y absorción
se utilizarán los iones ópticamente activos como sondas locales.

También el uso de ténicas de altas presiones será necesario para la correcta
interpretación de los resultados, incluso crucial para determinar por ejemplo la
correcta asignación de las transiciones inter-electrónicas en el Co2` o la expli-
cación de la ausencia de la luminiscencia de los multipletes 3PJ (J = 0, 1, 2) en
el caso de los sesquióxidos dopados con Pr3`.
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1
Introducción

El trabajo que se ha desarrollado en esta Tesis ha sido realizado en los laboratorios
del Grupo de Altas Presiones y Espectroscopia de la Universidad de Cantabria
en su mayoría.

Esta Tesis se estructura en tres partes bien diferenciadas. En la primera parte,
se van a tratar temas comúnes a todo el trabajo como son la descripción detallada
de las técnicas experimentales utilizadas y los montajes y procedimientos realiza-
dos para el desarrollo de los diferentes experimentos. Debido a que la mayoría de
las técnicas utilizadas son llevadas a cabo rutinariamente para el análisis de gran
variedad de materiales, las explicamos englobadas en una sección. Esta primera
parte también recoge los procedimientos de obtención y síntesis de los diferentes
materiales estudiados en la Tesis.

La segunda parte corresponde al estudio del ZnO: Co2`, que es el objeto de
estudio principal en esta Tesis.

Se recoge una breve introducción teórica sobre los metales de transición y los
semiconductores así como una revisión del estado del arte del ZnO y el ZnO: Co2`.

El objetivo principal de la misma, es el estudio de semiconductores magnéti-
cos diluídos, como es el ZnO dopado con Co2` a través de técnicas espectroscopi-

5



6 Chapter 1. Introducción

cas para determinar su comportamiento magnético debido a la gran controversia
nacida a principios del año 2000 sobre el ferromagnetismo a alta temperatura
que exhibían estos materiales en diferentes conformaciones estructurales (lámi-
nas delgadas y nanopartículas). Por medio de la espectroscopia óptica (medidas
de absorción y luminiscencia sobre todo) se pretende dar respuesta a la existen-
cia o no del mismo en el ZnO: Co2`. Para ello se contaba con un monocristal
de ZnO: Co2` dopado con un 5%mol de Co2` y se ha procedido a la síntesis de
monocristales de ZnO: Co2` de concentraciones bajas (0.5 %mol, 0.1 %mol), para
estudiar las diferencias entre ambos y comprobar si se producía interacciones de
canje con el aumento de la concentración.

También se ha realizado la síntesis de nanopartículas de ZnO puras y dopadas
con cobalto y se han estudiado sus propiedades bajo presión al igual que nanohi-
los de ZnO: Co2` dopados al 2%mol y se han realizado comparaciones entre los
diferentes sistemas para estudiar cómo afecta el tamaño a las propiedades ópticas
(estudiado a través de la espectroscopía Raman, absorción y luminiscencia).

Después de la caracterización de este sistema en condiciones de presión am-
biente, se le ha sometido a altas presiones, ya que como objetivo de esta Tesis
también se encuentra el utilizar técnicas de altas presiones para esclarecer al-
gunos aspectos de las propiedades ópticas del ZnO dopado con cobalto que han
sido clave para establecer la asignación de las bandas en los espectros de absorción
y emisión de la estructura electrónica del Co2`

Se ha realizado un estudio sobre la transición de fase utilizando diferentes
técnicas como la espectroscopía Raman y a través de la absorción y luminiscencia
del Co2`, empleado como sonda local.

Se recogen también las principales conclusiones a las que hemos llegado tras
realizar la Tesis en esta parte.

La tercera parte recoge el estudio llevado a cabo sobre una familia de óxidos
de tierras raras (sesquióxidos de estructura cúbica en la que tras caracterizarlos se
trata de dar explicación a un fenómeno presente en toda esta serie de compuestos
con esta fase e impurificados con Pr3`, y es la ausencia de luminiscencia desde
los niveles 3PJ .

Gracias a los experimentos a altas presiones, podemos descartar teorías an-
teriores y proponer un nuevo modelo que explica la ausencia de la luminiscencia
desde estos niveles en algunos compuestos de esta familia, demostrando una vez
más la importancia de las técnicas de altas presiones en la investigación de ma-
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teriales y como la presión permite inducir emisión desde estos estados como con-
secuencia del desplazamiento en direcciones opuestas de la banda de conducción
y los niveles d, respecto al estado fundamental.

La última parte recoge un resumen de las conclusiones en castellano junto con
los apéndices y la lista de publicaciones realizadas durante el desarrollo de esta
Tesis.





Part I

Experimental Techniques and
Materials Synthesis





2
Experimental Techniques

In this chapter, we show the experimental techniques and the equipment used in
the different experiments carried out during this Thesis.
X-Ray powder diffraction (XRPD) together with Transmission and Scanning
Electron Microscopy (TEM and SEM), thermogravimetric - differential calorime-
try (TG-DSC) and Mass Chromatography (MC) measurements have been per-
formed to characterize the structure, conformation and estability of several sam-
ples together with Raman spectroscopy.
Besides, absorption, reflectance and time-resolved luminescence measurements
have been carried out for the optical characterization of these materials.
To fully understand the properties of these materials, we have also used low
temperature and high pressure techniques (further explain in this chapter).

11



12 Chapter 2. Experimental Techniques

2.1 Chemical and structural characterization tech-
niques

2.1.1 X-Ray Powder Diffraction

Powder X-Ray diffraction XRD at ambient conditions as well as at high pressure
allowed us to get information about the crystal structure of some of the samples
prepared in the laboratory and the pressure-induced phase-transition of some
studied compounds.

Figure 2.1: X-Ray diffractometers used during the Thesis. A Bruker D8 Advance X-
Ray powder diffractomer from the DCITIMAC group at the Univerisity
of Cantabria. It is equipped for low and high temperature measurements
(left) and an Oxford Xcalibur 4 rings X-Ray single-crystal diffractome-
ter from the MALTA-Team facility at Complutense University, Madrid
(right). The latter was used for high-pressure experiments.

We used this technique for confirming or determining the crystal structure
from our synthesized samples and compared our results with those provided by
the literature. In the case of nano-particles (NPs), this technique also allowed us
to determine its grain or crystalline size [1].

Crystal structure determination

The structure of all the synthesized compounds was checked with the database
and the software provided with the X-Ray difractometer. We used the Bruker D8
Advance X-ray powder diffractometer at the Universidad de Cantabria and the
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software EVA 13.0.0.3 to check the crystal structure in the ZnO and the sesquiox-
ides compounds. We also used the Bruker AXS D5005 (DRXP) diffractometer
at the Universidad de Valencia and the EVA DIFFRAC PLUS software with the
PDF 1999 edition database to verify the structure of the ZnO:Co2` single crystals
(SC) grown at that University.

NP’s size determination

To determine the grain size and strains, we analyzed the peak broadening through
a peak fitting. First, we determined and subtracted the instrumental broadening
(Binst) to the full width at half maximum (FWHM) measured in the diffrac-
tion pattern of a LaB6 calibrated sample. Once we subtracted the instrumental
broadening from the diffractogram, we applied one of the following equations, de-
pending on the peak profile of the fitting equation, to determine peaks’s FWHM
[1]:

Brl “ B0 ´ Binst (2.1)

Brg “ B2
0 ´ B2

inst (2.2)

Brv “

c
pB0 ´ Binstq

b
pB2

0 ´ B2
instq (2.3)

being the eq.(2.1) for the Lorentzian, eq.(2.2) for the Gaussian and eq.(2.3) for
the Voigt peak profile and B0 the experimental FWHM. Once we get the actual
FWHM from the sample, we use as a first approximation, the Scherrer’s formula,
which only takes into account the NP crystalline size:

Bc “

k ¨ �

L ¨ cosp✓q

(2.4)

where Bc is the actual FWHM of the diffraction peaks due to the crystalline size,
k is a constant which depends on the surface and may vary from 0.89 to 1.39
(common value k = 1), � is the x-ray wavelength (Cu K↵ in this case), L is the
grain size (assuming spherical shape) and ✓ is the Bragg’s angle. For a more
accurate result, we use the Williamson-Hall approximation (eq. 2.4), which takes
into account the internal stress of the sample apart from the grain size as a cause
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Figure 2.2: Variation of the X-ray peak FWHM evolution with the diffraciton angle
(Breal) and the different contributions to this broadening (Bc, Bs).

of the X-ray diffraction peak broadening:

Breal ¨ cosp✓q “ Bc ¨ cosp✓q ` Bs “

k ¨ �

L
` ⌘ ¨ sinp✓q (2.5)

where Breal is the actual FWHM broadening of the x-ray reflections, sum of two
contributions: crystalline size (Bc) and crystal strain (Bs), where ⌘ is the strain
in the material. Fig.2.2 reproduce the actual broadening of the x-ray diffraction
peaks as we increase the diffraction angle and the contribution of both effects
(crystallinity or size and crystal strain) to the broadening, pointing out why low
angle peaks have to be analyze better than higher angles to get a more accurate
estimation of the crystalline size. At higher angles, both contributions cannot be
distinguished as well as for lower angles, and some errors are introduced in the
results.

High-Pressure Powder X-Ray Diffraction

Sesquioxide compound series doped with rare-earth (RE) ions (2O3: Pr3`, Ln =
Y, Gd, Sc, Lu) were studied during this Thesis. Angle-dispersive x-ray diffrac-
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tion measurements were carried out on some of this sesquioxides (Y2O3: Pr3`and
Lu2O3: Pr3`) with the Xcalibur diffractometer (Fig. 2.1). X-ray diffraction pat-
terns were obtained with a 135 mm Atlas CCD detector placed at 110 mm far
from the sample using K↵1: K↵2 Mo radiation (0.7093 Å and 0.7136 Å, respec-
tively). The x-ray beam was collimated to a diameter of 300 µm. High-pressure
powder XRD measurements on the sesquioxides were performed in a modified
Merrill-Bassett diamond anvil cell (DAC) up to 18.7 GPa. The diamond anvils
had 500 µm of culet size. The Ln2O3:Pr3` (Ln = Y, Lu) powders were placed in
a 150 µm-diameter hole of the stain-steel gasket pre-indented to a thickness of
50 µm. A mixture of methanol/ethanol in a 4:1 ratio was used as pressure trans-
mitting medium. Ruby microspheres distributed in the pressure chamber were
used for pressure callibration via the ruby fluorescence method (section 2.5) [2].
The DAC used for these experiments allows access to an angular range 4✓=50˝.
The observed intensities were integrated as a function of 2✓ in order to obtain
the standard one-dimensional diffraction profiles. The CrysAlis software (Oxford
Diffraction Ltd.) was employed for data collections and the preliminary reduc-
tion of the experimental data. At high pressure, only the reflection peaks below
2✓=18.3˝ were considered in order to avoid Bragg peaks from the gasket. The
indexing of the powder diffraction patterns was performed using the Powdercell
program package.

The volume of the unit cell, obtained through this technique, and its evolution
with pressure has been used to obtain the equation of state (EOS) by fitting the
experimental points to a third order Birch-Murnaghan isothermal equation of
state (eq. 2.6). The characteristic parameters B0 and B10 (the bulk modulus and
its first derivative respectively) were obtained [3].

P pV q “

3B0

2

«ˆ
V0

V

˙7{3
´

ˆ
V0

V

˙5{3� #
1 `

3

4

pB1
0 ´ 4q

«ˆ
V0

V

˙2{3
´ 1

�+
(2.6)

Where P is the pressure, V 0 is the reference volume at ambient pressure, V
is the deformed volume at different P, B0 is the bulk modulus, and B’ 0 its first
derivative with pressure. The bulk modulus is defined as:

B0 “ ´V

ˆ
BP

BV

˙

P“0

(2.7)
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2.1.2 Thermogravimetry (TG) and diferential scanning calorime-
try with mass cromatography (DSC-MC)

Thermogravimetry measurements (TG) are very useful to learn about the thermal
properties and stability of materials. TG can provide information about physical
phenomena, such as first-order phase-transitions, chemical phenomena including
chemisorptions (especially dehydration), decomposition, and solid-gas reactions
(e.g., oxidation or reduction). All of these phenomena can be measured due to a
change in the sample mass (gain or loss) due to temperature variations.

In this technique, a crucible (made of alumina, platinum, gold, graphite,
PFTE) is hang in a micro-balance inside a chamber under high vacuum (see
Fig. 2.3). The crucible is surrounded by a graphite furnace with a thermocouple,
which allows us to measure the temperature in the sample. A constant flow of
specific mixture of gases (atmosphere) can be set up to recreate the desired at-
mosphere for our experiment. With this technique we can relate the changes in
mass with an specific temperature. The temperature rate is chosen (˝C¨min´1),
depending on the sample and the property we want to measure. We also per-
formed differential scanning calorimetry (DSC) measurements which relates the
heat flow with T variations in the sample. This is a complementary technique to
the TG. For this purpose we have to measure the crucible without (blank) and
with the sample in it, under exactly the same conditions. This complementary
technique allows us to get melting points, glass transition temperature and en-
thalpy of transition and other changes in our sample that involve heat but not
weight variations, determining if a transition is exothermic or endothermic.

A mass chromatography equipment (MC) is coupled to this system, therefore
a compositional analysis of the gases that comes from the sample chamber can
be studied, i.e.we can determine what compounds are going out from our sample
at a particular temperature, which is a relevant information for improving the
annealing conditions while synthesizing new materials. It also allows to learn
what chemical and physical reactions occurs to our sample during heating or
annealing processes.

These techniques are available at the Dpt. of Inorganic Chemistry, Processes
and Resources (QuiPre) from the ESIIT, University of Cantabria.

For the experiments a maximum temperature of 900˝C was reached under air
atmosphere. The temperature ramp during this experiments were set up to 10˝C
per minute.
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Figure 2.3: TGA-DSC SETSYS Evolution from SETARAM coupled with a MC
THERMOSTAR/OMNISTAR PRISMA GSD 301 T3 from Pfeiffer Vac-
uum in the Dpt. QuiPre of the University of Cantabria and a scheme
about all the parts of the furnace and balance system.

2.1.3 Electron microscopy

Electron microscopy takes advantage of the wave properties of electrons and use
them as a probe instead photons. Electrons have a much lower wavelength than
visible (Vis) photons so the resolution would be greater than using Vis light.

To determine the resolution power (�) of a conventional (optical) microscope,
we take the Abbe’s diffraction limit equation [4]:

� “

1.22 ¨ �

2 ¨ n ¨ sin↵
(2.8)

where � is the wavelength of the light source used, n is the refractive index of the
media and ↵ is half the angle of the cone of light from the focal plane accepted
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by the objective (half aperture angle in radians). The denominator is often called
Numerical Aperture (N.A.).

Depending on the geometry of the microscopes used we have two main types
of electron microscopes:

Scanning Electron Microscopy (SEM)

These microscopes accelerate electrons (with an electric potential of 30 kV in our
case) that are focused by means of condenser electromagnetic lenses (coils) into
the sample in a high vacuum chamber. The electrons pass through a deflection

Figure 2.4: Philips XL-30 ESEM scanning microscope (left) used in the SCSIE of the
University of Valencia during the stay in the group of Optic Fibers and
Semiconductors and (right) a scheme about the basics of the SEM [5].

coil which is able to scan the sample surface. An objective lens focus the beam
on the sample and the backscattered electron detectors and secondary electron
detectors capture the scattered particles. The images are produced one spot at
a time in a grid-like raster pattern. To get the electrons interacting with the
sample, this has to be coated with a thin layer (various nm thick) of graphite,
gold or other noble metal. If the sample is metallic, there is no need of this
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coating. The bright areas in the image correspond to those where electrons are
scattered and the dark areas to electrons which suffer almost non interaction with
the sample. Some of the electrons are energetic enough to produce soft x-rays
that comes from the sample, for this reason a x-ray detector is usually coupled
within the SEM. This technique is called Energy-dispersive x-ray spectroscopy
(EDS) and allows us to make a compositional analysis of the sample in a very
small region (around tens of nanometers wide).

Transmision Electron Microscopy (TEM)

The main difference with SEM is that the sample has to be thinner to avoid
electron interactions (typically less than 100 nm thin) and no metallic coating
is required due to the sample is set to collected the electrons in transmission
mode. In this case a wide electron beam crosses the sample and is collected after

Figure 2.5: JEM 2100 transmission electron microscope (JEOL, Japan) used at the
TEM facility (SERMET) at the University of Cantabria (left) and a brief
scheme of the inner components of a TEM (right) from [6].

that. The image is produced at the same time (opposite to the SEM). With this
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technique, both images (2D or 3D) together with electron diffraction patterns can
be acquired (crystallinity studies).

The resolution power within this technique is around 2Å, which makes these
microscopes widely used in the nano-science. If we take into account the wave
nature of the electrons, the acceleration potential V and since the semi-angle of
collection of the objective lenses (↵) is quite small (around 10´2 radians) and
n «1, the Abbe’s diffraction limit equation [7] (eq. 2.8) is now:

� “

0.753

↵ ¨ V 1{2 (2.9)

For typical values like V = 200kV and ↵ = 0.01 we obtain a resolution of about
0.17Å.

The samples were prepared by suspending the solid powder in ethanol (Sigma
Aldrich, 99% purity) under ultrasonic vibration. One drop of the prepared sus-
pension was applied to carbon films on copper grids (Agar Scientific). TEM
experiments were performed on a JEM 2100 electron microscope (JEOL) (Fig.
2.5) at the TEM facility at the University of Cantabria (SERMET), operating at
an accelerating voltage of 200 kV, with an estimated point to point resolution of
0.17 nm (eq. 2.9), and equipped with a CCD detector (Gatan Orius SC 1000B).
DigitalMicrograph (Gatan) software was employed for the data collection and
analysis.

2.2 Spectroscopic Techniques

In this section we described different experimental techniques and the setups used
for optical characterization of the samples. We have worked with different regions
of the electromagnetic (EM) spectra (from near infrared, NIR to ultra violet, UV)
so different kind of optics and detectors have been used.

2.2.1 Absorption measurements

When light passes through a material, the final amount of light after the sample
is reduced respect the initial according to the Lambert-Beer law:

I “ I0 ¨ e´↵¨x (2.10)
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where I and I0 are the final and initial light intensities, ↵ and x the absorption
coefficient and the sample thickness.

The Absorbance is derived from eq. 2.10 as:

Ap�q “ x ¨ log

ˆ
I0
I

˙
(2.11)

Other parameters such as the absorption coefficient (↵) can be obtained and it is
important since it does not depend on the sample thickness and can be used to
compare different experiments:

↵p�q “

Ap�q ´ A0

xpcmq

¨ 2.3 (2.12)

For the absorption experiments we took into account our sample’s nature. It
means that we used one of the following techniques depending on the samples
presentation. For single crystals (SC) we used one of the aforementioned param-
eters but for the powder sample we performed reflectance measurements using an
integrating sphere accesory, (see page 26).

Absorption Equipments

To measure the absorbance we used several setups, depending on the region of
the EM spectrum we want to focus in, depending on the resolution we want to
achieved or depending on the saturation limit of our detectors.

We used a Cary 6000i from Varian double-beam spectrophotometers (Figure
2.6), with a spectral range from 170 nm to 1800 nm (Xe and Deuterium lamps)
and the sensitivity (maximum absorbance measured) is 10. The spectral resolu-
tion can be as good as �� = 0.01 nm. Also temperature dependence absorption
experiments were performed using a closed-cycle He cryostat (see section 2.4).

A Perkin-Elmer Lambda 9 spectrometer was used. It has a spectral range
from 190 to 3200 nm. Nevertheless it has a smaller spectral resolution, �� =
0.05 nm, and sensitivity: maximum absorbance measured is 5.

When measuring absorption under pressure, due to the small size of the sam-
ples (around 40 to 60 µm), several homemade setups were prepared to perform
optical absorption spectroscopy with DACs.

Figure 2.7 presents the setup for absorption measurements of the sample in the
DAC. An Acton Research Co. (ARC) monochromator, (mod. Spectra Pro 300i)
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Figure 2.6: Double beam absorption spectrophotometer Cary 6000i - Varian. It was
used to get the absorption spectra of the different samples at ambient
pressure and as a function of temperature.

together with tungsten and Deuterium lamps were used to get a monochromatic
light source (from 200 to 850 nm). In the UV region, bellow 250 nm, the diamonds
present a great absorption band therefore the spectra are not trustworthy. The
source light, modulated with a mechanical chopper (Stanford Research Systems
540), was then focused on the sample through a Cassegrain reflection objective
(35x) with a spatial filter (pinhole) in order to obtain a confocal system. The spot
obtained in the sample should be smaller than the sample’s size guaranteeing that
all the incident light passes through the sample. Another Cassegrain objective
collects all the light transmitted through the sample and the hydrostatic media
and detected with a photomultiplier (PMT). The signal was then analyzed with
a synchronous amplifier lock-in (SR-830 from Scientific Research). The amplifier
only magnifies the signal with the same frequency than the mechanical chopper.

During a brief stay in the Optical fibers and Semiconductors group at the
University of Valencia, different High Pressure absorption experiments were car-
ried out and different spectral regions were studied (UV-Vis overall and NIR, IR
and FIR also with an FTIR spectrometer).

The UV-Vis region was studied using the home-made setup described in Fig.
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Figure 2.7: Experimental setup for the UV-Vis high pressure absorption experiments.

2.8, where an halogen lamp is used as light source, driven to the optical system
by means of an optic fiber.

The light was focused on the sample and collected once it passed through it
with two Cassegrain objectives. A beam splitter was located on a retractile tray
and focused on a screen to select the sample region to be studied. An in ´ situ

pressure probe was included inside the pressure cavity. A green laser was focused
on the ruby (green lines, dotted and straight, Fig.2.8) and the luminescence was
measured with an Ocean Optics spectrometer. Two spectrometers are used to
cover the Vis (550-1100 nm) and the ruby fluorescence spectral regions (600-750
nm) to determine Absorption spectra and the pressure in the hydrostatic cavity.

A similar setup was used with an InAs detector and a Ge filter (Fig. 2.9) to
cover the NIR spectral region (1000 to 3200 nm). The light was dispersed with
a monochromator and the software transformed the transmittance spectrum into
absorption coefficient spectrum (↵p�q).

In all cases, we followed a similar procedure when working with single-beam
setups to get the absorption spectra. We first measure the reference spectra
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Figure 2.8: Experimental setup for the high pressure UV-Vis absorption experiments
(up). The green dotted line represents the laser pathway used to measure
the pressure by ruby PL and the white dotted line corresponds to the
halogen lamp beam optical path used to measure the absorption. Scheme
of the setup taken from ref. [8] is plotted (down).
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Figure 2.9: Experimental setup for the NIR high pressure absorption experiments.

(I0), that is the spectrum of the DAC in a region without sample. Afterwards we
measure the light transmitted through the sample (I). The appropriated software
converts the transmittance into absorbance (eq. 2.11). The absorption coefficient
as a function of � can be obtained by eq. 2.12.

Fourier Transform Infrared (FTIR) Spectroscopy

We also performed high pressure Fourier Transform Infrared (FTIR) spectroscopy
studies in the mid-IR region (400 - 4000 cm´1). This system (Fig. 2.10) is an
in-house built FTIR using a compact TEO-400 FTIR interferometer module and
an external microscopic optical bench with gold reflecting Cassegrain objectives.
The setup is able to record transmission and reflection infrared spectrum at high
pressure. A complete description of this equipment is given in ref. [9].

Although it is not shown in the figure beneath (Fig. 2.10), a similar way to
determine the pressure following the ruby PL was set. A green laser was focused
on the ruby microsphere within the DAC and an Ocean Optics spectrometer was
used to determine the ruby lines position and subsequently the pressure.
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Figure 2.10: Experimental setup for the FTIR used in Valencia (up) and a scheme
(down) of this equipment from [8, 9] is also shown.

Diffuse and Specular Reflectance

When the samples are presented as powder, and we have enough amount it is
possible to obtain the absorbance through the transmittance but it is not an easy
task. However, the reflectance can be measured. Reflectance (R) and absorbance
are straightforward related, the Cary 6000i spectrophotometer (Fig. 2.11), is able
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to measured the reflectance (Fig. 2.12(a)) of the sample:

R “

pn ´ 1q

2
` k2

pn ` 1q

2
` k2

(2.13)

where R is the Reflectance and n, k are the real and imaginary part of the
refractive index of the material.

The software transforms this magnitude into absorbance, following the Kramers-
Kronig relation, which relates reflectance with absorbance [10, 11].

Figure 2.11: Cary 6000i from Varian photospectrometer (left) used to obtained the
absorbance of powder samples with the coupled integrating sphere and
the brass sample holder (right) where the powder samples are placed and
pressed on the low profile. The powder surface have to be as smooth and
flat as possible. The equipment was located in the laboratory of the High
Pressure and Spectroscopy (University of Cantabria).

The integrating sphere allows us to get a reflectance spectra in which only
the diffuse light was collected (diffuse reflectance) or a reflectance spectra which
includes the specular light together with the diffuse (specular reflectance).

The integrating sphere is a hollow sphere which walls are completely white
polished and covered with PTFE and which geometry allowed that all the possible
reflections of light produced by the sample were finally collected by the detector
(Fig. 2.12).

Once the baseline is collected, the powder is placed in the sample-holder (Fig.
2.11(b)), and then is coupled in the sample port of the integrating sphere. A
thin layer of powder is covering the low profile sample-holder (Fig. 2.11(b)).
The surface must to be smooth and flat to have a proper measure. Then the
integrating sphere is then set in S (specular) or D (diffuse) configuration.
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(a) Different interactions between EM ra-
diation and matter, where I0 is the inci-
dent light; I

R

is the reflected intensity; I
t

the transmitted; I
S

the scattered and I
e

the
emitted.

(b) Inner scheme of the integrating
sphere used to measure the absorbance
in the powder samples. I0 represents the
incident light which is scattered by the
sample and finally collected in the detec-
tor window.

(c) Differences from the Diffuse and Specu-
lar reflection. We can choose the D geometry
in which only the Diffuse reflectance is mea-
sured or the S geometry in which the Total
reflectance is obtained (Diffuse plus Specular
reflectance).

Figure 2.12: Different ways in which the EM radiation interacts with matter and
different geometries in which the integrating sphere can work depending
on which kind of reflection spectra we are interested in, ref. [12].

All the reflectance spectra were taken at RT. The specular (S) configuration
was used, since no changes were observed between S and D configurations in the
spectra, only the (signal/noise) S/R ratio was improved when using S configu-
ration. All the reflectance spectra were automatically converted into absorbance
by a comercial software.
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2.2.2 Raman Spectroscopy

Raman spectroscopy [13] was extensively used during this work. Raman scatter-
ing is an inelastic photon scattering technique. However, the biggest part of the
scattered photons suffer an elastic scattering where incident photons wavelength
or frequency !s is equal to scattered photons frequency !0, Rayleigh scattering.
The other part of the incident photons, change their energy when they interact
with the sample, which is known as inelastic Raman scattering. The incident
photon energy is used to excite vibrational modes of the material [14, 15].

Figure 2.13: Diagram of the Rayleigh and Raman (Stokes and anti-Stokes) processes.

The Raman scattering is a low probable event (« 10´3 times the Rayleigh
scattering) and takes place at new modified frequencies, !0 ˘ !k, where !k are
the frequencies of the Raman active vibrational modes [16]. Raman peaks are
observed at both sides of the Rayleigh scattering peak. Peaks at lower frequency
than incident photon frequencies (!0 ´ !k) are known as Stokes scattering peaks
while peaks appearing at higher photon frequencies than the Rayleigh scattered
photons (!0 ` !k) are called anti-Stokes scattering peaks, which are less intense
than Stokes peaks (Fig. 2.13). The Raman spectra show in the Thesis are all in
the Stokes region.

The Raman scattering cross-section ( d2�
d⌦d!

s

) is given by the equation:

d2�

d⌦d!s

“ vc ¨ V
!4
s

c4
¨ | ✏s ¨ �1✏0 | xUU`

y! (2.14)
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where:

| ✏s ¨ �1✏0 |«

xv | Hint | cyxc | Hep | cyxc | Hint | vy

p!g ` !k ´ !0q ¨ p!g ´ !0q

(2.15)

is related to the Raman selection rules and:

xUU`
y! “

~
2 ¨ N!k

¨ pnk ` 1q ¨ gkp!q (2.16)

it is related to the line shape of the spectral Raman peaks.
In eq. 2.14, V is the total volume of the sample, vc is the excited state cross-
section, !s is the scattered light frequency, c is the light speed, Hint and Hep are
the radiation-electron and the phonon-electron interaction hamiltonians, v and c

the intermediate valence and conduction bands (VB and CB) and !g, !k and !0

are the frequency of the bandgap in the material, the Raman vibrational active
modes frequencies and the incident photon frequencies, respectively.

Also, in the line shape factor of the Raman cross-section (eq. 2.16), nk is the
distribution function as a function of temperature, described below:

nk “

1

expp

~!
k

k¨T q ´ 1

(2.17)

and gkp!q is the phonon Lorentzian shape factor:

gkp!q “

�
k

2⇡

p!k ´ !q

2
` p

�
k

2 q

2
(2.18)

where �k is the natural spectral bandwidth.
The Raman cross-section equation is important in order to give a proper and
accurate interpretation of Raman spectrum under high pressure experiments re-
garding the peak intensities.

This technique is used to characterize the crystallinity of the samples and as a
local probe to study the concentration effects of the impurities and the pressure-
induced phase-transitions in the samples.

Unpolarized confocal micro-Raman spectroscopy was performed in all samples
by means of a triple monochromator (Jobin-Yvon, Model T64000) in subtractive-
mode backscattering configuration, equipped with a liquid-N2 cooled CCD de-
tector. The 514.32 nm and 647.08 nm lines of an Ar`-Kr` laser were typically
focused on the sample with a 20x objective for micro-Raman while the laser power
was kept below 4 mW, in order to avoid laser-heating effects. The laser spot was
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2 µm in diameter, and the spectral resolution was around 0.6 cm´1 in all cases.
Raman spectra were fitted to Lorentzian profiles to get the full width at half
maximum (FWHM), intensity and peak position of the Raman peaks.

The Raman technique was used to check the sample structure through the
characteristic first-order modes (Elow

2 and Ehigh
2 ) in the ZnO: Co2` experiments

and to check the crystal structure comparing the Raman peaks, those given by
the archival literature.

Figure 2.14: Raman spectrometer T64000, Jobin-Yvon. This Raman belongs to the
MALTA-CONSOLIDER Ingenio 2010 facility. It is based in the Uni-
veristy of Cantabria in the High Pressure and Spectroscopy group.

2.2.3 Photoluminescence and excitation

In luminescence spectra (also called emission), under constant excitation (�ex)
we plot the intensity as a function of the emission wavelength, I(�). When we
studied the excitation spectra, we detected at a particular wavelength (�em) and
represented the intensity as a function of the excitation wavelength. On contrary
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to absorption, these techniques are selective, we can decide which electronic state
is going to be excited and studied. Different light sources, gratings and detectors
will be used depending on the studied spectral region. All spectra were cor-
rected [17] for the system response and were represented as photons counts vs.
wavenumbers (see section 2.7).

Figure 2.15: Edinburgh Instruments fluorimeter FLSP920 (up) of the High Pres-
sure and Spectroscopy group, Univeristy of Cantabria, together with
the close-cycle cryostat coupling, and a brief scheme of the equipment
(down).

For the photoluminescence (PL) and photoluminescence excitation or excita-
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tion (PLE) experiments several setups were used. A fluorescence spectrofluorime-
ter from Edinburgh Instruments (FLSP920) equipped with 2 monochromators in
excitation and emission, Visible, Extended Vis and InGaAs detectors (with its
corresponding gratings) and a continuous Xe lamp of 450W and a pulsed Xe lamp
of 60W (µF920) was used (Fig. 2.15). This fluorimeter is equipped with a fiber
optic bundle of fused quartz (UV transparent) for outside measurements. It is
also equipped with a He closed cycle cryostat for temperature dependent mea-
surements (section 2.4). Also lifetime measurements (till µs scale) are possible
with nano and picosecond pulsed lasers.

Likewise, the next setup was used to measure the PL, excitation, lifetime and
time resolved spectroscopy at both RT and ambient pressure and as a function
of P and T . The setup is shown in Fig. 2.16. A Nd:YAG pulsed laser pumps

Figure 2.16: In-house time resolved spectroscopy setup scheme. High Pressure and
Spectroscopy lab group. Univeristy of Cantabria.

a tunable OPO 1 as an excitation source. The emitting radiation is collected
by a Mitutoyo objective focusing the light into an optical fiber coupled to the
monochromator. The light is then dispersed in a TRIAX320 monochromator and
detected with a Peltier cooled iCCD (intensified CCD) with an spectral range
going from 180 to 850 nm.

1The OPO laser covers the Vis-NIR (410–2400 nm).
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Additionally, the T64000 spectrometer under continuous Kr`-Ar` laser excita-
tion was used to measure high resolution PL of the ZnO: Co2` at low temperature
and high pressure.

Excitation

To perform excitation experiments with the setup described in Fig. 2.16, the next
steps were taken into account since the excitation source (OPO laser) and the
detection system (iCCD in the TRIAX320) are controlled by different computers
and softwares.

The excitation source and the detection system should be synchronized. The
time in which the OPO is at a particular wavelength is match with the time in
which the iCCD is measuring the emission.

2.2.4 Lifetime measurements ⌧

When measuring the lifetime of our samples with the in-house setup (Fig. 2.16)
the pulse width of the OPO laser was < 8 ns (with a repetition rate of 10 Hz).
The tuning range of the OPO allows us to excite different electronic excited
states of our optically active ions. After the pulse, the electronic states begin
to relax, to depopulate, this process is studied using the temporal evolution of
the light intensity emitted by the material. The temperature behavior in the
simplest scenario is following a single exponential, being the time constant of the
exponential decay the experimental lifetime of the excited state.

The intensity variation with time of an electronic transition is proportional to
the number of de-excited center variation per unit time, having this into account
we can described the intensity behavior like:

Nptq _ Iem “ I0 ˚ e´t{⌧ (2.19)

just after the laser pulse. Iem is the emitted intensity, Nptq the excited state
population as a function of time, I0 is the intensity at t “ 0 and ⌧ is the lifetime
of the luminescent state. This lifetime is the total lifetime of the excited state
and includes the radiative (⌧rad) and non-radiative (Anr) processes.

1

⌧
“

1

⌧rad
` Anr (2.20)
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In general (for T > 0 K) non-radiative processes are present and Anr ‰ 0 thus
⌧ § ⌧radp0q, where ⌧radp0q is the pure radiative lifetime at 0 K. Every excited state
has its own lifetime in a given lattice [18] so it helps to distinguish the emission
from different excited states although they overlap in the same spectral region.
The time-resolved spectroscopy allows us to separate the different contributions
of several excited states in the emission spectrum.

The overlap between the PL of two different active ions or between the same
ion but in different crystallographic sites requires to solve a coupled equation
system which describe the luminescence evolution of the system. This equations
are called rate equations [19].

We have also used the Edinburgh Instruments fluorimeter to measure the
lifetimes (Fig. 2.15).

2.3 High pressure techniques

In the past 50 years, diamond anvil cells (DAC) have been extensively used to
study the properties of matter at high pressure. Diamonds are the hardest mate-
rial know up to now and it is optically transparent to a wide range of wavelengths
in the electro-magnetic (EM) spectrum, from UV to NIR. Using this technique
we can study the change of structural, optical, electronic and magnetic properties
of a material upon reducing its volume. As we study the optical properties the
best diamonds to use in a DAC for this purpose are the type IIa diamonds, which
do not have any absorption band related to impurities from the ultraviolet (UV)
till near infrared (NIR) spectral regions.

The key elements we have to bear in mind to reach pressures as high as
1.000.000 atm («100 GPa) are the followings:

1. A pair of diamonds with a narrow culet (the narrower the culet, the higher
the pressure). Typically, the diamond culet diameter is « 400 µm. To reach
higher pressures than 100 GPa, single and double bevel (or slope) diamonds
are used. Apart from diamonds, also moissonites (SiC) or sapphires can be
used to avoid the diamond absorption bands if the region in the material
we want to study overlaps with them.

2. A metallic gasket, generally made of steel or Inconel (Ni-Cr alloy), Re or
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W is placed between the two diamonds. It provides the hydrostatic cavity,
avoids direct contact between the anvils giving lateral support to the conical
faces of the anvils. Higher pressures can be reached using a Rhenium (harder
than steel or Inconel) gasket.

3. A hydrostatic transmitting medium. Typically the methanol:ethanol 4:1
mixture is used. Also methanol:ethanol:water mixture, spectroscopic paraf-
fin or mineral oil are used for its high hydrostaticity. Noble gases such as
He or N2 are also used for very high pressures and low temperatures [20].

Figure 2.17: The sample is placed in the hole made in the gasket between the two anvil
diamonds together with the pressure sensor (ruby) and the hydrostatic
transmitting media. This system is known as hydrostatic cavity (a). In-
conel gasket used in the cryoDAC for high pressure and low temperature
measurements. The hole in the picture has around 200 µm diameter
(b). Electric driller from BETSA (EDM) mod. MH20M used to drill a
the hole in the gasket (c). Terminology about the nomenclature of the
diamonds used in this technique and a view of the diamond cut (d) and
different types of diamond tips to perform high pressure experiments (e).

The two diamonds are placed with the culets opposed one to each other so
when we push both anvils together we increase the pressure in the region be-
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tween them (Fig. 2.18 (a)). The metallic gasket between the anvils acts as a
container that holds together the sample, hydrostatic media and pressure sensor.
Previously, we have to pre-indent the metallic gasket using the DAC. Typically
we decrease the thickness of the gasket from 200 µm till 50-80 µm.

Figure 2.18: (a) cryoDAC-Mega cell of EasyLab used in most of the experiments of
this Thesis. The CuBe clamps are pushed together by four screws, two
of them are clockwise and the other counter clockwise, increasing the
pressure and avoiding the twisting. (b) MALTA CONSOLIDER DAC is
a modified Merrill-Baset equiped with type IIac single bevel (c) diamonds
in a Boehler-Almax geometry, developed for the MALTA CONSOLIDER
group and used to get very high pressures (around 60-70 GPa) for some
RT measurmentes together with the special screwdriver to move all the
screws at once. (d) and (e) corresponds to the Membrane cell from
the HPSG of the University of Cantabria, although one of the same
characteristics was used at the University of Valencia during a brief stay
and its corresponding scheme behind it. In (d) we can see the membrane
cell together with the He-blower used to inflate the metallic membrane
and the DAC ready for a Raman measurment in the T64000 at Univ. of
Cantabria.

