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Abstract 

A study of the structural, Raman scattering and thermodynamic properties of a 

nanocrystalline ceramic rare earth oxide Yb2O3 and its bulk counterpart is reported. The 

nanosized sample was obtained by mechanical milling of bulk Yb2O3 (99.998%, high 

purity powder). The Rietveld analysis of the X-ray diffraction data indicates the 

presence of nanoparticles with a mean grain size of 12 ± 1 nm after 75 h of milling time. 

The crystallographic structure within nanoparticles is cubic Ia-3 and the lattice 

parameter a = 10.455 ± 0.002 Å. The nanocrystalline structure is confirmed by the 

evaluation of transmission electron microscopy images, showing a size distribution with 

a mean size DTEM = 8 ± 2 nm. Measurements of the specific heat (2 K to 300 K) reveal 

an excess contribution respect to the unmilled (bulk) compound in the high temperature 

region above 70 K. At lower temperatures the results are consistent with a drastic 

change of the antiferromagnetic contribution (ordered below TN = 2.2 K) as a result of 

the magnetic disorder arising from the size reduction process. The specific heat above 

TN for the bulk and nanocrystalline samples are explained by the interplay among the 

phonon contribution, crystalline field and the presence of anharmonic effects. In the 

nanocrystalline state, broadening and shifts of the contribution of phonon modes to the 

Raman spectra, and a further reinforcement of the anharmonic contribution are found.  
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1- Introduction. 

Rare earth oxides belong to a large class of materials displaying very attractive physical 

properties, with a high thermal stability, suitable for a variety of applications [1,2]. Among 

those compounds, the ceramic oxide Yb2O3, also known as “Ytterbia”, has widely been used in 

materials science research [3]. The material is used in high temperature (larger than 1500 oC) 

sensors measuring the radiation from the transition of 4f electrons in the Yb3+ ions due to 

thermal excitation [4]. Another application is their capability as an efficient sintering additive 

for the improvement of the mechanical properties and thermal conductivity of ceramics [5]. 

Moreover, they have also been applied as doped ZrO2-based composite electrolyte materials, 

showing high conductivities, essential in the development of intermediate temperature fuel cells 

[6]. 

Over last years, the “burst” of nanotechnology research has promoted the use of Yb2O3 in 

nanosized form and widen the possibilities of its potential applications. There are some fine 

examples: nano-Yb2O3 compounds are valuable to optimize the sintering performance of quartz 

ceramic materials [7] and in the development of optoelectronic devices, improving the optical 

data manipulation [8]. In the area of agriculture, they are employed in the fabrication of 

biosensors for urea (extensively used as fertilizers) detection in water [9]. In the ample 

biomedical field research, multiple assays have demonstrated the excellent biocompatibility of 

prepared Gd3+- doped Yb2O3 nanoparticles for in vivo applications [10]. 

Since the effect of nano-Yb2O3 addition on the properties of the materials may depend on 

the size or shape of the nanomaterial, several methods have been employed for the preparation 

of this ceramic oxide in nanometric form. For instance, the electrospinning technique [11] and 

the hydrothermal method [12] are adequate. In the latter, nanometric Yb2O3 has been 

synthesized successfully as nanowires, nanorods and nano-square plates. 
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To achieve further technical potential, it is crucial to understand the effect of the reduction 

of the size of the samples on the different physical properties of this material itself. In this sense, 

the present work will move forward in such a direction providing a deeper insight in the thermal 

properties, namely the heat capacity. Considering our previous experience in the preparation of 

rare earth-based nanoparticles, in particular, Yb alloys [13,14], and other rare earths [15, 16], we 

have selected the mechanical milling procedure to obtain the nanometric sample for the present 

work. This technique is suitable to obtain large (and cost-effective) quantities of nanocrystalline 

materials and the size can be tuned in a controlled way, with a reasonable size distribution.  To 

achieve a complete understanding, of the specific heat from 2 K to 300 K, we are discussing 

results obtained in compounds at the nanoscale together with those corresponding to bulk 

Yb2O3. 

