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This work investigates the electronic structure and photoluminescence (PL) of Co?*-doped MgAl,O, and
their pressure dependence by time-resolved spectroscopy. The variations of the visible absorption band and its
associated emission at 663 nm (r = 130 ns at ambient conditions) with pressure/temperature can be explained
on the basis of a configurational energy model. It provides an interpretation for both the electronic structure
and the excited-state phenomena yielding photoluminescence emission and the subsequent quenching. We show
that there is an excited-state crossover (ESCO) [*T,(P) <> 2E(G)] at ambient pressure, which is responsible for
the evolution of the emission spectrum from a broadband emission between 300 K and 100 K to a narrow-line
emission at lower temperatures. Contrary to expectations from the Tanabe-Sugano diagram, instead of enhancing
ESCO phenomena, pressure reduces PL and even suppresses it (PL quenching) above 6 GPa. We explain such
variations in terms of pressure-induced nonradiative relaxation to lower excited states: 2E(G) — *T;(F). The

variation of PL intensity and its associated lifetime with pressure supports the proposed interpretation.
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I. INTRODUCTION

The optical and structural properties of MgAl,O4:Co**
have received considerable attention due to its capabilities
as Q-switch and nonlinear optics material,'™ its potential
tunability for upconversion photoluminescence (PL) in bulk*
and nanoparticles,” and the lack of pressure shifts of the
dominant *A,(F) — “T|(P) crystal-field-dependent absorp-
tion band due to covalency effects.>® All these character-
istics together with the fourfold tetrahedral coordination of
Co*t (T;) make the present system a model for different
Co**-incorporating oxides like blue pigments (CoAl,Oy)
(Refs. 9 and 10), optoelectronics and spintronics (ZnO: Co?h)
(Refs. 11-13), or phosphors (ZnAl,04:Co**) (Refs. 6 and 14).

MgAl,04:Co?* crystallizes in the spinel structure (cubic
Fd-3m, a =8.070 A) (Ref. 15) where Co>* impurities
substitute Mg?* at the 7, Mg site (Ryg—0 = 1.918 A). The
electronic structure of Co’* (7) in MgAl,04:Co>* makes it
attractive for investigating nonlinear optics and PL phenom-
ena. In particular, we are interested in elucidating whether
modifications of the crystal-field strength on Co?* can induce
excited-state crossover (ESCO) yielding PL changes from
4T(P) — *A»(F) broadband emission to 2E(G) — *A»(F)
rubylike line emission. This transformation will potentially
enhance the PL capability of tetrahedral Co?>*(3d”) systems
as efficient PL materials. Besides, there are fundamental
aspects associated with the excited-state dynamics leading to
Co?*(T,)-related PL which deserve clarification.!'1%16:17