With this procedure we hardened the material, making it more resistant when
applying pressure with the DAC. The higher the pressure we reach during the
pre-indentation the higher the final pressure during the experiment. After the
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pre-indentation, we drill a hole in the center of the indentation step made by the
anvil culet in the gasket with an electric sparking driller (model (EDM) MH20M
BETSA). This allows us to drill small holes with high accuracy. Tungsten needles
of diameter between 100-200µm size were used in most of the experiments. The
hole size is usually about 1/3 of the culet size. Then we place in the cavity, the
sample, the ruby microspheres and the hydrostatic medium (Fig. 2.17). To obtain
higher pressures, the diamond size, the hydrostatic cavity and consequently the
sample have to be reduced. In Fig.2.17, a basic scheme about this technique and
the hydrostatic cavity is shown.

In Fig. 2.18 appears a brief description of all the DACs used for our exper-
iments, which belong to the High Pressure and Spectroscopy group (HPSG) at
the University of Cantabria. Here we made a brief description of them:

cryoDAC-Mega cell: This cell (see Fig. 2.18 (a)), made of CuBe alloy, is suit-
able for both optical and XRD studies at cryogenic temperatures. The
diamond anvils are mounted within CuBe rings and set into the tungsten
carbide (WC) support plates. The DAC itself is held within two CuBe
clamps, and one of them is fixed to the cryostat. Pressure is applied by
turning the four screws on the CuBe blocks two of them clockwise and the
other two counter-clockwise to avoid twist stresses between the diamonds
[21]. IIa type diamonds of 400µm of culet are set in this DAC. To avoid
pressure increasing during low temperature experiments, a set of CuBe rings
were inserted in the four pressure-inducer bolts. This rings damp the in-
crease of the pressure in a 10% less than if we do not use them.

MALTA cell: This cell was designed within the MALTA CONSOLIDER project
(devoted to the study of matter at High Pressures). It is a modified Merrill-
Bassett DAC, where three screws push the two plates together [20]. The
diamond anvils set up in this DAC have around 500 µm of culet size (Fig.
2.18 (b) and (c)). They are of the type IIa and have the Boehler-Almax
geometry, which means that the tablet of this diamonds are conical [22].

Membrane cell: The main difference between the membrane cell and the other
cells is that the former uses a metallic membrane to generate the pressure
instead of screws. This cell is composed of two steel parts which fit perfectly
one into the other. The membrane, a toroidal cavity in which pressurized
He gas is introduced, is mounted on the upper part of the cell. When
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the membrane is inflated, it pushes the upper cylinder against the other
increasing the pressure in the hydrostatic cavity. This system allows a fine
pressure control and has the advantage that there is no need of moving the
cell to modify the pressure. The anvils in this cell are type IIa diamonds
and are 500µm of culet size (see Fig. 2.18 (d) and (e)).

For most of the ZnO: Co2` experiments at RT and for all at low temperature and
high pressure the cryoDAC-Mega cell was used (Fig.2.18 (a)). Its behavior at low
temperature was studied and improved in collaboration with EasyLab (further
details at the end of the section).

The 3-screw MALTA modified Merril-Basset (Fig. 2.18 (b)) cell was used for
the sesquioxides experiments at room temperature (RT). Pressures up to 60 GPa
were achieved.

The membrane DAC was used for all Raman experiments in different ZnO: Co2`

conformations; all the absorption and FTIR high pressure measurements per-
formed at the Univ. of Valencia and some of the high pressure RT luminescence
measurements carried out with the T64000.

Setup of cryoDAC-Mega from Almax-Easylab

A proper characterization of this DAC at low temperatures (around 20 K) was re-
quired before using it for the experiments. During the first pressure-temperature
cycles an increase in P values while T decreased was observed. This behavior was
more remarkable as the initial pressure at RT is higher. So for this reason, know-
ing the pressure that the cell will reach at low temperature depends on which is
the initial pressure value at RT. It became an important parameter since these
diamonds (culet size, 450 µm) can stand a Pmax around 50 GPa, and if higher
initial pressures than 30 GPa at RT are set, the final pressure would be higher
than 50 GPa and could damage the diamonds.

Different measurements were done in this DAC loaded with ZnO: Co2`, using
spectroscopic paraffin oil as a hydrostatic medium and using ruby microspheres
as pressure sensor.

In the Fig. 2.19 the pressure dependence with temperature in the DAC is
showed. The black (solid and hollow symbols) represent two set of different
pressure points during experiments. The dotted lines are the least squares fitting
that shows a linear behavior of the pressure as we decrease the temperature.
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Figure 2.19: Pressure dependence in the hydrostatic cavity of the cryoDAC-Mega cell,
(Fig.2.18 (a)) with temperature. Experimental pressure points (black
symbols), least squares fittings (blue lines) and a model (red straight
lines) which relates T and P as different curves which describe the T
dependence of P for different initial pressure values P0. The inaccuracy
from the RT P to the low temperature P is around a 15%, figure that
was improved from the initial values where a variation of the 50% was
observed at low temperatures and high pressures.

The red lines in the Fig. 2.19 are a simulation that gives us the final pressure
at low temperature we will get for a given RT pressure. For low P , as we decrease
T the P remains constant or even decrease a little but for pressures as high as 4
GPa and further, when T is decreased the low temperature P increase.

The two set of experimental points correspond to two different experimental
arrangements for the cryoDAC. In the first a normal load was performed (solid
symbols). In the second experiment (open symbols) a nests of 5 metallic (CuBe)
deflected rings were place in each of the four screws. A nest, in this case, is a set
of metallic rings facing all in the same direction acting like a spring. The increase
in pressure during the cooling depends on the arrangement of the aforementioned
springs and also on the deflection percentage of each spring at the RT pressure.
In general, a stiffer stack of springs (one needing less percentage of deflection



2.4. Temperature dependence measurements 41

to achieve a given pressure at the sample) would increase the pressure more on
cooling than it would with a less stiffer stack for a given pressure at RT. However,
the maximum deflection to which any spring should be subject is 75%. Any spring
should not be compressed by more than 75% of their free height, as this will strain
them and change their properties.

The best spring arrangement depends on the maximum sample pressure which
is required during the sequence of experiments. We used the following configu-
ration in our experiments: 3 nests of 5 rings each one in all the 4 screws (is the
least stiff arrangement to get 50 GPa without increasing the low temperature P ).

We demonstrated that using the CuBe rings as described above (open sym-
bols) reduces the difference from RT pressure and pressure at low temperature.

2.4 Temperature dependence measurements

Several setups were used to measure at low temperature. For measuring with the
T64000 Raman spectrometer, we performed several experiments to measure the
Raman and photoluminescence spectra on the ZnO: Co2`. An open liquid He-
cycled micro-cryostat microstatHe Oxford Instruments with a temperature con-
troller ITC 502S (Intelligent Temperature Controller, Oxf. Inst.) and equipped
with a liquid He transfer hose controlled by a Gas Flow Controller VC (Oxford
Inst.) were used.

For the low temperature photoluminescence measurements with the OPO and
the iCCD setup, and for all the high pressure and low temperature experiments,
a closed-cycle He cryostat DISPLEX DE-202 with a temperature controller from
ARS Cryogenics and an He compressor from APDcryogenics was used.

We use a closed-cycle He cryostat with a ARS-2HW compressor coupled with
a closed loop cooling system (coolPac) for all the PL measurements at low tem-
perature performed in the FLSP920 from Edinburgh Inst. The temperature was
controlled by the temperature controller Lake Shore (mod. 331).

In all the cases, to ensure a good vacuum and a proper thermic isolation a
turbo-molecular vacuum pump from Varian (Turbo DRY-70) (Fig.2.20) and a
TIC Pumping Station from Edwards were used.

The range of temperatures studied with these equipments covers from 4 K
(the liquid He temperature, reached with the Oxford microstatHe) to room tem-
perature (RT). The closed He-cycled cryostats reached a minimum temperature
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(a) Closed He-cycled cryo-
stat used in the experi-
ments. It is provided with
UV to NIR transparent
Suprasil windows to mea-
sure in a wide range of the
electromagnetic spectra.

(b) Open liquid He-cycled cryostat head and sample holder
coupled with the Raman T64000 microscope objective with
a ZnO: Co2`, ruby and some other samples loaded.

(c) Liquid He dewar with the
metallic hose and the transfer
system to transfer the liquid
He to the cryostat head. Also
the pumping system and the
temperature controller dis-
play is shown.

(d) Temperature sensor and
heater controller (left) and
Turbo-molecular vacuum
pump (rigth) needed to
the proper isolation of the
system.

(e) Closed gas He-cycled
compressor. Low tempera-
tures up to 10 K are achieved
after succesive He adiabatic
compresion and isothermal
expansion cycles.

Figure 2.20: Cryogenic equipment for low temperature measurments.

around 9 K. When the high-pressure diamond anvil cell is coupled with the cryo-
stat2 (« 20 K).

2DAC weigth « 150 g
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Figure 2.21: Ruby R1 and R2 position variation with T (a). At low T only the R1

luminescence is observed due to the thermaly depopulation of R2 (b).
Energy level representation of Cr3` in alumina and the origin of the so
called R1 and R2 ruby lines.

When measuring at low temperature, the actual temperature at the sample is
not necessarily the same than the thermocouple reading. Might be because they
are in different parts of the cryostat head or due to the fact that the laser can
warm the sample up, then we need a second way to determine the temperature
of the sample. For this reason, a ruby microsphere (the same used to determine
the pressure when working with pressure) is placed close to the sample. Ruby
luminescence can be used as a thermometer [2].

The luminescence of R-lines comes from the two-fold 2E(G) level. The energy
difference of this two levels (R1 and R2) is around 32 cm´1 which is low enough
to thermally populate R2 (at temperatures below 10 K, the intensity of this peak
almost disappear), thus the ratio of both peaks follow a Boltzmann distribution
law, and the temperature can be obtained from there. Also there is a blue shift
of both peak positions, making possible to measure the temperature when the R2

disappear below 10 K.

Truby “

�E{kB

ln

´
I1

0.625¨I2

¯ (2.21)

Where �E is the energy difference between R1 and R2; kB is the Boltzmann’s
constant and 0.625 is the quantum efficiency of the transition between the R2

and R1 levels. When the Truby is calculated through the spectral position of the
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R lines, we use the next equation:

TR1 pKq “

372

2 ¨ kB
“
coth

´1
`
14471´R1

48

˘‰ (2.22)

TR2 pKq “

380

2 ¨ kB
“
coth

´1
`
14506´R2

52

˘‰ (2.23)

where R1 and R2 are the spectral position of the ruby lines in cm´1 units.

2.5 P measurements: The Ruby fluorescence scale

For pressure calibration inside the hydrostatic cavity, between the two diamond
anvils, we used the "ruby fluorescence scale". It is a secondary pressure scale that
takes into account the shift (��) of the ruby R1 and R2 red fluorescence lines
(around 692.8 and 694.3 nm at RT and ambient pressure) due to the increasing
pressure. This technique was developed in the 70’s [23] and consist in loading the
DAC with NaCl and Ruby and through X-ray diffraction determining the varia-
tion of the lattice parameter a with P . Since the equation of state (EOS) of the
NaCl is perfectly known a secondary relation between P and ruby fluorescence
shift is determined. Nowadays, the gold EOS is used instead of NaCl EOS, since
is better known and more accurate than the former.

At RT (300 K)

P pGPaq “

��pnmq

3.65pnm{GPaq

(2.24)

At RT this shift (up to 30 GPa) follows a linear law with P , and it is perfectly
calibrated with the equation of state of NaCl.

When we change the temperature, some modifications have to be considered
to determine the actual P , this is due to the temperature dependence of the ruby
luminescence with T [2].

The following equations were used to determined the P in our samples at low
temperature and high pressure in the DAC [20]:
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10 K † T †108 K

P pGPaq “ 380.8 ¨ rp

�0
�

q

5
´ 1s (2.25)

�0 “ 14425 cm´1 (2.26)

108 K † T † 300 K

P pGPaq “ 380.8 ¨ rp

�0
�

q

5
´ 1s (2.27)

�0pcm

´1
q “ 14425 ´ 0.043 ¨ pT ´ 108q ´ 0.0003 ¨ pT ´ 108q

2 (2.28)

where � and �0 are the spectral position of the ruby R1 peak at a given pres-
sure and temperature and at ambient pressure and RT, respectively, in cm´1, T
corresponds to the temperature in Kelvin and P the pressure in GPa.

Figure 2.22: Pressure dependence of the R1 and R2 lines of the ruby under green
excitation.

In some cases, working with a luminescent sample which PL overlaps the ruby
fluorescence or when working with powder or a big sample that does not allow the
inclusion in the hydrostatic cavity of the ruby chip, we are still able to determine
the pressure following an alternate technique. We use the spectral shift of the first
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order Raman of the diamond. They have also been calibrated as a function of
pressure and temperature [24]. The first order Raman of the TO phonon energy
measured in our Raman spectrometer and taken as reference after a Lorentzian
fitting for the peak, (Fig. 2.23 (a)) is !0 = 1331.4 cm´1 at RT and ambient
pressure (AP). Thus, pressure can be expressed as a function of the Raman peak
position [24]:

!f pcm´1
q “ !0 ` 2.33 ¨ P pGPaq (2.29)

Figure 2.23: Diamond TO phonon at ambient pressure (AP) used as reference (a) and
at 6.3 GPa (b). The distorted shape of the TO at 6.3 GPa is due to the
P gradient througth the diamond optical axis (from tablet to culet), the
nearer the culet, the higher the P and each Lorentzian fitting corresponds
to a P value at a certain depth within the diamond.

We have to take into account that the pressure obtained by this method is
overestimated since the diamonds are not feeling an hydrostatic pressure but
uniaxial, and different stresses that comes from the cell body or gasket, together
with the pressure gradient that exist through the diamond volume can create a
distortion in the TO shape (Fig. 2.23 (b)).

2.6 Magnetic measurements: SQUID

Magnetic susceptibility has been measured using a SQUID (Superconducting
QUantum Interference Device) magnetometer (Fig. 2.24).
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Currently, this instrument is the most precise detector of magnetic signals
(down to 107 emu in optimal conditions). It is composed by a superconducting
ring with one or two Josephson junctions. In standard measurements, when a
magnetic dipole moves perpendicular to the SQUID surface, a tunneling current
through the Josephson barrier is produced. The generated current is proportional
to the dipole size.

Figure 2.24: SQUID magnetometer from the Magnetic Materials group of the Univer-
sity of Cantabria.

The samples are themselves put in a capsule in a straw and placed close to
the SQUID sensor using a carbon fiber sample rod. This is a similar mounting to
that of the PPMS, but straws are a bit longer and the capsule should be centered
using the signal.

2.7 Spectral corrections

If accurate information about spectral position, shape, intensity (area under the
curve) is required, several corrections have to be taken into account. Here we
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detailed the three corrections we have performed in all the data shown along this
work.

2.7.1 Air to Vacuum wavelength correction

In many of the spectra shown in this work, the x axis represents wavenumbers
(k), which unit is cm´1. However, the raw data were obtained as a function of
wavelength, �air in nm. In order to make this conversion, first, we need to cali-
brate the monochromator (TRIAX or CHROMEX) using a Hg lamp. Then, the
refractive index of air must be considered to get the proper vacuum wavelength,
�vac (nm), according to the following expression [25]:

�vac “ �air ` 2.72643 ¨ 10

´4
¨ �air `

1.2288

�air
`

3.555 ¨ 10

´4

�3air
(2.30)

Finally, the vacuum wavelength, �vac(nm), is converted into wavenumbers, k(cm´1):

kpcm´1
q “ 10

7
¨ �´1

vacpnmq (2.31)

or into other appropriated unit, e.g. E (eV).

2.7.2 Intensity correction: Spectral response & sensitivity
of the apparatus

Excitation spectra:

In order to correct the excitation spectra intensity, we must bear in mind the
different radiation power as a function of the wavelength. The excitation spectra
in the visible region were achieved using a Xe-lamp in the FLSP fluorimeter
or the OPO. The source power is measured simultaneously while a spectrum
is being collected and the correction is done at the same time. In all cases,
the excitation spectra were corrected by dividing them by the corresponding
excitation wavelength intensity.

Emission spectra:

When luminescence spectra are measured, the detector signal is determined by
the amount of light emitted by the sample at each wavelength, the sensitivity and
response of the detector and diffraction gratings at that particular �. In our case,
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the couple detector is less sensitive in the red and blue spectral region than in
green. Then, the experimental spectra must be corrected so it can be interpreted
only in terms of the intrinsic emission of the sample and a comparison with other
samples or experiments can be stablished. In some cases, where the spectral
region studied is narrow and the spectral lines are sharp (rare earth emission
lines, less than 1 nm), this correction might be not necessary. During this Thesis,
most of the spectra have been corrected with this procedure, in that cases it will
be specified. For spectra correction we follow the procedure described by Ejder
[17].

The signal can be expressed in terms of Intensity (I), (energy per second) or
flux (J), (photons per second) for y axis, and either �(nm) or k (cm´1) for x axis.
In this work, all the spectra are represented as photons vs wavenumbers, so the
integrated intensity of an emission band is proportional to the number of emitted
photons per unit time. First, the spectrum of a black body source (calibrated
filament lamp) was measured at the same experimental conditions, B(�). Then,
the lamp spectrum was divided by the theoretical output of the lamp, JpEq:

JpEq9E2
¨

1

eE{k
B

¨T
´ 1

(2.32)

where T is the black body temperature (2535 K), kB the Boltzmann constant;
and the detection system response was obtained, R:

R “

BpEq

JpEq

(2.33)

To correct a luminescence spectrum pLSq initially expressed in Jp�q, i.e. LS

(nm), one must multiply by �2: LS’(nm)=LS(nm)¨�2(nm), then convert x axis
to wavenumbers, LS(cm´1) and divide by the response curve, R. The corrected
emission spectrum is given by LSc:

LSc “

LSpcm´1
q

R
(2.34)

2.7.3 Raman calibration and correction

Before every experiment carried out within the Raman spectrometer, a calibration
is highly recommended.

In our case, we have calibrated our spectrometer with the Silicon phonon
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Figure 2.25: Silicon calibration spectra (a) before air rotationals assignation under
�ex = 514.5 nm excitation (b).

at 520 cm´1. In some spectrometers, due to temperature variation, usage, etc;
the calibration can be lost and if a high accuracy in determining the spectral
positions is required, we can correct the spectra after the experiment, throughout
the air rotational assignment (see Fig. 2.25) [26–28]. If we are measuring low
freq. phonons with an Ar`-Kr` laser (green line: 514.5 nm) we can observe some
peaks around 70 to 114 cm´1 that comes from the vibrational excitations of the N2

molecules in air (see Fig. 2.25) and since these peaks do not vary (at atmospheric
conditions), we can use them to check the calibration in every experiment (as a
double check with the silicon calibration).
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3
Materials Synthesis

This chapter summarizes the procedures followed for the synthesis of the different
materials studied in this Thesis.

Different synthesis techniques were employed to grow the ZnO: Co2` in a va-
riety of structural conformations, from single crystals (SC) using different tech-
niques (vapour phase transport, hydrothermal and sintered ceramic pellets); thin
films (TF) grown by means of pulsed laser deposition; nano-wires or nano-rods
(NW) using the acetates decomposition in a re-flux synthesis and nanocrystals,
nanoparticles or quantum dots (NC, NPs or QD) using the hydrolysis and con-
densation of acetates.

Likewise, Ln2O3: Pr3` (were Ln = Y, Gd, Sc, Lu) were studied within this
Thesis but they were synthesized by the research group of Alok M. Srivastava
from General Electric.

3.1 ZnO, ZnO: Co2` and ZnO: Mn2`

The main topic of this Thesis is the study and understanding of the optical
properties of the ZnO-doped with Co2` in different conformations in order to

55
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establish structural correlations and a better understanding of its behavior under
high pressures. So, this section is about the principal synthesis methods and
characterization of ZnO samples (pure and doped with transition metal ions,
mainly Co2`).

3.1.1 ZnO, ZnO: Co2` and ZnO: Mn2` single crystals and
bulk

Typically two of the most used synthetic routes to grow single crystals of ZnO
(pure or doped with transition metal (TM)) are the transport (vapor-phase trans-
port and chemical vapor transport) and hydrothermal techniques, which will be
explained throughout this section. Also samples made of ceramic sintered pel-
lets were used in the case of ZnO: Mn2`. The high concentration ZnO: Co2`

(5%mol Co2`) was grown by chemical vapor transport (CVT) route and the low
concentration ZnO: Co2` (0.01% Co2`) by vapor-phase transport (PVT).

Figure 3.1: Two zone temperature horizontal tubular furnace scheme tipically used
to grow the ZnO single crystals in the transport techniques (a). Two
zone horizontal furnace from the group of Prof. V. Muñoz-Sanjosé at the
University of Valencia, used to grow the low concentration ZnO: Co2` .
It has an open tube end where the sample is introduced inside a quartz
ampoule (16 cm long) and the other end is filled with glass wool to avoid
thermal losses (b) and the graphitized quartz ampoule with the sample
already sealed and vacuumed (c).
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The synthesis were carried out in collaboration with different groups in Poland
and Spain (Valencia). Also some pure ZnO and ZnO: Co2` were grown using the
hydrothermal method.

Although the transport techniques, PVT and CVT, use the same experimental
setup (see fig. 3.1), the foundations of both are quite different.

Vapor-Phase Transport

The PVT growing technique is widely used to produce large-sized single crystals
of ZnO. This technique is mastered by Prof. V. Muñoz-Sanjosé and his group in
the Applied Physics Dpt. at the University of Valencia were I performed a brief
stay to learn the technique.

Although it is the most common route to synthesized bulky ZnO [1–3] it had
never been used before to grow doped ZnO single crystals. To do that, other
techniques such as solvothermal (hydrothermal, since water was used as solvent)
or CVT (see below) were used.

Figure 3.2: Different thermal profiles from the horizontal tubular oven used for the
PTV growth. The origin of the x axis in the Zone 2 corresponds to the
tube open end. The ampoule containing the source material (depicted in
grey) is placed 20 cm inside the oven.

The technique requires that the material to be grown, Co2`-doped ZnO in our
case, is previously synthesized in powder form. In contrast, the source materials
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in CVT are mixed with a chemical transport agent, which helps in the formation
of the final product during the transport.

As source material, high purity ZnO powders and Co3O4 (99.99%) were mixed
in ethanol in a stoichiometric proportion and dried in an oven at 60

˝C for 24
hours. Once the sample was dried, the powders were pressed up to 10 MPa and
made a ceramic pellet. Then, the pellet was heated up to 950

˝C for about 10
hours to achieved a good diffusion of Co2` ions into the host lattice. Then, the
pellet was crushed in an agatha mortar and the resultant powder was placed
in a graphitized evacuated quartz ampule (16 cm length) with a round-end in
the horizontal tubular oven. Previously, the quartz ampoules were cleaned and
graphitized by means of methane carbonization at 500

˝. The tubular oven is 50
cm long and it has two different heating zones of 25 cm each. This allows us
to set up a well established thermal gradient (figure 3.2) for the crystal growing.
The rounded ampoule end was placed few centimeters in the zone 2, where the
temperature was set to 750˝C (lower than in zone 1), since that is going to be
the nucleation zone.

Figure 3.3: SEM image of the sample grown by PVT. The big square shapes are
ZnO: Co2`, meanwhile the little spots (around 20-50 µm) are highly Co2`

concentrated ZnO, Si and Al from the ampoule, according to EDS mea-
surements. In the inset an optical microscopy image shows the multido-
main grown SC.
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After temperature stabilization at 800˝C (2 h) with a smooth temperature
ramp from 400˝C (74.2˝C/h), an inverse thermal profile inside the oven was set
up. The zone 1 was set at 800˝C and the zone 2 at 1050˝C for 48 hours. This
procedure helps to clean the nucleation zone of source material powder.

After 48 hours, a direct thermal profile (similar to this shown in figure 3.2) was
set (zone 1 at 1050˝C and zone 2 at 800˝C). We used a rough temperature ramp in
this case (125˝C/h). The growing time was 3 weeks, after them we decreased the
temperature of both zones to RT trying to maintain the same profile during the
cooling. The structural characterization of these samples were carried out with
Raman and optical absorption spectroscopy. The mentioned results are shown in
the next section.

Chemical Vapor Transport

The high Co2` concentration of ZnO: Co2` were grown by Z. Golaki [4, 5] at the
Institute of Physics, Polish Academy of Sciences in Warsaw using the Chemical
Vapor Transport technique. The CVT growth took place in a closed graphite-
covered quartz ampoule. ZnCl2 was used as a transporting chemical agent and
the growth temperature was 900˝C. Zn1´xCoxO (x = 0.05) crystals were grown by
this method [5]. The obtained polycrystaline material consisted of single-crystal
grains with a volume ca. 0.2 cm3.

Figure 3.4: ZnO: Co2` grown by this method, are bulky dark green crystals (a). When
cut they are perfectly sliced in green transparent SC around 50-80 µm over
silicon oil before loading the high pressure cell (b).



60 Chapter 3. Materials Synthesis

3.1.2 Ceramic pellets

The ZnO: Mn2` (2%) ceramic pellets were prepared by Prof. J. Marquina (Univ.
Los Andes, Venezuela). The source materials were in this case ZnO (99.9% Alfa
Aesar) and Mn2 = (99.9%). The mixture was dispersed in ethanol and then
pre-heated at 400˝C for 8 h.

Then, the powder were pressed at 6 Ton to make the pellet. Later, under an
Oxygen flux (1 l/min) it was sintered at 500˝C and 900˝C for 12 h. The oxygen
flux was only maintained at 400˝C for 8 h and at 500˝C for 12 h.

We also studied a ZnO pellet grown using the same technique by Prof. J.
Marquina.

Figure 3.5: ZnO powders were grown by this technique by Prof. Marquina at the
University of Los Andes (Venezuela). The sample are over a copper paste
used to improve the thermal contact for low temperature measurments.

The pure ZnO sample was synthesized from 3 g of ZnO (3N purity) powders
and 0.5 g of carbon (5N purity) in a graphitized round ampoule (as described in
section 3.1.1). To completely remove all traces from water in the source material
the ampoule was heated up to 200˝C for 20 h under vacuum conditions (10´2 atm).
After that, the ampoule was sealed and place in a tubular horizontal furnace with
two zones. The inverse gradient was also applied during this experiment. The
nucleation zone was at 960-1000˝C and the crystallization time was 3 weeks. The
sample is shown in Fig. 3.5.
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3.1.3 Hydrothermal synthesis

One of the synthetic routes with better results for ZnO and TM-doped ZnO is
the solvothermal technique [6–8]. This technique consists on dilute the source
materials on a solvent (if it is water it is called hydrothermal). The solution was
sealed on a Teflon vessel and put into the autoclave and heated it at 200˝C for
several hours. This technique requires less temperature and less time to grow
high quality ZnO and doped-ZnO single-crystals than previous techniques and
thus is widely used.

Figure 3.6: Pristine ZnO (a) and ZnO: Co2` (b) SC needles grown by hydrothermal
technique by the group of Vicente Muñoz-Sanjosé in the University of
Valencia. The samples are around 150 µm

The crystals are shown in Fig. 3.6. The precursors for the pure ZnO SC were
Zn acetate and for controlling the pH NaOH were dissolved in a methanol and
de-ionized water (1:0.85 ratio) mixture. The precursors for the ZnO: Co2` were
Zn and Co acetates, and NaOH in stoichiometry ratio. The temperature was kept
at 200˝C for 14 h and samples of ZnO: 0.4mol% Co2` and ZnO: 0.6% Co2` were
obtained.

3.1.4 ZnO: Co2` thin films

The thin films (TF) were obtained through the pulsed laser deposition (PLD)
technique in the laboratories of the University of Valencia from the group of
Prof. A. Segura (Dpt. of Applied Physics and Electromagnetism). The TF
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were deposited on a sapphire substrate c-axis oriented following the procedure
described in refs. [9, 10]. The same pellets mentioned in section 3.1.1 were

(a) ZnO: Co2` (10%) thin film de-
posited on sapphire substrate. The
green colour is due to the tetrahedrically
Co2` ion coordination in the wurtzite
structure. The thickness of this film is
less than 100 nm.

(b) SEM image of the ZnO: Co2` (30%). The
morphology of the TF surface shows the presence
of grain sized around 100 nm diameter.

Figure 3.7: Thin films of ZnO: Co2` were grown at the University of Valencia.

used as source material for the PVT technique and used as target on the PLD
technique. The thickness of the TF was determined by optical absorption through
the interference pattern produced by the layer. The thickness of the studied film
was around 100 nm.

3.1.5 ZnO: Co2` nanowires

Nanowires (NW) were obtained following the method of acetates re-flux decom-
position [11].

We used anhydrous Zn and Co(II) acetates as precursor materials, mixed in
adequate proportions for a dopant concentration « 2 mol% (Zn(ac) = 2.66 mmol
and Co(ac) = 0.0532 mmol) in a bottom-rounded flask with 25 ml of TOA (tri-
n-octyl-amine). The flask was fitted with a condenser in a re-flux system and
heated up to « 300˝C. The solution gradually change its color as temperature
increases (Fig. 3.8). It changes from clear to dark blue, which takes around 15
min, depending on the heating speed. When the solution turns green means the
starting of nanowire formation. Counting time from then, the longer time the
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Figure 3.8: Steps of the NWs synthesis. The mixture changed its color upon increasing
temperature. Green indicates the start of NW formation. Little bubles
due to the boiling liquid were maintained along the whole process.

bigger the NW. We let the reaction to continue from 45 to 90 min and them let
the mixture cool down to RT.

The resulting green powder that precipitates was then washed several times
(by filtration or centrifugation) with ethanol to remove any precursor or TOA
that still remains in the powder, then was dried in a stove at 60˝C. The powder
can be dispersed in ethanol, being stable for several hours before precipitates
again.

(a) ZnO: Co2` (2%) NW. The average diamtre
is 50 nm.

(b) High Resolution TEM image showing the
atomic planes of a single NW of « 30 nm long.

Figure 3.9: ZnO: Co2` (2%) nanowires TEM images from SERMET (Univ. of
Cantabria) dispersed in ethanol after 10 minutes of sonication.

The samples were suspended in ethanol (for the TEM microscopy) and dis-
persed using ultrasounds for 10 minutes. In Fig. 3.9 an image of the NW can be
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observed of the C2 growing (see Table 3.1). The atomic plane TEM image was
taken from the samples grown under the same conditions than C2.

Different parameters were changed for the synthesis (resume in the table
above) to see how their morphology is affected.

Growing # Flask Used Thermocouple Used Heater Power T (min)
C1 100ml 3-mouth Yes I/II 75
C2 " Yes I 91
C4 " Yes II 90
C5 250ml 1-mouth Yes I 75
C6 100ml 3-mouth Yes II 75

Table 3.1: Parameters resume from optimized the NW synthesis to get the highest
quality NW (the thinnest and the highest crystalline quality).

The best parameters for this synthesis turned to be the growing C2 in which
the lowest heater power and the longest synthesis time (91 min) were used. The
amount of anhydrous acetates was the same in all the cases, the same for the high
coordination polymer. In all cases around 2.66 mmol of Zn acetate and 0.0532
mmol of Co acetate were dissolved in 25 ml of TOA to get ZnO: Co2` («2%).

Also, after the synthesis, two different routes for washing the samples were
used (centrifugation and filtration) and some of the samples were heated up to
400˝C to remove part of the polymer, but any important changes were observed
in the TEM images in those cases.

3.1.6 ZnO, ZnO: Co2` and ZnO: Mn2` nanoparticles

Figure 3.10: Synthesis of NP in the Prof. D. R. Gameling group’s laboratory (Univ.
of Washington, Seattle).
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ZnO: Co2` NP were synthesized by a former memer of the group, Dr. R.
Martín-Rodrìguez during a stay in the group of Prof. Daniel R. Gamelin (Wash-
ington University, Seattle) [12]. The NPs were obtained following the hydrolisis
and condensation of acetates method described elsewhere [13].

Figure 3.10 shows different images during the synthesis route of ZnO: Co2`

NPs. The color change of the solution is due to the change in the coordination
of Co2`. In the pink-like solution the Co2` had an octahedral coordination (n =
6) meanwhile the clear green solution is due to a Co2` tetrahedrally coordinated
(n = 4). The average size of the NP obtained by this method is around 5 nm
(checked with X-Rays and TEM, Fig. 3.11).

Figure 3.11: TEM image of the ZnO NP sythesized at the group of the Prof. D. R.
Gameling laboratory (Univ. of Washington, Seattle).

3.2 Ln
2

O
3

: Pr3`, (Ln = Y, Gd, Sc, Lu)

The synthesis of this compounds was carried out by the group of Dr. A. M.
Srivastava at the labortories of the General Electric Co, Global Research Center
in Niskayuna, NY. The growing technique followed to get the microcristalline
powder of (Ln1´xREx)2O3 was accomplished by the thermal decomposition at
1000˝C of the co-precipitated rare-earth oxalates following the route described by
Maestro et al. [14]. The resulting oxide was heated at 1400˝C in an atmosphere



66 Chapter 3. Materials Synthesis

of 99% N2 - 1% H2. This led to a highly crystalline single-phase material, as
evidenced by X-ray diffraction and Raman spectroscopy. The phase synthesized
by this method is the body centered cubic phase Iā3.
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Part II

ZnO; Wide band gap
semiconductors doped with TM ions





4
Transition Metal Ions in wide band gap

Semiconductor

Here we present a brief introduction about the ZnO: the crystal structure of the
ZnO and its structural transformations with pressure together with lattice dynam-
ics through Raman spectroscopy and the electronic structure of the Transition
Metal ions (TM) Co2` (d3) and Mn2` (d5). Finally the most interesting results
obtained along this Thesis, from optical to structural and electronic behavior as
a function of pressure (P ) and temperature (T ).

4.1 Introduction

The next section will cover "the state of the art" about ZnO and in particular
the Co2`-doped ZnO. Results in Raman and optical spectroscopy at normal con-
ditions (room temperature and ambient pressure) and under extreme conditions
will be summarized afterwards.
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4.1.1 State of the art: ZnO

ZnO is a IIb-VI (group compound) wide band gap semiconductor. It has an
energy gap, Egap « 3.34 eV, at RT which is responsible for the UV-blue main light
emission of this material. This property is used in the field of optoelectronics, as
a building block for the UV/blue light emitting diodes (LEDs), photodiodes, etc.

The free exciton (FX) binding energy for ZnO is large (Ebinding « 60 meV)
compare to RT (300 K « 25 meV) making it a suitable material for excitonic
based optical devices, being this luminescence observed at RT [1–3] and higher
temperatures.

Pure ZnO also exhibits other photoluminescence (PL) bands in the green/yellow
region which nature has not been unambiguously explained. This PL has been
attributed among other reasons to defects level emissions (O vacancies, Zn inter-
stitial) or to un-intentional doped Cu2` ZnO [1, 4, 5]. We will discuss this, later
in the chapter.

Although pure ZnO is a neutral semiconductor, due to its high number of
defects (i.e. vacancies, interstitials or antisites) plus the unintentional doping,
inherent in all growing processes, sometimes it may show an n-type-conductivity.
Several authors, based on calculations, dismissed the first hypothesis (native point
defects) to be the cause of such n-type conductivity [5] due to its deep donor or
acceptor nature letting just to the unintentional doping as the solely responsible.
Nevertheless, ZnO is known to be unipolar doping since the p-type-conductivity
is rarely observed and hardly reproducible experimentally. Many other wide band
gap semiconductors behave similarly including GaN and other II-VI compound
semiconductors (i.e. ZnS, ZnSe, ZnTe) [1].

Different applications and devices [5, 6] are fabricated using ZnO. Due to
its width (« 0.4 eV) and strong luminescence in the green region (see above),
this material can be used as an efficient phosphor; it has a large piezoelectric
constant and a strong sensitivity of surface conductivity due to the ability to
adsorb different species (can be used as environmental sensor) [5], among other
properties.

Since its beginnings due to this properties the ZnO has drawn many attention
and a widely variety of growth techniques have been developed (some of them
used and explain in Chapter 3, p. 55). Also the doping process of this semi-
conductor with TM (such as Cobalt, Copper, Gallium, Manganese, Magnesium,
etc) is relatively easy and it provides a tailored optical, electronic and electrical
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properties [7, 8].
The different conformations in which ZnO is presented together with the rea-

sonably easy way to obtain them [9] have increased the interest in the pure and
doped materials in recent years [10]. Furthermore, when it is doped with TM
ions, semiconductors in general, show some magnetic properties [11, 12]. This
magnetic behavior was also reported for ZnO doped with TM (Co2`, Mn2`) thin
films and nanoparticles [13, 14], although the origin of the ferromagnetism is not
due to the magnetic ions but to the substrate used in the thin film deposition or
to a combined effect related to the capping the shell layer of the nanoparticles
[15].

Diluted Magnetic Semiconductors (DMS)

Diluted Magnetic Semiconductors (DMS), are non-magnetic semiconductors doped
with TM ions (magnetically active). It has reported that they exhibit magnetic
properties. They have been proposed as the next generation of spintronics mate-
rials (first generation were based on passive magnetoresistive sensors and memory
elements), specially wide band gap semiconductors. They combine the optical and
electronic properties of these semiconductors with the ferromagnetic properties
of the TM ions. What is important in spintronic devices is the ability to control
the magnetic momentum of the cations and also to modify it. It has been found
coexistence of this ferro or antiferromagnetic properties within semiconductor in
some spinels and II-VI semiconductor alloys such as Zn1´x(Cr, Mn)xTe but with
a Curie temperature far bellow RT [11, 12, 16].