2- Experimental details 

Nanocrystalline Yb2O3 was prepared by high-energy mechanical milling of a starting 

commercial (high purity, 99.998 %) powder from Alfa-Aesar company. The powder was milled 

in a planetary ball system (Retsch PM 400/2) at a rotation speed of 200 rpm, using containers 

and balls made of tungsten carbide. These containers are thoroughly cleaned, including a 

grinding process with Si. The structural characterization was carried out in a Bruker D8 

Advance diffractometer, with Cu-Kα radiation (λ = 1.5418 Å). Transmission electron 

microscopy (TEM) was performed in a JEOL JEM 1100 microscope at an operating voltage of 

80 kV. For the TEM characterization, the pressed pellet sample was first grinded with an agate 

mortar, and later dispersed in ethanol and ultrasonicated in a water bath for several hours at 

room temperature.  A drop of the nanoparticle suspension was placed onto a 300 mesh carbon- 

coated Cu grid, and air-dried before TEM observation. Heat capacity data as a function of 

temperature were collected in a Quantum Design PPMS device in the temperature range from 2 

K to 300 K. For this measurement, the powder was pressed in a press pellet die, and then a slice 

(2.5×2.5 mm2, 14 mg, approximately) was cut. Afterwards, it was attached to the sample holder 

platform with a standard cryogenic grease to ensure good thermal contact. Raman spectra were 
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collected at room temperature using the 514 nm line of a Coherent Innova 70 (Ar + Kr) laser 

with a triple monochromator Horiba-Jobin-Yvon T64000 spectrometer in subtractive mode with 

backscattering configuration, equipped with a Horiba Symphony liquid-nitrogen-cooled CCD 

detector. The laser line was focused on the sample with a 20X objective, and the powder was 

kept below 2 mW to avoid heating effects. The laser spot was 20 mm in diameter and the 

spectral resolution was better than 0.6 cm-1.  

3- Results and Discussion 

3.1- X-ray diffraction. 

The X-ray diffractograms and the Rietveld refinement of the bulk (henceforth 

referred as 0 h or unmilled sample) and 75 h milled Yb2O3 are presented in Figure 1. A 

reduction of the intensity and broadening of the peaks for the milled sample are 

observed. This is connected to the characteristic of reduction of the size of the particles 

and increase of the lattice microstrain [13-16].  The crystallographic structure of the 

cubic stable Yb2O3 phase is a primitive cell containing 16 formula units with 32 Yb 

atoms distributed among the two inequivalent positions at 8b and 24d sites, and 48 

oxygen atoms (O) at the 48e site [1]. The Rietveld refinements of both unmilled and 75 

h milled samples are consistent with a single cubic phase Ia-3- type (206) space group. 

For the unmilled Yb2O3, the value of the lattice parameter is a = 10.437 ± 0.002 Å in 

good agreement with the previously reported value [1]. The refinement is excellent with 

a very low Bragg factor (RBragg = 3.6 %). In the nanometric sample additional 

microstructure parameters to extract the nanoparticle size (DXRD) and microstrain (ε) 

were considered. Although a Williamson–Hall analysis can be carried out to extract 

both parameters, it is most complete to perform a profile-fitting procedure of the 

diffraction peaks using the Rietveld method [15, 17]. The result of the fitting gives a = 

10.455 ± 0.002 Å, for the lattice parameter, DXRD = 12 ± 1 nm for the mean size of the 

particles, and ε = 0.21 ± 0.02 % for the microstrain. The refinement shows a good 
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reliability (as for the bulk case), with a Bragg factor below 10 % (RBragg= 8.8%). Hence, 

the milling route allows producing nanometric powder of Yb2O3 in large quantities 

easily. 

3.2- Transmission electron microscopy.  

The structural characterization was completed using the transmission electron 

microscopy (TEM) to extract the mean nanoparticle size and the size distribution [18]. 

Figure 2 shows a selected image obtained for the 75 h milled Yb2O3 sample, with 

several representative nanoparticles showcasing a mean size DTEM = 8 ± 2 nm. This 

mean value was obtained from the analysis of the size-distribution histogram, following 

the usual Log-normal function. This value of the mean particle size is near to that 

calculated by Rietveld refinement of the XRD pattern. It has been impossible to 

ascertain better the lower size histograms with the images at hand. It appears that the 

milling process reaches a limiting low value of the size around 5 nm, at least with the 

planetary system here employed, as obtained for instance, in other materials [15,19-21]. 