At ambient conditions the MgAl,0,4:Co** PL consists
of three broadband emissions peaking at 1.88, 1.41, and
0.98 eV (660, 880, and 1270 nm, respectively),’>!1® which
are associated with electronic transitions from the *T;(P)
excited state to the *A,(F) ground state and the low-lying
excited states, *7»(F) and *T(F), respectively. This is shown
schematically in the Tanabe-Sugano diagram of Fig. 1 (Refs. 9
and 18). Nevertheless, the visible PL at 1.88 eV evolves with
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temperature from a broadband emission (300 K to 100 K)
to a narrow-line emission located at 1.931 eV (642.0 nm) at
6 K (Fig. 2). A similar low-temperature emission was also
observed in the isostructural ZnAl,04:Co?* (Ref. 6) whose
peak located at 1.950 eV (636 nm) was ascribed to the
’E(G) — %A,(F) electronic transition. This peak, which is the
dominant one in the emission spectrum at low temperature,
indicates that the 2E(G) configurational energy minimum at
ambient pressure lies below the *T;(P) minimum. Although
4T)(P) appears well above 2E(G) in the Tanabe-Sugano
diagram at the crystal field of MgAl,04:Co*t (Fig. 1), the
energy minima of these states are very close due to the
higher electron-lattice coupling interaction of the 4T (P) state
with respect to the spin-flip-like 2E(G) state. This causes
the minimum of the *T(P) potential energy parabola to be
displaced with respect to the corresponding parabola minima
of the “A,(F) ground state and the *E(G) excited state, and thus
the zero-phonon line (ZPL) energies in MgAl,04:Co** and
ZnAl,0,4:Co’* must satisfy Ezpy [2E(G)] < EzpL[*T1(P)] or,
analogously, AZPL = EZPL[4T1(P)] — EZPL[ZE(G] 2 0. Al-
though both spinels show similar Co?* PL spectra, the position
of the 2E(G) ZPL in MgAl,04:Co** (1.931 eV) appears red-
shifted by 19 meV with respect to ZnAl,04:Co*t (1.950 eV).
As discussed later on, this difference should be mainly ascribed
to a slight decrease of the B and C Racah parameters in
MgAl,04:Co?* with respect to ZnAl,0,:Co?*. This reduction
is caused by the increase of Co-O bond covalency due to
the increase of chemical pressure at the Co?t divalent site
upon passing from ZnAl,O4 (a = 8.085 A; Rzn_o = 1.922 A)
(Ref. 19) to MgALO, (a =8.070 A; Rye—0 = 1.918 A)
(Ref. 15). Similarly to the pressure-induced redshifts in
Al,03:Cr3* (ruby) R lines,” the nearly crystal-field indepen-
dent spin-flip 2E(G) transition of Co?*(T,) shifts to lower
energies upon volume reduction. Hence the study of pressure
effects on the PL properties of Co>*(T}) is better suited in the
more chemically compressed MgAl,0,:Co**.
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FIG. 1. (Color online) The 6 K absorption and emission spectra
of MgAl,04:Co?* single crystal. The peak assignment corresponds
to electronic crystal-field transitions from the *A,(F) ground state
of Co**(T}) to the excited state I' (T irreps). The Tanabe-Sugano
diagram of d’(T;) for C/B = 4.5 is included. The experimental
crystal-field energies obtained from the optical spectra are represented
by spots at the fit point A/B = 5.3. Fitting parameters are B =
0.098 eV (790 cm™!) and Acp = 0.52 eV (4200 cm™").

Hereto we investigate the spectral features and PL phe-
nomena associated with the *T\(P) < 2E(G) ESCO and
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FIG. 2. (Color online) Temperature evolution of the time-
resolved emission spectra of MgAl,04:Co’t. Each spectrum was
taken 30 ns after pulsed laser excitation at 530 nm using a counting
gate of 10 pus. The inset shows the temperature evolution of the band
centroid corresponding to the ’E(G) + *T;(P) — *A,(F) emissions
and the ZPL 2E(G) — *A,(F).
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whether a transformation from a broadband PL emission to a
narrow-line emission can be eventually induced by pressure at
room temperature (Azpy > 300kp), or whether nonradiative
channels are activated. Our aim is to find structural require-
ments for Co?*(Ty) to be followed for improving the PL
quantum yield of Co**(T})-based oxides. Contrary to other
sharp-line PL associated with the E(G) — *A,(F) transition
like Cr** in Al,O; (ruby)?® or LiCaAlF:Cr?* (Ref. 21), Co**
(Ty) involves symmetry- and spin-allowed electric-dipole
transitions, thus providing a more efficient pumping for PL.

II. EXPERIMENT

Single crystals of MgAl,0,4:Co** (0.25 mol%) were grown
as described elsewhere.!” Unavoidable Cr’* traces were
detected through the characteristic Cr**(0;) sharp-line PL
around 1.805 eV (687 nm).'”?>23 From absorption measure-
ments we estimated the Cr3* concentration to be smaller than
10 ppm.

The absorption spectra, under ambient conditions and at low
temperature, were obtained on a Cary 6000i (Varian). The 6 K
emission spectrum was obtained using a cw Kr* laser (Coher-
ent Innova I-300) and a double monochromator (Jobin-Yvon,
Ramanor U1000). An Oxford Microstat liquid-helium-cooled
cryostat was employed for high-resolution spectroscopy in
the 6 K to 200 K range, and a Scientific Instruments 202
closed-cycle cryostat and an APD-K controller were employed
for temperature dependence studies in the 15 K to 300 K range.
High-temperature measurements in the 300 K to 800 K range
were performed with a Leitz 350 heating stage.