In particular, thin films and nanoparticles of ZnO doped with Co2` ions
present a ferromagnetic (FM) behavior, first reported in the beginning of the
2000’s [13], albeit the origin is rather unclear since pure ZnO NPs also exhibit
the same FM at RT and apparently depends on the synthetic route use to obtain
them or on the capping layer to avoid its aggregation [15, 17]. Similarly occurs
for thin films, where it seems that the FM behavior measured comes from the
defects during the growing process or since the magnetization value is to low, they
might come from magnetic impurities, like Cr3` ions, which cannot be detected
by X-ray diffraction [18–20]. This reason is why it is important to correlate an
spectroscopic study with the magnetic properties of the samples, trying to detect
the presence of magnetic behavior, since if there is any magnetic behavior of the
TM ions, it should be reflected in the absorption, emission or excitation spectra,
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like for [21].

4.1.2 Crystallographic structure

Like most of the group-II-VI semiconductors, ZnO presents an hexagonal Wurtzite
(w-ZnO) structure with space group P63mc and Z = 2 formula per unit cell (No.
186 in the Int. Table of Crystallography) and lattice parameters a = b = 3.249
Å and c = 5.204 Å and � = 120˝, [22] (see Figure 4.1(a)) where the Zn2` ion
is tetrahedrally coordinated with a slight trigonal distortion through the c axis.
ZnO can also be crystallized in the cubic zinc-blende-type (ZB) structure with
space group F43m and Z = 6 (No. 216 in the Int. Table of Crystallography) with
lattice parameters a = 4.37 Å at ambient conditions [1] (structure not represented
here) where the Zn2` ion is octahedrally coordinated only stabilized by growth
on cubic substrates.

Focusing on the most statable structure (w-ZnO), when it is doped with TM
ions, such as Co2` or Mn2` , they substitute the Zn2` ion in the lattice, which
stands at the center of the tetrahedron (Fig. 4.1(a)), although slightly distorted in
an of-centre position through the c axis. The Zn and O sites (2b) are homologous
and belong to the point group symmetry C3v.

(a) Hexagonal Wurtzite type structure
(P63mc, No. 186) of ZnO at ambient
conditions. Red spheres correspond to
O. The tetrahedra are the coordination
polyhedra around Zn2` ions.

(b) Cubic Rock-salt type structure
(Fm3m, No. 225) of ZnO at high pres-
sure conditions. Grey spheres represent
O and the octaheda stand for the coor-
dination polyhedra around Zn2` ions.

Figure 4.1: Ambient (a) and high pressure (b) crystallographic structures of ZnO. The
unit cell is represented as blue lines.
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A pressure-induced structural phase-transition from hexagonal wurtzite, w-
ZnO (tetrahedral coordination) to cubic rocksalt, rs-ZnO (octahedral coordina-
tion) type structure (Fm3m, Z “ 4 formula per unite cell, No. 225 in the Int.
Tab. of Cryst. with a = 4.280 Å, [23], see Figure 4.1(b)), takes place at 10 GPa
(see Fig. 4.2). Therefore this phase-transition increases the coordination number
from 4 to 6 of both sites, Zn and O. This structure transformation has strong
influence on the optical and mechanical properties of the ZnO. For instance,
the band gap changes from direct to indirect and is shifted to higher energies
(the gap opens) at around 4.5 eV [1]. The high pressure structure (rs-ZnO) is
centrosymmetric by contrast with w-ZnO which it is not. This fact has a big con-
sequence in both Raman and optical absorption spectra. The centrosymmetric
specimens are in general non Raman active, since their polarizabilities are equal
to 0. The change in the coordination number also has its effect in the oscillator
strength of the optical transitions make them weaker (the oscillator strength de-
creases as the coordination number increases) together with the transformation
of a non-centrosymmetric phase to a centrosymmetric one, since the lack of center
of symmetry relax the electric dipole selection rules.

Figure 4.2: Phase diagram of ZnO taken from ref. [24]. Solid and open symbols iden-
tify the w-ZnO to rs-ZnO phase-transition boundaries throughout differ-
ent experimental techniques (X-ray powder diffraction, Laüe diffraction,
imaging and ultrasonic studies).

When doped with divalent TM ions, such as Co2` or Mn2`, the ion substitute
the cation site (Zn) in the host lattice, being in an Oh (octahedral) site in the
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rock-salt phase and in a Td site in the wurtzite ambient phase, although this site
is distorted and the symmetry becomes C3v, as mentioned above. This symme-
try descent can be observed in both, absorption and photoluminescence spectra
(described in sections 4.2.4 and 4.2.4).

Although ZnO can also be found in other cubic structure, such as dichalco-
genides with a space group symmetry Pa3 and Z = 6 (No. 205 in the Int. Table
of Crystallography) with lattice parameters a = 4.868 Åat ambient conditions
[25].

4.1.3 Raman spectroscopy of ZnO

The ZnO hexagonal wurtzite structure (and iso-structural compounds) has 4
atoms per unite cell, therefore it has 12 normal vibration modes (12 branches in
the phonon dispersion curve, Fig. 4.3). 3 correspond to acoustic modes, 1 to a
longitudinal (LA) and 2 to transverse (TA) modes. The acoustic modes rises from
0 at � point, with the LA at higher energies than the TA, which are degenerated.

Figure 4.3: Phonon dispresion curves (PDC) of the wurtzite ZnO structure. Taken
from ref. [26]. Solid lines are fittings of the experimetal inelastic neu-
tron scattering (INS) data. Solid and open diamonds (red) and blue open
circles are the experimental INS data. The open green squares repre-
sent the phonon frequencies in the zone-center measured through Raman
spectroscopy.

Additionally, this structure has 3 longitudinal-optical (LO) branches and 6
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transverse-optical (TO). Since the hexagonal crystalline structure is described by
the P63mc or C4

6v symmetry space group, the optical phonons at the � point of
the Brillouin zone can be described for the following irreducible representations
according to group theory: 1A1 (LO, TO) + 1E1 (LO, TO) + Elow

2 + Ehigh
2 and

two silent modes (Blow
1 and Bhigh

1 ), all of them represented in fig. 4.4(a). Polar A1

and E1 phonons are split in LO and TO components, with different frequencies
due to the anisotropy in the short-range interatomic forces (not perfectly tetra-
hedral symmetry of the Zn site, see Fig. 4.4(a)). The A1 and E1 phonon modes
correspond to vibrations parallel and perpendicular to the c-axis, whereas the
Ehigh
2 and Elow

2 modes are associated with the vibrations of the Zn and O sublat-
tices, respectively (Fig. 4.4(a)) [1]. A1 and E1 modes (TO and LO) are Raman

Figure 4.4: Symmetry of the normal vibrational modes in ZnO wurtizte structure.
The red spheres represent the oxygen atoms and the grey spheres the
Zn. The crystallographic c axis direction points from bottom to top (Ò)
in the diagram and the arrows represent the magnitude and direction
of the vibration according to [27] (left) and Brillouin zone of different
crystallographic structures with the hihg-simmetry points represented on
it ref. [28] (right).

and Infrared active modes. The two non-polar E2 branches are only Raman ac-
tive while the B1 modes are silent (neither Raman nor Infrared active). Through
Raman spectroscopy we have been able to check the crystallographic structure
of our samples at extreme conditions when the X-Ray diffraction technique was
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not available. It was also used as a local probe to study the pressure-induced
phase-transition from hexagonal w-ZnO phase to cubic rs-ZnO phase.

We have studied the behavior of phonon energies through Raman spectroscopy
at RT under pressure as well as its dependence with temperature giving rise
to interesting structural information when ZnO is doped with luminescent ions
through the electron-phonon coupling.

When applying pressure to ZnO, the intensity of the Raman peaks decreases
but would be inaccurate to say that the decreasing peaks intensity is due only
to the upcoming phase-transition from a Raman active to a non-Raman active
phase. Since the bandgap frequency of the sample is also shifted, the Raman is
loosing the resonance condition (denominator of eq. 2.15 of the Raman scattering
cross-section) and a correction, dependent on the bandgap to incident photon
frequency difference, should be applied.

4.1.4 Optical properties of ZnO

Main optical properties of semiconductor absorption bands are due to the inter-
band electronic transitions, in which electrons from the valence band (VB) are
excited to the conduction band (CB).

Applying the law of conservation of energy to this transitions, an electron
which is promoted to the conduction band after absorbing a photon must follow
this equation:

Ef “ Ei ` ~! (4.1)

where the photon energy has to be at least as higher as the energy bandgap [29].

The absorption coefficient depends on the band structure of the solid. Con-
sidering the relative positions of the CB minimum and the VB maximum in the
Brillouin zone, the bandgap may be direct or indirect. Conservation of momen-
tum implies that absorption processes are represented by vertical lines on E ´ k
(energy - momentum) diagrams, Fig. 4.5. Hence, if the bandgap is indirect, the
transition must involve a phonon to satisfy momentum conservation [29].

There is a way to identify whether we are dealing with a direct bandgap or
an indirect bandgap semiconductor and get an estimation for Eg values.
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Figure 4.5: Interband absorption diagrams for direct band gap semiconductors (left)
with vertical transitions that implies the energy and momentum conserva-
tion and only involves the absorption of one photon and the indirect band
gap semiconductors (right), which involves de absorption of one photon
and at least one phonon to preserve the conservations of E ´ k law. The
solid (open) circles represent the electron (hole) transition VB to CB.

Direct bandgap semiconductor

In a direct gap semiconductor, both the VB maximum and the CB minimum
occur at the same value of k (momentum), so in this case, only the Energy
conservation law is required. In a simplified parabolic model (Fig. 4.5), where
the VB and CB are parabolic, the conservation of energy during an electronic
transition requires that:

Ep~!qphoton “ Eg `

~2k2

2µ
(4.2)

with µ being the reduced mass of the electron (e´) and holes (h0) (including
light and heavy holes if required).

The joint e´
´h0 density of states gp~!q, which is proportional to the absorp-

tion coefficient for dipole-allowed interband transitions [gp~!q9↵p~!q] through-
Fermi’s golden rule [29], can be written as an step function:

↵p~!q “

$
&

%
0, if ~! † Eg

9p~! ´ Egq

1{2, if ~! > Eg

So representing the square root of the absorption coefficient (↵p~!q

1{2) vs.
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the energy we obtain a linear behavior. Extrapolating the linear behavior to the
x axis, when ↵p~!q

1{2 = 0, an estimation of the optical energy gap, Eg, can be
obtained.

Indirect bandgap semiconductor

In an indirect band gap semiconductor, the minimum of the CB is not on the
top of the maximum of the valence band (Fig. 4.5), therefore electron transitions
from VB to CB will require a change in the electron wave vector k.

Conservation of energy and momentum requires that:

Ep~!qphoton “ Eg ˘ ~⌦ (4.3)

~kCB “ ~kV B ˘ ~q (4.4)

where Eg is the difference in energy between VB maximum and CB minimum,
~⌦ is the phonon energy and q is the phonon wave vector. The ˘ sign represents
the phonon absorption or emission. Indirect transitions are second-order pro-
cesses and therefore the transition rate is much smaller than for direct bandgap
semiconductors. The frequency dependence of the indirect absorption coefficient
in this case is, given by [29]:

↵p~!q “

$
&

%
0, if ~! † Eg

9p~! ´ Eg ¯ ~⌦q

2, if ~! > Eg

So, representing the square of the absorption coefficient (↵p~!q

2) versus the
energy we obtain a linear behavior. Extrapolating the linear behavior to the
x axis interception, when ↵p~!q

2 = 0, an estimation of the indirect Eg can be
obtained.

4.1.5 The doped ZnO

The transition metal (TM) ions (in the iron group) are located in the fourth period
of the periodic table and their electronic configurations are 1s22s2p63s2p63dn (n
< 10). The electrons in this 3d levels are partially shielded by the inner ones and
therefore a charge transfer transition, in which an electron is promoted from this
"d" levels to the ligand complexes can easily occur. Also these electronic orbitals
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are highly influenced by the electric field of the ligand ions and the crystal lattice
as well as the lattice vibrations of the host material [30] since they are not shielded
by any outer electronic shell.

d ´ d transitions of the TM ions are responsible for the optical properties in
ZnO: TM. The electronic structure of the d levels of TM ions can be understood
in terms of the strong crystal field scheme, and taking into account than the
electron-electron and crystal-field interactions dominate over the spin-orbit term
according to each of the complex symmetry [30]. In an octahedral crystal-field
symmetry, the five d levels are split into a 3-fold degenerated low-lying t2g level
and a 2-fold degenerated up-lying eg level; the strength of the crystal field is
responsible for this splitting called 10Dq. The energy of the transitions observed
experimentally in the TM spectra can be described by using this parameter 10Dq

and the so-called Racah parameters B and C [31–35].

Figure 4.6: Tanabe-Sugano (TS) diagram for a d3 ion in an octahedral crystal field or
a d7 ion in a tetrahedral crystal field (left), and for a d5 ion (right). The
vertical lines indicate the crystal-field strength (� = Dq) for Co2` and
Mn2` ions, in the w-ZnO lattice.

Sugano, Tanabe and Kamimura calculated the energy of the states deriving
from dn ions (2 < n < 8) as a function of the octahedral crystal field and Racah
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parameters B and C. These calculations are represented in the Tanabe-Sugano
(TS) diagrams. The energy of the states in units of the Racah parameter B

(E{B), related to the electronic exchange integrals, is plot against the crystal-
field strength in units of B, i.e. 10Dq{B. The ground state is represented in the
x-axis. Usually a value of C{B » 4.5 is taken [35].

The energy level scheme of a 3d10´n ion in a tetrahedral (Td) crystal field is
the same as 3dn in an octahedral (Oh) crystal field but with negative 10Dq, that
means that it has the same pattern as the splitting of a 3dn system in an Oh

crystal field and the relationship between the crystal-field strengths is given by
10Dq (Oh) = - 9/4 10Dq (Td), assuming the same metal-to-ligand distances.

Figure 4.6 shows the TS diagrams for d3 and d5 ions in Oh crystal field.
These diagrams described the excited states respect to the ground state which
is plot on the x-axis for the Co2`, 3d7, in Td coordination and the Mn2`, a 3d5.
Broken vertical lines correspond to the crystal-field strength for Co2` and Mn2`

in ZnO. Dq for the Mn2` in ZnO was obtained from a previous work, due to
the lack of experimental data [36]. Since the TM ions are in a lower symmetry
site (C3v) a further splitting of the electronic states is expected. The spin-orbit
coupling parameter ⇣ [37] can be added in order to to make a more accurate peak
assignment of the fine-structure shown by absorption and luminescence spectra
in ZnO: Co2` at low temperatures (see Appendix D, p. D).

TS diagrams also allow to predict if an optical transition band of a TM ion is
narrow or broad just from the different slope of the involved states. In general,
the slope is proportional to the Huang-Rhys parameter S, which is related to
the Stokes-Shift and the displacement between the geometry of the ground and
excited states and also it is proportional to the square of the electron-lattice
coupling constant A [30], meaning that the states with energies independent of the
crystal field (horizontal states like the 2T1(G) and 2E(G) states in the ZnO: Co2`),
give rise to sharp lines while broad bands are associated with transitions involving
different slopes between energy levels (4T1(P) for Co2` in ZnO).

Furthermore, the sign of the slope give us information about the pressure shift
of the absorption bands. An increase in P means in general (10Dq is much more
sensitive than B to pressure increases) an increase of the 10Dq and therefore in
Co2` a shift to higher energies with P is expected. Nevertheless the opposite
behavior is observed for Mn2` due to the negative slopes of the excited states.
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4.1.6 Magnetic behavior

When the matter is under an external magnetic field (B) it tends to orient all the
magnetic moments of atoms or molecules according to this applied external field
and creating a magnetization in all the substance (M). We can define a magnetic
dipole moment per unit volume, which is proportional to the applied field (in
most cases) and follows [38]:

M “ µ´1
0 ¨ �m ¨ B (4.5)

where µ0 is the vacuum’s permeability and �m is the magnetic susceptibility,
characteristic of each material.

We use in many cases the expression of B0 = µ0H which is defined as the
magnetic field intensity, so eq. (4.5) can be rewritten as:

�m “ µ0M/B “ M/H (4.6)

�m is the magnetic susceptibility but the important magnitude we can com-
pare with other experimental value is indeed the molar susceptibility (�mol) which
is just the susceptibility per mole of substance.

There are many kinds of different magnetic behavior in nature, we are just
focusing in the most common cases:

Diamagnetism

In diamagnetic materials, the susceptibility is usually independent of both tem-
perature and applied magnetic field strength. It is a universal kind of magnetism
where as a result of Lenz’s law, which states that when a magnetic field is applied,
the electronic orbitals suffer a force which creates an internal magnetic field that
tries to compensate the external one from it was generated, therefore values of the
�m are negative. As mentioned before the value of this susceptibility is around
- 10´11, much smaller than the other forms of magnetism (with positive suscep-
tibilities). This effect only occurs when the atoms themselves have not intrinsic
magnetic moment (atoms with all paired electrons) and there is no "positive"
susceptibility to compensate this effect.

However, we should take into account this "diamagnetic contribution" to the
susceptibility when measuring non-diamagnetic materials.
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Paramagnetism

In open-shell atoms (with unpair electrons), each atom, molecule or ion is at-
tributed with a permanent magnetic dipole moment. When an external magnetic
field is applied, it tends to orientate these dipoles but the thermal energy can be
enough to avoid this orientation and randomized the orientation of the magnetic
moments. When the temperature decrease, this thermal energy is not big enough
to avoid the alignment of the dipole moments. This behavior of the susceptibility
with temperature is described by Curie’s law:

�m “ C{T (4.7)

where C is the Curie constant.
The effective magnetic moment can be derived from the energy of the magnetic

dipole moments and the Langevin function and its infinitesimal approximation
since the energy of the interaction of the applied magnetic field with the magnetic
dipoles is very small (smaller than Boltzmann energy, kBT ). We can described
the dependence of the susceptibility with temperature as [39]:

�mol “

Z ¨ C ¨ µ2
eff

pT ´ ✓P q

(4.8)

where C is 7.9965 (cgs units), Z is the number of magnetic ions per unit
cell and ✓P is Curie’s paramagnetic temperature, which depending on its sign
indicates the kind of the (weak) magnetic interactions (coupling) that occurs
between the atoms (if ✓P ° 0 ferromagnetic, if ✓P † 0 anti-ferromagnetic).

Ferromagnetism

When an external magnetic field is applied in a ferromagnetic material, the mag-
netic moments, due to the spin of ions, are aligned in a similar way than in
paramagnetic materials. The difference with the paramagnetic case is that when
the external magnetic field is turned off, the spins of the atoms remain aligned
and a remaining magnetic field is observed (due to this spin alignment). The �m

for this materials is around 107 times bigger than paramagnetic materials. In ma-
terials with unfilled electron shells, the Pauli’s principle allows having electrons
with the spin aligned occupying different electronic states. This can be described
in terms of an exchange interaction between neighboring ions [40]. In classical
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electromagnetism, dipoles tend to couple in an anti-parallel directions. For this
reason, at long distances the exchange energy advantage is overtaken, which pro-
duces the creation of magnetic domains within the material. These magnetic
domains were proposed by Weiss and are defined as regions of the material where
the spins are aligned. The alignment of the spins competes with the thermal
energy which makes them fluctuate, and therefore produces a decrease in the in
magnetization of the compound. The temperature at which the material behav-
ior switch from paramagnetic to ferromagnetic (all the spins coupled in parallel
directions) is the so called Curie temperature, TC . Above this temperature, the
magnetic susceptibility follows the Curie-Weiss law:

�m “

C

pT ´ TCq

(4.9)

Antiferromagnetism

In materials that exhibit antiferromagnetism, magnetic moments of atoms align
in a regular pattern with neighboring atoms pointing in opposite directions. As
it occurs in ferromagnetic materials, above certain temperature (called Néel tem-
perature) the antiferromagnetic properties of the material disappear due to the
increase of the disorder in the alignment of magnetic moments. Here the �m is
around an order of magnitude less than in the case of paramagnetic materials.

Figure 4.7: Paramagnetic (P) to antiferromagnetic (AF) transition and the behavior
of the molar susceptibility (�m) before and after the order temperature
(Néel temperature).

The typical paramagnetic to antiferromagnetic transition is observed measur-
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ing the molar susceptibility (see fig. 4.7). The change in the �m is usually not
so sharp but indicates the order temperature at which the spins aligns antiferro-
magnetically, TN .

4.2 Results

Different experiments have been carried out in the ZnO: Co2` to investigate sev-
eral aspects of its interesting optical, structural and magnetic properties at am-
bient and extreme conditions.

The goals we pursue throughout this chapter are:

1. Unambiguously characterize the optical transitions of Co2` in ZnO lattice
by means of optical absorption and emission at ambient and extreme con-
ditions (high pressure, low temperature).

2. Fully characterize the structural phase-transition at high pressure from the
Wurtzite to Rock-Salt structure using Co2` as a local optical probe through
absorption and emission spectroscopy and Raman spectroscopy, studying
the lattice dynamics in the transition.

3. Study how the dimensionality of our sample may change the optical and
structural properties of our system and how the proper understanding of
the bulk properties will lead us to a good understanding of this properties
in the nano-scale.

4. We will also study the magnetism in the ZnO: Co2` by means of optical
measurements, more reliable in the case of nanomaterials than the proper
magnetic measurements, since the last ones are non-selective techniques in
which a signal from outside the sample can mask the magnetic properties
of the sample.

5. We will also study the effect of the size of our sample and the Co2` content
effect in the phase-transition upon increasing pressure.

4.2.1 Crystal structure of TM-doped ZnO

The crystallographic structure of the samples studied along this Thesis was
checked by means of X-Ray powder diffraction (XRPD). Sometimes, in the case
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of nanoparticles, the amount of the sample was restricted so we usually performed
an alternate structural characterization through Raman spectroscopy (results in
the next section 4.2.2), which provides indirect and complementary information
to identify the ZnO: Co2` structural phase and also about the presence of other
phases. In our case, Co2` can be aggregated and form CoO, metallic Co or even
the spinel Co2O3. For this reason, Raman and absorption spectroscopies are
used to check the crystalline phases in our case due to their higher sensitivity
compared to x-ray powder diffraction (XRPD), therefore we can detect these ad-
ditional phases due to new peaks in the Raman or absorption spectra.

Figure 4.8: XRPD from the ZnO: Co2` 0.01% Co2`. The red and blue spectra (upper
part) are from the sample and the bottom one (black) is the calculated
pattern. The K↵ monochromator was unmounted in the time the mea-
sures were carried out, this is the reason why two peaks appear in every
reflection (K↵1 K↵2).

ZnO: Co2` of 0.01% powder x-ray diffractograms of its powder are shown in Fig.
4.8. The typical (010), (002) (011) and (012) reflections of wurtzite ZnO are ob-
served (upper (red) and middle (blue) XRPD diffractograms are compared with
the simulation of the pure ZnO (lower (black)) pattern, where the upper red x-ray
pattern was taken from crushed ZnO: Co2` (0.01%) and the middle blue of the
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same specimen but mixed with graphitized quartz from the growing ampoule.
The doublet structure shown by the diffraction peaks is due to a problem with

the Si monochromator, which was not installed in the x-ray diffractometer when
the measurements were done. Further measurements confirming the structure
such as optical absorption, Raman and luminescence were conducted in the The-
sis. Figure 4.9(a) shows the XRPD of pure ZnO and ZnO: Mn2` polycrystalline
samples together with the Rietveld refinements.

In the pure ZnO diffractogram besides the reflections mentioned above, higher
angle reflections were detected (110), (013),(020),(112), etc. All of them confirm
the sample as a wurtzite ZnO single phase. No traces of other phases were ob-
served. In the case of ZnO: Mn2` (Fig. 4.9(b), additional very weak reflections
corresponding to traces of secondary phase of Mn2O3 appeared in the diffrac-
togram (Fig. 4.9(a)).

Table 4.1 has the lattice parameters obtained from the Rietveld refinement
comparing the pure ZnO with the measured ZnO: Mn2` and the data from
ZnO: Co2` ref. [22].

ZnO ZnO: Co2` ZnO: Mn2` Mn2O3

Space group P63mc P63mc P63mc I213
a (Å) 3.243 3.249 3.245 9.400
c (Å) 5.194 5.204 5.198 -

Phase amount (%) 100 « 100 99.7 0.3

Table 4.1: Rietveld refinement parameters obtained from the XRPD Rietveld fitting
for the pure ZnO (left hand side) and the ZnO: Mn2` (center and right
hand side of the table). For ZnO: Mn2` a sub-phase of Mn2O3 is form.
The parameters for ZnO: Co2` are taken from ref. [22]

With these results together with the Raman spectra, we can assure that the
pure and doped ZnO samples are in hexagonal wurtzite type structure, w-ZnO
(P63mc).

For the rest of single crystals, ZnO: Co2` (5% Co2`, 0.5%) and pure ZnO
samples, were checked by means of Raman spectroscopy since the small amount
of material did not allow us to perform XRPD, nevertheless the Raman spectra
confirm the good quality of the crystals (sharp Elow

2 phonon modes) and even a
phase segregation at high Co2` concentrations (5% Co2`). This is clearly evident
at low temperature. The Raman spectra shows (section 4.2.2) two new peaks
corresponding to CoO magnon (a collective magnetic excitation). By means of
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(a) Rietveld refinement of the XRPD from pure ZnO sintered microcrystalline powder.

(b) Rietveld refinement of the XRPD from ZnO: Mn2` sintered microcrystalline powder.
Asterisks point out the most intense reflections of the secondary Mn2O3 phase.

Figure 4.9: X-ray difraction patterns for the pure ZnO (up) and ZnO: Mn2` (down)
sintered polycrystalline samples.
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optical absorption and photoluminescence (showed in section 4.2.4) the incorpo-
ration of the Co2` ion into the lattice is demonstrated.

4.2.2 Raman spectroscopy

As mentioned above, we used Raman spectroscopy as a way to check the structure
of ZnO and TM-doped ZnO samples as a function of P . To study the coordination
and symmetry changes for the pressure-induced phase-transition that occurs in
ZnO at around 7 to 12 GPa (depending on sample dimensionality), besides, we
also used this technique to explore the presence of magnetic ordering at low
temperature (studying the presence of magnons).

In Fig. 4.10 a room temperature Raman spectra of pure ZnO (single crystal
and high-quality polycrystalline sintered powder), are presented.

Figure 4.10: RT ZnO Raman spectra at RT for a polycrystalline sample (red) and for
a single crystal (black). The main phonons Elow

2 and Ehigh
2 are perfectly

visible in both spectra. All Raman peaks have been assigned according to
ref. [41]. Some peaks correspond to combination modes. The excitation
wavelength for the laser � = 514.5 nm.

Elow
2 phonon mode is observed at low frequencies. It is very narrow in both
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spectra (FWHM < 0.6 cm´1), which is associated with the crystalline quality of
the material. The other less intense peaks around Elow

2 are the N2-related peaks.
Also the Ehigh

2 peak is clearly observed. The quality of both spectra are similar,
reflected in the FWHM of the Elow

2 , although the fact that the signal for some
vibrational modes are more intense in the polycrystalline sample than in the single
crystal is related with the selection rules and the sample orientation [42]. The
single crystal corresponds to a highly oriented system and in the polycrystalline
sample the laser spot illuminate a region with all the random orientations possible,
by contrast with the SC and therefore no selection rules due to orientation, affect
the spectra.

The main difference between these spectra is the distinct intensities for the
polar phonons (A1 and E1) and the appearance of the second order and com-
bination phonons. The upper trace corresponds to the single crystalline pure
ZnO, obtained with a backscattering configuration (180˝) which some modes are
weaker or even do not appear, due to the conformation of the sample. However,
for the case of the high quality polycrystalline sample the peaks are more intense
since there are multiple orientations, nevertheless no significant broadened is ob-
served, so it is a proof of the high quality of both samples. Table 4.2 collects a
comparison between calculated [27] and experimental data (from this Thesis and
ref. [43]) of the first order Raman.

modes ~!exp
a (cm´1) ~!calc

b (cm´1) ~!exp
c (cm´1)

low
2 97 91 100

Blow
1 silent 261 silent

A1(TO) 376 391 380
E1 (TO) 408 409 410

Ehigh
2 436 440 438

Bhigh
1 silent 552 silent

A1 (LO) 574 560 584
E1 (LO) 587 556 595

Table 4.2: Raman modes frequencies of the pollycrystalline ZnO sample.

aOur results
bData taken from[27]
cData taken from[43]

In Fig. 4.11, several second order and combination phonons are observed
for the high frequency Raman spectrum (black solid line). The red dotted line
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corresponds to the two phonon sum density of states (⇢2`p!q DOS) from [27]. This

Figure 4.11: RT High frequency Raman spectra (solid line) taken under 514.5 nm.
The red (dotted line) curve corresponds to the two phonon sum density
of states ⇢2`p!q DOS in which the second order and combination phonons
appear and helps in the assignment. This two phonon sum DOS was
taken from [27]. The asterisk (*) represents a rotational peak of air.

assignment was done comparing the references [27, 44, 45] with our own results.
The high frequency phonons are multiphonon processes occurring some of them
as combination of two phonons or as second order Raman process . Comparing
the peaks from ⇢2`p!q DOS with the Raman spectra, some of the features shown
in both, we can assign the second order Raman of the A1pLOq� and E1pTOqL

at (1148 and 990 cm´1, respectively). Also two phonon combination modes are
observed at around 1106 and 780 cm´1. These were assigned to be [TO + LO] and
[TA+LO] in the zone borders A,L and M (see Fig. 4.4(b)), based on calculations
and checked through inelastic neutron scattering (INS) [27]. Comparing these
values with those obtained in our experiments for the polycrystalline pure ZnO,
we were able to assign the phonons with their symmetry label (Table 4.3).

Co2` ions are incorporated into ZnO, in the Zn2` site, no stress or distortion
is introduced into the crystal structure (as seen in the XRPD Fig. 4.8) due to the
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label ~!exp (cm´1) ~!calc (cm´1)
2¨A1(TO)A,L,M 1148 1200

[Ehigh
2 + E1 (LO)]A,L,M 1106 1000

2¨E1(TO)A,L,M 990 930
Blow

1 + A1 (LO) 780 810

Table 4.3: Second order Raman and combination phonon modes in the polycrystalline
pure ZnO sample (second column) and from calculations [27] (last column).

similar ionic radii of Co2` and Zn2` ions (0.58 Å and 0.60 Å respectively) [46].
In the doped samples, there is an increase in the second order and combination

Figure 4.12: Raman spectra of ZnO: Co2` single crystal with different Co2` ranging
from 0 to 5%. The 514.5 nm line of an Ar`-Kr` laser was used to excite
the sample.

phonon peaks due to the disorder induced in the lattice when changing one ion
randomly throughout the crystal. It is also remarkable the appearance of new
peaks associated to Co2` vibrations (clearly observed around 550 cm´1 in the
highly Co2`-doped sample).

A slightly broaden of the Elow
2 and Ehigh

2 peaks, due to the Co incorporation
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is also observed. Nevertheless, no furter differences are present in these Raman
spectra for ZnO: Co2` at different Co2` concentrations. There is no evidence of

Figure 4.13: Evolution of the Raman phonons frequencies with Co2` concentration
ranging from 0 (pure wurtzite ZnO) to 1 (pure wurtzite CoO). The
single crystals studied within this chapter has an x as high as 0.05
(Zn1´xCoxO). The equations represent the value of the phonon frequency
(!) as function of Co2` concentration (x).

concentration phonon frequency dependence. If we assume that we are under the
harmonic approximation, the phonon energy depends on the strength constant
(k), related with the bonding between lattice atoms, and the reduced mass (µ)
of the ions that are vibrating in the lattice. Following this expression we got:
! “

a
k{µ. Since the ionic radii of Zn2` and Co2` are very similar [46], there

is almost no change (around 3%) in the lattice parameter if we introduce Co2`

ions instead of Zn2`, and therefore, a negligible change in k. Thus, we can
propose the next model to see how the optical phonons change when we change
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the concentration of Co2` [47].

!Zn1´x

Co
x

O

!ZnO

“

c
µZnO

µZn1´x

Co
x

O

(4.10)

The !ZnO are well known and the reduced masses are calculated as follows:

1

µZnO

“

1

mZn

`

1

mO

(4.11a)

1

µZn1´x

Co
x

O

“

1

p1 ´ xq ¨ mZn ` x ¨ mCo

`

1

mO

(4.11b)

with mi the atomic masses of the constituent atoms.

It is clear to see that the difference in the phonon frequencies for different
Co2` concentrations is very small (Fig. 4.13) in the range we are studying our
Zn1´xCoxO SC (from x = 0.0001, 0.01% to x = 0.05, 5%) the difference from pure
ZnO phonons is less than 0.3 cm´1. Taking into account our spectral resolution,
0.6 cm´1 for the T64000 in subtractive mode, it is not possible for us to state
if there is a concentration shift of the phonon modes. Additionally, the peak
broadening is another factor to take into account, as we increase the Co2` in the
ZnO lattice, the FWHM of the phonons is also increased, so we loose precision
when determining the phonon peak positions.

A new peak around 500 cm´1 appears when comparing the pure sample of
ZnO with the doped ones (with Co2` or Mn2` ions). This peak is associated with
the Co2` and Mn2` local modes [41]. Since Mn has a lower atomic mass than
Co, local Raman modes involving Mn2` displacements should appear at higher
frequencies (following eq. 4.10). Therefore equation 4.10 is no longer valid to
predict the phonon position. The force constant, k, is different depending on the
ion (different bond strength and atomic distances for Co2` and Mn2`). Moreover,
the peaks are difficult to fit within this band (inset Fig. 4.14). In Table 4.4 there
is a summary for peak positions of the phonons which conform the 500 cm´1 band
in the doped samples.

When the temperature decrease, two effects can be observed in the Raman
spectra (shown in Fig. 4.15). Firstly, there are several peaks (those which cor-
respond to second order Raman and combination phonons), which intensity de-
crease or even disappear. Therefore, these are phonons activated with the tem-
perature. The spectra at low temperature for the 0.01% Co2` is slightly shifted
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Figure 4.14: RT comparison of Raman spectra from pure, Co-doped and Mn-dopez
ZnO. The zoom of the 500cm´1 band is shown in the insets for Co2`

and Mn2` doped ZnO.

Energy For Co2` (cm´1) For Mn2` (cm´1)
mode 528 518

Elow
2 +A1(TO) 539 530

A1(LO) 554 550
E1(LO) 572 579

Table 4.4: Phonon peak positions for the Fig. 4.14, 500 cm´1 band after performing
the Lorentzian fittings.The Lorentzian widths were also a parameter of the
fitting.

towards lower Raman shifts due to the abrupt cut in the lower Raman shift re-
gion (from 70 to 100 cm´1) present in the spectra. The Raman modes are also
shifted to higher energies (frequencies) when temperature is decreased due to a
strengthen in the vibrations.

Secondly, temperature effect in the Raman modes is the peak width reduc-
tion. Heisenberg time-energy uncertainty principle (�E ¨ �t • ~{2) relates the
measured Raman peak FWHM (linewidth, �) to phonon lifetime ⌧ according to
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Figure 4.15: Low temperature Raman of ZnO (77 K) and ZnO: Co2`. Cobalt con-
centration changes from 0 to 5% from the lower to the upper spectra.
�ex = 514.5 nm was used to excite the sample.

�91{⌧ (were 1 cm´1 is 0.188 ps).

1

⌧
“

�E

~ “ 2⇡c� (4.12)

Since the ⌧ measured assuming a Boltzmann approach [42, 48–51] is described
as a function of the lifetime of lattice defects and the lifetime of the anharmonic
effects (1{⌧ “ 1{⌧defects ` 1{⌧anharmonic) so � “ �defects ` �anharomnic.

We are focusing in the Elow
2 and Ehigh

2 peaks since they are clearly observed
in the different samples studied in this Thesis. The Table 4.5 collects a general
decrease of the linewidth, � (cm´1) upon decreasing temperature. To make a
proper study of the anharmonicity in ZnO, we performed the studies in the highest
quality sample (minor �) to avoid all the contribution from the lattice defects to
peak broadening.
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Samples Elow
2 FWHM (cm´1) Ehigh

2 FWHM (cm´1)
300 K 4 K 300 K 4 K

ZnO 1.95 0.52 6.73 2.87
ZnO: Co2` (0.01%) 2.74 1.79 6.82 3.87
ZnO: Co2` (0.15%) 1.86 1.31 6.24 3.89
ZnO: Co2` (5%) 1.49 1.31 6.56 4.21

Table 4.5: Comparison of the FWHM for the more intense peaks of the Raman spectra,
Elow
2 and Ehigh

2 .

An accurate description of this broadening due to the anharmonicity of the
lattice vibrations and their consequent FWHM decrease is given by:

�pT q “ �0 ` A

˜
1 `

2ÿ

j“1

nj

¸
` B

˜
1 `

3ÿ

j“1

pnj ` n2
jq

¸
(4.13)

where nj “

1
expp~!

j

{k
B

T q´1 .
In equation 4.13, the A term represent the cubic broadening parameter, which

is associated to the decrease in the ⌧anharmonic due to the decay of the optical
phonons into two different phonons (for the Elow

2 the decay is into two acoustic
modes) and the B term is associated with the decay channel to 3 acoustic phonons.
We have chosen a wide range of different phonons as decay channels due to the
rich number of branches in the ZnO phonon dispersion curves [27]. We can choose
the following set of frequencies proposed in refs. [48, 51] !1 “ !2 “ !0{2 and
!1
1 “ !1

2 “ !1
3 “ !0{3 (known as the Klemens ansatz).

For the case of Ehigh
2 and using !1 “ 220 cm´1 and !1

1 “ 146 cm´1 (!0 “ 440

cm´1) we obtained the fitting shown in the Fig. 4.16.
Since the parameter B is negative in both cases we can conclude that the three

phonons decay channel does not play any important role in the anharmonicity
in this samples. Furthermore, since this samples are doped with Co2` ions, the
⌧defects should be bigger than for pure ZnO. We can estimate this contribution
to the total phonon lifetime considering the value of !0 from the fittings like
the broadening of the linewidth due to impurities (at 0 K the phonons linewidth
should be a delta function, ⌧ “ 8 ps or 0 cm´1 of FWHM).

In Table 4.6 the comparison for Ehigh
2 phonon linewidths at RT and low tem-

perature for the different Co2` concentration samples is shown. The broadening,
which is due to the impurity, increases and the concomitant lifetime decreases.
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Figure 4.16: Evolution of the FWHM of Ehigh
2 phonon with temperature in the high

(5%) (a) and low (0.01%) (b) Co2`-doped ZnO. In both cases, the ex-
perimental data are the dots (blue) and the fitting the (red) dashed line.