In any case, the shape of the size distribution is reasonable and the value of the mean 

particle size is close to that calculated by Rietveld refinement of the XRD pattern. This 

is the relevant finding for the rest of the specific heat study: an ensemble of 

nanocrystalline (Ia-3) particles of Yb2O3 is obtained. 

 3.3-  Specific heat. 

The thermal behavior is mainly governed by the phonon (lattice vibrations) 

contribution, which should be influenced by grain size reduction and/or disorder effects 

[19-21].  In the present work, measurements and a detailed analysis of the specific heat 

of the unmilled and 75 h milled (12 nm) Yb2O3 samples are provided. Figure 3 shows 

the temperature dependence of the (pressure constant) specific heat (cp) of both samples, 

between 2 K to 300 K. From room temperature (cp » 120 J/molK) to low temperatures, a 
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conventional decrease of cp is observed down to around 10 K. For T < 10 K, an increase 

of the specific heat is observed, especially for the unmilled Yb2O3 (» 20 J/molK). From 

these measurements, it turns out the existence of an excess cp contribution in the 75 h 

milled sample respect to the one corresponding to the unmilled (0 h) compound for T > 

70 K. Below this temperature, the previous tendency changes resulting in a higher 

contribution for the unmilled sample, as detailed in the inset of Figure 3. The overall 

behavior of the curves can be explained by the combined influence of the reduction in 

the antiferromagnetic contribution at low temperatures (in the 75 h milled sample), and 

the variations in the phonon spectra, as will be discussed below. 

The magnetic contribution to the specific heat should also be appearing for T < TN. 

The effect of the size reduction process on the magnetic contribution of the specific heat 

of Yb2O3 is revealed in Figure 4, where we now concentrate on T ≤ 10 K. It is worth 

mentioning that previous studies on the specific heat of Yb2O3 were limited to the 

temperature range above 10 K [22].  A distinct peak in the 0 h sample is evident, which 

is associated to the antiferromagnetic transition at TN = 2.2 K. Such an antiferromagnetic 

state was established in detail for Yb2O3 by neutron diffraction experiments in a 

previous work [23]. The magnitude of the magnetic peak of the unmilled sample is 

reduced four times for 75 h sample. This reduction has been observed in other rare 

earth-based magnetic systems, where the magnetic cp peak can even disappear. The 

origin is related to finite-size, surface and disorder effects in nanoparticle systems [19, 

20]. Above TN, magnetic short-range magnetic correlations are observed, until 7 K in 

the unmilled and to 9 K in the milled sample. The inset of Figure 4, shows details of the 

magnetic contribution in the milled sample. The single peak (lambda anomaly), typical 

contribution in the unmilled Yb2O3 changes to a more complex magnetic cp contribution 

when the material is formed by an ensemble of nanoparticles. This effect is subtle and 
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cannot be further discussed with the current data. In fact, this effect is reflected in the 

magnetic contribution of the milled Yb alloys at low temperatures, as in the 

intermediate valence YbAl3 [13]. It also emphasizes the importance of the 

characterization of nanosized Yb2O3 in the study of nanometric Yb strongly correlated 

electron materials [13, 14, 24]. In particular, in the milled YbAl3 the impurity 

contribution of the Yb2O3 oxide can be unveiled by subtracting the electronic and 

phonon contributions (c ≈ gT+ bT3) [13], from the total specific heat at low 

temperatures. This equally results in a double-peaked shape for the magnetic 

contribution associated to Yb2O3, similar to the obtained here for Yb2O3 (Figure 4).  

 From 10 K up to room temperature, the pure magnetic effects are negligible. In such 

a temperature range, two additive contributions are expected, which are stemming from 

the crystal field and the crystal lattice vibrations. Due to the insulator nature of ceramic 

oxide Yb2O3 the linear electronic term (gT, where g is the Sommerfeld coefficient) 

typical for metals, will not be considered. Let us start with the Schottky type 

contribution of CF levels to the specific heat [23, 25].  In magnetic Yb2O3 oxide, the Yb 

atoms are in Yb3+ valence state, as corroborated from the analysis of XANES (X-ray 