Time-resolved emission and excitation spectra were ob-
tained using a Vibrant B 355 II OPO tunable laser as the
excitation source. The OPO laser beam was focused backward
on the sample with a 20x microscope objective, and the
PL was collected upward with another 20 x objective and
a Horiba-Jobin-Yvon fast-intensified charge-coupled device
(iCCD) with 5-ns time resolution. The excitation spectra were
corrected from the pulsed energy using a beam splitter together
with a powermeter. For the lifetime measurements, the PL
decay signal was recorded with the iCCD.

Hydrostatic pressure experiments in the 0—6 GPa range
were carried out on a membrane-type diamond anvil cell
(MDAC). Inconel gaskets (200 um in thickness) were prein-
dented and suitable 200-pum-diameter holes were perforated
with a Betsa motorized electrical discharge machine. The
MDAC was loaded with a suitable single crystal and ruby
microspheres (<10 um in diameter) using a methanol-
ethanol-water mixture (16:3:1) as the pressure transmitting
medium. Due to partial decomposition and graphitization of
the transmitting medium induced by pulsed laser focusing,
we also carried out high-pressure experiments using nitrogen
as the pressure transmitting medium. In all cases experiments
were performed in the hydrostatic regime and the pressure was
calibrated from the ruby PL.%%->*

III. RESULTS AND DISCUSSION

A. Optical absorption spectra and photoluminescence
of MgAlz 04: C02+

The MgAl,O4 spinel structure (Fd-3m) is stable up to
65 GPa (Ref. 25) at room temperature. The 6 K absorption
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spectrum of the MgAl,04:Co”** single crystal and the cor-
responding emission spectrum after 530-nm excitation are
shown in Fig. 1 together with the Co?>* (d”;T,) Tanabe-Sugano
diagram. The main features of the absorption spectrum are
associated with the spin-allowed transitions from the AL (F)
ground state to the *7)(F) state at 0.9 eV and the *T;(P)
state at 2.1 eV. Spin-forbidden transitions from *A,(F) to spin
doublets arising from the >G multiplet (CE, T}, ?A;, 2T, in
order of increasing energy) and >H multiplet (>75) can be
identified despite their low intensity.!%!7 Their transition
energy can be accounted for on the basis of the semiempirical
Tanabe-Sugano formalism'® using Racah parameters, B = 98
meV and C =440 meV, and crystal-field splitting, Acg =
0.52 eV (Table I). While B and C are similar to other 7, and
0, Co** oxides,” the crystal-field strength in T is half the
crystal-field strength in Oj,: Acp(0Op) = 0.90 eV for Co,Si04
or 1.15 eV for MgO:Co** (Ref. 9). Besides the crystal-field
theory estimates,”?® this behavior reflects a general trend
about the crystal-field splitting observed in transition-metal
ions with 4-T; and 6-0)}, coordinations beyond the particular
crystal structure of the host crystal. Acg(0;) ~ 2 X Acp(Ty)
irrespective of the ligand being O, Cl, or Br (Refs. 9, 26,
and 27). As far as we know there is no example of tetrahedrally
coordinated Co?* in fluorides.

