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a b s t r a c t   

In this study, we report an experimental investigation of (Gd1−xYbx)2O3 under high pressure by means of 
Raman scattering measurements complemented with ab initio calculations in pure Gd2O3. Raman spec-
troscopy of compressed (Gd1−xYbx)2O3 (x = 0.11) revealed a first phase transition from the cubic Ia3 phase 
(C-type) to the monoclinic C2/m phase (B-type) at 6.2 GPa followed by a second phase transition towards 
the trigonal P3m1 phase (A-type) at 9.8 GPa. This sequence of phase transitions is different to that pre-
viously reported for pure Gd2O3. A phase transition from the trigonal to the monoclinic phase is observed on 
downstroke, so the B-type phase remains metastable at room pressure, as observed in all C-type rare earth 
sesquioxides. Theoretical calculations have helped to identify the different polymorphs and to assign the 
symmetry of the observed first-order Raman-active modes in the three phases. The pressure coefficients of 
the Raman-active modes of the three phases followed under pressure have been reported and compared to 
those of pure Gd2O3 and other rare-earth sesquioxides. 

© 2021 The Author(s). Published by Elsevier B.V. 
CC_BY_NC_ND_4.0   

1. Introduction 

Rare-earth (RE) sesquioxides (SOs) are oxides of the chemical 
elements with atomic numbers 57–71 (for lanthanides) and 89–103 
(for actinides). RE SOs have RE2O3 stoichiometry and have been 
studied for many years because of their large interest in scientific 
and technological fields. These compounds show great applications 
as light emitters (lasers and improved phosphors), catalysts, high- 
dielectric constant (high-k) gates, neutron absorber for nuclear fuel 
control, nuclear waste storage, data storage, magnetorestrictive al-
loys, magnetic refrigeration, cement additives, paints, coatings, solid 
oxide fuel cells, etc [1]. From all the RE2O3 compounds, Gd2O3 ex-
hibits an attractive and potential applications in many fields of 
technology. It is used as corrosion resistive and passivating coating 
because of its high refractive index [2] and it is very useful when 
used as antireflection coating. Also, when doped with rare-earth 
ions, Gd2O3 shows good luminescent properties. In particular, no-
table interest has been recently found in the luminescent properties 
and laser operation of Yb-doped Gd2O3 [3–6]. 

RE2O3 compounds can be found at ambient conditions depending 
on the ionic radius of the RE element in either of three phases [7]: 
the trigonal A-type structure (space group (s.g.) P3m1, No. 164), the 
monoclinic B-type structure (s.g. C2/m, No. 12) and the cubic C-type 
structure (s.g. Ia3, No. 206). The molar volume of RE SOs is known to 
decrease in the sequence C→B→A with increasing cation coordina-
tion number at ambient conditions. Then, high pressure (HP) is ex-
pected to cause the sequence (C→B→A)[8]. In particular, Gd2O3 has 
been synthesized in the cubic and monoclinic phases at ambient 
conditions and transformation between the B and C phases has been 
found at high temperatures [7]. The unit cell of cubic C-type Gd2O3 

(Fig. 1 (left)) contains three independent atoms: two inequivalent 
Gd3+ atoms, located at 8b and at 24d Wyckoff sites, and one O2- atom 
located at a 48e site. In this phase, both Gd3+cations are surrounded 
by six O2- anions. The unit-cell of monoclinic B-type Gd2O3 (Fig. 1 
(center)) contains eight independent atoms: three Gd3+ located at 4i 
Wyckoff sites and five O2−, four of them located at 4i Wyckoff sites 
and one located at a 2b site. In this phase one Gd atom is coordinated 
with 6O atoms and two Gd atoms are coordinated with 7O atoms. 
Finally, the unit-cell of trigonal A-type Gd2O3 observed at HP (Fig. 1 
(right)) contains three independent atoms: one Gd3+ located in a 2d 
Wyckoff position and two O2- located in 1a and 2d Wyckoff posi-
tions. In this phase, Gd3+ is sevenfold coordinated to O2−. 
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The Raman scattering of Gd2O3 has been studied in several works 
either in the C- or B-type phases at room pressure [9–19]. Up to 19 
modes out of 22 were observed for C-type Gd2O3 and up to 21 modes 
out of 21 were observed for B-type Gd2O3 [13]. Theoretical first- 
principle studies of the structural, elastic, and electronic properties 
of RE sesquioxides in the A, B, and C-type phases have been reported  
[20–38], but a theoretical study of the vibrational properties of any 
of their three phases has only been performed for local vibrational 
modes of Eu and Yb in Gd2O3 [39,40] and more recently for Tb2O3  

[41]. Therefore, no theoretical first-principles study of the vibra-
tional properties of Gd2O3 is available in the literature to our 
knowledge. 