Near Edge Structure) measurements [13]. This valence state is even maintained when 

milling Yb2O3 up to 75 h (12 nm), similar to what occurs in magnetic 30 h milled YbNi2 

nanometric alloys (10 nm) [14]. Thus, this state is consequent with its magnetic 

behavior as well. Therefore, the eight-fold degenerate ground term of Yb3+ with J = 7/2 

should be split into two doublets and one quartet in cubic symmetry [26]. However, 

there may be cases where the local symmetry around the magnetic ions may differ 

slightly from the cubic symmetry. Thus, smaller terms of lower symmetry must be 

considered and, the quartet state could additionally split into two doublets. Hence, the 

final configuration includes four doublets for the CF states of Yb3+. This is the case of 
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Yb2O3 oxide with two Yb atoms at different positions (8b and 24d) within the 

crystallographic structure of the Ia-3-type and different coordination with the oxygen 

atoms [23]. In fact, a detailed analysis of the specific heat experimental data of Yb2O3 

indicates that the levels scheme with four doublets is more adequate to describe the 

contribution from the CF levels [22, 25]. From these reports, the values of the splitting 

of the different doublets for the two Yb atoms at positions 8b (C3i) sites and 24d (C2) 

sites were estimated. Their analysis indicates the existence of a ground state doublet, 

with approximate near positions for the excited doublets centered around 515 K (361 

cm-1), at 954 K (668 cm-1) for the second and with overall splitting of 1429 K (1000 cm-

1) for the two Yb positions [25], taking the equivalence between the units (1 K ≈ 0.7 cm-

1). 

The second additive contribution to the total specific heat is that associated to the 

phonon modes [27]. This contribution commonly referred as “lattice specific heat”, is 

well described within the Debye model, and associated to the existence of acoustic 

phonon modes of vibrations. According to previous sonic experiments in bulk Yb2O3, a 

value of the Debye temperature qD = 385 K was estimated from the Young's and shear 

moduli [28]. In a first approximation of the analysis of the specific heat of the unmilled 

Yb2O3 sample, the fit of the experimental data for T > 20 K with a fixed contribution of 

CF levels (scheme of four doublets [25]), and the phonon contribution with a single 

Debye temperature was unsuccessful giving a value of c2 = 1989. , 

where y is the fitted value for a given point, yi is the original data value for the point and 

wi is the standard error for the point. To overcome that unreasonable result, peculiarities 

of the phonon spectra with two different Yb and O atoms and, additionally, with two Yb 

atoms at different crystallographic positions should be considered. The irreducible 
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representations of vibrations of atoms occupying the different sites in Yb2O3 are: C2 

(Yb) (Ag + Au + Eg + Eu + 5Tg + 5Tu); C3i (Yb) (Au + Eu + Tu ), and C1 (O) (3Ag + 3Eg + 

9Tg), associated to Raman-active (Ag, Eg and Tg symmetries) and  infrared-active (Au, 

Eu and Tu symmetries), respectively [25, 29]. Raman spectroscopy measurements in the 

unmilled (0 h) and 75 h milled Yb2O3 are presented in Figures 5 to 7. The main 

contributions can be focused on three regions. A first group of low frequency peaks 

appears up to 145 cm-1 (see Figure 5). A central range lies between 270 cm-1 and 400 

cm-1 (Figure 6), and a last set of peaks are visible between 530 cm-1 and 700 cm-1 

(Figure 7). The mode assignment sequence has been performed according to previous 

Raman scattering studies reported on bulk Yb2O3 [25], where a shift of the peaks from 2 

to 8 cm-1 of Raman spectra from 10 K to 300 K should be considered. The spectra are 

dominated by a high intensity peak (Ag+Tg), being in the bulk sample around 361 cm-1 

with a shoulder centered at 336 cm-1. This last contribution (shoulder) can be ascribed to 

the Stark level assignment for Yb3+ ion in C3i site (Gel, C3i) [25, 29].  

Comparative studies of Raman spectroscopy in a series of cubic oxides of the R2O3 

(R- Rare earth) type suggest that the low frequency peaks (from 82 cm-1 to 143 cm-1) 

can be mainly ascribed to the vibration of rare earth ions [31]. Therefore, due to the 

large difference between the mass of the oxygen and rare earth ions, the phonon modes 

can be separated into two groups: those of high-frequency mainly related to oxygen 

vibrations, and the low-frequency ones, with a preference of rare-earth atoms [31]. 