Previous studies on MgA1204:C024r (Refs. 1, 5, 16, 17,
and 28-30) show that the PL consists of three emission bands
at 1.88, 1.41, and 0.98 eV, which are assigned to the ATy (P) —
4AL(F), *Ty(P) — *T»(F), and *Ty(P) — *T»(F) transitions,
respectively. In this study, we focus on the visible emission
4T(P) — *A,(F) since new features associated with ESCO
can be induced by temperature or pressure. The 6 K emission
spectrum shows a narrow peak structure, characteristic of
the 2E(G) — %A,(F) spin-flip transition rather than the
4T\(P) — *A,(F) broadband emission. This assignment is
supported by the huge difference between emission lifetime
values measured at low temperature (3 ©s) compared to room
temperature (130 ns). Besides nonradiative processes, this
difference clearly indicates that the low-temperature emitting
state involves a Co?* spin-forbidden transition in 7. The most
intense peak at 1.931 eV is the ZPL of the mainly %E(G)
state, whereas the fine structure at lower energy corresponds
to its vibronic sideband. It is worth noting that the phonon
sideband does not reflect the vibrational density of states
of the host crystal following infrared reflection spectroscopy
measurements and ab initio calculations in MgAl,Oq4 (Ref. 31).
By contrast, the phonon sideband is mainly associated with
electron-vibrational coupling to local Co-O modes of 26 meV
(210 cm™!) as is evidenced by the regular separation of the
observed peaks at 1.931 (ZPL), 1.905, 1.879, and 1.834 eV.
By comparing this local mode with MgAl,O4 phonons, the
coupled local mode has a vibrational energy slightly lower
than that of the TO; and LO; phonons of 28 meV (227
cm™!) thus pointing out the softening of the vibrational local
mode when Co’* replaces Mg?* in the host lattice. This
phonon sideband is missed in absorption since the *A,(F)
— 2E(G) transition is observed as a shoulder in the main
absorption band, which consists of different components:
’E(G) at 1.93 eV, 2Ti(G) at 2.00 eV, *Ty(P) at 2.10 eV,
ZA1(G) at 2.25 eV, and 2T»(G) at 2.34 eV (Table I). With
the exception of AT (P), all components correspond to spin-
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TABLE I. Experimental transition energy taken from the optical
absorption and emission spectra of MgAl,04:Co** at T =6 K
(Figs. 1 and 2), and calculated energies for Co** in T; symmetry.
The calculated energies were obtained by fitting the experimental
energies to the energy terms of a d’ electron configuration.'® The fit
Racah parameters, B and C, and the crystal-field splitting, Ac, are
collected together with the standard deviation, o.

Absorption peak MgA1204:C02+ r=6K
assignment for Observed Calculated Observed Calculated
Co** (T (eV) (ev) (cm™)  (cm™)
Yy(F) — *Th(F) 0.52 4100
—4Ty(F) 09 0.89 7200 7200
—2E(G) 1931 1.931 15575 15575
—2T(G) 2.00 2.00 16 100 16 100
—4Ty(P) 210 2.13 16 900 17 200
—2A1(G) 225 2.23 18 150 18 000
—2T5(G) 2.34(sh) 2.33 18 900 18 800
— 2T (H) 2.60 2.60 21 000 21 000
B 0.098 790
c 0.440 3550
C/B 4.5 4.5
Acr 0.52 4200
Acr/B 53 53
o 0.014 120

forbidden transitions whose intensity appears enhanced due
to spin-orbit coupling with *7;(P) (Fano resonance, Fig. 1).
A similar effect has been observed in 6-coordinated Cr**
(0y) in fluorides®? and oxides**3* where the first absorption
shows a triplet structure associated with the mixing of the
4Ty(F), ’E(G), and ’T|(G) excited states by the spin-orbit
interaction.’! The main difference between 4-coordinated
Co**(T,) and 6-coordinated Cr**(0},) in oxides is the A/B
ratio. It is only of 5.3 for Co?* in MgAl,0, whereas it is of
23 for Cr** in Gd3GasO,, due to the big difference between
the crystal-field energy of each ion.>*** Nevertheless, both
systems are located near an excited-state crossover point of
the Tanabe-Sugano diagram (Fig. 1) and, therefore, optical
absorption bands associated with spin-forbidden transitions
of crossing states appear to be enhanced by the spin-orbit
interaction between *T;(P) and 2E(G) and 2T»(G) excited
states.