Samples 300 K 4.2 K Fitting data
� (cm´1) ⌧ (ps) � (cm´1) ⌧ (ps) !0 (cm´1) ⌧i (ps)

ZnO 6.73 0.79 2.87 1.85 - -
ZnO: Co2` (0.01%) 6.82 0.78 3.87 1.37 0.9 5.88
ZnO: Co2` (0.15%) 6.24 0.85 3.89 1.37 - -
ZnO: Co2` (5%) 6.56 0.81 4.21 1.27 1.7 3.12

Table 4.6: Ehigh
2 FWHM (�) and experimental lifetime measurments for the different

Co2` concentrations in the ZnO crystals. The contribution of the impurities
to the total lifetime (⌧i) is calculated from the !0 parameter from the fitting
(in Fig. 4.16).

We are focusing on the high energy E2 phonon since it is clearly defined in all the
samples at all temperatures.

The most common way to determine the solubility limit of an ion in a host
lattice in doped samples is through XRD technique. In the literature samples
with Co2` concentration as high as 30% are reported, which XRD do not detect
any phase segregation [53] for microcrystalline powder and higher than 50% Co2`

for nanoparticles [54].
The standard procedure is to determine at which amount of dopant concen-

tration, new reflections appear in the XRD, but in this case where Co2` and Zn2`

has very similar ionic radii, the ZnO lattice can accommodate a higher amount
of cobalt ions. Furthermore, it has also been demonstrated that CoO [55] can be
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(a) Evolution of Raman spectra with T of the ZnO: Co2` (5%Co2`). The sample was excited
with the green line of the Ar`-Kr` laser �

ex

“ 514.5 nm. T
N

= 298 K.

(b) Temperature dependence of 141 cm´1 CoO
magnon intensity for ZnO: Co2`. Dots corre-
spond to experimental data and the broken line
to previous data from ref. [52].

(c) Temperature dependence of the CoO
magnon position for the ZnO: 5% Co2`. A shift
to lower energies upon increasing T is observed.
The behavior is similar to that previously re-
ported [52].

Figure 4.17: Raman spectra evolution with T of the ZnO: Co2` (5%Co2`) (upper
figure) with the height and peak position dependece with T in the lower
figures.
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stabilized in the wurtzite phase in nanoparticles, therefore we can prepare pure
CoO without new reflections in the XRD or even we could have metallic Co or Co
segregation at cobalt lower concentrations than 20%, without notice it whenever
both have the same crystal structure.

Raman technique is much more sensitive to this effects and in our case, since
the CoO is antiferromagnetic above 298K [56, 57], a magnon appears bellow
that temperature, associated with the magnetic order. Also metallic Co (Co-
Co) has their own vibrational modes (at around 130 and 500 cm´1), which can
be distinguish in the Raman spectra for Co2` concentration higher than (5%
Co2`). Other concentration samples do not shown neither the magnon at 143
cm´1 nor the Co-Co at 130 cm´1, although we observed a structure in the 500
cm´1, which is clearly related with the cobalt (and manganese) presence in the
sample. We have observed phase segregation at 5%, lower than the 30% reported
for nanoparticles [58].

Nanoparticles of around 5 nm size made of metallic Co are formed in ZnO: Co2`

thin films [59, 60]. The same behavior is expected to happened for single crystals
and other conformations, confirmed later by means of Raman and absorption
spectroscopies.

In Figures 4.15 and 4.17 a peak around 143 cm´1, which is attributed to a
CoO magnon (magnetic collective excitation of the lattice) [52], appears together
with a tinny, less intense peak at lower energy (130 cm´1), which corresponds to
the metallic Co local mode (Co-Co).

Figure 4.17 shows the temperature dependence of the magnon peak at 143
cm´1. As T increases the peak broadens meanwhile the height and the peak
position decrease. Above 210 K the peak is merged with the background noise.
The order temperature (Néel Temperature, TN) of the CoO is 298 K.

4.2.3 Magnetic measurements

Magnetic properties of highly Co2`-doped ZnO have been under the scope for the
past few years. ZnO: Co2` thin films and nanoparticles have been reported to be
ferromagnetic at room temperature by several studies, nevertheless the origin of
this ferromagnetism is controversial.

For this reason, some magnetic measurements were performed in the ZnO: Co2`

system. We measure the magnetization dependence with temperature from RT to
2.4 K at zero field and at 100 Oe (cooling down and warming up). Figure 4.18(a)
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shows the temperature dependence of the DC molar magnetic susceptibility (�mol)
of ZnO: 5%Co2`. The susceptibility is corrected with the diamagnetic contribu-
tions of Zn2` and O2´ ions. The curve shows a clear paramagnetic behavior with
no trace of any other magnetic order or transition.

(a) ZnO: Co2` molar susceptibility, �
mol

, dependence
with temperature reveals a clear paramagnetic behavior
without any transition in the range from 300 to 2.4 K.

(b) The inverse of the �
mol

dependence with T follows
an almost perfect Langevain-Curie law in the 50 to 300
K temperature range.

Figure 4.18: ZnO: Co2` magnetic propertis measured to determine the bulk magnetic
behavior of this compound in comparison with the reported data for other
dimensionalities.
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Figure 4.18(b) the inverse of the molar susceptibility is represented against
temperature in the range of 50 to 300 K. Within the studied range the behavior
is perfectly paramagnetic and the experimental data is fitted to the Langevin-
Curie eq. (4.8), with Z = 0.05 (since we are performing the measurements to the
ZnO: Co2` single crystal doped with 5% of Co2`). We get a paramagnetic Curie
temperature of ✓P = - 15.53(9) K. The negative sign means that the character
of the weak interactions that occurs between the magnetic ions are antiferromag-
netic.

The formula used to calculate the theoretical effective magnetic moment can
be written in two different ways; the first is based on the number of unpaired
electrons, n (µe↵ =

a
npn ` 2q), and the second is based on the electron spin

quantum number, S (µe↵ =
a
4 ¨ SpS ` 2q). For each unpaired electron, n = 1

and S = 1/2. Therefore, for tetrahedral Co(II) the theoretical value of µe↵ =
3.88 µB is expected.

Nevertheless, the estimated value from Fig. 4.18(b) for the effective magnetic
moment is µe↵ = 2.75 µB. The main reason for this discrepancy with the µe↵

theoretical value is that there is less tetrahedral Co(II) than expected in the
sample and therefore some "silent" cobalt. From Raman spectroscopy at low
temperature, different peaks related with CoO magnon reveal the presence of
CoO in the spectra (CoO magnons) as well as metallic Co. The aggregation of
Co2` ions to form CoO, which is antiferromagnetic above room temperature (TN

« 298 K [61]), means that no paramagnetic to antiferromagnetic transition is
observed and therefore there is less than 5% of tetrahedral Co(II).

4.2.4 Optical Properties of ZnO: Co2`

Herein, we are focusins on the Co2` ion embedded in the wurtzite ZnO host lattice
through absorption and photoluminescence (PL) properties and its temperature
dependence through high-resolution absorption/emission spectroscopy also as a
function of Co2` concentration. ZnO and ZnO: Mn2` PL experiments were also
conducted in less detail.

We also provide a reinterpretation of the current luminesce spectra band as-
signment and a full scheme of the cobalt d´d electronic states location within the
band gap framework different from published elsewhere [62–65] since there are
some remaining issues related to the electronic structure of ZnO: Co2` deserving
additional attention. For example, the correct interpretation of the photolumi-
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nescence (PL) of Co2` in the ZnO lattice, is not well established. Early low-
temperature measurements revealed rich fine structure in the optical absorption
spectra of very diluted ZnO: Co2` (10 ppm) [63, 64], whose peak assignment is
still incomplete.

Also when studying ZnO: Co2` the PL in other conformations (such as nanopar-
ticles, thin films, nanowires) are unclear due to a lack of interpretation in the
ZnO: Co2` single crystals. This assignment was the origin of the photolumi-
nescence interpretation given by Schulz and Thiede [62]. Therefore, the low-
temperature fine structure and the high-temperature broadband features observed
in the absorption and photoluminescence spectra deserve clarification. We inter-
pret the data mainly in terms of electron-phonon coupling between the localized
crystal-field Co2` d-orbital states and ZnO phonons.

Furthermore, we will also explore possible Co-Co short and long-range in-
teraction by the presence of extra peaks in the low temperature absorption and
luminescence spectra [21], which will be present if there would be any magnetic
order between the ions.

For this purposes a comparison between ZnO: Co2` and Co2` in other lattices
(such as ZnAl2O4: Co2` or MgAl2O4: Co2` ) will be brought up, since it can serve
as an example to illustrate the different behavior observed in Co-doped ZnO.

Absorption in ZnO: Co2`

When ZnO is doped with Co2`, several features appear in the absorption spectra
in comparison with pure ZnO, where only the band to band absorption edge
is observed. These new features have been assigned in a simplify scheme in
Figure 4.19 to the intra-configurational transitions in the Co2` ion and a charge
transfer transition from Co2` to the conduction band (CB). Although this is well
stablished there is still a lack of clearness at the time to assign the situation of the
Co2` d-levels respect the VB maximum and CB minimum (�EV B´d and�Ed´CB,
respectively), as well as confirm the nature of the charge transfer, metal-to-ligand
charge transfer (MLCT) or ligand-to-metal charge transfer (LMCT), concluded
to be the first as stablished in ref. [66].

We will also clarify the Co2` intra-configurational transitions, which slightly
differ from the one provided by Koidl [63] in the visible region of the spectra,
which are associated with the 4A2(F)Ñ 4T1(P) + 2E(G) of Co2` tetrahedrally
coordinated (Td).
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Figure 4.19: Co-doped ZnO electronic levels diagram up to now representation. The 1,
2, 3 and 3’ arrows represent the intra-configurational (d´d˚) transitions
(1), inter-band or gap absorption transition (2) and the charge transfer
transitions (3), associated to ligand-to-metal charge transfer (LMCT)
and (3’) to metal-to-ligand charge transfer (LMCT).

A more explained version of this scheme is shown in section 4.2.4 (page 126).

Figure 4.20 shows the room temperature absorption spectrum correspond-
ing to single crystals of Co2`-doped ZnO (5 mol%). The absorption spectrum
is identical to those reported in early 1970‘s for very diluted samples (10 ppm
Co2`)[63, 64, 67]. The peak assignment and calculated positions for the absorp-
tion bands were done on the basis of the Tanabe-Sugano procedure [35, 68] and
collected in Table 4.7. It must be noted that the calculated positions correspond
to the centroid maximum, which in the case of narrow peaks coincides with the
peak position itself if the phonon-side band intensity is negligible with respect to
the electronic origin, i.e ZPL. If the phonon-side band is dominant, as for strong
electron-phonon coupled transitions (S °°1), then the calculated position corre-
sponds to the band centroid. Eventhough, we can easily observed that although
the Co-doped spinels and the ZnO: Co2` share a Td site for Co2`, in ZnO: Co2`

a trigonal distortion is presented, reducing the symmetry to C3v and therefore,
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Figure 4.20: Room temperature absorption spectrum of ZnO: 5% Co2` single crystal.
Peak assignment corresponds to the electronic crystal-field transitions
from the 4A2(F) ground state of Co2` to its excited states in Td symme-
try. The Tanabe-Sugano diagram of d7 (Td) for C{B = 4.6 is included.
Black dots represent formally spin allowed transitions and red squares
formally spin forbidden transitions. The experimental crystal-field ener-
gies obtained from the optical spectra are represented by a dotted line
at the fit point �{B = 5.263. Fitting parameters are B = 0.094 eV (760
cm´1) and � = 0.496 eV (4000 cm´1).

varies the crystal-field strength, the electronic levels splitting and other features
making the absorption spectrum completely different from one compound to an-
other. This will also be reflected on the luminescence spectrum (see section 4.2.4,
page 113).

As mentioned before, the symmetry descent from Td to C3v gives rise to a
ground state splitting of around 6.1 cm´1 (5.4 cm´1 ref. [63]).

A rule of thumb for distinguishing between narrow and broad absorption bands
is provided by the Tanabe-Sugano (TS) diagram. It is described in 4.1.5, d3

(Oh) or d7 (Td) in the present case, since their Ep�, Bq curves have a small
slope (zero) or big slope BpE{Bq

{Bp�{Bq, respectively. Sometimes there are excited-
state-crossover points in the TS diagram giving rise to state mixing, mediated
by the spin-orbit interaction, and their manifestation in the absorption spectra
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can be a mix of narrow-broad band character as well. The 2E(G)Ñ 4A2(F) and
4T1(P)Ñ 4A2(F) transitions observed at 1.93 eV (15575 cm´1) and 2.10 eV (16900
cm´1), respectively, in the Emission/Abs spectra as a function of temperature in
MgAl2O4: Co2` are examples of this behavior [68].

Figure 4.21(a) shows the temperature dependence of the 4A2(F) Ñ

4T1(P) +
2E(G) transitions with a zoom (Fig. 4.21(b)) in the 15.200 cm´1 region for the
8.2 K spectrum. In the former spectra (Fig. 4.21(b)), a fine structure is resolved
within the low energy peak (15138 cm´1 and 15144 cm´1), which corresponds to
the zero phonon line (ZPL) for the ground state to 4T1(P) transition. The peak
splitting is 6.1(6) cm´1, which is in agreement with the crystal-field splitting due
to the trigonal distortion, in which Co2` is sited in the ZnO host lattice. Moreover
it is in excellent agreement with that observed in ref. [63].

(a) Temperature dependence of the absorption
spectrum of ZnO: (0.01%)Co2`.

(b) Zoom of the low energy side of the 8.2 K ab-
sorption spectrum where the zero phonon lines
of 4T1(P) and the spinors of 4T1(P) and 2E(G)
together with the vibronic side band are shown.

Figure 4.21: Temperature dependence of the ground state (4A2(F)) to 4T1(P) and
2E(G) transitions in ZnO: Co2` at low Co2` concentration sample.

The next peaks observed at 15200 cm´1 corresponds to the transition from
4A2(F)ground state to 4T1(P) and 2E(G) spinors. The rest of the structure shown
at low temperature, remained until 50 K and it is due to a strong electron-phonon
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coupling with all phonons of the ZnO lattice, (see Fig. 4.30 in the next section).
The values of Table 4.7 do not match with the low temperature spectra shown

in Figure 4.21 since the fitting through the TS procedure is done with the RT
absorption spectrum which gives the position of the band centroid rather than
the ZPLs position and only if the electro-phonon coupling is weak (S ! 1) the
band will be narrow and the position will be the same than the ZPL (explained
above). Therefore, there is a slight change respect the traditional assignment
made by Weakliem and Koidl in their seminal papers [63, 64].

Within the experimental accuracy, the Co2` concentration does not shift the
peaks positions, so we can compare the data obtained from different Co2` con-
centration samples.

Going back to the full range absorption spectra of ZnO: Co2` (Fig. 4.20)
we notice that is very similar to MgAl2O4: Co2` as expected since Co2` has
a Td coordination in both cases. However some significant differences must be
considered in the ZnO: Co2` assignment:

1. The MgAl2O4: Co2` crystallizes in the spinel structure (cubic Fd¯3m, a

= 8.085(4) Å [70]) where Co2` impurities substitute Mg2` at the Td site
(RMg´O = 1.918 Å) while ZnO: Co2` crystallizes in the wurtzite-type struc-
ture (RZn´O = 1.98 Å) described above.

2. The band gap of both lattices are quite different: 10 eV in MgAl2O4: Co2`

[71, 72] and 3.4 eV in w-ZnO [1]. These differences can affect the crystal-
field strength (�) and the B and C Racah parameters by the different
cation-oxygen distances and crystal structure provided by the two crystal
hosts. It can also affect the transition probabilities because of the much
shallower photoionization states in ZnO [8, 65, 73].

3. Table 4.7 compares the absorption peak energies in MgAl2O4: Co2` and
ZnO: Co2` including some structural relevant parameters. The crystal-
field strength and Racah parameter B in ZnO: Co2` (� = 0.50 and B =
0.094 eV) are similar to MgAl2O4: Co2` (� = 0.52 and 0.098 eV). The
relative decrease ratio of both � and B is actually the same: �ZnO/�spinel:
0.50/0.52 = 0.961 and BZnO{Bspinel: 0.094/0.098 = 0.959. � reduction must
be ascribed to the longer RZn-O compared to RMg-O, whereas B reduction
should be associated with the higher Co-O bond covalency in ZnO compared
to the highly ionic MgAl2O4: Co2`.
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Figure 4.22: RT ZnO: Co2` (5%)Co2` absorption band from the ground state
(4A2(F)) to its first excited state (4T2(F)) (left) and NIR absorption
band from the ground state to the second excited state (4T1(F)) (right).

Both effects reduce �{B from 5.31 in MgAl2O4: Co2` to 5.28 in ZnO: Co2`,
approaching the 4T1(P) 2E(G) excited-state crossover. Importantly, although the
centroid of the 4T1(P) band is above the 2E(G) peak (Table 4.7), its ZPL is below
2E(G) in ZnO: Co2` (see next section). This situation could be anticipated taking
into account the redshift of 4T1(P) on passing from MgAl2O4: Co2` (E(4T1(P))
= 2.10 eV) to ZnO: Co2` (E(4T1(P)) = 2.02 eV) (4.7), and the fact that the ZPL
energy difference between 4T1(P) and 2E(G) is only 0.019 eV in MgAl2O4: Co2`

[68].

Figure 4.22 shows the IR transition bands of Co2` in ZnO: Co2`. This transi-
tions are symmetry-forbidden and therefore are much less intense than the visible
absorption band, corresponding to the 4A2(F)Ñ 4T1(F) transition, which is sym-
metry and spin allowed. Since these transitions are less intense, the IR spectra
were performed in the high concentration ZnO: Co2` (5%).

Figure 4.23 shows the absorption spectra of the highly Co2`-doped ZnO, try-
ing to determine through optical spectroscopy if there is any magnetic interaction
in the sample. If that would happen, new lines should appear in the absorption
spectra. We have measured the absorption spectra with different concentrations
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Figure 4.23: RT absorption NIR-UV spectrum of ZnO: (5%)Co2`. The NIR and
visible absorption bands saturate the detector due to the high Co2`

concentration in the sample.

and we have not observed any change in the band position, just a shift of the
band gap edge (related with the charge transfer transition) to lower energies as
the Co2` content increases. This was previously observed by Venkataprasad in
ref. [74]. Another thing to have in consideration is that the bands are not related
to and adsorption phenomenon since after the polishing procedure the bands still
remain.

The ZnO: 5%Co2` SC exhibits two intense bands at 7000 cm´1 and 16000
cm´1 corresponding to ground state to 4T1(F) and 4T1(P) transition which satu-
rate the spectrophotometer detector. After polishing the material first attacking
the crystal with hydrochloric acid (at 0.1 M) and secondly with a fine grain
sandpaper. After the procedure we measured both absorption bands.

Between 12000-14000 cm´1 a new feature is observed in the highly doped
ZnO: Co2`. The new band is similar to the CoO absorption spectrum given in
ref. [75]. Complementary studies (Raman spectroscopy and XRPD) performed in
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Co2`-doped ZnO, shows a secondary phase segregation were the spinel ZnCo2O4

is formed within the ZnO: Co2` matrix [76, 77]. Nevertheless this is only observed
for Co2` concentrations greater than 15.5%.

Figure 4.24: Temperature dependence absorption of ZnO: Co2` in the 13000 cm´1

region (a). Intensity dependence of the narrow intense peak at 12678
cm´1 and compare it with the 296 cm´1 magnon [52] (b).

The low temperature study performed in this region, give rise to a fine struc-
ture, hidden at RT. A new band at 13000 cm´1 emerge, shown in Figure 4.24(a).
The temperature dependence of the sharp feature, at 12678 cm´1 is shown in Fig-
ure 4.24(b), together with the 296 cm´1 CoO magnon temperature dependence
from ref. [52]. This intensity decrease follows the same behavior exhibited by
the CoO magnon in pure CoO samples, together with the similar shape of the
absorption band in the CoO [75] are unambiguous proofs that reveals the pres-
ence of CoO traces in the ZnO: Co2` host crystal. This result is also supported
by Raman spectroscopy results at low temperature shown in Fig. 4.15, and also
can explain the reduce µe↵ value obtained in the magnetic measurements. Since
this "silent" cobalt is in an antiferromagnetic cubic phase with Co2` octahedrally
coordinated rather than Td coordinated but not in enough amount to be detected
by bulky magnetic measurements.
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Photoluminescence of the ZnO: Co2`

Although the absorption of ZnO: Co2` and Co2` in other lattices with tetrahedral
environments were known, measured and assigned in the 60’s and 70’s [63, 64, 78],
it was not until the late 80’s when the first papers about Co2` PL in ZnO: Co2`

were published [62].

Figure 4.25: Room temperature normalized photoluminescence spectra of ZnO: Co2`

taken under �ex = 647.08 nm.

We have observed to this Co2` PL for all Co2` concentrations, Fig. 4.25
(ranging from 0.01% to 5%).

No major differences from the spectra were observed at RT. Differences in
broadening and a slightly shift from the intermediate Co2` concentration were
noticeable. The spectra are recorded after a cooling cycle, so the temperature
might be different than the setup due to thermic inertia. It can affect the shape
of the spectra at RT. Also the crystalline quality of the crystals can change the
shape of the PL band. It has been observed that at low temperature exist a
dependence between the different laser power values with the PL spectra which
produces a dramatic change due to laser heating the sample. As shown in Fig.
4.26, when the laser power is increased, the fine structure observed at 3.4 K
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(red trace of the spectrum), with an appropriate non-heating power, is no longer
resolved due to the laser heating effect (black trace), corresponding the shape of
the laser-heat spectrum with a T > 50 K. Nevertheless, the Co2` concentration
does not exhibit a significant change in the low temperature spectra (show later
in this chapter).

Figure 4.26: 3.4 K normalized PL spectrum of ZnO: 0.15%Co2`at different laser pow-
ers (�exc = 647.08 nm of Kr` laser).

RT visible absorption and photoluminescence of ZnO: 5%Co2` is shown in
Figure 4.27, where in the overlap of both spectra allow us to locate the ZPL of the
transition (14924 cm´1 at RT). Previous studies on MgAl2O4: Co2` [63, 68, 79–
83] obtained similar results for ZnAl2O4: Co2` [69] concluding that 2E(G) is the
Co2` emitting state at low-temperature. The comparison between this systems
and the ZnO: Co2` is however quite interesting because both compounds (spinels
and ZnO: Co2`) share the same Co2` Td coordination but in the formers, no
further distortion is detected. Meanwhile, the Co2` in ZnO wurtzite structure
has a lower C3v symmetry, which introduces a zero field splitting of the 4A2(F)
ground state. The peak assignment for these systems is made on the basis of
Tanabe-Sugano calculations taking into account the crystal-field strengths (�)
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Figure 4.27: RT absorption and photoluminescence spectra of ZnO: 5% Co2` single
crystal. Peak assignment corresponds to the electronic crystal-field tran-
sitions from the 4A2(F) ground state of Co2` (Td) to its excited states.
TS diagram of d7 (Td) is included. The black dot represents formally
spin allowed transitions and red squares formally spin forbidden transi-
tions. The experimental crystal-field energies obtained from the optical
spectra are represented by a dotted line at the fit point �{B = 5.263.
Fitting parameters are B = 0.094 eV (760 cm´1) and � = 0.496 eV (4000
cm´1).

at the tetrahedral Co2` sites of these two spinels, although due to the symmetry
of the site (C3v), further experiments have to be carried out such as polarization
absorption at low temperature [63]. The assignment is not trivial due to the
reduced crystal-field strength, �/B, is located around the 2E(G), 4T1(P) excited-
state crossover making the situation for ZnO: Co2` assignment quite complex.
Polarized absorption studies have permitted identification of the (ZPLs) at 1.8828
eV and 1.8850 eV (15186 cm´1 and 15204 cm´1, respectively), assigned to the
4A2(F)Ñ 2E(G) spin-flip transition, split by the trigonal crystal-field (C3v) and
the spin-orbit interaction by 2.2 meV (18 cm´1)[63].

Fig. 4.28 shows the low temperature emission and absorption spectra of
ZnO: Co2` . The 2E(G) peaks around 1.8828 eV and 1.8850 eV can be clearly
observed. However, there are two additional unassigned narrow lines at 1.8781
eV and 1.8775 eV (15148 cm´1 and 15143 cm´1). Their separation of 0.6 meV (5
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cm´1) is associated with the zero-field splitting of the 4A2(F) ground state, and
their relative intensity changes with temperature in absorption but does not vary
in emission.

Figure 4.28: (a) 8 K emission (blue) and absorption (black) of ZnO: Co2` (0.01%)
single crystal in the red spectral region. The inset shows a zoom of the
4T1(P) zero-phonon line. Excitation wavelength was �exc = 647.08 nm.
(b) Configurational coordinate diagram that represents the absorption
and luminescence processes and the proposed assignment for the PL
spectra.

In fact, these two lines are the main feature of the emission spectrum at
low temperature (Fig. 4.28(a) inset). These two ZPLs components have about
the same intensity in emission, but in absorption the higher energy component
(1.8850 eV) is three times more intense than the lower energy component (1.8828
eV), reflecting the different population of the two ground-state spinors at 8 K.
The emission spectrum consists of a complex side band structure, which is built
up from these two lines, but no evidence of emission from 2E(G) is detected.
Whether these lines are associated with 4T1(P)Ñ 4A2(F) ZPL and whether the
fine features appearing at lower energy are associated with vibrational couplings
or exchange effects will be discussed below.
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Therefore, the low temperature red emission originates either from 2E(G) or
4T1(P), depending on whether the configurational curve 4T1(P) minimum is lower
than that of the 2E(G) state (Figure 4.28(b) shows the proposed red PL origin).

Another simple way to identify which one is the emitting state at low temper-
ature, which support the assignment, is through lifetime measurements. In fact
the main 2E(G)Ñ 4A2(F) spin-flip transition has an associated transition prob-
ability at least an order of magnitude smaller than the main 4T1(P)Ñ 4A2(F)
transition, and consequently longer emission lifetimes. For the ZnO: Co2` low
temperature PL spectra a luminescence lifetime, ⌧ = 15 ns, has been measured,
two orders of magnitude smaller than the one expected for the 2E(G)Ñ 4A2(F)
transition. For comparison, the luminescence lifetime in MgAl2O4: Co2`, ⌧ =

Figure 4.29: (a) 15 K photoluminescence decay of ZnO: Co2`. Lifetime fitting to a
single exponential curve of ⌧ § 15 ns; and (b) time resolved PL with
gate time of 1 ns.

3 µs at 6 K, decreases upon increasing temperature to ⌧ = 0.3 µs at 200 K,
thus indicating that the long-lived 2E(G) state is the only one populated at low
temperature [68]. Thermal population of the short-lived 4T1(P) increases the
transition probability, yielding a photoluminescence lifetime decrease. The short
photoluminescence decay time of ZnO: Co2` suggests mainly 4T1(P) character in
the emitting state [68].

Weakliem and Koidl [63, 64] suggested the importance of an electron-phonon
coupling which gave rise a vibronic side band in the absorption spectrum. The
absorption spectra structure is similar to the PL presented in low temperature
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ZnO: Co2`. Figure 4.30 compares the 8 K emission spectrum with the phonon

Figure 4.30: (a) Calculated phonon DOS (PDOS) of w-ZnO with the assignment of
the vibrational modes from ref [27]; (b) 8 K emission spectra (blue)
of ZnO: Co2` (0.01 %) single crystal around the ZPL. The side-band
is compared with the ZnO PDOS [27] (red dotted line). Note the good
agreement between the side-band maxima and the PDOS maxima as well
as their shape, when PDOS is built upon the ZPL line at 15147 cm´1.
(c) Simulation of the phonon-side band of the 8 K emission spectrum
using the effective PDOS depicted in the inset derived from the emission
spectra. The simulation was done by convoluting the one-phonon density
of sates (red dotted line) to the 5th order coupling, B5 (see text).

density of states (PDOS) calculated for ZnO using the phonon frequencies ob-
tained from Raman spectroscopy and inelastic neutron scattering [27].
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This comparison provides strong evidence that the emission spectrum con-
sists of a phonon sideband built up from the ZPLs at 1.8781 eV and 1.8775 eV
(15148 cm´1 and 15143 cm´1). The differences between the peaks at lower ener-
gies respect to the aforementioned ZPLs correspond to the distinct values of the
phonon modes described in Fig. 4.30(a), being all of them represented in the PL
spectrum.

The fair agreement between the phonon side band and PDOS indicates that
the electron-phonon coupling involves all phonons with almost the same strength,
and no significant variation of phonon energies is detected when phonons couple to
this electronic state of Co2`. The similarity between Co and Zn masses does not
alter the phonon frequencies as determined from direct measurements or through
the phonon-side band of the Co2` emission. On the basis of the emission spec-
trum we have deduced an effective one-phonon density of states (DOS) (inset of
4.30(b)). After delimiting the phonon-phonon coupling (or one phonon coupling)
we proceed to convolve this DOS with itself, and following an iterative process
we get an n-phonon coupling.

B1pkq “ DOSZnOpkq (4.14)

Bnpkq “ pB1 ˚ Bnq (4.15)

EPDOS “ e´S
¨

Nÿ

n“1

Sn
¨

Bn

n!
(4.16)

where DOSZnOpkq is the phonon-phonon coupling region depicted in Figure
4.30(b), S is the Huang-Rhys parameter and n the coupling to n phonons, with
Bn being the n-phonon order convoluted DOS, following the procedure given in
reference [84].

The phonon sideband can be accounted for on the basis of the effective one-
phonon DOS using a Huang-Rhys factor S = 1.35. We are interested in getting
information about the phonon-side band, thus we look for the best fitting of the
n-phonon coupling region with the reconstruction.

This value corresponds to an intermediate electron-phonon coupling regime
but is higher than that expected for weak coupling with the spin-flip 2E(G)Ñ
4A2(F) as discussed before, and we therefore associate the ZPLs at 1.8781 eV and
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1.8775 eV (15148 cm´1 and 15143 cm´1) to the first spinor of the 4T1(P) state.
ZPLs of the other 4T1(P) spinors occur at higher energy, overlapping the 2E(G)
peak and making their identification in the low-temperature emission spectrum
difficult.The evolution of the emission and absorption spectra with temperature

Figure 4.31: Temperature dependence of the optical absorption and luminescence
spectra of ZnO: Co2` (0.01%) single crystal in the 8 - 100 K range at am-
bient pressure. Note that the ZPLs associated with a 4A2(F)Ñ 2E(G),
4T1(P) absorption transitions broadens and persists for 2E(G) but dis-
appears for 4T1(P). In emission, only the ZPL 4T1(P) associated with
4T1(P)Ñ 4A2(F) is observed at low temperature (15142 cm´1). A hot
ZPL at 15188 cm´1 associated with the 4T1(P) spinor of higher energy
rises with temperature at the expense of the first ZPL. Its position co-
incides with the 4A2(F)Ñ 2E(G) transition energy and its emission is
narrower than in absorption due to the joint presence of 2E(G), 4T1(P)
ZPLs.

is shown in Figure 4.31. A hot ZPL located at 1.8828 eV (15186 cm´1) appears at
the expense of the first ZPL at 1.8781 eV (15148 cm´1) as temperature increases
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(absorbance spectra).

Above 20 K another ZPL at 15168 cm´1 is observed, indicating that all these
ZPLs are 4T1(P) spinors. The position of these emission hot lines coincide with
the 2E(G) peak position observed in absorption. However, the hot emission ZPLs
actually correspond to 4T1(P) instead of 2E(G) given that the transition prob-
ability 2E(G)Ñ 4A2(F) is much smaller than the 4T1(P)Ñ 4A2(F) probability
due to spin selection rule. Even if we populate both the 2E(G) state and other
4T1(P) spinors with increasing temperature, the emitted photons are mostly from
4T1(P), hence these are the only ZPLs observed in emission. Although the ZPL
of 2E(G) and one of the 4T1(P) spinors are energy resonant, they are spatially
displace along the nuclear distortion coordinate in a configurational coordinate
diagram, and therefore the interaction among them is rather weak.

A detailed observation of the 25 K emission spectrum in Fig. 4.31 reveals
the presence of a shoulder at 15080 cm´1. This indicates that the same phonon
sideband associated with the first ZPL is also constructed from the hot ZPL. This
interpretation also explains why ZPLs in absorption appear as narrow features
for the first 4T1(P) spinor but more intense and broadened for the other spinors
at 1.8828 eV and 1.8850 eV (15186 cm´1 and 15204 cm´1). In fact both 4T1(P)
and 2E(G) contribute to these higher-energy ZPLs and thus appear as broad
features in absorption. The main phonon features in the absorption spectrum
are constructed from the first 4T1(P) spinor at 1.8781 eV (15148 cm´1), and not
from the intense ZPL at 1.8828 eV (15186 cm´1). The latter is mainly 2E(G),
and most of the intensity is concentrated in the ZPL; its associated phonon side-
band is negligible in comparison to 4T1(P). This behavior is confirmed by the
temperature evolution of the absorption spectrum. As temperature increases the
ZPLs broaden, the 4T1(P) ZPLs disappear towards a broad phonon-side band but
2E(G) remains as a visible bump in the absorption band (see Fig. 4.31 at 100 K),
thus confirming 2E(G) has a negligible phonon-side band intensity. Moreover, no
trace of exchange coupling mechanism between Co2` ions through super-exchange
interaction or through conduction band (indirect exchange) is observed neither in
emission nor absorption spectra. Therefore, none of the fine structures observed
in the emission spectra are due to exchange-coupling mechanisms. This is a new
evidence that reinforces the absence of magnetic order (such as ferromagnetism
or antiferromagnetism) in ZnO: Co2` apart from the observed due to CoO clus-
ters (Raman and NIR absorption measurements) and metallic Co nanoparticles



122 Chapter 4. Transition Metal Ions in wide band gap Semiconductor

reported in the literature [59, 60].

Photoluminescence temperature dependence

Figure 4.32 shows the temperature dependence photoluminescence of Co2`-doped
ZnO in the visible region, which is assigned to the transition 4T1(P)Ñ 4A2(F).
At RT the luminescence is similar for all the Co2` concentration ratios. At

Figure 4.32: PL temperature dependence of Co2` transitions, 4T1(P)Ñ 4A2(F), in
different concentration ratios of ZnO: Co2`, ranging from 0.01 %Co2`,
0.15%Co2` and 5%Co2`, all of them unader 647.08 nm excitation.

low temperature the lowest energy spinor of the 4T1(P) level is excited from the
ground state and from it the vibronic side band is constructed. At higher energies
(1.883 eV), the second spinor of the 4T1(P) is also visible at low temperature,
indicating than the oscillator strength of that transition is higher than the lowest
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energy spinor [7]. When the temperature increases, all peaks start broadening
and the vibronic side band dominates PL and fine structure is lost at around 60
K. Notice as well that the overall band PL intensity decreases as temperature is
increased.

Another way to check the assignment proposed, is through the study of the
temperature dependence of ZPL intensities.

As temperature increases, different energy levels are populated following the
Boltzmann statistics. We define the partition function, ZpT q, which represents
the total number of ions in the different states at a certain temperature, as:

ZpT q “

Nÿ

i“0

gi ¨ fi ¨ e
´E

i

k

B

¨T (4.17)

where gi is the degeneracy of each level i; fi the oscillator strength of the corre-
sponding transition and Ei the energy difference between the two excited states
(positions of the ZPL in the spectra, where E0 = 0, is the ZPL peak at lower
energies and E1 the ZPL peak at 1.883 eV), and kB the Boltzmann constant.

Once we have the partition function we can then define the population of the
level at a given T as follows:

pipT q “

gi ¨ fi ¨ e
´E

i

k

B

¨T

ZpT q

(4.18)

Figure 4.33, shows the dependence of the 4T1(P) ZPL at 1.878 eV and 1.883
eV intensities with T and this behavior is well explained following Eq. (4.18).

Assuming than both ZPL come from different spinors of the 4T1(P) level,
instead of the 4T1(P) and the 2E(G) levels as proposed elsewhere [62], and since
the 4T1(P) degeneracy is removed under C3v distortion, two different 4A2 and 4E

spinors are now visible (see Figure 4.33(b)). Each of them are 4-fold and 8-fold
degenerate respectively. The low-lying 4A2 state, due to spin-orbit interaction,
splits into two 2-fold degenerate states which are observed at low T at around
15100 cm´1 and the degeneracy (gi) is taken to be the same in both terms gi =
2 ˆ 1 = 2 [63].

As shown in the diagram of Figure 4.33(b), at 0 K only the first spinor of
4T1(P) level is populated. As temperature increases, the second spinor is being
populated (and its intensity increases), and so on for the others.

Since we are able to observed the second spinor |1y at low temperature, we
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Figure 4.33: 4T1(P) ZPL intensity ratio over total ZPL total intensity dependence
with temperature fitted with Boltzmann population curves (left) and
energy level diagram (not a scale) of the transitions which explains the
visible PL of ZnO: Co2`. For the fitting g0 = g1 = 2, f0 = 1.5 and f1 =
3.2 (estimated through low temperature absorption spectrum).

can assume than it has higher oscillator strength (f1 > f0), and observing the
low temperature absorption spectra (Fig. 4.21, p. 108), |1y is almost twice |0y

(f1 « 2 ¨ f0). Taking the first spinor energy as origin, E0 = 0, E1 is the difference
in energy of both states, E1 = 43 cm´1.

So this is another evidence that all the ZPL observed in the PL spectra come
from the same state 4T1(P).