In view of the findings just described, it seems plausible to consider two phonon 

contributions involving groups of different atoms. In this sense, in a second 

approximation to evaluate the different contributions to the specific heat of Yb2O3 

besides de CF contribution [25], we have considered an additional Debye function to 

take into account the presence of atoms contributing preferentially to the low or high 
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frequency phonon modes. In the Debye harmonic approximation of the lattice 

contribution [19, 27], the specific heat at constant volume is given by: 

                                                                 (1)      

Where Nat is the number of atoms (for instance, Nat = 5 for Yb2O3), and qD is the 

Debye temperature. Then, to account for the phonon contribution, we have considered 

the following function for the fitting: 

                                                              (2) 

Where f is the fraction of the total number of atoms (Nat), which can be characterized 

with a Debye temperature qD1. Therefore (1-f) will be the fraction of the atoms related 

with the second qD2. According to the Debye model, the characteristic temperature (qD) 

is directly related with the frequency of vibrations (hn = kqD), where h and k are the 

Planck’s and Boltzmann’s constants, respectively. The CF contribution has been fixed 

according to the values of the splitting given in reference [25]. The results of the fitting 

for T > 20 K indicate that with a fixed parameter Nat = 5, there is a very visible 

discrepancy above 200 K, with the fitting curve giving lower values respect to the 

experimental ones, being c2 ≈ 63. Thus, it turns out that an extra (small) contribution 

should be taken into account. 

An important fact to be considered is that the experimental curve is obtained at 

constant pressure (cp vs. T), whereas the Debye model is related with a process at 

constant volume following a harmonic approximation ( ). The specific heats at 

constant pressure and volume are related by the following thermodynamic relation:  
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                                                                                                  (3) 

where BT, Vm and αv are the isothermal bulk modulus, the molar volume, and the 

volume thermal-expansion coefficient, respectively [32]. There are a lot of solids, for 

instance pure metals as Fe and Cu, where the difference around room temperature 

reflected in equation (3) is very small and the specific heat associated to phonons is well 

described using solely the Debye model [19]. However, in the case of the Yb2O3, the 

difference observed in our fits between the experimental and the theoretical model may 

be indicative of a non-negligible anharmonic correction at high temperatures as 

observed in other materials [33, 34]. In fact, temperature dependent Raman scattering 

studies above 80 K in Yb2O3 reveal that anharmonic contributions arising from the 

phonon-phonon interaction due to the lowest-order cubic and quartic terms in the inter-

atomic potential affect the phonon modes [29]. This suggests that the anharmonicity 

effects must be taken into account in Yb2O3 when analyzing the heat capacity. In this 

line, these anharmonic effects can be taken into account by a simple phenomenological 

correction , which is similar to the well-known relation given by 

equation (3), but with  instead of cV  [33,34]. Within this framework, our third 

evaluation of the experimental data has considered anharmonic effects. The CF 

contribution is fixed according to estimated parameters in [25]. Thus, the total 

experimental specific heat is a sum of the lattice vibrations with the anharmonic 

correction and CF contributions (cCF): 

                                                                                                  (4) 

The result of the fitting procedure for T > 20 K (solid line), in this third approximation, 

is shown in Figure 8, in a cp/T vs. T plot. A good agreement with the experimental data 

TVmVp BTVcc a=-

( )Tcc h
Vp h+= 1

h
Vc

( ) CFphp cTcc ++= h1



 12 

is obtained (c2 ≈ 9), being the parameters: Nat = 5 (fixed value), qD1 = 771 ± 5 K, qD2 = 

177 ± 2 K, f = 0.674 ± 0.004, and h = (1.7 ± 0.1)·10-4 K-1. In this approximation, the 

value of qD1 = 771 K (540 cm-1) would reflect the contribution from high frequency 

modes, being shifted to the side of the one of main lines in the Raman spectrum around 

610 cm-1, whereas qD2 = 177 K (124 cm-1) is near to the center of the group of low 

frequency peaks close to the contribution from the Ag + Tg mode located at 118 cm-1 

(169 K) (see Figure 5). Interestingly, the value obtained for the fraction of atoms 

contributing to the high frequency vibrations (f = 0.674) gives a number of atoms f*Nat 

= 3.37 atoms from the total of 5 in Yb2O3. This finding indicates the preference of the 

oxygen atoms to contribute to high frequency phonon modes. Consequently, the other 

fraction (1-f)*Nat = 1.63 can be associated to the preference of Yb to participate in low 

frequency vibrations. It is worth commenting that this separation into two groups is an 

approximation since modes of vibrations reflected in the peak centered around 361 cm-1 