B. Temperature study
1. Temperature dependence

Regarding the temperature evolution of the emission spectra
from 6 K up to 600 K, shown in Fig. 2, one can deduce that the
emission actually comes from two electronic states: *T;(P) and
’E(G), the 2E(G) state being slightly below the 4T (P) state. At
low temperatures the emission from the 2E(G) state dominates
the PL spectrum. Its evolution from a narrow-line structure at
low temperature to a broadband emission at high temperature is
due to the progressive population of the T} (P) state at the ex-
pense of the °’E(G) state with increasing temperature according
to the Boltzmann distribution. However, this behavior contrasts
with the evolution of the absorption spectrum (Fig. 3). Apart
from thermal broadening of the different components forming
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FIG. 3. (Color online) Variation of the optical absorption and
emission spectra of MgAl,04:Co** with temperature in the 6 K
to 300 K range at ambient pressure. Note the slight temperature
dependence of the absorption spectra in contrast to the drastic
change of the emission. The time-resolved emission spectra were
obtained upon pulsed laser excitation at 565 nm and the intensity
was normalized taking into account instrumental response and the
PL quantum yield (see text).

the broad absorption band, no significant effect is observed
upon varying temperature. In Fig. 3 the emission spectra have
been normalized to the pumpmg power The PL quantum

yield, defined as n (T') =

measurements as a function of temperature. Here 7_; and 7

—19

-1
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means the transition probability associated with the radiative
transition from *7; (P) and 2E(G) states in thermal equilibrium
at a given temperature and the total transition probability, in-
cluding nonradiative deexcitation processes, respectively. The
measured transition probability through the time dependent
PL decay I(¢) is thus given by 77! = de + b, with 7
being the nonradiative contribution. It has to be mentloned
that the 6 K high-resolution emission spectrum was obtained
under cw excitation with the 520.8-nm line of a Kr* laser
and a double monochromator providing a spectral resolution
of 0.5 cm™!. The temperature dependence of the emission
spectra and the associated lifetime was obtained under pulsed
excitation and an intensified fast iCCD (see Experiment).
Figure 4 shows the temperature dependence of the PL lifetime
in the 6 K to 600 K range. The variation of 7(7T) clearly
reflects, first, the change of population between the short-lived
4Ty(P) and the long-lived 2E(G) states in the low-temperature
range (6 K to 200 K) as shown in the inset and, second,
the thermally activated nonradiative deexcitation processes
in the high-temperature range (300 K to 600 K). It must be
noted that the different plot ordinates, t or 77! selected in
each temperature interval provide accurate descriptions of the
radiative (tmd) and nonradiative (t,, 1) processes in terms of
the corresponding transition probablhtles. This representation
allows us to derive the PL quantum yield as a function of
temperature as shown in Fig. 4 (right).

The PL spectra and associated lifetime and their evolution
with temperature can be described in terms of a competition
between the two *Ty(P) and 2E(G) excited states. The
deexcitation processes must take into account this competition
as well as the thermally activated nonradiative processes. The
two emitting states has distinct equilibrium geometry, due to
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FIG. 4. (Color online) (Left) Variation of the reciprocal of the PL lifetime with temperature in the 6 K to 700 K range of MgAl,0,:Co**
using pulsed laser excitation at 530 nm. The inset shows the variation of the PL lifetime in the low-temperature 6 K to 200 K range. Solid lines in

both plots represent least-square fits to Eq. (4) with the following fitting parameters: w,
(2.25£0.16) x 10" s7!; and A, = (200 % 8) meV at ambient pressure. Note that the choice of t(T) or t~!(T)

AzpL = (27 + 2) meV, UJ‘IW =

=(0.334£0.01) x 10°s7 1w, = (6.5 1.4) x 105s71;

for the fitting depends on the sensitivity of the former to changes of thermal populations of 2£(G) and *T; (P) and of the latter to the nonradiative

probability. (Right) Variation of PL quantum yield, n(T) = 'id, , with temperature as deduced from Eq. (3) using the obtained fit parameters.
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0

FIG. 5. (Color online) Single-coordinate configurational dia-
gram, E(Q), corresponding to Co’** electronic states involved in
the absorption and emission processes in MgAl,O4:Co’*. Solid
lines refer to ambient pressure (P = 0) and dotted lines refer to
higher pressure (P > 0). Azp. and A, represent the ZPL energy
difference between ’E(G) and * T (P) and the activation energy for the
’E(G) — *T\(F) crossing point yielding nonradiative deexcitation,
respectively. The red and blue arrows correspond to the broadband
and narrow peak emissions, respectively, shown in Fig. 2.