Co2` concentration effect

Figure 4.34 shows the low temperature emission spectra of ZnO: Co2` for dif-
ferent cobalt concentrations: x = 0.0001, 0.0015 and 0.05 at low temperature.
The absorption spectra are similar in samples with the exception of the peak
broadening produced as Co2` concentration increases. The main effect on Co2`

concentration can be observed in the low energy 4T1(P) ZPL spinor doublet.
Within experimental accuracy (0.6 cm´1), their position does not change with

Co2` concentration ranging from x = 0.0001 to 0.05; suggesting that the average
crystal-field splitting is not dependent on concentration and, therefore, no sig-
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Figure 4.34: Effect of Co2` concentration on 8 K emission spectrum of ZnO: Co2`

single crystal around the ZPLs. The inset shows the peak broadening of
the ZPLs from 2.5 cm´1 to 5.4 cm´1 on passing from [Co2`] = 0.01mol%
to 5mol%. No additional peak due to Co2`-Co2` exchange interaction
nor peak position shifts depending on [Co2`] are observed in the lumi-
nescence spectra for the studied concentration range.

nificant lattice deformation is expected with Co2` doping in this concentration
range. This result correlates also with Raman spectroscopy data indicating that
within 0.6 cm´1, ZnO phonon frequencies at � do not change with cobalt concen-
tration over this range either. In fact, EXAFS measurements of Co-O distance in
thin films, do not detect any significant change even at Co2` proportions as high
as 26% [85]. The observation of the same frequencies for the ZnO Raman active
modes, irrespective of the Co2` concentration (Figure 4.13), supports this con-
clusion. However, the linewidth at half maximum of the two Lorentzian-shaped
ZPLs broadens from 2.4 cm´1 to 5 cm´1 on passing from x = 0.0001 to 0.05. We
associate this broadening to the Co2` site distribution in the Zn1´xCoxO host.

Statistically, we can use a binomial distribution to learn which would be the
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main Co-O-Zn distribution around the crystallographic sites. Since Co substitutes
Zn in the crystal, using Eq. (4.19) we can figure out which is the probability of
having one Co next to another Co depending on the Co2` concentration in our
sample. The binomial distribution is defined as:

n!

k! ¨ pn ´ kq!

¨ qk ¨ p1 ´ qq

n´k (4.19)

where k is the total number of first neighbors to the site we are considering, n
represents the number of first neighbor which are actually Co2` (being the rest
of them Zn) and q the Co2` concentration in our crystal. Without counting O
atoms as first neighbors (since Co2` replace Zn2` ions) we have k = 12 possible
places of our Co2` that are susceptible to be occupied.

Nevertheless, the main Co2` site for the diluted sample (x = 0.0001) mostly
corresponds to the cluster CoO4-tetrahedron surrounded by 12 corner of ZnO4

tetrahedra (99.9%), named CoO4-(ZnO3)12 (n = 0, k = 12, q = 0.0001).
However, the probability of these clusters is reduced to 54% for x = 0.05

(n = 0, k = 12, q = 0.05), and other clusters involving Co-O-Co links appear:
CoO4-(ZnO3)11(CoO3)1 (34%) (n = 1, k = 12, n = 0.05), CoO4-(ZnO3)10(CoO3)2
(10%) (n = 2, k = 12, q = 0.05), and so on.

The presence of Zn2` and Co2` in the next neighbor shell produces a slight
ZPL shift, which depends on the relative number of Zn2`/Co2` ions in the cluster.
Taking into account that the fourfold-coordinated ionic radii are 0.60 Å and 0.67
Å, respectively [46], the Co2`-rich cluster will experience a bigger volume and
thus an axial stress component of the crystal field compared to the isolated CoO4

unit. This distortion will cause a ZPL distribution around the central position of
the cluster as the Co2` concentration increases, in agreement with observations
(Fig. 4.34). These effects are not observed in Raman spectra (see Figure 4.13)
since phonons indeed are long-range properties and broadening is small Co2` due
to Zn2` mass difference (59 and 63, respectively).

Energy level diagram of ZnO: Co2`

The energy level diagram of Co2`-doped ZnO is not completed; the possible
position of d ´ d˚ level respect to the energy gap as well as the nature of the
charge transfer transition should be clarified, Ligand (valence band) to Metal or
Metal to Ligand (conduction band) charge transfer (LV BMCT or MLCBCT) were
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not clearly determined yet [8, 65, 66, 73].
We have proposed the energy level diagram of Figure 4.35 to unambiguously

assign the different transitions. It is based on the strong photoconductivity,
absorption, pressure shifts, photoelectron spectra and other experimental data
[65, 66, 86].

First, we have to clarify the different representations we are using in the
energy diagram, since we are using one electron levels and energy state, from
multielectronic states (d ´ d˚ transitions), depending on the kind of transitions
involved, which are reflected in the absorption spectra.

Second, the charge transfer (CT) transitions has been clearly assigned to
a metal-to-ligand CT (MLCBCT) transition, since an e´ from the Co2` ion is
transferred to states mainly from Oxygen ligands to the CB of the ZnO [66].

Figure 4.35: Energy level diagrams proposed to locate the Co2` levels within the
energy gap of ZnO and explain all the Vis-UV absorption features present
in ZnO: Co2`. The main difference in both diagrams is the location of
the CT transition and the consideration of the e´ in the final state as
localized or delocalized.

1. Transition 1 (T1): This transition is observed in the optical absorption
spectrum of ZnO: Co2`, and pure ZnO samples. It is a transition of an e´
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from the valence to the conduction band. They were one electron states
and corresponds with the ZnO energy gap, where one e´ from the valence
band (VB) is promoted to the conduction band (CB).

2. Transition 2 (T2): This transition is between two multielectronic states
and correspond to the intraconfigurational (d´d˚) transition of Co2`. This
transition by itself does not give us further information about its location
within energy gap. It is when we explore the photoconductivity (PC) ex-
periments where for low Co2` concentrations at low temperature there is
a photocurrent what allow us to locate the excited state 3d*7 (4T1(P)) at
around kB¨T (25 meV) from the CB minimum, although this energy differ-
ence is proportional to Co2` concentration (x), according to ref. [65].

3. Transition 3 (T3): This transition has two different point of views. In
both cases we are dealing with a metal-to-ligand charge transfer (MLCT)
transition where an e´ from the ground state of the Co2` is promoted to a
final state in the CB where the e´ in the CB can be either delocalized in the
whole oxygen states of the CB (true for high Co2` concentration) shown in
Fig. 4.35 (a) which contribute to the photoconductivity of the sample or
localized around the oxygens close to the Co ion, which do not contribute
to the photoconductivity of the sample, shown in Fig. 4.35 (b).

The Cobalt in the first scenario will be an ionized center with a delocalized
e´ in the CB. The multielectronic state generated (Co3`, d6) will be
at higher �E than the intraconfigurational Co2` d7 states. This interpre-
tation is prooven for high Co2` concentration, in which photoconductivity
experiments reveal a CT transition in the ZnO band gap pre-edge [65].

The other scenario, for low Co2` concentration, there is no such band in the
photoconductivity spectra in the pre-edge region [65]. This means that the
so called CT state is in the CB (around 1 eV above CB minimum) where
the e´ from the Co2` d7 multielectronic state will be transferred to the
level of the nearest oxygen ion, which is resonant with the CB implying
that this e´ will not contribute to the photocurrent (as it is observed in the
photoconductivity experiments), see Figure 4.35 (b).

Figure 4.35 shows the two energy level schemes for both the high and the low
Co2` concentration scenarios. As we increase the [Co2`] in our sample, we start
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injecting e´ in the CB. On the contrary, for low [Co2`], the e´ are in a localized
CT state within the CB.

4.2.5 Effects of dimensionality: thin films, nanowires and
nanoparticles

ZnO has turn to be one of the most versatile semiconductors in the last 20 years
if we compare it with other binary semiconductors in the sense of applicability
and the way to produce it, from powder or single crystalline conformation to
the nanoscale. And it is due to this great variety of different applications and
conformations why it is important to know how this material behaves at different
scales compared to the bulk.

Once studied the bulk properties of the Co2`-doped ZnO we are going to
investigate the changes between the bulk material and the different nanoscale
conformations of ZnO: Co2`.

Within this section some comparatives between the Raman, absorption and
photoluminescence of ZnO: Co2` in different conformations or dimensionalities,
such as single crystal (SC), thin films (TF), nanowires (NW) and nanoparticles
(NP).

Raman

Figure 4.36 shows the Raman spectra for ZnO SC and NPs. The NPs were an-
nealed previously under ambient atmosphere at 400˝C for 12 hours to remove the
capping polymer TOPO used to avoid aggregation between NPs in the colloidal
synthesis route.

The main difference between both spectra is the redshift observed in the Ehigh
2

peak, noted in the inset. The energy difference of the Ehigh
2 phonon between both

conformations is �! = 5.1 cm´1. Also an asymmetric broadening is observed
between the phonons in both samples.

This effects (softening and broadening) have been attributed by some authors
[87–90] to an effect of relaxation of the q-vector selection rule ascribed to quantum
size confinement effects. This behavior is described by Equation 4.20 from ref.
[89, 90]:

Ip!, dq “ A ¨

ª 2⇡
a

0

q2 ¨ ep ´q¨d
4¨⇡ q2

r!0 ´ !pqqs

2
` p�0{2q

2
¨ dq (4.20)
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Figure 4.36: Normalized RT Raman spectra of pure ZnO in different conformations
(polycrystalline sample and NPs) taken under �ex = 514.5 nm excitation.
The inset shows the E2

low phonon region in higher resolution.

where A is an intensity pre-factor parameter, a = 0.314 nm the ZnO lat-
tice parameter, �0 is the natural FWHM of the corresponding phonon, includ-
ing the instrumental resolution (in cm´1), ep ´q¨d

4¨⇡ q2 is the square of the 0-order
Fourier coefficient for the phonon confinement function (taken as Gaussian), d
is the nanoparticle size (in nm) and !pqq is a parametrization of the Elow

2 and
Ehigh

2 phonon dispersion curves of ZnO along the � -A direction (kz) (see Fig.
4.4(b)):

!pqq “

!0
?

2

¨

c
1 `

b
1 ´ �2 sin2

pq ¨ c{2q (4.21)

where !0 is the �-point phonon frequency (cm´1), � is a parameter related to
the Zn-O bond force constant (0.415 for Ehigh

2 ) and the ZnO lattice parameter c

(0.520 nm).

Figure 4.37 shows the Ehigh
2 phonon after subtracting E1pLOq phonon (located
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Figure 4.37: Ehigh
2 Raman mode of pure ZnO NPs with the Eq. 4.20 fitting together

with the bulk phonon. The fitting parameters used are: !0 = 438 cm´1,
�0 = 5.1 cm´1 and the NP size obtained is d = 4.2 nm.

at lower energies) responsible for the peak asymmetry. Once this peak is sub-
tracted for both spectra, using the natural width and position obtained from the
single crystal, we perform a data fitting with Eq. 4.20, giving as a result an
average NP size of d = 4.2 nm, in agreement with TEM results and XRD, from
[86, 91–93].

Figure 4.38 shows the dependence of the Ehigh
2 energy and FWHM with d. As

we decrease the size of the NPs, the Raman peaks get broader and the energy
decreases. When d increases, the phonon energy and FWHM shifts to higher and
lower values, respectively until they reach their bulk value.

Figure 4.39 shows the the Raman spectra of SC, TF, NW and NCs ZnO: Co2`,
the Raman from the sapphire substrate is shown. Although the TF studied is
not a quantum well (1D confinement) since the thickness (100 nm) direction is
not in the range of the quantum confinement for ZnO (around 3 nm), the Raman
signal is very weak and it is masked by the substrate signal. This fact, together
with that the highly oriented thin films only A1(LO) and E2 are observed.
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Figure 4.38: Ehigh
2 phonon energy and FWHM dependence with NPs size (d).

The other conformations (SC, NCs and NWs) displayed in Fig. 4.39 exhibit
the same vibrational modes than in the pure ZnO single crystal although broaden
and less intense.

In the case of the Co2`-doped NPs, the Ehigh
2 phonon should appear at lower

energies since the confinement effect affects the samples but the peak, after the
corrections is at the same energy than the bulk (Fig. 4.39).

Two factors can contribute to this fact:

• The sample studied here ZnO: 2%Co2` NPs was not annealed before the
experiment. This NPs are capped with TOPO polymer to avoid aggregation
what can affect the surface properties and change the vibrational modes for
particles with high surface over volume ratios.

• The E1(TO) contribution to the band is not subtracted from the spectrum.
The asymmetry observed in the peak at lower energies is due to the pres-
ence of the E1(TO) phonon. For the study of the NPs size using Raman
spectrum, this contribution slightly modifies the Ehigh

2 phonon energy.

For the case of the NW its thickness is large enough and it does not show any
confinement effects, like the observed in the pure ZnO annealed nanoparticles,
and only a broadening compared to the SC is observed. This broadening can be
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Figure 4.39: RT Raman spectra of ZnO: Co2` in different conformations (single crys-
tal, nanoparticles, nanowires and thin films) taken under �ex = 514.5
nm excitation. Also the thin film substrate (the saphire substrate) is
represented in order to identify possible Raman peaks from the sample.

also due to the polymer capping of the NW for the solvent used in the synthesis
process, which is not completely removed after the annealing process (observed
by TEM imaging).

Absorption

Figure 4.40 shows the RT visible absorption bands for the intraconfigurational
d ´ d˚ Co2` transitions in ZnO: 5%Co2` single crystal, nanoparticles and thin
film in the low energy range and the CT transition and the fundamental ZnO
absorption (band to band transition) for higher energies.

Although there is no change in the band peak positions for the different con-
formations at RT in the Co2` crystal-field transition region, a slight broadening
is observed as dimensionality confinement increases for NPs. Broader peaks are
observed for lower dimensionality samples. Furthermore, there is change in the
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Figure 4.40: RT absorption spectra of 5%Co2`-doped ZnO in different conformations:
SC, TF and NP. All the spectra are normalized to the lower energy peak
of the Co2` crystal field transitions. The inset shows a zoom to the
intraconfigurational Co2` 4A2(F)Ñ 4T1(P)+2E(G) transitions.

intensity of the CT transition and the ZnO: Co2` gap absorption.

Figure 4.40 shows a change in the CT transition band, which is slightly blue-
shifted although the d ´ d˚ transition bands apparently remains the same from
2D to 0D dimensionalities, i.e. TF to NP.

The assignment of this CT transition was carried out in ref. [66] and it corre-
sponds to an e´ transfer from d levels of Co2` to a mainly O level corresponding
to the CB or metal to ligand charge transfer (MTLCT) transition (explained in
Figure 4.35). When the Co2` content of the sample is increased [86], the intensity
of both the Co2` crystal field related transitions and the CT transition increases
and the ZnO gap opens [8].



4.2. Results 135

Photoluminescence

Figure 4.41 shows a comparative between the low temperature spectra of the
ZnO: Co2` in different conformations with the ZnO phonon density of states
(PDOS), previously done in Figure 4.30 in a comparative manner. Although the
DOS might be different for NWs, TF and NPs since dimensionality and quantum
confinement modify it, we are comparing them with the SC calculated PDOS.

The same fine structure is observed in all the samples irrespectively the con-
formation. Just a broadening is observed as the dimensionality confinement de-
creases.

Figure 4.42(a) compares the low-temperature emission spectra of ZnO: Co2`

for different dimensionality of the host: single-crystal (SC), thin-film (TF), nanowire
(NW) and nanoparticles (NP). The low-temperature emission spectra indicate
that:

1. Co2` enters at the Zn2` tetrahedral sites irrespective of the ZnO dimen-
sionality.

2. No evidences of e´-h` quantum confinement is observed since peak positions
and phonon sideband shapes are similar for all conformations but any axial
stress field would yield in a significant photoluminescence redshift [94].

3. There is a peak broadening affecting both the ZPL and the associated
phonon sideband, which increases with the Co2` concentration as well as
dimensionality. This latter effect is due to crystal-field inhomogeneities of
Co2` sites in nano structures [95].

Dimensionality reduction increases the phonon wave-vector uncertainty (�k
or �q) giving rise to a broadening in both the ZPLs and the phonon sideband.
Due to size reduction, the phonon can not propagate beyond the crystal surface,
leading to phonon confinement. The spatial restriction of the wavefunction results
in an uncertainty �q in the wavevector of the zone-center optical phonon an the
concomitant place from a region around the zone-center �q « ⇡/d. Furthermore,
there is an overall redshift of the 4T1(P) emission when passing from TF to NW
and NP. According to pressure-induced blue-shift observed in SC, these results
show how NP formation implies a decrease of the effective pressure acting on Co2`

with increasing surface area; i.e. NP seems to be less dense than SC following the
Co2` emission spectrum as pressure probe which will be reflected in an increase
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(a) ZnO: 10%Co2` thin film normalized photo-
luminescence compared with the phonon den-
sity of states of ZnO.

(b) ZnO: 2%Co2` nanowire normalized photo-
luminescence compared with the phonon den-
sity of states of ZnO.

(c) ZnO: 2.5%Co2` nanocrystals photolumines-
cence compared with the phonon density of
states of ZnO.

Figure 4.41: 4 K ZnO: Co2` photoluminescence in different conformations of the
4T1(P)Ñ 4A2(F) transition at �ex = 647.08 nm compared with the
phonon density of states.
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Figure 4.42: Effect of structural conformation on the PL of ZnO: Co2` at low (left)
temperature; note the peak broadening with decreasing crystal dimen-
sionality. The R1 and R2 Cr3` lines of the Sapphire substrate in the TF
sample are marked with * and at RT (right) where the PL is observed
in all conformations although its intensity decreases as we decrease the
dimensionality. The excitation wavelength in all experiments is �ex =
647.08 nm.

of the lattice parameter. ZnO densification occurs on passing from NP to NW
and TF. The largest Co2`-emission blue-shift is observed in TF, even more than
in SC. We ascribe this singular behavior to an extra strain field imposed by the
sapphire substrate.

The relevant in-plane lattice parameter in C-face oriented sapphire is the
a parameter of the hexagonal oxygen sublattice (0.2751 nm). The ZnO lattice
parameter is 18% larger, which leads to a strong compressive strain for films below
200 nm thick. For the films studied here, around 100 nm thick, the compressive
strain can be close to 0.1% [96].

It is also remarkable that RT red photoluminescence at around 14500 cm´1

is also observed, Figure 4.42(b), in all the samples with different dimensionalities
(from single crystal to nanoparticles). Figure 4.43 shows the temperature evo-
lution of the photoluminescence of Co2` in the different conformations studied.
The same structure observed in the SC is observed in all conformations, due to
the electron-phonon coupling present in the system.
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(a) ZnO: 10%Co2` thin film normalized photo-
luminescence evolution with temperature. The
shadded box hides the R1 and R2 ruby lines of
the thin film substrate.

(b) ZnO: 2%Co2` nanowire normalized photo-
luminescence evolution with temperature.

(c) ZnO: 2.5%Co2` nanocrystals photolumines-
cence evolution with temperature.

Figure 4.43: Thermal evolution of ZnO: Co2` photoluminescence of the 4T1(P)Ñ
4A2(F) transition at �ex = 647.08 nm.

4.2.6 Pressure effects

Within this section we will explore the structural phase-transition from hexagonal
Wurtzite (W) structure to cubic Rock-Salt (RS) structure which undergoes be-
tween 8-15 GPa for SC ZnO: Co2`. We also explore this phase-transition through
different probes, from long range techniques (such as Raman spectroscopy) to lo-
cal probe studying the absorption and photoluminescence of Co2`-doped ZnO,



4.2. Results 139

and also how the dimensionality of the samples can affect the phase-transition,
comparing the results of SC, TFs, NWs and NPs.

Raman under P

When hydrostatic pressure is applied to a sample, a volume reduction is observed
and therefore, for a perfect cubic lattice we are able to approach the atoms and
hardening the bonds leading to blue-shift in its Raman spectra. Figure 4.44
compares the phonon dispersion curves of the high pressure phase of ZnO (rock-
salt phase) at 8 GPa and at ambient pressure [27]. As expected, a hardening in
the normal vibration modes occurs, with its slight blue-shift in the y axe of the
phonon dispersion curves.

Figure 4.44: Rock-salt ZnO phonon dispersion relations at ambient pressure (grey
line) and at 8 GPa (thick black line) [27]. On the right hand side the
one phonon density of states [⇢p1qp!q] is calculated from the phonon
dispersion curves.

Figure 4.45 shows the evolution of the room temperature Raman upon in-
creasing pressure of the 5%Co2`-doped ZnO single crystal.

The main effects of pressure in these spectra are the rise of a new peak around
145 cm´1, the change at around 500 cm´1 band at 8 GPa, corresponding to the
beginning of the pressure-induce phase-transition and the progressive disappear-
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Figure 4.45: Single crystal of ZnO: 5%Co2` room temperature Raman spectra depen-
dence with pressure taken under �ex = 514.5 nm.

ance as the P increased of the W phase related Raman peaks. The peaks at
500cm´1 and 145 cm´1are related with phonons of the NaCl high pressure phase.

Although the ZnO in a NaCl type structure is centrosymmetric and therefore
non Raman active, due to the high disorder induced by the 1st order phase-
transition with a volume discontinuity of around 15% [97], the Raman selection
rules are relaxed and therefore due to the stress generated in the crystal, which
is no longer a single-crystal mono-domain, we are able to see the phonons of the
high-pressure phase.

Comparing the energies of these phonons and their pressure shift coefficients
(shown later in the chapter) together with the phonon dispersion relations from
Figure 4.44, we are able to make the peak assignment of Table 4.8.

According to this assignment we identify 3 different Raman modes of the RS
phase and other peak embedded in the 500 cm´1 band which belongs to a Co2`

Raman mode (metallic Co).

Figure 4.46 shows the high pressure phase Raman spectrum of ZnO: Co2` in
the RS type structure. We clearly observed the abscence of the Elow

2 and Ehigh
2

peaks, characteristic of the w-ZnO at 98 and 437 cm´1. We also observed the
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Calculated Observed

Raman modes
!

(cm´1)

B!
BP

(cm´1/GPa)
!

(cm´1)

B!
BP

(cm´1/GPa)
L 135 1.82 137(2) 1.3(5)

(LO)X 462 4.07 498(8) 4.0(9)
Co2` related phonon - - 550(12) 2.0(1.2)

(LO)� 528 3.68 562(4) 3.3(4)

Table 4.8: Raman peak assignment for the rocksalt phase of ZnO: Co2` at RT com-
pared to the calculated values obtained from ref. [27]. ! and the pressure
shift B!

BP are obtained from fitting the data.

Figure 4.46: Rock-salt ZnO phase Raman spectra of SC ZnO: 5%Co2` at RT. The
spectra at 11 GPa was taken �ex 514.5 cm´1.

presence of two broad peaks at around 130 cm´1 and at 550 cm´1. Both peaks
are related with phonons of the RS phase such as the transverse acoustical mode
in the border zone K (assigned as TAL at 130 cm´1) and the longitudinal optical
phonons at the border zone point X and the zone center (�) point (assigned as
LOX and LO�) and an extra phonon related with the Co2` impurities.

Figure 4.47 shows the Raman spectra of the ZnO: 5% Co2` at ambient and
high pressure conditions (0 and 11 GPa), each graph is centered in an spectral
region before and after the phase-transition to amplify the differences between
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Figure 4.47: Raman comparative between the high and low pressure phases of the
SC ZnO: Co2` (5% [Co2`]) under 514.5 cm´1 excitation. (a) Shows the
region of the spectra which corresponds to the Elow

2 phonon, (b) corre-
sponds to the high energy phonon region and (c) is a zoom of the 550
cm´1 band. The dotted lines represent the different phonons present in
this band at ambient pressure and once transitted.

the Raman spectra.

The wurtzite phase related phonons (Elow
2 , Ehigh

2 , A1(LO) and E1(LO)) clearly
disappear in the high-pressure phase due to the change in the crystalline structure.
As mentioned above, the high-pressure phase is a cubic centrosymmetric Rock-
salt phase crystal, which is non-Raman active. Despite this fact, we are able
to observe some phonons related to this high-pressure phase due to the disorder
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induced by this first order phase-transition and the origin of this phonons, which
happen to be singularities in the PDOs of the RS ZnO (see Figure 4.44). The
observed peaks in the Raman spectra of the high-pressure ZnO are assign to
TAL phonon in the low energy region (150 cm´1 band) and LOX , LO� and Co2`

related phonons in the high energy, 550 cm´1 band (as shown in Figure 4.46 and
4.47) and according to ref. [27].

Figure 4.48: Elow
2 and Ehigh

2 phonon energy evolution with increasing (US) and de-
creasing (DS) pressure. The faded boxes represent the transition pressure
from W to RS and RS to W.

The behavior of the phonons when increasing pressure (up-stroke, US) and
during pressure release cycle (down-stroke, DS) were measured (see Figure 4.48).

Even though the tendencies of the phonon energy shifts with pressure are the
opposite for these two phonons, they both disappear at 8 GPa due to the first
order pressure-induced phase-transition from W to RS phase. When the pressure
is released, both Raman peaks appear at around 3 GPa, meaning that it is a
reversible pressure-induced phase-transition, with a hysteresis of « 5 GPa.

This happens in all the single crystals of ZnO: Co2` regardless the concentra-
tion. Therefore, the Elow

2 and Ehigh
2 are proven to be a good probe for studying the

structural phase-transition. The W to RS phase-transition change the Co2` co-
ordination symmetry in the crystal structure of ZnO: Co2` from Td to Oh. This
modification also induces a change of the color of the sample (piezo-chroism).
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Analyzing the Raman spectra of different crystal areas (Fig. 4.49), the green and
the colorless, we observed that the main features of the W-phase have almost
disappeared in the colorless area, indicating that this part of the crystal is mostly
RS phase. We also use the absorbance to study the phase-transition, as we will
see in the next section beneath (p. 155).

Figure 4.49: Raman spectra from ZnO: Co2` single crystal and an image of the sample
in the pressure cavity. The greenish and colourless regions of the sam-
ple (black and red Raman spectra respectively), indicates the pressure-
induced phase-transited and non phase-transited areas of the sample.

Although the absorption spectra (seen in the next section) evolution of Co2`

with P is a local probe for the phase-transition, while Raman technique is a
bulk probe to study it, both techniques are able to determine transited and non-
transited areas in our sample.

The behavior of the Elow
2 (soft mode) shown in Fig. 4.48 is explained con-

sidering the phonon dispersion relations in the zincblende (ZB) structure and
comparing them to the W ones [98]. The W-phase phonon dispersion curves can
be obtained after back-folding the ZB-phase dispersion curves of the Brillouin
zone of the reciprocal space by its half (Fig. 4.50).

Taken this into account, we can observe that Elow
2 phonon comes from a TA

in the border L zone, which is now in the �. Due to its acoustic nature, Elow
2 is

soften when P increases and tends to go to 0 when moves out the � point.
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Figure 4.50: Phonon dispersion curves for wurtzite and zincblende structure in which
ZnO and related compounds ZnX (X= S, Cd, O, Se) can crystallized in.
Wurtzite phonon dispersion curves are right at half the zincblende unit
cell in the reciprocal space.

Studying the behavior of the phonons around 500 cm´1 (Figure 4.51) we can
establish the transition pressure (PT ) at around 7.5 GPa. We are also able to
study the high pressure phase phonons, which arises after the phase-transition.
Since it is a first order phase-transition with a volume discontinuity, it produces a
high number of defects in the mono-crystalline sample in addition to the inherent
to the doping process (since we are changing Zn for Co atoms) and therefore relax
the Raman selection rules allowing us to observe forbidden Raman modes since
RS phase is not Raman active.

We can use the LO� and TAL phonons to study the high-pressure phase of
ZnO, clearly identified in the previous assignment (see Table 4.8). Figure 4.52
shows the behavior of the low energy TAL RS phonon. All the phonons of the
RS (LO�, LOX , TAL) and the Co2` related phonon modes behaves increases
frequency as P does. These peaks appear at the transition P , and since it is a
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Figure 4.51: 500cm´1 phonon band behavior with P . E1(LO), A1(LO) and Co2`

related vibrational modes.

Figure 4.52: TAL phonon dependence with P at RT upon increasing and decreasing
P cycles.

reversible pressure-induced phase-transition for the bulk material, they disappear
at around 2 GPa while the W phase phonons are again clearly observed (see Figure
4.45).

Figure 4.53 shows the pressure dependence of the W phonon mode E1(LO)
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and the RS phonon LO� during a complete pressure cycle (up and down stroke).
Following these Raman modes during the P cycles we are able to stablish the

Figure 4.53: Phonon E1(LO) through the pressure-induced phase-transition and the
high-pressure phase phonon LO�. They are used as probes during the
phase-transition.

transition pressures, the crystal phases involved in the pressure-induced phase-
transition and the reversibility of the process.

Table 4.9 summarizes the fitting data of the W Raman modes observed during
the experiments and compares them with previous results (mainly calculations)
obtained from [27], which help us in the assignment of the Raman modes present
in the 500 cm´1 band.

The main discrepancy between calculated and observed phonons is related to
the E1(TO) mode. Since E1(TO) is a broad band and an order of magnitude
less intense than Ehigh

2 and is also convoluted with it in our experiment, it is
complicated to get a good estimation of its energy.

We have also studied the P induced phase-transition in pure W-ZnO NPs.
The Co2`-doped ZnO NPs were annealed overnight at 250˝C in order to remove
the TOPO protective shell. This improves the Raman signal of the samples.

Figure 4.54 shows the pressure-induced phase-transition of the pure W-ZnO
nanoparticles to RS-ZnO phase.
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Calculated Observed

Raman modes
!

(cm´1)

B!
BP

(cm´1/GPa)
!

(cm´1)

B!
BP

(cm´1/GPa)
low
2 91 -1.05 96.4(1) -0.86(3)

Blow
1 261 1.50 - -

A1(TO) 391 5.29 - -
E1(TO) 409 5.22 422(2) 2.6(4)
Ehigh
2 440 5.58 432(1) 5.1(2)

Bhigh
1 552 4.96 - -

A1(LO) 560 4.77 549(1) 4.7(3)
E1(LO) 556 4.39 570.2(8) 4.5(2)

Table 4.9: ZnO: Co2` calculated [27] and observed phonon frequencies and shift ratios
from the W phase phonon modes.The ! and the pressure shift ratio are
obtained from fitting the data.

Figure 4.54: Raman spectra of pure ZnO nanoparticles (H=4 nm) taken at RT under
�ex = 514.5 nm. The asterisk represent the P at which the phase-
transition is completed (between 13 and 15 GPa).

The main differences between ZnO: Co2` SC and pure ZnO NPs (Figure 4.45
and 4.45) are:
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• The phase-transition takes place at higher P values in SC or bulk samples
than in NPs. For this case of study, the pure W-ZnO NPs transits between
13 to 15 GPa while in the bulk material the transition P is lower (« 8
GPa). The smaller the NPs size, the higher the transition P , revealed
overall, through absorption measurements [86, 99].

• The pressure-induce phase-transition in NPs is irreversible. During the P

release cycle (down-stroke), the high P phase is blocked and the RS-ZnO
NPs Raman modes are observed even at 0 GPa (Figure 4.54) while in the
bulk samples the ambient pressure phase (W-ZnO) is recovered at around
2 GPa. For NPs, the RS-ZnO phase is metastable at AP, depending as well
on the NPs size [86, 99] and Co2` concentration. Therefore, we are dealing
with an irreversible 1st order phase-transition when sample size is reduced
to the nanoscale.

Figure 4.55 shows the pressure dependence of the W Elow
2 and RS TAL Raman

modes during a complete (up and down) pressure cycle.

Figure 4.55: Elow
2 (W) and TAL (RS) Raman modes of ZnO NPs at RT.

The pressure-induced phase-transition takes place at higher P than in bulk
(around 12 GP for NPs, 6 GPa for bulk). Studying the Elow

2 is not accurate
enough since in this sample is a weak and very narrow peak, which overlaps with
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the air rotationals as P increases and changes its frequency, this is why we have
to take the TAL and the other Raman peaks into account in order to provide a
better estimation of the transition pressure.

Once the sample is in the RS phase, the TAL phonon remains even at ambient
pressure. It is therefore an irreversible phase-transition, in contrast with the SC
(bulk) scenario.

The same can be observed in Figures 4.56 and 4.57 for Ehigh
2 , LOX and LO�.

Figure 4.56: Ehigh
2 (W) and LOX (RS) Raman modes of ZnO NPs at RT..

Since these phonons are well resolved and are more intense than the Elow
2

phonon in the Figure 4.55 we are able to follow them at higher P than the Elow
2

and therefore stablish a better and more accurate transition P for NPs. The
pressure-induced phase-transition is completed at around 13 GPa.

Table 4.10 summarizes the P dependencies of some of the Raman modes mea-
sured in both SC and NP conformation of the sample. We show the comparison
between pure ZnO NPs and ZnO: Co2` SC since for the Co2`-doped ZnO NPs
only the Ehigh

2 phonon is measured. The main difference observed regarding the
phase-transition is that it takes place at higher P than the bulk although lower
than the pure ZnO NPs, in fact as the Co2` concentration increases, PT decreases
[86, 92, 93, 99].

We have also studied the Raman of the ZnO: 2%Co2` nanowires (NWs) and
its dependency with P was measured. As can be seen in Figure 4.58, the NW
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Figure 4.57: LO� (RS) Raman modes of ZnO NPs at RT..

ZnO (NPs) ZnO: Co2` (SC)

Raman modes
!

(cm´1)

B!
BP

(cm´1/GPa)
!

(cm´1)

B!
BP

(cm´1/GPa)
low
2 97.8(2) -1.03(3) 96.4(1) -0.86(3)

Ehigh
2 438.1(4) 5.43(6) 432(1) 5.1(2)

TAL 131.4(1.3) 1.71(3) 137(2) 1.3(5)
LOX 493(2) 5.2(2) 498(8) 4.0(9)
LO� 552.1(4) 3.34(7) 562(4) 3.3(4)

Table 4.10: Raman mode energies and P shifts of ZnO: Co2` SC and pure ZnO NP.

phase-transition takes places at 10 GPa. We also observed the phonons of the
high-P phase, TAL, LOX and LO�. When decreasing P , ZnO: Co2` NWs recover
the original W-phase at ambient conditions after the down-stroke. Despite the
NPs, the high P phase is not blocked for the NWs.

The Elow
2 phonon shifting with P was not easily measured since the intensity

of the peak is comparable with the intensity of the air rotationals and therefore
increases the uncertainty of the peak position, though the tendency to redshift is
observed.

On the other hand, the
` B!

BP
˘
Ehigh

2
= 5.1 cm´1/GPa, is the same figure than

for the other conformations.
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(a) Elow

2 region at different pressures. The phonon energy at P0 is
marked with a black dashed line. The air rotationals are also marked
with a red bashed line to avoid confusion with Elow

2 .

(b) P dependence of the ZnO: Co2` Raman spectra dependence at RT.

Figure 4.58: ZnO: 2%Co2` NW Raman spectra at different P under �ex = 514.5 nm.
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Similarly to SC, in NWs we observed that the pressure-induced phase-transition
is a reversible 1st order PT. After a complete pressure cycle, the peaks are broad-
ened and the 500 cm´1 related with defects in the crystalline structure, is more
intense than in the sample before applying pressure. The same behavior is ob-
served in the SC and is due to the formation of nano-crystalline domains within
the SC and it also happens in the NWs sample. This broadening is analyzed
afterwards.

NPs formation from SC through P cycles

As seen in page 129, we can use the Raman spectra of the sample and in par-
ticular the Raman peak broadening of well known and parametrized phonons,
such as Ehigh

2 , to estimate the NPs size in nanocrystalline samples (eq. 4.20 and
4.21). This method should be used for extremely well known and parametrized
dispersion phonon curves, that is the case of Elow

2 and Ehigh
2 in Wurtzite ZnO.

Figure 4.59: Ambient P Ehigh
2 Raman mode from ZnO 5% Co2` SC before (right

blue) and after (left red) the pressure cycle together with the Eq. 4.20
fitting. The fitting parameters used are: !0 = 436.2 cm´1, �0 = 7 cm´1

and the NP estimated size due confinement effects obtained is d = 3.9(3)
nm. The micrographs showed the single crystal before (right) and after
(left) the pressure cycle.
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Observing the Raman spectra of Figure 4.59, we observed a broadening and
a shift of the Ehigh

2 together with the intensification of some peaks related with
the disorder (500 cm´1 band), which were induced in the crystal at the phase-
transition. The FWHM for the Ehigh

2 before and after the P cycle is 6.9 and 19.0
cm´1, respectively.

We also observe a shifting on peak position of �! = 6.7 cm´1. This peak
shifting, according to ref. [90] is due to a quantum confinement effect caused by
the formation of NC domains in the original SC, which shifted and also broaden
the Raman peaks. We focuses in the Ehigh

2 phonon since is the most intense and
easy to find in all the samples and experiments performed.

According to the fitting shown in Figure 4.59 to eq. 4.20, we can estimate
that the NPs formed in the SC has a crystalline domain size of d « 3.9 nm.

Figure 4.60: Normalized Ehigh
2 Raman mode from ZnO 2% Co2` NW comparative

before and after the pressure cycle.

This broadening was also observed for the NWs after a pressure cycle but
without the shifting (�! = 0 cm´1) (see Figure 4.60). The main reason for the
different behavior respect to SC, is that the sample is transformed to the RS phase
at a higher P than the SC (10.4 GPa and 7.0 GPa, respectively) and the final
P achieved in the experiments were different. For the SC we reach pressures at
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least twice the Ptransition (around 20 GPa in some cases) where the whole sample
was transformed to the RS phase, meanwhile in the NWs pressure experiments
we barely achieved 14 GPa, where some parts of the sample did not transform to
RS phase, although the Raman signal for the W phonons disappeared. Therefore,
in the case of the NWs, there is no NC domains formation since no shifting is
observed in the Ehigh

2 peak, nevertheless a broadening due to the disorder induced
by the P remains as signature in the spectra (the FWHM before and after the P

cycle are 7.4 and 22.2 cm´1 respectively).

ZnO: Co2` absorption under P

The pressure absorption dependence of the ZnO: 5%Co2` SC was also studied.
We have performed several experiments where we measured the different ab-

sorption bands and their pressure behavior.
The first transition of Co2`-doped ZnO in the far IR region (Figure 4.61)

and goes from the ground state 4A2(F)to the 4T2(F)(Fig. 4.20, 4.22, 4.23). This
transition is very weak compared to the other spin-allowed transitions also ob-
served (4A2(F)to 4T1(F)and 4A2(F)to 4T1(P)). It is forbidden by parity and by
symmetry since for Td it does not fulfill the condition:

x i|r| fy Å A1 (4.22)

where x i| is 4A2(F), r is the dipole moment operator (that comes from the
electric dipole interaction E.D. = ~µ¨E; ~µ = e¨r), which transforms as T2 in Td

symmetry and | fy is 4T2(F); whereas the other final states (4T1(F), 4T1(P))
does.