(514 K) could contribute equally to the low or high frequency modes in our 

approximation for the analysis of the specific heat data. Moreover, some of the observed 

modes in the Raman spectra may be a superposition (closely spaced) different type of 

modes [29]. Thus, for this reason the word preference should be emphasized for this 

approximation [31]. Concerning the anharmonic correction, the value of the parameter 

h =1.7·10-4 K-1 is of the same order as that obtained for the series of compounds RMIn5 

(R = Gd, La,Y; M = Co, Rh) [34]. Anharmonic effects are important for T > 150 K, 

being the correction around 5% at 300 K.  

Once we have unambiguously established the contributions to the total specific heat 

in the unmilled oxide, it is possible to address correctly the variations in the nanosized 

Yb2O3 (75 h). In this case, the evaluation of the different contributions has been carried 

out taking into account equations (2) and (4). However, due to the nanometric nature of 
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the sample, the fraction f should also account the fraction of atoms contributing to low 

frequencies due to the softening of phonon modes at the surface of the particles. In 

materials composed of a single type of atoms, as some nanocrystalline metals for 

example, there should be a parameter associated to the contribution of the atoms at the 

surface of the particles [19]. In nanometric Yb2O3, the situation is more complex 

because there exist contributions from rare earth and oxygen atoms to low and/or high 

frequency modes, as commented above. Thus, it will be more difficult to separate the 

surface contribution from that stemming from the nanoparticle core. We are explaining 

below the influence of the reduction in particle size in the lattice, magnetic and CF 

contributions to the specific heat.  

The phonon spectrum of the bulk material is expected to change when reducing the 

size of the samples because the influence of size and surface effects on the phonon 

modes [19, 35, 36]. In this sense, Raman scattering measurements in nanosized (12 nm) 

75 h milled Yb2O3 (Figures 5 to 7) show the typical broadening of the peaks and shifts 

of their positions respect to the unmilled Yb2O3 due to the nanometric nature of the 

sample [35, 36].   Low frequency peaks at 95 cm-1 (Tg) and 118 cm-1 (Ag + Tg) of the 

unmilled sample are shifted to 93 cm-1 and 116 cm-1, respectively in the 75 h milled 

Yb2O3 (12 nm) (Figure 5). There is also another change in the spectrum respect to the 

bulk sample, as the peak at 82 cm-1 does not appear and that at 90 cm-1 appears as a 

broad shoulder of the Tg mode at 93 cm-1. On the other hand, the broadening can be 

clearly observed with the fusion of the peaks at 137 cm-1 (Tu) and 143 cm-1 (Tu) of the 

unmilled (0 h) into one broad contribution centered around 140 cm-1 of the 75 h milled 

Yb2O3 (Figure 5). As an interesting feature, no contributions are found between 200 cm-

1 and 300 cm-1 both in bulk and 75 h milled Yb2O3 samples (Figure 6). This situation is 

different to that observed in Raman scattering experiments on Ho2O3 nanocrystals, 
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where a new peak arises around 220 cm-1 [37], when compared to the spectrum of the 

bulk Ho2O3 [31]. In the highest frequency range (Figure 7), we are focusing on the 

region from 530 cm-1 to 650 cm-1 (centered around 610 cm-1), where the clear 

contribution from the samples is found. Here, the Tu mode at 558 cm-1 in the 0 h sample 

disappears with the milling process, and a shift of the Tg mode down to 603 cm-1 in the 

75 h milled respect to the unmilled (0 h) Yb2O3 is observed. Additionally, an 

unidentified broad hump around 657 cm-1 is detected in the milled sample, which is not 

found in the unmilled (0 h) Yb2O3. This last contribution may come from the 

nanometric nature of the milled sample. In a nanostructured material, it is expected the 

emergence of new phonon modes associated to phonon confinement and/or to the 

softening of the phonon modes at the surface of the nanoparticles when reducing the 

size of the samples [19,35,36]. The experimental observation of these new phonon 

modes contributions may depend on the size of the particles and the characteristics of 

the interface of the given nanostructured material [35,36]. Moreover, it has also been 

observed that the disorder (strain) can also induce the appearance of new phonon 

modes, as reported for instance in Cr-doped PrFeO3 [38]. Thus, according to the 

features of the contribution found around 657 cm-1 in the 75 h milled Yb2O3, this 

behavior resembles that observed in the Cr-doped PrFeO3 system, and probably it could 

be associated to the increase of the lattice strain during the size reduction (milling) 

process, as concluded from the analysis of the x-ray diffraction results (Figure 1). In any 

case, the nature of this contribution may be a subject of future studies of Raman 

spectroscopy measurements in Yb2O3 for different milling times, which can elucidate 

this issue.  