the different electron-phonon coupling of each state (Fig. 5).
Although the *7' (P) energy in absorption is located at 2.10 e V;
i.e., 0.17 eV above %E(G) according to the Tanabe-Sugano
diagram (Fig. 1 and Table I), the energies of the minima of
the two states are close in the configurational energy curve.
Hence, at low temperature, we would expect emission either
from 2E or from *T}, if Azp, = E(*T)) — ECE) is positive or
negative, respectively. Depending on the Azp / kg T value, the
thermal population of °E and *Tj is given by

¢CE)
g(ZE) + g(4T) x e—AzpL/kpT

. g(4T) x e~ DzeL/kpT
NCT) = — 4 “ Az /ksT’
8CE) + g(*T) x e=Ari/ks

NCE) =
(1)

with g(zE ) =4 and g(*T) = 12 being the total degeneracies
of the 2E(G) and “T;(P) states. The changes observed in
the visible emission spectrum in the 6 K to 200 K range
are due to the different characters of the E and *7T) states
and the small separation of the corresponding ZPL. From the
lifetime variation fitting, (7)), we obtain Azp;, = 27 meV with
associated radiative lifetimes of 3.0 us and 153 ns for 2E and
4Ty, respectively (Fig. 4). Therefore, the lifetime decrease with
temperature relates to an increase of the transition oscillator
strength upon passing from the spin-forbidden E(G) —
4 A,(F) (long lifetime) to the spin-allowed *T;(P) — *A,(F)
(short lifetime).

It is worth mentioning that apart from the relative popula-
tion change N(E)/N(*T ), the further decrease of 7(T') with
temperature above 300 K clearly reveals activation of nonra-
diative deexcitation processes (Fig. 4). The phenomenological
description of t(7T") following the excited-state dynamics is
discussed in the next section.
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2. Excited-state crossover: Dynamical model

The PL lifetime of MgAl,04:Co** (tr = 130 ns) slightly
depends on Co?* concentration at ambient conditions. More-
over, the time-dependent PL decay, /(¢), measured under
pulsed excitation deviates from single exponential behavior
as has been previously described.®® The energy-transfer
between Co?* was mainly responsible for such nonexponential
behavior. Whereas the intensity decay curves can be accurately
described by two exponentials, the associated lifetime depends
on the radiative and energy-transfer probabilities. Anyway the
temporal evolution of the excited-state has been characterized
by the averaged lifetime derived from the intensity decay
through the following expression:

_Jo tl(n)dt

"D =T 0dr

@)

The experimental t(7) data collected in Fig. 4 were
obtained in this way. The thermal dependence of t(T) in
the 6 K to 600 K range was fitted to the general equation
= | + 17" = w4 w™, where the total deexcitation
transition probability is expressed as a sum of the radiative
(w™) and nonradiative (w™) probabilities. The former term
is based on the existence of two emitting states, 2E(G) and
4Ty(P), in thermal equilibrium, whereas the nonradiative
term is expressed by a thermally activated process with an
associated energy, A, Thus, the transition probabilities can
be written as

wi + 3wze(’%)

-1 __  rad __
Trad — W - AzpL
14371 3)
wnre—Aw/kT
-1 __ nr o__ 1
an =w = A ’
ZPL
1437

where Azpp is the energy difference between the two state’s
minima or corresponding ZPLs, w » are the transition rates of
each state, 2E(G) and *T (P), respectively. As we will see later
on, the most relevant nonradiative deexcitation occurs through
the crossover between the 2E(G) and the low-lying *T; (F) ex-
cited states, the activation energy of this process being A, as it
is indicated in the single-mode configurational curves of Fig. 5.