Because the symmetry of the Co2` site is C3v with a slightly axis distortion
of the Td symmetry. The transition dipole moment operator transforms as A1

(along z-axis) + E (along x and y-axis) irreps. The selection rules are partially re-
laxed and we are able to observe the 4A2(F)Ñ 4T2(F)transition, although weaker
compared with the other transitions.

In the experiment, the hydrostatic medium (silicone oil or mineral oil) presents
several absorptions in the IR region, one of them overlapping with the transition
at 3700 cm´1. The squared regions in Fig. 4.61 represents the area where both
absorption bands (Co2` and mineral oil) appears. At around 5 GPa, when the
hydrostatic media becomes non hydrostatic, the band is less intense although a
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Figure 4.61: RT ZnO: 5%Co2` FTIR absorbance spectra dependence with P , using
silicone oil as pressure transmitting medium and ruby microspheres as
P sensor. The absorbance spectra were obtained using as reference the
complete transitioned sample spectra at 9 GPa.

small band corresponding to the first Co2` transition can be observed. Since we
are using the spectrum of the transited sample (at 9 GPa) as reference to get the
absorbance, we can almost rule out the silicone oil contribution to the spectrum,
but since the transition is very weak, we are not able to performed any analysis
with upon increasing pressure.

We check if the samples have transited completely to the RS phase by means of
Visible absorption spectroscopy, checking the disappearance of the Co2` related
absorption band in the Vis region.

The second transition in Td Co2` is associated with 4A2(F)to 4T1(F)transition
at around 700 cm´1 (Figure 4.62). This transition is more intense than the first
one, and we were able to study its pressure dependence.

As P increased, the transition intensity decreased and clearly shifted to higher
energies. The transition pressure, PT , obtained in this experiment was PT « 11
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Figure 4.62: NIR absorption spectra dependence with P of ZnO: 5%Co2` at RT. The
pressure shift ratio of the transition band is (�) 55 cm´1/GPa.

GPa, slightly higher than reported (around 9.5 GPa). Peak positions (E1, E2 and
E3) were also represented and no P induced splitting was observed as pressure
changes (Figure 4.63).

The different peaks that conforms the absorption band corresponds to the
different spinors of the 4T1(F) level (E1{2 and E3{2 for 4A2 and 2¨E1{2 and 2¨E3{2
for 4E, following Koidl’s notation in his paper ref. [63]) and no further splitting
due to increasing P is observed.

The visible absorption of the spectra, responsible of the green color of the
sample, is mainly assigned to the 4A2(F)Ñ 4T1(P)transition, although it is in a
region in which many electronic levels coexist within a few hundreds of cm´1, as
it is observed in the Tanabe - Sugano diagram of Figure 4.27 (page 115). The
4T1(P) state can mix with 2E(G) and 2A1(G) as consequence some properties
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Figure 4.63: E1, E2 and E3 peak position dependence with P , obtained from Figure
4.62. The fitting parameters are written in equations in the plot with its
errors.

such as the P shift ratio of this state (Fig. 4.64 and 4.65) does not present the
expected dependence from the TS diagram. In the TS diagram, the latter state
has a similar slope (dE/d(10Dq)) than the NIR absorption but its dependence
dE/dP is half the expected.

As for the NIR absorption, there is not P splitting of the levels. Just E2,
which has a higher mix component of the 2E(G)state has an even lower P shift
ratio (of 12 cm´1/GPa). The other peaks has the same (dE/dP )V is.

For all the cases we used the Co2` absorption as a local probe for checking
if the phase-transition is complete during the up-stroke and the down-stroke (to
check the reversibility) process.

Figure 4.66 shows the absorption dependence of ZnO: Co2` from the high-
pressure phase to ambient pressure, down-stroke (DS). As the P is reduced we
do not observed any changes until 3 GPa. At that P the band gap edge shits
to lower energies and in the 15500 cm´1region the Co2` crystal field transition
becomes visible again.

At 1 GPa the absorption band , mainly due to 4A2(F)to 2E(G)+ 4T1(P)gets
clearly visible, showing the reversibility of the phase-transition (also proven by
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Figure 4.64: Pressure dependence of the Visible absorption band of ZnO: 5%Co2`

at RT. The pressure shift ratio of the transition band is (dE/dP ) 24
cm´1/GPa..

Figure 4.65: E1, E2 and E3 peak position dependence with P , obtained from Figure
4.64. The fitting parameters are written in equations in the plot with its
errors.
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Figure 4.66: Spectra studying the reversibility of the structural phase-transition (from
RS to W) using the Co2` as a local probe. The W phase is recovered
between 3 a 1 GPa.

other means such as Raman spectroscopy).

Piezochroism in ZnO: Co2`

Piezochroism is the change of the color when pressure is applied in a material.
Both the band gap and the crystal-field transitions are P dependent. Pressure can
induced a shift of the transitions energies or a reduction in the oscillator strength.
Both effects can modify the color of the sample. In ZnO: Co2` the color change is
due to the structural phase-transition, where Co2` change the coordination and
symmetry. Therefore, the color change can be used to identify different areas in
the crystal, those that have undergone completely the PT respect to other that
are not completed (Figures 4.67 and 4.68).

Observing the micrographs of the samples inside the DAC (Figures 4.67 and
4.68), we observed that the samples transited first at the edges of the cavity
and as long as we increase the P the phase-transition is propagated to the inner
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Figure 4.67: Micrographs of SC ZnO: 5%Co2` at different P . As we encrease the
pressure the phase-transition takes place progresively and the greenish
color disapear until the phase-transition is complete. The last picture,
denoted with DS (down-stroke), we observed that the P -induced phase-
transition is reversible and the W phase is recovered, with the green color
signature.

regions of the low pressure cavity. There are two main possible explanations to
this behavior:

1.- The P profile inside of the DAC is not perfectly gaussian and centered in
the hydrostatic cavity (higher P in the centre of the hydrostatic cavity and lower
P in the surroundings). In fact, the P would be higher at the edge of the cavity.
This statement is proven false on the Appendix B in p. 249.

2.- The pressure-induced phase-transition takes place first at the edges of the
sample, although it is a lower P than other inner parts of it (P has a gaussian
profile centered in the hydrostatic cavity center). The edge of the sample is full
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Figure 4.68: Micrographs of NWs ZnO: 2%Co2` at different pressures. As pressure
increases the phase-transition takes place progresively and the NWs be-
come transparent brownish at 10.8 GPa. The centered bottom picture,
2 GPa down-stroke, the sample becomes opaque again, showing that
the pressure-induced phase-transition is reversible and the W phase is
recovered again.

of defects since the crystal is not infinite and the atoms which form part of it
are less constrained and are easier to compress and deform, triggering the phase-
transition first.

The latter phenomena is observed in all SC samples studied. For the other
conformations, similar phenomena also occur but since the NWs and NPs are
quite smaller than single crystals, the progressive change in the color will be
addressed in the next section.

Comparing the ambient P photo before and after the pressured-induced phase-
transition (Figure 4.67), we can observed that for the recovered sample, after the
P cycle, the SC is no longer a single domain and a granular structure appears,
other signature of the formation of nano-domains embedded in the ZnO bulk
matrix.
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Comparing Raman and absorption under P

In section 4.2.6, p. 139, we studied the dependence of the ZnO Ehigh
2 phonon

intensity with P and we compare it with the Co2` intraconfigurational d ´ d˚

absorption bands intensity (section 4.2.6, page 155) for the study of the pressure-
induce phase-transition. For pure ZnO, we cannot use, for obvious reasons the
Co2` local probe to study the phase-transition but instead, the Raman spectra
can be used and the results also can be compared.

To discard some effects not related with the loss of intensity due to the phase-
transition as for example the loss of intensity due to the change in the gap of the
material (due to P effects) and subsequently the loss of the resonance with the
excitation, we take into account the variation of the Raman intensity, Iphonon(P),
as:

IphononpP q9

1

rp!gappP q ` !phononpP q ´ !exq ¨ p!gappP q ´ !exqs

(4.23)

where !gappP q is the value of the material band gap (which is pressure de-
pendent), !phononpP q is the energy of the Raman mode studied (which also is
function of P ) and !ex is the laser excitation frequency (we have omitted ~ for
simplicity).

Figure 4.69 shows that Raman intensity decreases abruptly (3 orders of mag-
nitude) when we excite far from the resonant conditions, i.e. 7000cm´1 far away
from the energy gap.

This change is almost 0 when we perform the experiment with the same ex-
citation energy and vary the external P , being this change in Raman intensity
completely negligible (around 4¨10

´9) within the pressure range studied (from 0
to 8 GPa, where the phase-transition begin).

With these figures in mind we are sure that the dependence we observed in
the Raman intensity spectra with P is only due to the pressure-induced phase-
transition effect.

Figure 4.71 shows the dependence of the Ehigh
2 Raman mode with P . The Ehigh

2

Raman mode present an asymmetry in the lower energy region, which correspond
to the E1(TO) mode. We have previously subtract this phonon to the Ehigh

2 mode.
There is a high dispersion before 5 GPa, due to the acquisition conditions

for the Raman experimental points. Since we are using a confocal micro-Raman
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Figure 4.69: Raman modes intensity loss as a function of excitation wavelength for
ZnO at ambient pressure. The black arrows at 19443cm´1 are the exci-
tation energy and at 26612cm´1 the energy gap of the material.

Figure 4.70: Raman modes intensity loss as a function of P for ZnO under 514.5 nm
CW excitation. The shaded box represent the already transited region
where Raman intensity of W-phase peak are 0.

system to optimize the Raman signal measured, that it is highly spatial depen-
dent, the relative intensities of the peaks varies from one experiment to the next
one since the position where the spectrum was recorded is not always the same
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Figure 4.71: Normalized integrated intensity dependence of Ehigh
2 phonon (red trian-

gles) and Co2` d ´ d˚ absorption NIR and Vis band (purple diamonds
and blue squares) with P at RT of ZnO:5%Co2`and the comparison
with the measures made by Drickamer (green dashed line) [100], and
their fittings to equation 4.24 (fitting parameters in table 4.11).

(alternative measurement of the Raman spectrum and the pressure through ruby
PL). Nevertheless, once the pressure-induced phase-transition begins, at around 5
GPa, the intensity decrease quite abruptly making the intensity loss higher than
the crystal orientation dispersion problem, being negligible afterwards, and the
trend observed in the Raman spectra in Figure 4.71 being reliable.

Mathematically, we can describe the dependence of the Co2` absorption or
Ehigh
2 Raman normalized intensities, S(P ) with pressure as a step function or a

Fermi-Dirac distribution function. We use the later to model the PT (eq. 4.24):

SpP q “

1

e
P´P

t

P

�

` 1

(4.24)

where Pt is the transition pressure and P� is the width of the transition.
Comparing this intensity decrease with the Co2` absorption bands for the

SC, we realize that they behave in the same way, although there are two main
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Pt P�

9.5 1.0
Raman 7.5 0.5

Table 4.11: Fitting parameters from eq. 4.24 for the SC ZnO: 5%Co2` sample shown
in Figure 4.71.

differences depending on the probe we are using:

• There is a high dispersion in the intensity value of Ehigh
2 , mainly due to the

different position where the Raman spectra is taken. Raman spectroscopy
is very sensitive to surface morphology and crystal orientation. As we are
studying scattered light, if we do not take the spectra in the same spot we
are unable to compare their intensity. Nevertheless we are looking for a
big change in the Raman intensity value that occurs at the phase-transition
P . This is why although the high dispersion before the phase-transition
does not give any information, the abrupt change in intensity due to the
Wurtzite to Rock-salt phase-transition can be studied through the change
in the Ehigh

2 phonon intensity change.

• In Fig. 4.71, we observed that depending the probe used to study the PT, we
obtain slightly different transition P (7.5 GPa for Raman instead 9.5 GPa
for absorption). Assuming that the spectra are taken in the same place,
the decrease in the intensity of the Raman signal and the Co2` absorption
bands entirely depends on the pressure-induced phase-transition. Then we
could think that Raman is a long range probe while absorption is a short
range one, i.e. small changes in the crystal are responsible for the loose
of Raman signal while the same changes generate a less strong response in
the absorption spectra. We also dismissed an overheating problem since
the laser power is kept low to avoid this situation and using the FWHM
of the Raman modes as temperature sensor, there is no evidence of this
phenomena during the experiments [24, 51].

There is also a relation between the transition pressure dependence and the
Co2` concentration and size [47, 86, 93, 101]. Two main relations are demon-
strated in those works:
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• When the Co2` content is increased, the transition P decreases linearly as
[47]:

Pt “ Pbulk ´ 11 ¨ xCo2` (4.25)

where Pbulk stands for transition pressure in pure ZnO single crystal (9.5
GPa) and xCo2` is the nominal cobalt content in the chemical formula
Zn1´xCoxO.

• The transition pressure also depends on the size. As the size of the NPs
is reduced, the transition pressure is increased, being able to stabilize the
Wurtzite phase even in the CoO [92].

But this explanations are not enough to solve the whole puzzle of the phase-
transition behavior discrepancies between our work and the literature 1 [47, 86,
93, 101]. The main discrepancies are: i) the phase-transition pressure width P� «

10 GPa, is four times smaller than in our experiments and ii) phase-transition
begins in our case, around 5 GPa instead 10 GPa as expected for bulk or at higher
P as expected for smaller NPs.

Figure 4.72 shows the behavior of the intensity of the different probes (Raman
and absorption) of ZnO and ZnO: 5%Co2` NPs. All of them behaves in the same
way, at around 5 GPa the intensity start decreasing until the phase-transition is
completed at around 15 GPa and the intensities go to 0.

Comparing this graph with the ones in the refs. [86, 93], we can define a
transition P� of around 10 GPa instead of 1.2 GPa. We can relate this gradual
transition to the NPs size, since it is observed for all Co2` content (from 0 to
5%Co2`).

Following the points mentioned above regarding the PT Co2` concentration
and size dependences we are able to model the decrease of the absorption and
Raman intensity with pressure, through eq. 4.26. Here, the intensity of the Co2`

absorption band and the Ehigh
2 Raman mode decrease are the contribution of the

intensity decrease in different NPs collectives (a number of NPs of certain size).
This integrated intensity A(P ) is proportional to the shape (size) function SpPiq,
equation 4.24, the NPs size distribution, npdiq (the number of NPs of a certain

1For all the experiments, the same batch of NPs were used.
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Figure 4.72: Normalized integrated intensity variation of Raman ZnO (red dots) NPs
and ZnO: Co2` NPs absorption and Raman (blue squares and green
triangles, respectively) at RT.

size) and the volume (V pdiq) of each collective.

ApP q “

ÿ

i

SpPiq ¨ V pdiq ¨ npdiq (4.26)

SpPiq “

1

e
P´P

t

i

P

w

` 1

(4.27)

V pdiq “

4

3

⇡

ˆ
di
2

˙2

(4.28)

Where di is the diameter of the NPs that we considered follows a Gaussian dis-
tribution function.

npdiq “

1

�
?

2⇡

ª d
i

´8
e´ pz´µq2

2� dz (4.29)

Where � is the size dispersion and µ is the mean size value.
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For simplicity the model we are just taking into account NPs of 3 different
sizes (within 0.5 nm width) "collectives" (i “ 3) with the sizes around the major
number of NPs in each sample.

The fitting parameters to eq. 4.26 are given in Table 4.12 and the pressure
dependence of the visible absorption of Co2` and the Ehigh

2 Raman mode intensi-
ties and the fittings are shown in Figure 4.73. In all cases a similar trend appears,
at around 5 GPa the intensity stabilizes and starts a gradual decrease with in-
creasing pressure. The end of the phase-transition is in all cases around 15 GPa
(depending the probe used).

Assuming 3 size collectives of NPs for the fitting, we can reproduce the phase-
transition fairly enough. The transition widths are taken in comparison of bulk
samples and data from ref. [86].

Absorption ZnO: 5%Co2` Pt (GPa) P� (GPa)
size 1 = 6.9 nm 5.20 1

NP size 2 = 6.0 nm 6.25 1
NP size 3 = 4.8 nm 13.5 1

Raman ZnO: 5%Co2` Pt (GPa) P� (GPa)
size 1 = 6.7 nm 5.0 1.4

NP size 2 = 5.7 nm 6.2 1.4
NP size 3 = 4.7 nm 11.5 1.4

ZnO Pt (GPa) P� (GPa)
size 1 = 7.3 nm 5.25 0.5

NP size 2 = 6.5 nm 6.5 0.5
NP size 3 = 4.8 nm 12.5 0.5

Table 4.12: Fitting parameters to the model described in eq. 4.26. Pt is the transition
P stimated for a collective of NPs and P� its transition P width. For the
pure ZnO the gaussian size distribution has the experimental values of µ
= 5.2 nm and � = 1.3 nm, and for the ZnO: 5%Co2`µ = 4.5 nm and �
= 1.0 nm.

Although the pressure of the transition is Co2` content dependent , the main
dependency is due to the size. It is also stablished by ref. [86] that bigger NPs
have lower transition pressures than smaller ones but higher than the bulk value.

We observed the beginning of the PT before the Pbulk, and the only difference
between experiments (since the NPs used were synthesized in the same batch) is
the hydrostatic transmitting medium: Methanol:Ethanol:Water [86] and paraffin
oil in this Thesis.
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(a) Co2` crystal field normalized absorption
intensity dependence with P of ZnO:5%Co2`

NC.

(b) Ehigh

2 mode normalized intensity depen-
dence with P of ZnO:5%Co2` NC.

(c) Ehigh

2 mode normalized intensity dependence
with P of pure ZnO.

Figure 4.73: Normalized integrated intensities of Co2` 4A2(F) to 4T1(P) absorption
and Ehigh

2 Raman dependences with P at RT.

It is known that paraffin oil presents a hydrostatic behavior from 0 to 5 GPa,
so here we observed that the phase-transition is triggered by the hydrostatic
media, being the bigger NPs the first in changing the crystal structure while the
smaller NPs are not affected by the hydrostatic media in the same way the big
ones are, and remain in, the W-phase until P as higher as 16 GPa in some cases.
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ZnO: Co2` photoluminescence under P

We have also studied the PL at RT and at 20 K at different pressures for ZnO:
5% and 0.01% Co2`. There is no concentration effect in the pressure shift ratio
of the Co2` crystal-field levels, so we can use both samples indistinguishable.

Figure 4.74: Pressure dependence red emission of the 4T1(P)Ñ 4A2(F) transition in
SC ZnO: 5%Co2` at RT under �ex = 647.08 nm.

The high-pressure experiments at RT and low and room temperature Fig.
4.74 and 4.75, respectively, were also a reinforcement for the ZPL assignment
proposed in this Thesis. For the RT emission spectra (Figure 4.74), there is a
blue-shift with P with the same magnitude than for the absorption experiments,
with a similar P shift coefficient (dE/dP�Abs = 25 cm´1/GPa, dE/dPPL = 27
cm´1/GPa). Although a higher value was expected (at least the double) because
the mixing of the electronic states 4T1(P)and 2E(G)since the crystal-field states
are close to the crossing point, the value of this pressure shift coefficient is reduced.
The blue-shift of the 4T1(P)Ñ 4A2(F) band with pressure is still consistent with
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Figure 4.75: Pressure dependence red emission of the 4T1(P)Ñ 4A2(F) transition in
SC ZnO: 0.01%Co2` at 20 K where the inset shows the blue-shift of the
4T1(P)Ñ 4A2(F) ZPL with pressure under �ex = 647.08 nm.

the peak assignment to be from the 4T1(P)level.

For the low temperature emission spectra (Fig. 4.75) of ZnO: 0.01%Co2`,
both emission ZPLs experience the same pressure blue-shift as dE/dPPL = +11.4
cm´1/GPa. This shift is also consistent with the peak assignment to 4T1(P)
spinors. The 2E(G)Ñ 4A2(F) peaks should shift to lower energy according to
expectations from the TS diagram. Also the high value of the pressure shift ratio
is consistent with the peak assignment to be from the 4T1(P)level, although a
slightly smaller pressure coefficient (7.3 cm´1/GPa) for this electronic transition
was obtained through absorption measurements for high Co content thin film
samples [101].

If one of the two ZPLs would be associated with a different state, the pres-
sure shift should be somewhat different, with 2E(G) probably shifting to lower
energies, as ruby does. Therefore, the pressure shift supports the assignment
of the ZPL origin as 4T1(P). The decrease of emission intensity with pressure
and its disappearance at 5.8 GPa is noteworthy. A similar result was also found
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in MgAl2O4: Co2` and was attributed to pressure-induced non-radiative multi-
phonon relaxation to the 4T1(F) excited state [68]. This conclusion is opposite to
what is generally accepted for luminescent impurity systems, where larger pho-
toluminescence intensity is expected for transition metal ions placed in smaller
sites. Four-coordinated Co2` systems like those attained in MgAl2O4: Co2` and
ZnO: Co2`, behave oppositely and thus PL is favored upon volume expansion.

Figure 4.76: Configurational coordinate diagram and the emission spectra of ZnO: 5%
Co2` at RT (red) and 10 K (blue) under �ex = 647.08 nm to explain the
different pressure shift coefficient measured in both spectra. In the 10 K
spectra, the ZPL at higher energy are truncated for the shake of clarity.

Raman measurements show that the luminescence quenching in the low T

experiment is due to a pressure-induced W to RS phase-transition as proposed
due to the reduction of the transition P value (from 9.5 GPa at RT to 5.8 GPa
at 20 K). In reference [24] the authors proposed an equilibrium P of 6 GPa in
the PT diagram, close to the transition pressure observed at low temperature.

An interesting fact is the discrepancy in the pressure shift coefficients between
the high and low T emission spectra. The main reason for that behavior is the
mixing of the states and the region were we are measuring. At low temperatures,
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almost the whole luminescence intensity is in the ZPL, which are at higher energies
than the rest of the band (see Fig. 4.76). At low T we are measuring the
shift of the ZPL which are nearer the 2E(G)state in the cross-over region of the
TS diagram and in the RT spectra we are measuring the the position of the
band center which corresponds with a lower energy position, nearer to the pure
4T1(P)state, so the mixing with the other state is smaller.

We can explain the different pressure and temperature dependences with a
simple model by the mixing of the 2E(G) and 4T1(P) states.

For the 2E(G)state we can take as pressure shift coefficient the one for the
ruby 8 cm´1/GP. If we define a mixture function of the effective 4T1(P) state as
a linear combination of both states:

| y “ ↵ ¨

��4T1pP q

D
` � ¨

��2EpGq

D
(4.30)

then we want to see how the energy changes with P (how the bands are
displaced when P is varied):

B

BP
x |H | y “ ↵2

¨

B

BP

4

T1pP q ` �2
¨

B

BP

2

EpGq (4.31)

where the first term represents the measured coefficient and the other two
terms the pressure coefficients of the Co2` red band transition at RT and the
ruby R2 transition.

For RT:

B
BP x |H | y = 27 cm´1/GPa (measured P coefficient at RT), B

BP
4
T1pP q « 55cm´1/GPa,

P coefficient of the 4T1(F) IR state, since the visible 4T1(P) is already mixed and
B

BP
2EpGq « 8 cm´1/GPa. For this values we get than the linear combination of

the observed state is ↵ = 0.66 4T1(P) and � = 0.34 2E(G).

For 10 K:

B
BP x |H | y = 11 cm´1/GPa (measured P coefficient at 10 K), B

BP
4
T1pP q «

55cm´1/GPa, P coefficient of pure 4T1(P) and B
BP

2EpGq « 8 cm´1/GPa. For
this values we get than the linear combination of the observed state is ↵ = 0.30
4T1(P) and � = 0.70 2E(G).

For the case of NPs and NWs (Fig. 4.77) the Co2` crystal field does not
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Figure 4.77: Pressure dependence of the NWs PL during a complete pressure cycle
(up and down) under �ex = 647.08 nm at RT.

change a lot with P . The P coefficient in this case is around 10 cm´1/GPa,
half of the bulk. The only remarkable thing is that the intensity disappear as
well because the absorption band disappears. The phase-transition takes place at
almost 11 GPa, lower than the NPs and slightly higher than the SC, the original
phase is recovered at around 2 GPa (same as bulk).

As observed in previous experiments [47, 86, 92, 101], as we decrease the
dimensionality we get lower shift ratios of this absorption band with P . For the
bulk we get the higher pressure shift coefficient and this is reduced as we decrease
the dimensionality of the system (see Table 4.13).

It is a reasonable result (the same happen when measuring the Egap shift with
P in the different systems) as we can expect that for reduced dimensionalities the
bulk modulus is increased and therefore the system became more incompressible.
This result is compatible with the increasing transition P in the smallest ones
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SC TF NW NP
�P (cm´1/GPa) 25.0 6.1 11.0 « 0

Table 4.13: Pressure coefficients for the 4T1(P)Ñ 2E(G) transition of ZnO: Co2` with
[Co2`] = 5% (SC, NC, TF) and 2% (NW).

[86, 93], since there is a hardened in the NPs due to the atomic bonds and the
reduced number of defects (compare with the bulk) so the NPs can resist in the
W phase at higher P than for bulk.

4.2.7 Additional PL and excitation experiments in ZnO
and ZnO: Co2`

We have performed some additional PL and excitation experiments in the samples
such as PL exciting in the ZnO band gap (266 nm) and excitation detecting in
the visible Co2` PL at RT and low T.

Figure 4.78: Excitation spectra of NC and SC detecting in the Co2` d´d˚ transition
at �det = 687.9 nm in SC and �det = 680.0 nm in NC.
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First, we have tried to measure the Co2` emission exciting in the ZnO con-
duction band and the charge transfer band at around 24000 cm´1 (see Figure
4.78).

Fig. 4.78 shows the low temperature (10 K) excitation spectra detecting the
Co2` red emission (�det = 687.9 nm for SC and 680.0 nm for NCs). In both
cases we observe an intense and broad band in the 16000 cm´1 region, which
corresponds to the absorption band assigned to the transition 4A2(F) Ñ

4T1(P).
We can also distinguish a peak which corresponds to the 4A2(F) Ñ

2T2(H) spin
flip transition, around 20500 cm´1 (2.50 eV), which in absorption is convoluted
in the big absorption band and it is not observed as clearly as it is in here.

Figure 4.79: ZnO: 5% Co2` PL spectra under �ex = 266 nm excitation and Co2`

transfer at 10 K and RT.

The next feature observed in the excitation spectra of Figure 4.78 is the CT
band, also observed in the absorption spectra as a pre-edge of the band gap at
3.36 eV. We can observed that the CT band also generates luminescence of the
intraconfigurational d´d˚ transitions in Co2`. After this band, the PL decreases
in NPs and also in SC, although at slightly higher wavenumber. This phenomena
occurs since the material start reflecting more light than can absorb due to the
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band gap and the light is not able to penetrate the material turning it into a
mirror and producing the decrease in the emitted light in the excitation.

Figure 4.80: Scheme which explains the lack of Co2` d7 PL at RT in ZnO: Co2`

due to the forbidden character of the intraconfigurational transition [1]
respect the defects assited PL [2].

When the sample is excited in the gap (at 266 nm « 4.66 eV) with a continuous
wave (CW) laser we are also able to observed the red PL of Co2`. In Figure
4.79 we observed two intense bands. A sharp one at the 14500 cm´1, which
corresponds to the Co2` intraconfigurational emission in the red region of the
spectra (4A2(F)Ñ 4T1(P)).

Although it corresponds with the same energy than the PL measured before,
it is not resolved even at low temperature. Since we are exciting the sample with
a pulsed laser of 266 nm and a mean power of 5 mJ we are probably heating
the sample what does not allow us to explore the fine structure of the PL, as
done before. The Co2` d ´ d˚ transition is not observed at RT (lower spectra
of Figure 4.79). At RT the lower energy excited state is in thermal equilibrium
with the defects level just beneath the CB of the material, as it is proof by
photoconductivity measurements [65], therefore the PL from Co2` d7 states are
less probable and we only observe the broad green band PL (Fig. 4.80) (which
will be commented in the Appendix C, p. 251).
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We also observed a broad band which is so called "green luminescence band"
of ZnO and is reported in the literature [1, 2, 4, 6], although its origin is not clear
at all.

This results together with the photoconductivity measurements carried out
in ref. [65], allow us to stablish that the states of the Co2` in the conduction
band leads to a non localized Co2` states since they are able to produce photo-
conductivity, although they are resonant with the Co2` d ´ d˚ states seen in the
PL spectra in the last figures.

We have also performed some luminescence measurements of pure ZnO and
Mn-doped ZnO samples, they can be found in Appendix C, p. 251.

4.3 Concluding Remarks

Herein we present and summarized the main conclusions we have obtained within
this chapter.

• We have synthesized single crystals (SC) and nanowires (NWs) of pure,
Co2`-doped in wurtzite (W) structure for all the samples.

• We have used for the first time the phase vapor transport (PVT) technique
for the Co2`-doped ZnO samples for different concentrations.

• We have identified Co2` occupying the tetrahedral site of Zn2` in the W
lattice and it is coordinated to 4 O2´ atoms.

• Raman and absorption spectroscopies are used to determine phase segre-
gation in TM doped-ZnO samples, detecting through these two techniques
a characteristic phonon of metallic Co (Co-Co) in the ZnO: Co2` SC and
a magnon belonging to CoO which could not be detected through XRD.
For the case of ZnO: Mn2`, there is a secondary phase formation of Mn2O3

detected through XRDP.

• After the magnetic characterization of the high Co2` concentration SC no
sign of FM was observed in the sample, but paramagnetic behavior is ob-
served in all the range studied. The negative ⇥P = -15.53(9) K means that
the character of the weak interactions that occurs between the magnetic
ions in the lattice are AF.
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• We estimated an effective magnetic moment value for µe↵ = 2.75 µB. The
main reason for this discrepancy where the theoretical is µe↵ = 3.88 µB

(greater than the obtained) is that there are less tetrahedral Co(II) than
expected in the sample and therefore some "silent" cobalt has different
aggregation state as it was demonstrated through Raman spectroscopy.
The aggregation of Co2` ions to form CoO, which is anti-ferromagnetic
above room temperature (TN « 298 K, means that no paramagnetic to
anti-ferromagnetic transition is observed and therefore there is less tetrahe-
dral Co(II) than expected.

• All the absorption and emission bands associated with Co2` in tetrahedral
coordination has been assigned. No trace of exchange coupling mechanisms
between Co2` ions through super-exchange interaction or through conduc-
tion band (indirect exchange) was observed, which would originate a new
series of bands in the absorption, PL or PLE spectra. This is another
evidence that reinforces the absence of ferromagnetic order in ZnO: Co2`

apart from the observed due to CoO clusters (Raman and NIR absorption
measurements) and metallic Co nanoparticles reported in the literature and
also in this Thesis.

• All the phonons in the W and in the RS phase of ZnO: Co2` have been
assigned. The Co2` concentration effect in the Raman peaks line shape
has been studied and only a small broadening was observed due to the
inhomogeneous broadening that takes place when defects are present in the
sample after doping.

• The broadening in the Ehigh
2 phonon linewidths associated with the Co2`

content and the resultant decrease of the phonon lifetime due to the defects
(or impurities) increases when the host lattice is doped with Co2`.

• We have also explained the origin of the "mystery" bands in the highly
doped ZnO: Co2` at around 700 nm in the absorption spectra. These bands
are due to the magnon of the CoO, since their intensity dependence with
temperature is the same than magnon observed by Raman.

• A careful analysis of the low T emission spectrum reveals the presence of
a shoulder at 15080 cm´1. This indicates that the same phonon sideband
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associated with the first ZPL is also constructed from the hot ZPL. This in-
terpretation also explains why ZPLs in absorption appear as narrow feature
for the first 4T1(P) spinor but more intense and broadened for the other
spinors at 1.8828 eV and 1.8850 eV (15186 cm´1 and 15204 cm´1). In fact
both 4T1(P) and 2E(G) contribute to these higher-energy ZPLs and thus
appear as broad features in absorption.

• The main phonon features in the absorption spectrum are constructed from
the first 4T1(P) spinor at 1.8781 eV (15148 cm´1), and not from the intense
ZPL at 1.8828 eV (15186 cm´1). The latter is mainly 2E(G), and most of
the intensity is concentrated in the ZPL; its associated phonon sideband is
negligible in comparison to 4T1(P). This behavior is confirmed by the tem-
perature evolution of the absorption spectrum. As temperature increases
the ZPLs broaden, the 4T1(P) ZPLs disappearing towards a broad phonon-
side band but 2E(G) remains as a visible bump in the absorption band.
Thus confirming 2E(G) has a negligible phonon-side band intensity.

• All the PL of the conformations studied (NPs, TF, NWs and SC) are similar
and only differ in the peak broadening due to inhomogeneous broadening
associated to the surface effects.

• We have successfully employed the Richter model to determine the NPs size
and to determine the formation and size of nanodomains after a compression
and decompression cycle.

• We have found no traces of the intermediate Zinc-Blende phase, which is de-
scribed, predicted and stabilized in some conformations, being the pressure-
induced phase-transition straightforward from the Wurtzite to the Rock-salt
phase.

• Depending on the technique used and the dimensionality there are differ-
ent values where the P induced phase-transition takes place and also the
reversibility character of the phase-transition:
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Ptransition (GPa) Reversible
(Vis) 7.0 (R) 9.0 (A) Yes
NW 10.4 (R) — (A) Yes
NP ——– 14.0 (A) Depends on size

• Both the zero-phonon line (ZPL) (estimated from low temperature absorp-
tion and emission spectra), and the rich band structure are identical and
independent of the cobalt concentration between 10 and 5¨104 ppm. The
red photoluminescence spectra show a structured side-band built upon the
4T1(P) ZPLs as a result of electron-phonon coupling to all ZnO phonons.
The phonon sideband shape agrees well with the PDOS of ZnO.

• We show that the crystal-field at the Co2` site is close to the excited-state
crossover [4T1(P)Ø 2E(G)]. The minimum of the configurational energy
diagram in ZnO: Co2`, is not 2E(G), but corresponds to 4T1(P), making
this the emitting state. The lifetime measurements of the short-lived (⌧ <
15 ns) 4T1(P) state at low temperature reinforces this assignment.

• We have observed the red Co2` PL in all the samples studied for all the
Co2` range content in all conformations and at all T ranges (from low to
RT).

• We have established that, instead of enhancing the excited state cross over
phenomena, pressure (or volume compression) reduces Co2` photolumines-
cence at tetrahedral sites and eventually suppresses it (photoluminescence
quenching) at the W to RS structural pressure-induced phase-transition.
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Part III

Insulator materials doped with RE





5
Rare Earth Ions in insulators

This chapter presents a brief introduction about the lanthanides and in particular
sesquioxides of general formula Ln2O3: RE3` where Ln = Y, Gd, Sc, Lu doped
with trivalent rare-earths (RE) such as Pr3`.

In such compounds a lack of complete explanation for the puzzling absence
of luminescence from the Pr3` 3PJp“0,1,2q states in C-Ln2O3 (cubic; Ln3` = Sc3`,
Lu3`, Y3`, Gd3`) family of materials is the main motivation of this chapter. We
will try to provide by conducting a study of the emission properties of C-Y2O3:
Pr3` under hydrostatic pressure an unambiguous explanation of such behavior,
contrary to current accepted models.

5.1 Lanthanides

The lanthanides or rare-earth (RE) are elements located in the sixth period of
the periodic table of the elements, which electronic configuration goes from [Xe]
4f 0

5d16s2 for Ln to [Xe] 4f 14
5d16s2 for Lu.

In general, the most stable valence of a RE in a solid is the trivalent (RE3`,
therefore the 5d shell is empty and the 4f is partially filled, being the intra-
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shell 4f Ñ f˚ and inter-shell 4f Ñ 5d transitions the responsible of the optical
properties in these ions.

The first transitions mentioned above (intra-shell) are parity forbidden since
the ground and the excited orbitals share the same parity (are f -type orbitals),
and the electric dipole (ED) mechanism which is involved in these transitions
only allows opposite parity transitions. Parity is defined as: P=(-1)l, where l is
the azimuthal quantum number (being 3 for f). The intensity of these transitions
in the absorption and photoluminescence spectrum will be weaker than the inter-
shell transitions (parity allowed transitions).

The Judd-Ofelt theory [2, 3] explains why these transitions are observed de-
spite the fact are forbidden. There are some mechanism relaxing the selection
rules and make these transitions observable. The coupling with odd- parity vi-
brational modes increases the oscillator strength of the f Ñ f transitions. The
crystal-field mixes the J of the multiplets [4, 5] making possible to measure tran-
sitions between Stark levels with �J § 6, being the J = 0 Ø J 1 = 0 strictly
forbidden.

The narrow and low intensity (various magnitude orders lower than the in-
terconfigurational transitions) of the absorption and fluorescence peaks in the
spectrum is explained due to the forbidden origin of these intraconfigurational
transitions and the shielding effect because of the 5s and 5p electrons, (Figure
5.2). This effect reduce the electron-lattice interaction leading to Huang Rhys
parameter S n 1.

The optically active ions which are luminescent are the ones between Ce3`

and Yb3` inclusive. La3` and Lu3` show a closed-shell configuration and the
only transitions present in these ions are the inter-configurational f Ñ d, whose
energies depend on the host lattice.

The number of possible energy levels in RE (NE) ions can be calculated
through [6]:

NE “

ˆ
14

n

˙
(5.1)

where 14 is the maximum number of electrons that can be accommodated in
fn-type orbitals and n is the actual number of electrons in the 4fn orbitals in a
particular ion (i.e. n = 2 for Pr3`).

Dieke’s diagram, Figure 5.1 [7], shows the energies of the multiplets studied
up to 40.000 cm´1 [8]. This diagram was extended later up to 70.000 cm´1 [9].
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Figure 5.1: Dieke’s diagram shows the energy of the different multipletes (2S`1LJ)
of the trivalent RE ions in LnCl3. The line broad is related with the
crystal-field splitting of the electronic level and the semicircles indicate
fluorescence levels [1].



198 Chapter 5. Rare Earth Ions in insulators

To describe the electronic energy levels of lanthanides we first take into ac-
count the coulombian interaction and the spin-orbit coupling (L¨S), as a result
the energy position of the resulting L¨S multiplets, shown in Dieke’s diagram 5.1,
does not depend on the crystalline structure of the host material (since e´ in the
4f layer are shielded by the 5s and 5p closed-shells Fig. 5.2) and the absorption
and emission peaks are much alike the free ion spectrum.