Secondly, concerning the magnetic contribution in the milled sample, the “lambda” 

anomaly in the unmilled Yb2O3 sample related with the antiferromagnetic order at TN = 
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2.2 K is reduced four times after 75 h of milling time (see Figure 4). Consequently, the 

magnetic contribution associated to CF effects would also be reduced, as has been 

observed in other Yb milled magnetic systems by the analysis of the experimental data 

of specific heat and Electron Spin Resonance (ESR) measurements [14]. Thus, it seems 

plausible to consider a reduction of CF contribution when fitting the specific heat vs. 

temperature curve of the ensemble of Yb2O3 nanoparticles. This effect was accounted 

for the fittings leaving free the number of Yb ions, but maintaining a fixed splitting of 

the CF levels, as obtained from reference [25]. 

The result of the fitting procedure in Yb2O3 (75 h) is presented in Figure 8 

(bottom). In this plot, we have also included the behavior of the main contributions 

separately to ease the understating: 2 lattice contributions with different Debye 

temperatures, and the CF. An excellent agreement respect to the experimental data is 

obtained with a very low c2  ≈ 3.8. The values (Nat = 5, fixed value) of the parameters in 

the fit give: qD1 = 662 ± 10 K, qD2 = 204 ± 3 K, f = 0.678± 0.009, Nion= 1.2 ± 0.2 

(related to the CF contribution) and h = (3.6 ± 0.3)·10-4 K-1.  The value of qD1 = 662 K 

(463 cm-1), as in the unmilled sample, is related with the high frequency modes. It is 

being shifted practically to the center between the lines at 366 cm-1 and 603 cm-1 in the 

Raman spectrum of the 75 h milled sample.  Respect to the low frequency phonons 

contribution with qD2 = 204 K (143 cm-1), this is shifted to higher values respect to that 

observed in the unmilled sample with qD2 = 177 K (124 cm-1), and is near to the 

contribution of the two modes Tu centered around 140 cm-1 of the 75 h milled Yb2O3 

(see Figure 5).   

Concerning the value obtained for the fraction of atoms contributing to high 

frequency vibrations (f = 0.678), it is close to that obtained for the unmilled sample. In 

nanocrystalline metals, this value would indicate a fraction (1 - f) = 0.32 of atoms 
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located at the surface of the nanoparticles using a single model, different to that 

expected of 0.25 for 12 nm nanoparticles [19]. As commented above, this 

approximation, which works well for systems made of a single type of atoms, may not 

be so adequate in Yb2O3 due to the existence of different atoms contributing to low 

and/or high frequency phonon modes. Therefore, it is more difficult to reach a proper 

estimation of the contribution from the core of the nanoparticles. Furthermore, the value 

obtained for the parameter Nion= 1.2 reflects a reduction of 40 % in the magnetic 

contribution of the CF effects related with the magnetic disorder. 

Regarding the anharmonic correction, the value of the parameter h =3.6·10-4 K-1 

increases in comparison to the unmilled sample, being important for T > 100 K, with a 

correction around 9 % at 300 K, as shown in Figure 5 (bottom). From the result of the 

fitting it seems that anharmonic effects are reinforced with the process of the size 

reduction of the sample. This decrease of the size is also accompanied by an increase of 

the lattice strain (e = 0.21 %) as obtained from the Rietveld analysis of the X-ray 

diffraction data, which indicates the influence of disorder on the anharmonic effects in 

Yb2O3. Indeed, measurements of microstructure, thermal expansion and specific heat of 

ordered and disordered Pd3V alloy showed that the 70 % of the difference of the 

vibrational entropy of disordered and ordered Pd3V can be attributed to anharmonic 

effects [39]. 