The t(T) data of Fig. 4 can be explained with this model.
The analysis is divided into two temperature regions for
obtaining accurate fit parameters depending on whether the
radiative process involving thermal population changes of the
’E(G)-*T;(P) emitting states is the main deexcitation process
(w]" = 0) or whether the nonradiative process becomes domi-
nant. The curves of Fig. 4 and the corresponding fit parameters
are least-square fits of t(7) data to Eq. (3) following this
procedure. The excited-state dynamics is fairly well described
with the proposed model and Azp;, and A, are both consistent
with the absorption and PL spectra shown in Figs. 2 and 3 and
the configurational energy curves deduced from spectral data
(Fig. 5).

C. Pressure study
1. Pressure dependence

The question is whether squeezing MgAl,04:Co’** by
external hydrostatic pressure is able to further separate the
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FIG. 6. (Color online) Variation of the time-resolved emission
spectrum of MgAl,O,4:Co?* with pressure at room temperature. Each
spectrum was taken 30 ns after the excitation pulse at 530 nm using
a counting gate of 10 wus. Note the PL quenching above 5 GPa.
The inset shows the variation of the peak energy with pressure as
E(P)=1.84+0.014 P (E and P are given in eV and GPa units,
respectively).

2E(G)-*T\(P) states in order to enhance the narrow PL
from 2E(G) at ambient conditions, with an eventual PL
quantum-yield increase. This situation is equivalent to what
has been observed along the excited-state crossover between
the 2E(G) and *T»(F) states in six-coordinated Cr’*(0;) in
Al,O3 (Ref. 20) or LiCaAlFg (Ref. 21), involving the 2E(G)
and *T;(P) states in the four-coordinated Co?*(7}). In either
case application of pressure (or likewise increasing A/B)
enlarges the energy separation between *E(G) and *T»(F') for
Cr’*, or *T;(P) for Co?*, yielding stabilization of 2E(G) as
the low-lying emitting excited state.

Figure 6 shows the time-resolved emission spectra as a
function of pressure. The corresponding t(P) variation is
shown in Fig. 7. Upon increasing pressure, we observe a very
slight shift of the emission maximum toward higher energy
(inset of Fig. 6). However, the more salient feature is the strong
decrease of PL intensity with pressure, the PL disappearing
above 6 GPa. An analogous behavior is observed for 7(P). It
must be mentioned that the excitation spectra do not change
appreciably in this pressure range, thus indicating that the PL
quenching must be ascribed to excited-state dynamics rather
than to deep changes of electronic structure.

Contrary to expectations, pressure does not enhance the PL
quantum yield in Co®* but favors PL quenching. At variance
with Cr3t, where pressure yields a PL increase, the effect of
pressure in Co*H(Ty) systems is rather different due to the
presence of intermediate excited states.

According to the PL quenching induced at high tem-
perature, here we propose that pressure mainly reduces the
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FIG. 7. (Color online) Variation of the room temperature PL
lifetime of the emission at 1.84 eV of MgAIZO4:C02+ with pressure
measured upon pulsed excitation at 530 nm. The inset shows
the time-dependent PL intensity at selected pressures. The solid
line represents least-square fit to Eq. (4) with the following fit-
ting parameters: w; = (0.33 £ 0.01) x 10° s~h;w, = (6.5+ 1.4) x
10° s7' Agpr = (27 £2) meV; w™ = (2.25+0.16) x 10" s7!;
Agct = (200 = 8) meV;and ¢ = (11.9 &+ 1.2) meV/GPa (see text for
details).

activation energy for nonradiative processes, thus favoring PL
quenching. Although pressure slightly increases the energy
separation between 2E(G) and *T; (P) states, initially favoring
PL, it also increases the energy of the * T» ( F') state. Furthermore
this increase of energy must be also accompanied by a dis-
placement of the state minima due to the strong electron-lattice
coupling for AT\(F) and *T5(F), as it is schematically shown
in Fig. 5. The configurational energy parabola represent states
involved in the emission processes, at ambient pressure (solid
lines) and high pressure (dashed lines). The pressure-induced
shifts indicate that the 2E(G)-*T;(F) crossing point, which is
responsible for nonradiative deexcitation through the cascade
2E(G) — *T\(F) — *Ty(F) — *A,(F), approaches the *E(G)
minimum, thus reducing the activation energy A .