The J energy multiplets are define by the L¨S coupling which present a
(2¨J+1) degeneracy in each level (for ions with an even number of electrons).
This degeneracy can be seen in Dieke’s diagram since the width of each multiplet
is proportional to its splitting in LaCl3. The degeneracy can be measured since
is partially lifted by the crystal-field being the center of gravity of these energy
levels the value of the free ion. Usually the distance between Stark levels is less
than the separation between the L¨S.

Figure 5.2: Charge radial distribution of the 4f , 5s, 5p and 6s orbitals of Gd3`. It
is clear how the 4f shell is shielded by the 5s and 5p orbitals from the
lattice, and therefore the crystal field interactions.

Although the crystal field has small effects on the multiplets regard to its po-
sition, the host lattice does not modify the energy scheme of the RE, nevertheless
it does modify the splitting of the multiplets depending on the RE.

The ion site symmetry determines the number of splitting Stark levels of
each multiplet. At low temperature is even possible distinguish between this
crystallographic sites and allow us to selectively excite the RE3` in different
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crystallographic surroundings.
The L¨S and the crystal field do not break the degeneracy completely in

the Stark levels. The ions with an odd number of electrons (its degeneracy is
2¨J`1

2 )are known as Kramers ions, that is the case of Er3`, Yb3` (but not the
Pr3` nor Tb3`) and they fulfill the Kramers theorem [10]:

“All the electronic levels of RE ions with an odd number of electros
must be at least doubly degenerated in abscence of magnetic field.”.

5.2 Sesquioxides

Lanthanide oxides compounds, also called sesquioxides, are a very interesting
family of materials due to its high applicability in different fields such as scintilla-
tors, computed tomography, displays fabrication, etc. Sesquioxides can be doped
with other RE ions such as Pr3` or Tb3` [11, 12], which present and interesting
optical activity due to their intraconfigurational transitions (4f 2

Ñ 4f˚2).
These family of compounds, and in particular Ln2O3, Ln = Y, Gd, Sc, Lu,

mainly crystallizes in three distinct crystalline structures, shown in Figure 5.3,
hexagonal A-type (Figure 5.3(a)), monoclinic B-type (Figure 5.3(b)) and cubic
C-type (Figure 5.3(c)) structures, depending on the RE ionic radii and the fab-
rication procedure (overall the maximum temperature during the reaction), as
shown in Figure 5.4 [13–16].

The hexagonal A-type crystal structure is in the space symmetry group P¯

32{m

and Z = 1 (No. 164 in the Int. Table of Crystallography) and a 7 - fold coordi-
nation for the trivalent RE [13, 14, 16].

The monoclinic B-type structure is in the space symmetry group C2{m and Z

= 6 (No. 12 in the Int. Table of Crystallography) and the RE3` ions are 6/7-fold
coordinated. This structure is represented in Figure 5.3(b) where the different
colored polyhedra are the different coordinated RE3` ions, 7-fold coordinated for
the central yellow polyhedra chain and 6-fold for the other green polyhedra upper
and lower chains [13].

The body center cubic C-type structure is in the space symmetry group Iā3

and Z = 16 (No. 206 in the Int. Table of Crystallography) and the RE3`

ions 6-fold coordinated although occupying two different crystallographic sites,
S6 (Wyckoff 8b site) and C2 (Wyckoff 24d site) represented by pale green and
yellow polyhedra respectively in Figure 5.3(c) [13].
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Figure 5.3: The different crystallographic structures at which the sesquioxides stabi-
lizes at ambient conditions depending on their composition. The unit cell
is represented as blue dashed lines in all the cases. (a) Hexagonal A-type
Ce2O3 structure (P 3̄m1, No. 164). Red spheres corresponds to O and
polyhedra represents the coordination polyhedra around Ce ions. The
RE ions are 7-fold coordinated, (b) monoclinic B-type Gd2O3 structure
(C2{m, No. 12). Red spheres corresponds to O and polyhedra represents
the coordination polyhedra around Gd ions. The central polyhedra chain
is 7-fold coordinated whereas the other polyhedra chains are 6-folded and
(c) cubic C-type Y2O3 structure (Iā3, No. 206). Red spheres corresponds
to O and polyhedra represents the coordination polyhedra around Y ions.
The RE ions are 6-fold coordinated and can occupy two sites S6 for the
pale green and C2 for the yellow polyhedra.

The ionic radii of the Ln3` ions and the synthesis methods determine the
stability of a particular polymorph. The ions with the largest ionic radii, like
La, Ce and Pr, exhibit the hexagonal (A-type) structure. Oxides of Y, Sm, Eu,
Gd, Tb and Dy exhibit both the monoclinic (B-type) and the cubic (C-type)
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structure. The rest of the rare earths only occur in the cubic (C-type) structure
as shown in Figure 5.4 taken from ref. [13].

Figure 5.4: Relationship between atomic volumen, ionic raddi for the RE and crys-
talline phase taken from ref. [13].

Along this Thesis we will only focus in the family of sesquioxides which
presents the C-type structure at ambient conditions and are doped with Pr3`

ions.

We have to take into account that the C-type compounds family are trans-
form straightforward to the A-type phase via first-order pressure-induced phase-
transition with a volume change around 10% and this phase-transition is irre-
versible, recovering the A-type structure material at ambient conditions, fact
which will be explored through optical spectroscopy. The phase-transition usu-
ally start at « 12 GPa in Y2O3, but it can range from 5 GPa in Gd2O3, 3 GPa
in Sm2O3 or almost 18 GPa in Yb2O3 [13].
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5.3 State of the art

Among the technological applications of sesquioxides we can point out the possi-
bility to use them for construction of scintillators, due mainly to two reasons:

• The crystallization in the cubic phase, without preferred orientation at the
time of detection, which provides a big variety of compounds in such crystal
structure.

• The high density of the material due to the close packing and the high
mass of the atoms involved in its structure (RE are very massive), needed
for increase the cross section of the scintillator.

On the top of that other general characteristics are required for a scintillator
material:

• High conversion efficiency of ionization radiation into light energy.

• Fast scintillation emission decay time.

• High energy resolution allowing to distinguish particles with slightly differ-
ent energies.

• High number of emitted photons at the maximum photomultiplier quantum
efficiency.

The sesquioxides doped with Pr3` ions are a good candidate for this use [17]
and another variety of applications [11]. Trying to excite the RE ion into the d´f

levels and collect the PL of the intraconfigurational levels (f ´ f˚ is pursued (see
Fig. 5.5).

Although it is remarkable that the Pr3` PL in the (cubic) C-Ln2O3 family
of materials the emission spectrum is completely devoid of any optical transition
from the Pr3` 3PJp“0,1,2q states. Independently of the temperature, the Pr3`

concentration and the excitation energy, the luminescence of C-Ln2O3:Pr3` is
dominated by optical transitions emanating from the Pr3` 1D2 state (sharp line
emission in the red spectral region) [18–21].

This remarkable property is schematically captured in the energy level dia-
gram of the Pr3` ion (Figure 5.5), where we show that excitation via the in-
terconfigurational Pr3`

4f 2
Ñ 4f 1

5d1 transition (in the ultra-violet) or via the
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Figure 5.5: Energy level scheme including the observed Pr3` emission in C-Ln2O3

family of materials. Ultra-violet excitation via the interconfigurational
Pr3` 4f2 Ñ 4f15d1 transition (transition marked [1]) or via the visible
intraconfigurational Pr3` 3H4 Ñ 3PJ transition (transition marked [2])
results in emission from the 1D2 state (dash-dotted lines).

intraconfigurational Pr3` 3H4 Ñ

3PJ transition (in the visible) yields emission
exclusively from the 1D2 state.

The absence of emission from the Pr3` 3PJ states in the C-Ln2O3 family of
materials has been a puzzle to investigators for quite some time [18–20]. It indi-
cates that a very fast non-radiative process, which is independent of temperature
and the excitation energy, is operative between the Pr3` 3PJ and the 1D2 states
in C-Ln2O3. Different explanations has been proposed in the literature: i) Mul-
tiphonon relaxation (MPR) has been ruled out as the mechanism responsible for
the very fast depopulation of the 3PJ state based on the 3P0 - 1D2 energy sepa-
ration (2600 cm´1) and the host phonon frequency (~! =600 cm´1) [18]. In fact
many Pr3`-doped host lattices with the same energy gap show dominant emission
from the 3P0 state in the visible spectral range [18]. ii) It has also been suggested
that the fast non-radiative 3P0 Ñ

1D2 relaxation is mediated via the intermediate



204 Chapter 5. Rare Earth Ions in insulators

Pr3` 4f 15d1 state [18, 20]. This process can be represented by the sequence:

r4f 2
p

3H4q Ñ 4f 2
p

3PJq; 4f 1
5d1s 99K r4f 1

5d1s 99K1 D2 Ñ red emission (5.2)

the dashed arrow indicates non-radiative transition and the solid arrow indicates a
radiative transition to the 3H4 ground state However, recent ab´initio embedded
cluster calculations on Lu2O3: Pr3` concludes that at the relaxed geometry, the
lowest spin triplet Pr3`

4f 1
5d1 state is located at much higher energies relative

to the 4f 2 states [22]. Thus a fast 3P0 99K 1D2 non-radiative relaxation mediated
by the "low-lying" Pr3`

4f 1
5d1 state is unlikely. This raises the question on

what is unique about the energy structure of the Pr3` ion that is responsible for
the complete absence of emission from the 3PJ state in the C-Ln2O3 family of
materials?

Within this chapter we report on the pressure dependence of the Pr3` lumi-
nescence in C-Y2O3: Pr3` and C-Gd2O3: Pr3`. We will show that by conducting
pressure dependent luminescence spectroscopy studies, it is possible to account
for the process that is responsible for the quenching of the Pr3` 3PJp“0,1,2q emis-
sion in the C-Ln2O3 family of materials. In the C-type structure of the rare earth
sesquioxide (body centered; space group Iā3), there are two distinct crystallo-
graphic sites that can be occupied by the rare earth ion: C2 (75%) and S6 (25%).
In both sites, the rare earth ion is present in a six-fold coordination of the oxygen
ions [23].

5.3.1 The absolute energy location of the Pr3` 4f 2 and
4f 15d1 states in C-Y2O3

In recent years the absence of emission from certain 4fn states of trivalent rare
earth ions (Ln3`) has been associated with a photoionization process that occurs
when the 4fn states of Ln3` overlap with the host lattice conduction band states
[24–26]. In this process, any promotion of an electron to the 4fn state will have
a non-zero probability of delocalization that can remove the electron from the
site of the Ln3` ion. This photoionization process (or electron delocalization),
which corresponds to the Ln3` ion losing an electron and the host crystal gaining
an electron, can result in luminescence quenching because the conduction band
electron can return non-radiatively to the ground state of the Ln3` ion. Therefore
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it should be investigated whether the quenching of Pr3` 3PJ emission in the C-
Ln2O3: RE3`family of materials is due to the overlap of the Pr3` 3PJ states
with the host lattice conduction band states. The following discussion of the
experimental results that are available in the archival literature will establish
that in C-Ln2O3: RE3`, the Pr3` 3PJp“0,1,2q states are well isolated from the host
lattice conduction band states.By using x-ray photoelectron spectroscopy (XPS)
[27] deduced the location of the Ln3` ground state relative to the top of the
valence band in C-(Lu0.5Gd0.5)2O3. The top of the valence band is taken as zero
energy and experiments locate the Pr3` 3H4 ground state at approximately 1.8 eV
from the top of the valence band. On the basic of the energy level structure of the
Pr3` ion [16], the Pr3` 3P0 state should be located at approximately 2.6 eV from
the 3H4 ground state. Since the band gap energy (Eg) of C-(Lu0.5Gd0.5)2O3 is Eg

= 5.5 eV [27], the Pr3` 3PJp“0,1,2q/6IJ states are located about 1.1 eV below the
bottom of the conduction band, establishing that these states are well separated
in energy from the host-lattice conduction band states. Thus the quenching of
the Pr3` 3PJ emission in C-Ln2O3 family of materials cannot be associated with
the aforementioned photoionization process (Fig. 5.6) [24–26].

Figure 5.6: Pr3` 4f2 energy multiplets location respect the valence and conduction
bands according to refs. [24–27].

It should be noted that the XPS data of reference [27] allow us to locate the
ground state of the Pr3` ion as well as the crystal-field split states of the Pr3`
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4f 15d1 configuration to within the host lattice conduction band of C-(Lu0.5Gd0.5)2O3.
In this respect, it must be pointed out that the strong photoconductivity ob-
served in single crystals of C-Y2O3: Ce3` has been interpreted to indicate that
the crystal-field split states of the Ce3` 5d1 configuration are entirely located
within the host lattice conduction band [28]. This result could be anticipated
on the basis of the Dorenbos rule establishing that in solids, the location of the
lowest energy 4fn´15d1 state is relatively constant with the number of electrons
in the Ln3` 4f -shell [29]. To summarize:

• Pr3` 3PJp“0,1,2q/1I6 states are well separated in energy from the host-lattice
conduction band states.

• Crystal-field split states of the Pr3` 4f 15d1 configuration are located within
the conduction band of C-Y2O3.

5.4 Results

Different experiments have been carried out in the Ln2O3: RE3`to investigate
several aspects of its interesting optical, structural and magnetic properties at
ambient and extreme conditions.

The goals we pursue throughout this chapter are:

1. Unambiguously characterize the origin of the lack of luminescence of Pr3`

ions in this kind of host lattices, using for this purpose high pressure tech-
niques.

2. Study how the phase-transition affects the optical properties of the lumi-
nescent ion in Pr3`-doped C-Y2O3 and C-Gd2O3 compounds.

5.4.1 Raman

We have performed Raman spectroscopy of each sesquioxide sample to determine
wether it remains in the C-phase structure or it is in other crystalline phase, and
compared the values with the literature [30].

The Raman peak assignment was performed in the basis of the Sc2O3 crystal
seen in ref. [31] which also shares the C-type structure of the sesquioxides [30]
and is taken as reference. Figure 5.7 shows a RT and ambient pressure Raman
spectra for all the Pr3`-doped sesquioxides.
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Figure 5.7: Raman spectra of C-Ln2O3: Pr3` where Ln = Y, Gd, Sc, Lu under �ex “
514.532nm.

All Raman spectra present the typical cubic phase of sesquioxides (Iā3). The
way to determine the nature of the peaks is through a Raman polarized experi-
ment with single crystals, since our samples are in powder, our assignment is only
based on refs. [30, 31].

The sesquioxides crystallized in this phase has 22 Raman active modes, �Raman

= 4Ag+4Eg+14Fg, although experimentally not all of them have been observed
in the literature [30–32].

Apart from checking the structure, we also realized that there is a red shifting
of the Raman peaks as we increase the mass of the RE ion in the lattice. The
Raman peaks from Sc3` are at higher phonon energies than the same phonon for
Y3`, Gd3` and Lu3`.



208 Chapter 5. Rare Earth Ions in insulators

5.4.2 Absorption and Excitation of Ln2O3: Pr3` at ambient
conditions

Once checked that all the compounds are in the same crystallographic structure,
since the optical properties are completely dependent with it; we performed a RT
and ambient P absorption spectra (Fig. 5.8).

In the higher energy region of the absorption spectra we observed two broad
and intense bands that corresponds to the interconfigurational f ´ d transitions
where an electron from the shell 4f (initial electronic configuration 4f 2) is pro-
moted to the 5d (final electronic configuration 4f 15d1).

Figure 5.8: Ambient conditions optical absorption spectra of different sesquioxides
doped with Pr3`. In the inset a zoom of the 3H4 Ñ 3PJ ,

2D1 transitions
and the Dieke’s diagram corresponding to Pr3`.

This transitions are between orbitals with different parity, meaning that are
allowed transitions, therefore, the intensity of these transitions will be bigger than
the f ´ f transitions, clearly seen in the absorption spectra.

The f ´ d band is split into two peaks for all the compounds, due to the two
distinct crystallographic sites which can accommodate the RE; therefore, two
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different crystallographic environments with its two different absorption spectra
(and emissions) will be showed.

Figure 5.9: RT excitation spectra of C-Gd2O3: Pr3`.

Another thing to point out about the absorption spectra is the difference in
the absorption intensities of the f ´ d transitions. The intensity associated with
the C2 site is almost 1/4 the intensity associated with the S6 site. This difference
has to do with the occupancy of this two different sites in the crystallographic
structure, stated above (C2 = 75% and S6 = 25%) by the Pr3` ion.

Furthermore, there is a variation in the intensity and position of the Sc2O3

with respect to the other samples, related with the size of the doped ion respect
the size of the host lattice. Since the ionic radius of Sc3` is the smallest of the
studied compounds (0.75Å) and the Pr3` ionic radius is (1.13 Å) [33], although
there is a nominal doping amount of Pr3` of 0.5% not all Pr3` ions are incor-
porated to the lattice in the Sc2O3 lattice and the Pr3` which are incorporated
shows a larger splitting of the d levels which are pushed closer to the f levels
making the f ´ d transitions redshift.
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To summarize:

• The difference in the intensities of the two peaks of the f´d band is directly
related with the number of this sites available in the structure, C2 sites are
the 75% and S6 the remaining 25%, (Fig. 5.9).

• The Pr3` ions hardly incorporate into the Sc2O3 lattice due to its high size
compared to Sc3` ion, which is showed by the low absorbance intensity in
the Fig. 5.8 (the other lattices formed by ions with higher ionic radii do
not show this issue).

• Other signature related to the high differences between the ionic radii of
both ions is the large displacement (« 50 nm) of the f ´ d related band in
the excitation spectra (Fig. 5.10).

Figure 5.10: RT and ambient pressure normalized PLE of the Ln2O3: RE3` detecting
in the 1D2 and an inset of the f ´ f shifted for the shake of clarity (left)
and the Dieke’s diagram for Pr3` ion (right).

Figure 5.10 shows the normalized to the f ´ d transition photoluminescence
excitation spectra (PLE) of al the studied compounds. The PLE spectra are
normalized to the f ´ d transition band where clearly the Sc2O3 is redshifted
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around 50 nm, due to the d splitting mentioned above. The inset of Fig. 5.10
shows the intraconfigurational transitions with no significant changes among the
different lattices, neither increase in the crystal-field splitting is observed nor
shifting of the band.

Figure 5.11 shows the PLE and diffuse reflectance spectra of Ln2O3: RE3`.

Figure 5.11: RT Excitation [1] and diffuse reflectance spectra [2] of the 0.5% Pr3`-
doped Ln2O3: (a) C-Y2O3: Pr3`, (b) C-Sc2O3: Pr3`, (c) Lu2O3: Pr3`

and (d) C-Gd2O3: Pr3`. The insets show a zoom of the Pr3` 3H4 Ñ
3PJ excitation transitions.

Although PLE and Absorption (get from the diffuse reflectance spectra) are
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techniques used to study the transitions from the ground state to excited states,
they give us complementary information of the samples studied. The nature itself
of both techniques are different, while PLE is a selective technique, Absorption
it is not, and here is the reason of the differences observed in the spectra of Fig.
5.11, overall in the UV region of the spectra (« 300 nm).

The excitation spectrum [1], which was measured while monitoring the emis-
sion from the 1D2 state (at around �em = 630 nm in all spectra), is dominated
by one strong band centered near 280 nm, except for the C-Sc2O3: Pr3`, where
the band is at lower energy (around 330 nm), due to the big difference of the ion
size, the Sc compared to Y, Gd or Lu which are more similar.

In all the Absorbance spectra ([2]) a clear two broad band are observed in the
250-350 nm region, which corresponds to f ´d transitions. This two broad-bands
centered at approximately 278 nm (4.46 eV; strong) and 320 nm (3.87 eV; weak),
clearly reveal the two crystallographic sites Pr3` ions.

The sharp lines in the 430 nm - 520 nm range in the diffuse reflectance and
excitation spectra (as mentioned above) correspond to the (intraconfigurational)
Pr3` 3H4 Ñ

3PJp“0,1,2q/6IJ optical transitions. The two broad bands in the diffuse
reflectance spectra are associated with the interconfigurational 4f 2

Ñ 4f 15d1

transitions of the Pr3` ions that occupy the C2 (75%) and S6 (25%) sites of
the C-Ln2O3 lattice, respectively. This assignment can be confirmed from the
reported RT absorption spectrum of C-Y2O3: Ce3` [28], which consists of two
broad bands that are centered at approximately 420 nm (2.95 eV; strong; C2) and
525 nm (2.36 eV; weak; S6), respectively. According to the model of Dorenbos
[34], the following relation locates the energy of the first Pr3` 4f 2

Ñ 4f 15d1

excitation (absorption) transition relative to the Ce3` 4f 1
Ñ 5d1 in a given host

lattice:

ErPr3`;4f2;Ñ4f15d1s “ ErCe3`;4f1Ñ5d1s ` p1.52 ˘ 0.09q eV (5.3)

This relation locates the Pr3` 4f 2
Ñ 4f 15d1 excitation bands of the C2 and

S6 sites at 278 nm (4.46 eV) and 320 nm (3.87 eV), respectively, in excellent
agreement with our experimental data (Fig. 5.11).
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5.4.3 PL spectra of sesquioxides at ambient conditions

The PL spectrum of Pr3` in the sesquioxides family of compounds is quite similar.
The main difference between the emission of this compounds is the crystal-field
splitting following the series (CFSc2O3 > CFY2O3 > CFGd2O3 > CFLu2O3) corre-
sponding to the host lattice size for Pr3`.

For all the compounds and in agreement with the literature data [18–21], the
emission spectrum of Ln2O3: Pr3` is dominated by optical transition from the
Pr3` 1D2 state (Fig. 5.12).

Figure 5.12: Emission spectra of the Pr3`-doped Ln2O3 at ambient conditions of P
and T and Dieke’s diagram for Pr3` ion with the transitions observed
(color solid lines ). Transitions from 3PJ to lwo lying states are absent
in cubic sesquioxides (dashed line).

Figure 5.12 shows the emission spectra at RT and ambient P of the compounds
studied together with the Dieke’s diagram of Pr3` ion where the most important
emissions are represented, the main emissions, the aforementioned and the 1D2

Ñ

3H5 together with the d Ñ f (although the last one was not study in this
Thesis).

Also, the 3PJ to lower lying multiplets, which should be expected at around
550 nm are completely absent in cubic sesquioxides at ambient conditions or even
at low temperature.
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Figure 5.13: RT and AP emission and excitation spectra of Pr3`-doped (a) C-Y2O3,
(b) C-Sc2O3, (c) C-Lu2O3 and (d) C-Gd2O3. For the sake of convenience,
their corresponding excitation spectra are shown.

Figure 5.13 shows a comparison between the excitation and emission spectra
of the different Pr3`-doped cubic sesquioxides we are dealing with.

We clearly observed that there is no emission in the expected region corre-
sponding to the transition from the 3PJ/6I1 to ground the state even trying to
excite directly into that state.

We have performed lifetime measurements in the observed emissions bands
to determine if the PL is due to a single state transition or there is an overlap
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emissions from different states, since there are many possible ways of radiative
decay which shares the same energy (although different lifetimes).

We are focusing in the C-Y2O3: Pr3` compound for the high pressure exper-
iments, as an example of what is going on to all the other sesquioxides.

5.4.4 X-ray of Ln2O3: Pr3`, Ln = Lu3`, Y3` under P

When analyzing the influence of pressure in the optical properties of the mate-
rials, such as PL, we have to take special care about possible pressure-induced
structural phase-transitions.

In this series of compounds, there is a well reported structural change with
increasing pressure from cubic to hexagonal type structure. With these experi-
ments we want to demonstrate that the effects observed in the PL spectra are
not due to the phase-transition from cubic to hexagonal structures.

Here we present the pressure dependence X-ray diffractograms of sesquioxides
more relevant for our studies: Y2O3: Pr3` and Lu2O3: Pr3` (Figure 5.14).

In both cases we are focusing in the low reflections between 5 and 20 2✓(˝). In
both cases at around 11-14 GPa peaks from the new phase (hexagonal A phase)
start to appear and are maintained even after the pressure is completely released.
Meaning that once the material is transited to the hexagonal A phase, it will
remain in that phase, i.e. an irreversible pressure-induced phase-transition.

Figure 5.15 plotted the evolution of the unit cell volume with pressure. In
both materials, the volume of the Y2O3: Pr3` (Fig. 5.15(a)) and Lu2O3: Pr3`

(Fig. 5.15(b)) unit cells decreases in a continuous way with pressure, giving
the following fitting parameters of a third order Birch-Murnaghan equation (see
chapter 2.6, p. 15) B0 = 170(3) GPa and B1

0 = 3.5(7) and B0 = 158(2) GPa
and B1

0 = 4.5(4), for Y2O3: Pr3` and Lu2O3: Pr3`, respectively. B0 is the bulk
modulus and B1

0 its first derivative.
There is a coexistence between the two crystallographic phases during the

phase-transition, in both cases the complete phase-transition is reached above 17
GP.

Before commencing the discussion on the pressure dependence of the emission
spectrum, it is important to note that the C-Y2O3 retains its cubic structure for
pressures bellow 11 GPa and that the phase-transition is irreversible, when the
sample is decompressed, the high pressure hexagonal phase is recovered.

Some authors have reported [13, 35] a first pressure-induced phase-transition
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Figure 5.14: High P difractograms of Pr3`-doped C-Y2O3 (upper) and C-Lu2O3

(lower) monitorizing the P induced phase-transition, CÑ A, in the
sesquioxides. The * denotes the peaks corresponding to the A phase.

from the cubic to monoclinic structure, which is completed at about 13 GPa at
RT and a second phase-transition completed at about 24.5 GPa, where the crystal
symmetry changes from monoclinic to hexagonal, although in our case we do not
observe this first phase-transition through the X-ray diffraction patterns, due to
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Figure 5.15: Unit cell volume dependence with P at RT and 3rd order Birch-
Murnaghan fit of Y2O3: Pr3`, with B0 = 170(3) GPa and B1

0 0 3.5(7)
(upper) and Lu2O3: Pr3`, with B0 = 158(2) GPa and B1

0 = 4.5(4)
(lower).

the high purity and high quality nature of our samples.

5.4.5 PL under Pressure

An explanation for the puzzling absence of luminescence from the Pr3` 3PJp“0,1,2q
states in C-Ln2O3 (cubic; Ln3` = Sc3`, Lu3`, Y3`, Gd3`) family of materials is
provided by conducting a study of the emission properties of C-Y2O3: Pr3` under
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applied hydrostatic pressure. We are focusing in this particular compound since
the results herein obtained can be extrapolated to the entire family of C-Ln2O3:
RE3`, Ln = Y, Gd, Sc, Lu.

The emission spectra of C-Y2O3: Pr3` at high pressure

A progressive compression of the Pr3`-doped C-Y2O3 sample in discrete steps and
at RT was carried out, while monitoring the emission between the wavelengths
of 480 nm - 800 nm (Figure 5.16). The emission spectrum is affected when
the pressure is increased above 5 GPa. Furthermore, it can be seen that with
increasing pressure the spectral distribution changes and emission from the Pr3`

3PJ states is observed for pressure greater than about 5 GPa. In Figure 5.16,
the sharp peak near 500 nm (2.38 eV) is associated with the Pr3` 3P0 Ñ

3H4

emission transition. Two additional peaks around 570 nm (2.17 eV) and 680 nm
(1.82 eV) correlate with the transition near 500 nm and, therefore, should also
emanate from the same state (3P0).

This is confirmed by the lifetime measurements shown in Figure 5.18. The
associated lifetime of the 3P0 Ñ

3H4 emission transition is found to be 1.1 µs
(at 7 GPa). The radiative lifetime of the Pr3` 3P0 state in Y2O3 has been
calculated to be 3 µs [36]. The decay curve of the 1D2 Ñ

3H4 emission transition
at ambient pressure deviates from a single exponential and can be fitted to two
exponentials with lifetimes of 26.9 µs and 67.7 µs, respectively. Two models
can be anticipated for the observed behavior of the 1D2 decay curve. The first
pertains to quenching of the Pr3` 1D2 emission by the cross-relaxation energy
transfer in (Y0.995Pr0.005)2O3. This cross-relaxation process is identified as being
due to nearly resonant process, r

1D2,3 H4s Ñ r

1G4,3 F3,4s [27]. The second model
is based on the observation that in C-Y2O3: Eu3`, the Eu3` ions occupying the
higher energy S6 site transfer energy very efficiently to the Eu3` ions located on
the C2 site of the lattice [37, 38]. The application of these experimental results
to our system leads to assign the faster decay component (26.9 µs) to Pr3` at S6

site and the longer decay component (67.7 µs) to the Pr3` occupying the C2 site.
We wish to point out that the efficiency of Pr3` 3PJp“0,1,2q emission in C-

(Y0.995Pr0.005)2O3 increases with increasing pressure and with decreasing temper-
ature as shown in Figure 5.19. In this case, we observe a continuos intensity
increase with pressure until 10 GPa where the pressure-induced phase-transition
take place from pure cubic to hexagonal phase. It is important to point out that
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Figure 5.16: The pressure dependence of the Pr3` emission in C-(Y0.995Pr0.005)2O3

at RT (�ex = 470.2 nm). Note the occurrence of emission from the Pr3`
3PJ states near 500 nm (see text). The shaded box region indicates the
ruby emission line.

the high phase purity of the samples makes possible to only observed C to A
phase-transition and no traces of other phases (such as C to B) are detected.
This anomalous behavior increasing the intensity of the 3PJ related PL will be
explained later in the chapter. Once the phase-transition takes place also ob-
served through the change in the 1D2 peak position (Figure 5.20) at exactly 10
GPa, an expected behavior of Pr3` 3PJ intensity is observed. It decreases till
almost disappear at around 40 GPa. This effect has been observed in many other
Pr3`-doped materials at high pressure [39–41]

When pressure is released, the original cubic phase is not recovered, the ma-
terial keeps the hexagonal phase and a strong PL dominating the spectrum cor-
responding to the 3PJ to 3H4 is measured. For a better understanding of the
luminescence pressure behavior in Pr3`, it is instructive to examine the experi-
mental data that has been reported in the literature on the pressure dependence
of the Ce3` luminescence in C-Lu2O3 [42]. At ambient pressures, the Ce3` ion is
not luminescent at any temperature in this sesquioxide but exhibits red emission
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Figure 5.17: Pressure dependence RT luminescence of Y2O3 showing the irreversibil-
ity of the pressure-induce phase-transition, taken under �ex = 470.2 nm.

(�em = 610 nm; broad band corresponding to the Ce3` 5d1 Ñ 4f 1 transition) at
high pressures, even at RT. The explanation advanced for this result is given in
ref. [42]. As previously discussed, photoconductivity measurements have located
the crystal-field split states of the Ce3` 5d1 configuration to within the conduction
band of the host lattice at ambient pressures. Under these circumstances, any
excitation of the Ce3` ion via the allowed 4f 1

Ñ 5d1 transition leads to the for-
mation of the trapped exciton-like state, [Ce4` + (e´)CB] (photoionization). The
subsequent non-radiative return of the trapped exciton-like state to the ground
state results in a complete quenching of the Ce3` luminescence in C-Lu2O3 and
more generally in the C-Ln2O3 family of materials [28].

The observation of Ce3` 5d1 Ñ 4f 1 emission in C-Lu2O3: Ce3` at high pres-
sures is readily interpreted in terms of a pressure-induced crossover of the excited
Ce3` 5d1 state and the conduction band edge of the host lattice [42]. The appli-
cation of high pressure increases the band gap of Lu2O3 (it is a direct band gap
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Figure 5.18: Luminescence decay curve of the Pr3` 3P0 Ñ 3H4 emission transition at
7 GPa and room temperature. The decay constant of 1.1µs is obtained
from this curve. The room temperature luminescence decay curve of the
Pr3` 1D0 Ñ 3H4 emission transition at ambient pressure can be fitted
to two exponentials with lifetimes of 26.9 µs and 67.7 µs, respectively.

solid) while causing a red-shift of the Ce3` 5d1 state because pressure decreases
the Ce3`-O2´ equilibrium bond length and, therefore, increases the crystal-field
splitting of the 5d1 state. A more complete explanation can be found elsewhere
[43].

Hence, when the pressure is high enough, there is a decrease in the overlap
between the Ce3` 5d1 and the host-lattice conduction band states. The resulting
decreases in the photoionization probability results in the occurrence of Ce3` lu-
minescence. In C-Lu2O3: Ce3`, the Ce3` emission is generated at pressures of 7
GPa at RT [42]. Experimentally, the luminescence efficiency of C-Lu2O3: Ce3`

increases with increasing pressure and decreasing temperature. In the following
we perform a cross-cutting comparative study between the pressure dependent
behavior of the luminescence of C-Lu2O3: Ce3` and C-Y2O3: Pr3`. It will be
shown that the absence of Pr3` 3PJr“0,1,2s emission in C-Y2O3 can also be asso-
ciated with the location of the crystal-field split Pr3` 4f 15d1 states to within the
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Figure 5.19: P dependence of the intensity ratio of the 3PJ/1D2 levels at RT under
� = 470.2 nm.

Figure 5.20: Peak energy pressure dependence of the 1D2 level at RT under �ex =
470.2 nm.
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host lattice conduction band.
The same phenomenon is observed for Pr3`-doped Gd2O3 although the tran-

sition pressured were slightly lower (Fig. 5.21).

Figure 5.21: Pressure dependence PL of Pr3`-doped Gd2O3 taken under �ex « 475
nm .

At 1 GPa the 3PJ emission is already observed and when the pressure is
released the high pressure phase is maintain like in the Pr3`-Y2O3 sample. The
PT in this compound si « 7 GPa and it completed at 15.7 GPa [] .

Explanation for the absence of emission from the Pr3` 3PJr“0,1,2s state
in C-Ln2O3

The pressure dependence of the activator ion luminescence in C-Y2O3: Pr3` and
C-Lu2O3: Ce3` exhibits the following remarkable similarities: At RT, the Pr3`

3PJ emission in C-Y2O3 emerges at pressures above 5 GPa, while the Ce3` 5d1 Ñ

4f 1 emission transition in C-Lu2O3: Ce3` is observed at pressures near 7 GPa.The
Pr3` 3PJ emission efficiency in C-Y2O3 and the Ce3` 5d1 Ñ 4f 1emission efficiency
in C-Lu2O3 both increases with decreasing temperature and increasing pressure.
Thus a common origin for the absence of emission from the Pr3` 3PJ state and
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the Ce3` 5d1 state in the C-Ln2O3 family of materials at ambient pressure is sug-
gested. The common origin is traceable to the location of the 4fn´15d1 state of
these ions to within the host lattice conduction band and thus any interpretation
of the optical properties of C-Y2O3: Pr3` must involve the trapped exciton-like
state, [Pr4` + (e´)CB]. With the help of Figures 5.22 and 5.23, an explanation is
provided for the absence of Pr3` 3PJ emission in C-Ln2O3 (Ln = Y, Gd, Sc, Lu)
family of materials. The ambient pressure situation is schematically represented
in Figure 5.22. In this case the crystal-field split Pr3` 4f15d1 configuration is
located above the host lattice conduction band edge and the Pr3` 3H4 ground
and the 3PJ excited states are located within the band gap of the host-lattice
(Figure 5.22(a)). Under this circumstance, the excitation of the Pr3` ion corre-
sponds to promoting the electron from the Pr3` 3H4 ground state to the 4f 15d1

state with subsequent transfer of the electron to the host lattice conduction band
states, which results in the formation of a self-trapped excite-like state [Pr4`

+ (e´)CB] (photoionization). The type of sequential non-radiative relaxation
process that bypasses the Pr3` 3PJ/1I6 states and preferentially feeds the 1D2

state is schematically illustrated in the single configurational-coordinate diagram
of Figure 5.22(b). Here the parabola representing the self-trapped exciton-like
state is placed in such a way that any inter- or intraconfigurational excitation of
the Pr3` ion moves the excitation energy to the [Pr4` + (e´)CB] state, which
in turn bypasses the 3PJ states and funnels the energy to the 1D2 state. Thus
the dominance of the Pr3` 1D2 emission in C-Y2O3 is due to the preferential
feeding of the 1D2 state by the trapped exciton-like state, a process which can be
represented as:

r4f 2
p

3H4q Ñ 4f 1
5d1;3 PJ s Ñ rPr4`

` pe´
qCBs 99K1 D2 Ñ red photon (5.4)

Alternatively, eq. 5.3 states that the recombination energy of the Pr4` with
(e´) CB is sufficient to excite the Pr3` to the 1D2 state but not to the upper
3PJ states. The prime difference between eq. 5.2 and 5.4 is that the exciton-
like state [Pr4` + (e´) CB] has replaced the [4f 15d1] state as the intermediate
state in funneling the excitation energy directly to the Pr3` 1D2 state at ambient
pressure.Figure 5.23 illustrates the situation at high pressure (P > 5 GPa). Ac-
cording to Figure 5.23(a), the Pr3` 4f 15d1 state localizes below the host lattice
conduction band edge at high pressures because the band gap energy of C-Y2O3

increases and the equilibrium Pr3`-O2´ bond length decreases. Our experimental



5.4. Results 225

Figure 5.22: (a) Energy level scheme of the Pr3` states in relation to the host lattice
valence and conduction band states at ambient pressures. Note that the
Pr3` 4f15d1 states are located above the bottom of host lattice conduc-
tion band edge. (b) Single configuration-coordinate diagram showing the
preferential feeding of the Pr3` 1D2 state by the self-trapped exciton-like
state, parabola identified as [Pr3`+(e´)CB]. Excitation via the intercon-
figurational Pr3` 4f2 Ñ 4f15d1 transition (transition marked [1]) or via
the intraconfigurational Pr3` 3H4 Ñ 3PJ transition (transition marked
[2]) results in emission from the 1D2 state.

data indicate that this situation is reached near about 7 GPa. Figure 5.23(a) also
shows that there is an activation energy barrier (�E) for photoionization, which
hinders the formation of the self-trapped exciton-like state, [Pr4` + (e´)CB].
As schematically illustrated by the single configurational-coordinate diagram of
Figure 5.23(b), the relaxed lowest spin triplet Pr3` 4f 15d1 state, is now able to
feed the Pr3` 3PJ states in the absence of the [Pr4` + (e´)CB] state. Under this
circumstance, emission from the Pr3` 3PJ states in C-Y2O3: Pr3` is observed.
Since the energy barrier (�E) increases with increasing pressure and any ther-
mally activated ionization processes decreases with decreasing temperature, the
luminescence quantum efficiency of Pr3` 3PJ emission increases with increasing
pressure and decreasing temperature. There is an analogous reasoning advanced
in the literature to account for the absence of Pr3` 3PJ emission in host lattices
that are constituted of ions with nd0 electronic configuration. The conduction
band of these solids is composed of the metal nd0 orbitals. Provided that the



226 Chapter 5. Rare Earth Ions in insulators

Figure 5.23: (a) Energy level scheme of the Pr3` states compared to the host lat-
tice valence and conduction band states at high pressure. Note that the
Pr3` 4f15d1 states are located below host lattice conduction band edge.
The energy separation between the bottom of the conduction band and
the Pr3` 4f15d1 states is represented by �E. (b) Single configuration-
coordinate diagram showing that, in the absence of the self-trapped
exciton-like state [see Figure 5.22], excitation via the interconfigurational
Pr3` 4f2 Ñ 4f15d1 transition (transition marked [1]) or via the intracon-
figurational Pr3` 3H4 Ñ 3PJ transition (transition marked [2]) results
in emission from the 3PJ state.