 

4- Conclusions 

The structural state and the specific heat behavior of bulk (unmilled) ceramic oxide 

Yb2O3, and a nanocrystalline sample with mean grain size » 12 nm obtained by 

mechanical milling have been investigated. The specific heat shows a thermal behavior 

which is dominated by the contribution from the lattice vibrations, with a small low 
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temperature contribution (T < 12 K) stemming from the onset of antiferromagnetic 

order at TN = 2.2 K. Above this temperature, the experimental data have been analyzed 

in detail, requiring the consideration of contributions from phonons, crystal field and 

anharmonic effects. According to peculiarities of the phonon spectrum of the series of 

rare earth R2O3 oxides [30, 31], an approximation which takes into account the presence 

of atoms contributing preferentially to the low (Yb atoms) or high (oxygen atoms) 

frequency phonon modes has been employed [31]. The validity of this approximation 

has been checked by the analysis of the parameters given by the fitting procedure. These 

are consistent with the number of Yb and oxygen atoms in Yb2O3, as well as by the 

correlation of the other parameters with the observed lines in the measured Raman 

spectra. In the nanometric sample the phonon spectrum is affected, with a broadening 

and shifts of the peaks respect to the unmilled sample. In the present work, it has been 

shown that very fine structural details should be considered to separate the contributions 

from the core and the surface atoms. This contrasts with previous analyses in simple 

nanocrystalline metals, in which such a separation was possible [19]. A way to 

disentangle the core and shell contributions could be to work on systems with several 

samples (with different nanoparticle sizes), which can constitute a future research line. 

Finally, the analysis of the experimental data is consistent with the presence of 

anharmonic effects, which are in agreement with Raman scattering experiments [29]. 

These are reinforced in the nanometric sample with the increase of disorder (lattice 

strain).  
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Figure 1. Results of the Rietveld refinements of the X-ray diffraction data in the unmilled (0 h) (bottom) 
and 75 h milled (top) Yb2O3 samples. In both cases an excellent reliability of the fitting results is obtained 
with Bragg factors (RBragg) below 10 %. 
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Figure 2. Left: TEM image of representative nanoparticles with a mean size of 8(2) nm of 75 h milled 
Yb2O3 sample resulting from the analysis of the histogram distribution of sizes. Right: Histogram of the 
size distribution and log-normal fit. Milling bulk Ytterbia for 75 hours is enough to produce an ensemble 
of Yb2O3 nanoparticles. 

 

 

 

Figure 3. Specific heat at constant pressure vs. temperature curves for the unmilled (0 h) and 75 h milled 
Yb2O3 samples. An excess contribution in the milled respect to the unmilled one is observed above 70 K.  
A detail of the region between 10 K and 70 K is depicted in the inset. 
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Figure 4. Low temperature region of the specific heat at constant pressure vs. temperature curves for the 
unmilled (0 h) and 75 h milled Yb2O3 samples. A drastic change of the peak is observed after the milling 
process. Details of the double- peaked shape contribution in the 75 h milled sample are depicted in the 
inset. 
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Figure 5. Raman spectra of the unmilled (0 h) and 75 h milled Yb2O3 oxide at room temperature with 
mode assignment [25] and indication of the positions of the main contributions in the low frequency 
region. Broadening (for instance: the two Tu modes between 135 cm-1 and 145 cm-1) and shifts of the 
positions (for instance: Tg and Ag+ Tg modes) of the 75 h milled respect to the bulk Yb2O3 oxide are 
observed. 
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Figure 6. Raman spectra of the unmilled (0 h) and 75 h milled Yb2O3 oxide at room temperature with 
mode assignment [25] and indication of the positions of the main contributions in the mid-frequency 
range of the measurements.  
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Figure 7. Raman spectra of the unmilled (0 h) and 75 h milled Yb2O3 oxide at room temperature with 
mode assignment [25] and indication of the positions of the main contributions in the high frequency 
region. A new contribution (broad hump) around 657 cm-1 in the 75 h milled respect to the unmilled (0 h) 
Yb2O3 is observed. 
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Figure 8- cp/T vs. temperature curves for unmilled (0 h) (top) and 75 h milled (bottom) Yb2O3 oxide. The 
partial contributions from the crystalline field effects (CF), and two Debye contributions with 
temperatures Debye (qd1) and Debye1 (qd2) (see text) are given. A better fit of the experimental data is 
reached by considering an additional contribution from anharmonic vibrations of the atoms, which are 
reinforced in the milled sample.   

 

 

 