Under ambient conditions, the nonradiative activation
energy is according to the t(7') variation, A,y = 200 meV,
which is high enough to relatively minimize the PL loss at room
temperature (n ~ 60%). However, the PL loss can increase
with pressure if A, decreases. The pressure evolution of the
lifetime confirms it.

2. Excited-state crossover: Dynamical model

As discussed previously, the lifetime evolution can be
described taking into account radiative and nonradiative
processes occurring through the 2E(G)-*T, (F) crossover point
following Eq. (3). Accordingly, pressure and temperature
dependencies of the lifetime have been analyzed considering
that the activation energy depends linearly on pressure as
Agee = A%, — a P, but keeping fixed the other fit parameters.

act
Therefore we fit the data to the following equation:

AzpL )

1+ 3el=7r

AP AzpL
w, + w'l"e(_MT) + 3w,el— )

o(T,P) = 4
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Figures 4 and 7 show the least-square fit using the
following parameters for both temperature and pressure
dependencies: w; = (0.33 £ 0.01) x 100 s~ w, =(6.5+
1.4) x 10° s7h Azp =(27+£2) meV; wl=(2.25+
0.16) x 10" s71; A = (200 £ 8) meV; and & = (11.9 +
1.2) meV/GPa. It must be pointed out that Azpy was
kept constant with pressure. For temperatures above room
temperature, this approximation is fairly good since the PL
lifetime is mainly governed by nonradiative processes. In fact,
if we assume that Azpp increases with pressure, as the emission
band, at 14 meV /GPa (inset of Fig. 6), then we obtain the same
fitting parameters for the transition rates with the exception of
parameter ¢ = (8.6 & 1.0) meV /GPa that decreases a 20% to
consistently compensate the increase of Azp;, with pressure
when including Azpp, = 27 + 14 P in Eq. (4).

This result is noteworthy for understanding the visible PL
of Co?* in T, symmetry with the site volume. Opposite
to what is commonly accepted, four-coordinated Co>* PL
is favored upon tetrahedral volume expansion; i.e., volume
contraction yields activation of nonradiative processes. This
conclusion is important to understand the optical proper-
ties of Co>* in many oxides of interest in optoelectronics
(MgAl,04:Co?*; ZnO:Co?*), pigments (CoAl,0y), or phos-
phors (ZnAl;04:Co*t; MgAl,04:Co?*). Eventually this result
may explain some tricky PL behaviors attained in Co?* oxide-
based nanoparticles, thin films, or strained structures as due to
slight structure modifications induced in such conformations.

IV. CONCLUSIONS

We have demonstrated that Co?>™ PL in MgAl,04:Co**
originates from the long-lived 2E(G) state (t = 3.0 us) at
low temperature giving rise to a narrow peak structure with
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vibrational replicas of 26 meV (210 cm™~!). We show that there
is an ESCO [*T|(P) <> ’E(G)] at ambient pressure, which is
responsible for the evolution of the emission spectrum from a
broadband emission between 300 K and 100 K to a narrow peak
emission at 6 K. The PL lifetime decreases exponentially with
temperature due to two additional mechanisms: (i) the thermal
population of the short-lived *7;(P) emitting state and (ii)
the activation of nonradiative deexcitation channels associated
with the *T}(F) < 2E(G) crossing. The latter mechanism is
responsible for the PL quenching observed either above 300 K
atambient pressure (A, = 200 meV) or above 6 GPa at 295 K
(Ager < 140 meV).

It has been well established that, instead of enhancing
ESCO phenomena, pressure (or volume compression) reduces
Co** PL at tetrahedral sites and eventually suppresses it
(PL quenching). This conclusion is opposite to what is
generally accepted for PL impurity systems, stating that the
lower the transition-metal site volume, the more enhanced
the PL. Four-coordinated Co?* systems like those attained
in ZnAl,04:Co*", MgAl,04:Co’>*, or ZnO:Co’>" behave
oppositely and thus PL is favored upon volume expansion.
This conclusion is important for understanding and eventually
determining the structural requirements for highly efficient PL
materials based on Co?* (7)) systems.
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