Pr3` 3H4 ground state is located above the top of the valence band, a metal-to-
metal charge-transfer (MMCT), also designated as Intervalence Charge Transfer
Transition (IVCT), of the type: Pr3` + nd0 Ñ Pr4` + nd1 is held responsible
for the quenching of the Pr3` 3PJ emission [44–49]. This only means that the
excitation of the Pr3` ion injects an electron in the host lattice conduction band
creating the self-trapped exciton-like state, [Pr4` + (e´)CB]. The IVCT state
bypasses the Pr3` 3PJ states and preferentially populates the Pr3` 1D2 state.

5.5 Concluding Remarks

In this section we introduce the principal conclusions we have reached after per-
forming the experiments.

• We find persuasive evidence from high pressure studies that the quenching
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of Pr3` 3PJ luminescence in C-Ln2O3 (cubic; Ln = Y, Gd, Sc, Lu) family
of materials is due to the self-trapped exciton-like state, [Pr4` + (e´)CB],
providing an efficient non-radiative pathway for the excitation energy to
bypass 3PJ state and preferentially populate the lower emitting 1D2 state.

• The [Pr4` + (e´)CB] state is a result of the overlap between the Pr3` 4f 15d1

and the host lattice conduction band states. Upon compression, the Pr3`

4f 15d1 states localize below that of the conduction band edge and emission
transitions from the Pr3` 3PJ state are observed because the formation of
the [Pr4` + (e´)CB] state is hindered.

• A comparative study between the pressure dependent behavior of the Ce3`

and Pr3` ions in C-Ln2O3 confirms that the 4fn´15d1 state of these ions is
located at very nearly the same energy.

• Above 7 GPa and 1 GPa, electronic transitions from the Pr3` 3PJ states
are observed in the emission spectrum of Pr3`-doped C-Y2O3 and C-Gd2O3

at room temperature and below.

• The experimental data reveal that the crystal-field split Pr3` 4f 15d1 config-
uration is located entirely within the host lattice conduction band and that
the promotion of the electron to the Pr3` 4f 15d1 state produces a trapped
exciton-like state with the configuration, [Pr4` + (e´)CB], where (e´)CB
indicates an electron in the host lattice conduction band.

• Upon excitation, the exciton-like state bypasses the upper emitting 3PJ

state and directly feeds the lower emitting 1D2 state. This explains the
absence of optical transitions from the Pr3` 3PJ state in the emission spec-
trum of C-Y2O3: Pr3` at ambient pressure. At high pressures, emission
transitions from the Pr3` 3PJ states are observed because of the localiza-
tion of the Pr3` 4f 15d1 state to below the host lattice conduction band
edge.

• This emission from the 3PJ is not due to a pressure-induced phase-transition
since it occurs above 11 GPa while the intensity is already observed at 7
GPa.

• Finally, we point to the fact that the luminescence from the Pr3` 3PJ state
and from the Ce3` 5d state is generated at about the same applied hydro-
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static pressure (near 7 GPa). This shows that the 4fn´15d1 state of these
ions is located at very nearly the same energy in the C-Ln2O3 family of
materials. This is in agreement with the physical models that have been
developed by Dorenbos on the location of the energy states of the trivalent
rare earth ions relative to the valence and conduction band states of solids.
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6
Conclusiones

En el siguiente capítulo se recogen las principales conclusiones obtenidas en el
desarrollo de esta Tesis.

En primer lugar, se mencionarán las principales conclusiones obtenidas du-
rante el capítulo que hace referencia al ZnO:

• Se han sintetizado monocristales (SC) y nanohilos (NWs) de ZnO puro y
dopado con Co2` con estructura wurtzita (W) en todos los casos.

• Se ha empleado por primera vez la técnica de transporte en fase gaseosa
(PVT) para crecer monocristales dopados con Co2` para diferentes concen-
traciones.

• El cobalto ocupa el sitio tetraédrico del Zn2` en la red wurtzita, con una
coordinación de 4 átomos O.

• Se han utilizado las técnicas espectroscópicas Raman y absorción para
determinar si se produce una segregación de fases para las muestas de
ZnO dopado con metales de transición. Se ha comprobado la existen-
cia de fonones correspondientes al cobalto metálico (Co-Co) y un mag-
nón perteneciente al CoO para la muestra de alta concentración de cobalto
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(monocristal de ZnO: 5% Co2`). Para el caso del ZnO: Mn2`, se ha detec-
tado la presencia de una fase secundaria correspondiente al Mn2O3 mediante
difracción de rayos X en polvo.

• Se ha caracterizado magnéticamente el SC de ZnO: Co2` (5%mol). La
muestra presenta un comportamiento puramente paramagnético en el rango
estudiado. La temperature negativa ⇥P = -15.53(9) K sugiere que el carác-
ter de las débiles interacciones magnéticas que tienen lugar en la red son de
naturaleza antiferromagnética (AF).

• Se ha estimado un valor de µe↵ = 2.75 µB para el momento magnético
efectivo a partir de las medidas magnéticas. La principal razón de la dis-
crepancia existente con el valor teórico µe↵ = 3.88 µB es que hay menos
cobaltos tetraédricos de lo esperado en nuestra muestra asociado a la pres-
encia de cobalto "silencioso" en diferentes estados de agregación. El CoO
es AF a temperatura ambiente, por lo que la señal AF detectada se debía a
la presencia de CoO, por lo que hay menos Co2` tetraédrico del esperado.

• Se han asignado todas las bandas de los espectros de absorción y de lu-
miniscencia como debidas al Co2` aislado en coordinación tetraédrica. No
se observa en estos espectros trazas de ningún mecanismo de acoplamiento
por intercambio entre iones de Co2` a través de super-intercambio o vía
banda de conducción (intercambio indirecto), que de existir darían origen
a nuevas líneas en los espectros tanto de absorción como de luminiscencia o
excitación. Por lo que esto es una nueva prueba que refuerza la idea de la
ausencia de ferromagnetismo en ZnO: Co2` aparte del observado debido a
las agrupaciones de CoO (observado a través del Raman y absorción NIR)
o del Co metálico que aparece en la bibliografía y también en esta Tesis.

• Se han asignado los fonones de los espectros Raman tanto en la fase W
como en la fase cúbica de alta presión NaCl. Se ha estudiado el efecto que
tiene la concentración de cobalto en la posición de los picos Raman y se
ha observado que el único efecto que se produce es el del ensanchamiento
inhomogéneo al introducir defectos en la red.

• El incremento en el ancho de línea del fonón Ehigh
2 está asociado con el

incremento del contenido de Co2` en la muestra y como resultado se pro-
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duce una disminución del tiempo de vida del fonón debido a los defectos (o
impurezas).

• Se ha explicado también el origen de las bandas "misteriosas" en torno a
700 nm, presentes en las muestras altamente dopadas de ZnO: Co2`, y que
se ha demostrado, corresponden al magnón del CoO.

• Una observación detallada del espectro de emisión a a baja T , revela la
presencia de un hombro en la banda de 15080 cm´1. Esta presencia indica
que la misma banda asociada a los banda lateral fonónica que tiene como
origen la primera línea de cero fonón (ZPL) también puede reconstruirse
desde la ZPL poblada térmicamente que está a más energía. Esta inter-
pretación también explica por qué la primera ZPL de absorción aparecen
tan estrechas en el caso de la transición desde el primer espinor del estado
4T1(P) y más anchas e intensas para el resto de espinores. De hecho am-
bos multipletes (4T1(P) y 2E(G)) contribuyen a ensanchar estas ZPL más
energéticas que aparecen en el espectro de absorción.

• La característica principal de los fonones en el espectro de absorción es que
son construidos desde el primer espinor del estado 4T1(P) (15148 cm´1) y no
desde el más intenso (15186 cm´1). El último mencionado tiene un carácter
principalmente de 2E(G), y casi toda su intesidad está concentrada en la
ZPL; su banda fonónica lateral asociada es prácticamente despreciable en
comparación a la relativa al nivel 4T1(P). Este comportamiento se confirma
por la evolución del espectro de absorción con la temperatura. A medida que
la temperatura aumenta, las ZPLs se ensanchan uniéndose y formando una
banda fonónica lateral, aunque el pico asociado al estado 2E(G) se mantiene
en el espectro de absorción, confirmando asíque la banda fonónica lateral
asociada a 2E(G) tiene una intensidad despreciable.

• Se ha observado fotoluminiscencia asociada al Co2` tetraédrico en NP, NW,
TF y SC en todo el rango de temperaturas estudiadao. Su forma es similar y
sólo se observa un ensanchamiento de los picos debido a efectos de superficie.

• Se ha empleado exitosamente el modelo de Richter para la obtención del
tamaño de NP y los nanodominios formados (tras la transición de fase
inducida por la presión) a partir de la posición y anchura de los picos Raman
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en la muestra antes y después de haber surfrido la transición de fase y
contrastándolo con las NP sintetizadas de ZnO.

• No se ha encontrado ninguna traza de la fase zinc-blenda, a medida que
aumentamos la presión, transición que ha sido descrita, predicha y estabi-
lizada en algunos casos concretos de NPs y TF, observándose en todos los
casos una transición de fase únicamente desde la fase hexagonal wurtzita a
la fase cúbica NaCl.

• Se ha estudiado la transición de fase en función de la conformación de
la muestra y de su tamaño, detectándose un aumento en la presión de
transición a medida que el tamaño decrece o se reduce la dimensionalidad.

• Dependiendo de la técnica y conformación de la muestra estudiada, hemos
obtenido diferentes valores para la presión de transición, recogidos en la
siguiente tabla:

Ptransicin (GPa) Reversibilidad
(Vis) 7.0 (R) 9.0 (A) Sí
NW 10.4 (R) — (A) Sí
NP ——– 14.0 (A) Depende del tamaño

• Una vez que la muestra ha transitado W Ñ RS, al retirar la presión se
comprueba que es un proceso reversible con una histéresis de « 6 GPa,
exceptuando el caso de las NP en que el proceso es irreversible y se puede
recuperar a presión ambiente la fase RS como fase metaestable.

• Se utilizan las propiedades ópticas del Co2` para el estudio de la transición
de fase inducida por presión. Se observa una reducción gradual en la inten-
sidad de las bandas de absorción del Co2` conforme aumenta la presión, en
el caso de las NP esta bajada de la intensidad ocurre a menores presiones
y rango total de la transición de fase crece, efecto en principio asociado al
medio hidrostático utilizado, en contraste con el SC en que la transición
de fase es abrupta, independientemente del medio transmisor de presión
utilizado.

• En el Raman se observa la reducción de la intensidad de los picos de los
modos asociados a la fase W-ZnO y la aparición de nuevos picos asociados
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a la fase NaCl de alta presión. Estos nuevos picos, pertenecientes a una fase
que no es Raman activa, son observables debido a la relajación de las reglas
de selección al inducirse gran desorden y estrés por dicha transición de fase
(de primer orden con una discontinuidad en el volumen) en la muestra.

• En el Raman se observan dos tipos de modo, uno blando, inestable, que
está asociado al fonón Elow

2 , que disminuye su energía conforme aumenta
la P y los fonones duros asociados al resto, que se endurecen al aumentar
la P de la muestra, i.e. aumentan su energía a medida que las distancias
interatómicas decrecen.

• Se ha probado que la luminiscencia roja del espectro de emisión del Co2`

en ZnO y la banda fonónica lateral a menores energías proviene de un
acoplamiento electrón-fonón que involucra a todos los modos de la red de
ZnO. La forma de esta banda lateral concuerta con la densidad de estados
fonónica (PDOS) del ZnO.

• También se ha demostrado que el campo cristalino del Co2` está próximo a
la energía de cruzamiento de los estados excitados [4T1(P)Ø 2E(G)]. Ya que
el mínimo de energía del diagrama de coordenada configuracional es desde
el estado 4T1(P), cuyo tiempo de vida es ⌧ / 15 ns a baja temperatura,
siendo el estado desde el que se produce la emisión. Esta medida del tiempo
de vida de la emisión refuerza la asignación propuesta de la ordenación de
estos niveles.

A continuación, se expone una recopilación de las conclusiones obtenidas en
el capítulo referente a los sesquióxidos dopados con tierras raras.

• Se han encontrado fuertes evidencias, gracias a los experimentos de altas
presiones, de que la desaparición de la luminiscencia desde los estados 3PJ

del Pr3` en la familia de los sesquióxidos (C-Ln2O3; Ln = Y, Gd, Sc, Lu)
es debido a la formación de un estado excitónico auto-atrapado, [Pr4` +
(e´)CB], que provee al sistema de un nuevo canal muy eficiente de desex-
citación no radiativa, para que se despueblen los multipletes 3PJ y alterna-
tivamente se pueble el estado de inferior energía 1D2 desde el que emite el
Pr3` en estos sistemas.

• El estado [Pr4` + (e´)CB] se genera como resultado del solapamiento de
los estados 4f 15d1 del Pr3` y los estados de la banda de conducción de la
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red del sesquióxido, que bajo presión, se sitúan justo debajo del borde de la
banda de conducción, haciendo que las emisiones desde los niveles 3PJ del
Pr3` sean observables debido a que se dificulta la aparición de dicho estado
excitónico auto-atrapado [Pr4` + (e´)CB].

• Un estudio comparativo entre el comportamiento de los iones de Ce3` y de
Pr3` en los C-Ln2O3 confirma que los estados 4fn´15d1 de estos iones se
sitúan muy próximos en energía.

• Para el caso del C-Y2O3 y del C-Gd2O3 las transiciones electrónicas desde
los niveles 3PJ son observadas en los espectros de emisión por encima de 7
GPa y 1 GPa, respectivamente, a temperatura ambiente.

• El desdoblamiento por campo cristalino de la configuración electrónica del
Pr3` 4f 15d1 se sitúa completamente en la banda de conducción de la red
y que la promoción de un e´ desde el estado del Pr3` 4f 15d1 produce un
estado excitónico-atrapado con la configuración, [Pr4` + (e´)CB], en la que
(e´)CB hace referencia a un e´ en la banda de conducción del material.

• Bajo excitación, el estado cuasi-excitónico despuebla el estado energética-
mente superior (3PJ) y alimenta directamente el estado inferior (1D2), hecho
que consigue explicar la ausencia de transiciones desde los estados 3PJ del
Pr3` en la región visible en los espectros de emisión del C-Y2O3: Pr3` y del
C-Gd2O3: Pr3` a presión ambiente. A altas presiones, comienzan a obser-
varse las emisiones desde estos estados 3PJ debido a que el estado del Pr3`

4f 15d1 se sitúa debajo del borde de la banda de conducción del material.

• Se ha demostrado que la emisión desde los estados 3PJ en esta familia de
compuestos no es debido a una transición de fase inducida por la presión,
ya que esta ocurre a 11 GPa mientras que la intensidad de esta transición
comienza a ser observada a partir de los 7 GPa.

• Por último, cabría destacar el hecho de que la luminiscencia desde el estado
del Pr3` 3PJ y desde el del Ce3` 5d, son generados aproximadamente a la
misma presión hidrostática (cerca de los 7 GPa). Este hecho prueba que el
estado 4fn´15d1 de estos iones esta localizado muy cerca de la misma energía
en toda la familia de C-Ln2O3. Este hecho concuerda con los modelos físicos
que han sido desarrollado por Dorenbos sobre la ubicación de estos estados
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energéticos de los iones trivalente de tierras raras relativos a los estados de
las bandas de valencia y conducción en los sólidos.





Part IV

Appendices





A
Nanosamples preparation before

measuring

This appendix describes the preparation procedure followed before measuring the
NP and NW after their synthesis.

Both nanomaterials were obtained through a wet synthesis in which different
polymers were used to coated them and avoid aggregation (see pages 62 for NW
synthesis and 64 for NPs synthesis). The Raman spectrum obtained for this sam-
ples where partially masked by the polymer coating and the quality of the spectra
were poor (Figure A.1) mainly for the Zn1´xCoxO nanowires with 2%Co2`.

Although the general Raman intensity decreases we can observed that the
500 cm´1 band, which is related to the Co2` incorporation to the lattice and the
defects in the crystal, gets reduced together with the background noise.

To avoid this and enhance the quality of the spectra, we perform a calcination
process before measuring this nanomaterials.

To obtained the proper temperature for the thermal treatment, we also per-
form a TG analysis of the samples (shown for NWs coated with Tri-n-octylamine).

In Fig. A.2 we observed two different temperatures at which the sample mass
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Figure A.1: ZnO: Co2` NW Raman spectra before and after calcination the sample
at 350˝ for 12 hours.

Figure A.2: TG and DTG of the ZnO:2%Co2` nanowires coated with Tri-n-
octylamine. In the inset a compositional analysis is also shown to identify
the elemtes removed from the sample when increasing T .

varies. In the inset we identify the chemical compounds which corresponds with
this mass variation in the sample. The first peak at around 200˝C is due to water
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adsorbed by the sample and the polymer. The second peak (more intense in
the differential TG) corresponds to CO2 and also water, common products of a
combustion of organic compounds.

Therefore we estimated 350˝C as a proper calcination temperature for the
samples. We keep this temperature during of 12 hours.





B
Raman Image of a DAC load with

ZnO: Co2`

We have performed a Raman Imaging experiment in a membrane DAC loaded
with ZnO: Co2` to fully understand the behavior of the sample under high-
pressure and the forthcoming pressure-induced phase-transition as well as the
stress distribution within the hydrostatic cavity.

Figure B.1 represents a stress map taken from the diamond Raman of the
membrane DAC loaded with ZnO: Co2`. The sample is already transited to its
high-pressure phase and is now colorless, since the responsible of the color in the
ZnO: Co2` is the Co2` in a Td environment (low pressure phase) and at this
pressure (« 9 GPa) is on its high pressure phase, in Oh coordination. A grid
of 17 by 18 points were taken separated each by 10 microns, covering the whole
surface of the hydrostatic cavity and the sample.

The Raman was measured on the top culet of the DAC with the �ex = 514.532
nm laser line. After measuring the Raman, the intensity image (obtained with
the software provided with the equipment) is converted in a stress map where the
exact pressure of each point is plotted.
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Figure B.1: Stress map from a ZnO: 5%Co2` SC at around 9 GPa, already in the cubic
phase, obtained after measuring the diamond Raman of the membrane
DAC. The stress map is overimpressed on a micrograph of the sample.
The x and y axis represent the position in tens of microns. Parafine oil
was used as hydrostatic transmission media.

The different pressure profile inside the gasket, is measured according to the
diamond Raman shift of the DAC culet instead of ruby pressure based scale.

Typically the pressure profile is taken as a Gaussian profile along the whole
hydrostatic cavity centered in the center of the gasket hole. Nevertheless, after
the experiment was carried out, that profile shape was not exactly observed.

What we observed was a region where the pressure was high (red colored),
in the middle of the cavity and the upper left side of the image. Some areas
are at very high pressure (around 1 or 2 GPa higher than in the center) which
corresponds to the edges of the metallic gasket in the regions where the gasket
is deformed in a protuberance. Also another region of lower pressure (green and
blue colors), where the gasket is thinner and there is almost no sample (around
2 GPa less than in the center of the cavity), was observed in the lower and left
parts of the image.



C
Luminescence spectroscopy of ZnO and

ZnO: Mn2`

This appendix deals with the excitonic photoluminescence and the controversial
"green PL band" of ZnO measured and studied during this Thesis. Since they
were out of the scope of the main subject regarding the ZnO doped samples we
decided to exclude the results out of the main body of the Thesis. This section will
cover this topic briefly, although the results are quite interesting, which deserve
to be published. We will compare the PL observed in both the pure and the
Mn-doped ZnO samples in the visible, UV and even in the NIR regions where
Mn-doped ZnO presents a weak band.

C.1 PL and excitation spectroscopy in ZnO

Here we present the photoluminescence, PL, and the photoluminescence exci-
tation, PLE, spectroscopies of pure ZnO evolution with temperature. The PL
polycrystalline undoped ZnO sample studied in this case has two main charac-
teristic, shown in Figure C.1:
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• The first feature of the spectra of Fig. C.1 appears in the UV range where
we can distinguish the excitonic emission characteristic of ZnO with sharp
peaks at 27000 cm´1 (3.30 eV) region. The excitonic emission is the result
of an e´-h pair recombination, after exciting the e´ in the conduction band
and generating a h` in the valence band and its energy is § to the energy
band gap of the material, this peak is also called free exciton, FX [1].

• The second feature takes place at lower energies than the excitonic emission.
At around 16000 cm´1, a broad band in the green region of the spectra
dominates the PL under 340 nm excitation. This band is the so called "green
luminescence band" of ZnO and its origin is still unknown, generating a huge
controversy in the last decades [2–6].

Figure C.1: Temperature dependence of the PL spectra of ZnO taken under 340 nm
excitation wavelength. The UV part is taken without filter while the
green PL was taken with a 435 nm low pass filter.

The overall PL intensity of the ZnO increases upon temperature is reduced. As
we heat the sample the PL decreases and the fine structure disappears.

Figure C.2 shows the structure around the FX emission [1, 7–9]. The higher
energy peak at around 27179 cm´1 (3.37 eV) is the FX transition. Together
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with this peak is the bound to neutral donor, D0X transition [1], associated with
some impurity present during the growing process. These impurities generate
some donor levels right beneath the conduction band what causes the slightly
low energy D0X emission at lower energy than FX.

Figure C.2: Temperature evolution of the excitonic PL spectra taken under 340 nm
Xe lamp excitation.

The next peak, and the most intense one, corresponds to the free-to-bound
exciton [1] around 26750 cm´1, or a Mott-Wannier exciton, which binding energy
is around 550 cm´1 (68 meV). This is the result of a weakly bounded exciton
impurity.

The lower energy structure that appears in Fig. C.2 is due to the phonon
replicas of the FB and DX with the LO (581cm´1 or 72 meV) phonon. This
coupling between the excitons and the phonons of the lattice is very common
in semiconductor materials and has been reported for for GaN [10] and for ZnO
[7, 11].

Fig. C.3 shows the T evolution of the excitonic fine structure of the pure
polycrystalline ZnO.

At low temperature the whole fine structure is observed until 70 K where the
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Figure C.3: Pure ZnO pollycristalline excitonic peaks position dependence with T
under UV 340 nm excitation.

Figure C.4: Temperature evolution of green PL of pure ZnO under �ex = 340 nm.

neutral donor levels and the FX are now the same structure. The rest of the
features remain until 200 K where only the FB and its replica stays until RT.
Since the FB binding energy is higher than the thermal energy at RT (25 meV)
so T is not able to dissociate the FB exciton.

The other feature mentioned above is the green PL band. This band appears in
mostly all conformations and compositions of ZnO (doped and undoped samples)
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with a few changes in its position and structure. In our case this broad band has
an energy of about 16000 cm´1.

Figure C.4 shows the temperature evolution of the this band. The origin of
this PL is controversial. Many authors [6, 12, 13] have tried to study and give a
clear origin for this PL which dominates the visible spectrum of ZnO but there is
a huge controversy about that. The general convention is to make responsible for
this PL to the defects in the lattice. Oxygen vacancies (VO) and/or Zn interstices
(Zni) creates donor/acceptor levels beneath and above the conduction and valence
band which generates transitions lower in energy than the typical UV PL of ZnO.

Figure C.5: Pure ZnO PL excitation spectra detecting in 610 nm with a low pass filter
of 590 nm.

In some cases, depending the annealing procedure (for the pure ZnO samples)
this green PL can change (can be shifted) and even a vibrational progression can
be observed at low temperatures due to the presence of some impurities (such
Cu2` ions [14] where the PL is coupled with the LO phonon (around 72 meV).

Figure C.5 shows the 10 K photoluminescence excitation, PLE, spectra of
ZnO sample for the green luminescence (detecting at 610 nm).

The intensity of this green band together with other optical properties of
pure SC ZnO is highly dependent on the synthesis route used to grow the sample
and in particular to the annealing temperatures and the atmospheres under the
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annealing procedures were carried out [15, 16]. Here the annealing temperature
was not higher than 500 ˝C.

We have also performed a PLE experiment C.5 and comparing with the bibli-
ography [2, 3]. We get the same shape and energy position of the peak although
the green PL itself is slightly redshifted in our case, where the annealing condi-
tions were different. We used an annealing temperature lower than in the reported
experiment.

PL and excitation spectroscopy in ZnO: Mn2`

A lot of studies have been carried out in ZnO: Mn2` in order to study its magnetic
properties and many different results depending on the growing procedure or the
conformation studied; have been obtained, from a paramagnetic to a spin glass
or ferromagnetic behavior have been reported up to date [17–21].

Figure C.6: Tanabe and Sugano diagram for Td Mn2`, d5 ion. The estimation of the
CF strength � is 4193 cm´1 and the Racah parameter B is 597 cm´1 in
ZnO: Mn2`according to [22, 23]

Also some spectroscopic studied have been performed in nanocrystalline sam-
ples and thin films overall [18, 24].
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Figure C.7: 10 K ZnO: Mn2` PL spectra taken under 345 and 376 nm excitatoin
wavelength.

The Mn2` excited state levels in the ZnO lattice have not been observed using
any of the different spectroscopic techniques, since they mostly overlap with the
band to band transition (valence to conduction band) of the material together
with weak oscillator strength (parity and spin forbidden transitions, Fig. C.6).
So, no Mn2` d´d˚ absorption band is expected to be measured. Also happens in
the absorption spectra reported in the literature, where the only feature that has
been measured, apart from the direct band gap absorption, is the charge transfer
transition associated with the excitation of an e´ from Mn2` to the conduction
band (MLCT) [23].

Nevertheless, under UV irradiation we can distinguish two significant features,
also observed in the pure ZnO, as they are the green photoluminescence (GPL)
and the excitonic emission of the pure ZnO (Figure C.7). Both features are
slightly different from the undoped ZnO and a new set of peaks appeared at
14000 cm´1, associated with Mn3` or Mn4` and analyzed later in this appendix.

Figure C.8 shows the excitonic emission of ZnO: Mn2` although only the FX
together with the D0X and the free to bound exciton are observed and their
replicas coupled with the 72 meV LO phonon.

Figure C.9 shows the peak dependence with temperature of the excitonic
features and their replicas.
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Figure C.8: 10 K ZnO: Mn2` PL spectra in the excitonic UV region taken under
345 nm excitation wavelength and the green band taken under 376 nm
irradiation.

Comparing this spectra with the pure ZnO we observed that for the Mn-
doped samples the excitonic structure is as expected, broader than for the pure
compound and some peaks does not appear probably due to defects introduced
when doped with TM (inhomogeneous broadening).

Figure C.10 shows a direct comparison between both pure and Mn2`-doped
ZnO samples. It is clearly shown the different intensity ratio between the FX +
D0X and FB excitons together with the fine structure (observed in the pure ZnO
compared with ZnO: Mn2`).

Figure C.11 shows the temperature dependence of the GPL under UV excita-
tion in ZnO: Mn2`. As we decrease T , the GPL reveals a vibrational progression.
Some authors have observed this phenomena even in pure ZnO samples. It has
been associated with copper undesired impurities incorporated during the growing
process, which after the annealing, Cu` ions (d10) oxidize to Cu2` (d9) [14, 25, 26]
and in some cases it can change the PL and a vibrational progression observed.

Figure C.12 shows the vibrational progression that appears in the ZnO: Mn2`
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Figure C.9: Excitonic peaks dependence with T taken from Fig. C.8.

Figure C.10: 10 K excitonic emission comparavite of pure and Mn2` doped ZnO under
340 and 345 nm excitation wavelength, respectively.
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Figure C.11: T dependence of the GPL band at different temperatures of ZnO: Mn2`.

Figure C.12: 10 K PL spectra of Zn1´xMnxO taken under 405 nm wavelength exci-
tation. A vibrational progression of « 70 meV can be observed in the
band due to the coupling with the LO-phonon of ZnO.
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Figure C.13: RT and 10 K PLE spectra of ZnO: Mn2` detecting in the green PL band
at 550 and 520 nm, respectively.

Figure C.14: 10 K PLE of ZnO: Mn2`detecting in the GPL at 510 and 520 nm and
in the 693 nm associated to the Mn2O3 phase.

GPL at 10 K and this spectrum is exactly the same than the reported by ref.
[14, 26] of pure ZnO with a maximum at 510 nm or 19600 cm´1, whereas for the
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case of pure ZnO this GPL is slightly redshifted with the maximum at 610 nm
or 16400 cm´1.

The annealing process can dramatically change the optical and physical prop-
erties of the ZnO samples [15] as seen before, and depends deeply in the kind of
atmosphere at which is treated.

Figure C.13 shows the PLE spectra dependence at 10 K and RT of the
ZnO: Mn2`. Comparing these spectra with the provided in the literature [2, 3]we
can see that the PLE of the green band is the same than the PLE of the pure
ZnO and the reported in the literature [2, 3] and no trace of Mn2` is found.

Nevertheless, in the spectra of C.7 a set of peaks at around 14500 cm´1 are
observed. Figure C.14 shows the 10 K PLE spectra of the GPL together with the
PLE of the peaks at 14500 cm´1 (693 nm) and no significant changes are observed
between them, only a broadening in the PLE spectra of the Mn associated peaks
can be observed. These peaks, due to its energy are no related with Mn2` since
no state of this ion is around that energy, according the Tanabe-Sugano diagram
for d5 in Fig. C.6.

Figure C.15: PL and PLE spectra of ZnO: Mn2` at 10 K at different detection wave-
lengths (�em).

Figure C.15 shows a comparison between the PL in the whole range of ZnO: Mn2`

and the PLE of both the GPL and the Mn related peaks. We can see that the
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Figure C.16: 10 K PL spectra of ZnO: Co2` under different wavelength excitations.

Figure C.17: Tanabe and Sugano diagrams for Mn3` (d4) and Mn4` (d3) in Td con-
figuration which are d6 (left) and d7 (right) Oh respectively. The blue
(red) states represent the spin allowed (forbidden) transitions and the
black vertical lines represent the pairing energy at which the ion is in a
low spin (left hand side) or high spin (right hand side) configuration.



264 Appendix C. Luminescence spectroscopy of ZnO and ZnO: Mn2`

broad peak in the PLE spectra corresponds to the direct band to band transition,
which originates the FX and FB excitons.

However, in the NIR red part of the spectrum around 690 nm (14500 cm´1)
several peaks appear in the doped samples in comparison to the undoped material
(Figure C.16). These peaks are, therefore, related to the presence of Mn in the
sample. Since for Mn2` (d5) has no levels in the IR region at the estimated crystal
field, the most probable explanation is that the Mn is in other oxidation state.
We show in Figure C.17 the TS diagram for Td d4 and d3 which correspond to d6

and d7 Oh, respectively which have several spin allowed transitions in that region.
Mn3` and Mn4` are in a higher crystal field, although the Racah parameter

B is also higher [27] due to the nephelauxetic effect, in which the inter electronic
repulsion is lower in the ion embedded in the crystal lattice than in the free ion.

Further studies should be performed to fully characterize the active center
and the oxidation state of Mn in the sample.

Since the X-ray powder diffractograms (shown in page 89, section 4.9(b))
shows a secondary phase of Mn2O3 (Mn3`), this could be responsible of this
emission.



D
Program codes used during the Thesis

Here we present the MathCad codes used for the development of the Thesis to
calculate the most interesting parameters such as the spin-orbit coupling for the
Co2`-doped ZnO and the program used to calculate the NP size using the line
study of the Raman line spectra of the Ehigh

2 and Elow
2 phonons.

We have also used other codes to generate the Tanabe and Sugano diagrams,
to generate the pressure-induced phase-transition model and to model the line
width variation of the ZnO and ZnO: Co2` SC samples at ambient conditions
with T in order to study the anharmonicity of the sample and the crystalline
quality of them. We are just showing the most complex of them, being available
under petition via e-mail (carlos.renelecu@gmail.com) the other programs.
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ZnO NPs size determination through 
FWHM Raman Elow

2 and Ehigh
2

Program code in MathCad for determining the NPs size of ZnO and the nano-domain
size when a pressure cycle is completed in the other crystalline samples. The model
used for the fitting is described in the references bellow.

Bibliography:

- H Richter, Z P Wang, L Ley, The one Rama-Spectrum in Microcrystalline Silicon Sol. State
  Comm. 39(5) 625-629, 1981
- J Gonzalez, J Marquina, F Rodriguez, R Valiente,  Nanocrystals of ZnO formed by the hot  
  isostatic pressure method High Press. Res. 29(4) 594-599, 2009

Structural Parameters of ZnO Fitting Parameters for each phonon

c 0.520� Lattice parameter c (nm) !0 436.5� cm-1 
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2

Ȧ0 = 99 cm-1 Ȧ0 = 436.2 cm-1 Phonon Energy at P = 0 GPa 

ī0 = 2.8 cm-1 ī0 = 7.0 cm-1 Natural FWHM

Ȗ = 0.956 cm-1 Ȗ = 0.415 cm-1 Phonon strength constant related paremeter

Wavenumber range for the fitting NPs size stimation

! 400 400.5�� 500��� cm-1 d 4.8� nm 

CC 31� Scaling prefactors

266 Appendix D. Program codes used during the Thesis



Varying the above parameters we can generate the studied peak as shown in this figure.
The pure ZnO sample is studied here before and after the pressure cycle.
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Experimental data import: Choose the data you want

Description about what is each file to be imported

Datos_Exp_1 � 

Presion inicial y final
0 GPa (SC ZnO:5%Co)

Datos_Exp_2 � 

Presion inicial y final
2 GPa SC ZnO:5%Co

Datos_Exp_3 � 

Presion inicial y final
0 GPa (NP ZnO Rosa)

Datos_Exp_3b � 

Presion inicial y final
0 GPa (SC ZnO Alfredp)

Datos_Exp_4 � 

Presion inicial y final
0 GPa (NW ZnO:2%Co)

Assingment of data to variables for graphical representation

EjeX_US Datos_Exp_3b 0
¢ ²

� EjeX_DS Datos_Exp_3 0
¢ ²

� 

EjeY_US Datos_Exp_3b 1
¢ ²

� EjeY_DS Datos_Exp_3 1
¢ ²

� 

Comments about data format to take into account. Data are in XY comma
separeted files. Here describes which column represents what in the plots.

Pambiente
0 1 -> US  
2 3 -> DS 

P2GPa
0 1 -> US  
2 3 -> DS 

Tener cuidado y poner los índices de columna como
correspondan dependiendo de los datos a tratar (datos Exp 1,
Exp 2 y Exp 4). Para Exp3 solo hay columnas 0 y 1

AA 15700� Scaling factors to compare both spectra
BB 1� 
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Comparativa E2
high phonon condiciones

iniciales y finales

350 400 450
0

500

1 103u

AA EjeY_US�

BB EjeY_DS�

EjeX_US EjeX_DS��
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Splitting in Co2+ due to S·O coupling in ZnO
 

Following the Koidl paper (in the bibliography beneath) we can calculate with the help of the

Eisenstein matrices the S·O splitting for Co2+ in the W-ZnO host lattice.

This program code is designed to numerically solved the matrices and represent the splitting of the

multiplets. 

For the shake of clarity, we are showing the matrices and the coding necessary for the resolution o

the problem, although the graphical representation shown is done with another program (Origin Pr

8.5)

Bibliography

- J C Eisenstein, Magnetic Properties and Optical Absorption Spectrum of K2ReCl6              
       J Chem Phys 34(5) 1628-1648, 1961

-J C Eisenstein, Erratum Magnetic Properties and Optical Absorption Spectrum of K2ReCl6 

       J Chem Phys 35 2246, 1961

- P Koidl, Optical absorption of Co2+ in ZnO Phys Rev B 15(5) w2493-2499, 1977

Parameters used to fit accordding Koidl reference

B 760� Racah's parameter.

Electron repulsion

V here is Dq and is the crystal field strength
C 3700� 

Vmin 0� Vmax 4000� paso 10� 

! 400� Spin-Orbit coupling parameter

V Vmin paso�� Vmax��� ǻ = 10·Dq/B

Numerical calculation of the spinors split due to the S·O coupling

e"6 V( ) eigenvals "6 V( )( )( )� "6 e"7 V( ) eigenvals "7 V( )( )( )� "7 e"8 V( ) eigenvals "8 V( )( )( )� "8

GS V( ) min e"6 V( ) e"7 V( )�� e"8 V( )��( )� e"6

SFe"7 V( )
e"7 V( ) GS V( )�

B
� 

e"7
SFe"8 V( )

e"8 V( ) GS V( )�

B
� 

e"8

SFe"6 V( )
e"6 V( ) GS V( )�

B
� 

e"6

To export the data :

We have to create a matrix to store for each state the value of the energy depending on the

crystal-field + S·O coupling splitting. Then, we need to associate every state as a function of the V

(crystal field).
# of points / state

i 0 8��� # of states associated to Gamma6 =9
puntos

Vmax Vmin�( )

paso
400 � 

j 0 8��� # of states associated to Gamma7 = 9

k 0 20��� # of states associated to Gamma8 = 21
Once is calcultated we just have to see the

result using the command "Gamma6:=" and

copy the values to an appropriate progam to

represent them.

Gamma6V i�� SFe"6 V( )i� SFe"6 Gamma8V k�� SFe"8 V( )k� SFe"8

Gamma7V j�� SFe"7 V( )j� SFe"7
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