Several studies have been devoted to Gd2O3 under compression 
from an experimental point of view using either X-ray diffraction 
(XRD), Raman scattering (RS) or photoluminescence (PL) measure-
ments and ab initio calculations [42–54]. In a first study, C-type 
Gd2O3 was shock-loaded to 2–50 GPa, thus transforming Gd2O3 into 
the B-type structure according to XRD measurements [42]. In a 
subsequent work, C-type Gd2O3 was shown to transform directly to 
the trigonal A-type structure between 4.6 and 5.2 GPa according to 
HP-XRD measurements under static compression and the B-type 
structure was found on downstroke below 5.2 GPa [43]. More re-
cently, bulk and nanocrystalline (30 nm) Eu3+-doped Gd2O3 was 
studied by HP-XRD and HP-PL measurements that found the C-A 
phase transition (PT) above 13.4 GPa, irrespective of the grain size 
and the obtention of the B phase was confirmed on downstroke  
[44,45]. Later, HP-XRD measurements confirmed the C-A PT on up-
stroke and gave the bulk moduli of both phases [46]. The C-A tran-
sition between 7.0 and 15 GPa and the recovery of the B phase on 
downstroke was also confirmed by Zhang et al. in bulk Gd2O3 both 
by HP-XRD and HP-RS measurements [47]. Besides, the bulk mod-
ulus of bulk C-type Gd2O3 was provided. Unfortunately, neither the 
Raman-active modes of the C-type phase under compression, nor 
the Raman-active modes of the HP phases were followed except for 
two modes of the A phase near 500 cm−1 at HP, nor the character-
ization of the RS spectrum of the B-type phase at room pressure has 
been observed. Up to five Raman-active modes of the C-type phase 
were measured at HP by Dilawar et al. in Gd2O3 30-nm nanocrystals  
[48]; however, the nanocrystals showed a pressure-induced amor-
phization (PIA) above 9 GPa since the two modes of the trigonal 
phase near 500 cm−1 were observed to be on top of a very broad 
band, likely due to amorphous material. Further HP-XRD measure-
ments in bulk Gd2O3 reported a C-B PT on the sample loading pro-
cess, due to precompression of powders to around 2 GPa. This PT was 
followed by a B-A PT above 8.9 GPa [49], which would indicate the 
sensitivity of this compound to non-hydrostatic conditions. More-
over, the bulk moduli of the three phases were provided and com-
pared to theoretical calculations. Similarly, HP-XRD measurements 
in bulk Gd2O3 reported the C-A PT on upstroke above 7.0 GPa and the 
bulk moduli of the two phases was reported [50]. More recently, HP- 
XRD measurements were also used to study the effect of Er doping 
on the Gd2O3 PT sequence [51]. The C-A PT was found above 8.6 GPa 
on upstroke and the B-type phase was found below 9.5 GPa on 
downstroke. Besides, the bulk moduli of the three phases were 

provided and compared to those provided by previous works. Fur-
ther, HP-PL and HP-RS measurements were performed in Eu3+- 
doped Gd2O3 nanorods [52], showing the C-A PT above 11.3 GPa. 
Again, very few Raman-active modes of the C- and A-type phases 
were followed at HP and no detail analysis of the lattice dynamics 
was done as in previous papers. HP-XRD and HP-RS measurements 
were used to study C-type Er3+-doped Gd2O3 nanorods [53]. A PIA 
above 9.4 GPa was found and a bulk modulus much larger than that 
of the bulk material was found despite having a similar but slightly 
larger lattice parameter. Finally, HP-RS measurements in C-type 
Gd2O3 nanocrystals reported the pressure dependence of the most 
intense Raman-active mode. These modes were compared to those 
of nanocrystals of other C-type RE sesquioxides, finding similar 
pressure coefficients for the same vibrational modes [54]; however, 
the pressure coefficients of this group of compounds were not pro-
vided Literature reports no detailed data of Raman-active modes of 
A-type Gd2O3 in the few HP-RS measurements, where this phase is 
distinguished. 

Since no RS study has been conducted in Yb-doped Gd2O3 and 
the few HP-RS studies performed in Gd2O3 have left many un-
answered questions, we report in this work a vibrational study of 
Gd1.78Yb0.22O3 at HP by means of HP-RS measurements up to 
20.5 GPa complemented with lattice dynamics ab initio calculations 
for pure Gd2O3. Raman spectroscopy is a non-destructive technique 
that is optimal for understanding the changes in the structure of the 
sample and identify the PTs easily as it is very sensitive to the vi-
brations in the local structure [55]. HP-RS measurements of 
(Gd1−xYbx)2O3 (x = 0.11) revealed a first PT from the C-type to the B- 
type phase at 6.2 GPa followed by a second PT towards the A-type 
phase around 9.8 GPa. As expected, we have observed on down-
stroke the A-B PT below 9.8 GPa (Fig. 1). Finally, we must mention 
that theoretical calculations have helped to identify the Raman-ac-
tive modes of the different polymorphs and to assign the symmetry 
of the first-order Raman-active modes of each phase along the 
pressure range studied. Moreover, we report the experimental 
Raman-active modes of the three phases of (Gd1−xYbx)2O3 (x = 0.11) 
as a function of pressure and the corresponding pressure coeffi-
cients, showing a nice agreement with theoretically simulated fre-
quencies and HP dependences of pure Gd2O3 and Tb2O3. In 
particular, we provide for the first time the four Raman-active modes 
of the A-type phase of Gd2O3. A comparison of the pressure coeffi-
cients of the Raman-active modes of the three phases with those 
isostructural RE SOs is also provided. 

2. Experimental details 

The samples used in this study were millimeter-sized pure cubic 
Gd1.78Yb0.22O3 single crystals synthesized from commercial powders 
of raw materials (Gd2O3, Yb2O3, Li2CO3 and H3BO3) of 4N purity that 
were used as received. The crystal growth of Gd1.78Yb0.22O3 single 
crystals was performed by high-temperature solution growth, using 
a Li6(Gd0.95Yb0.05)(BO3)3 solvent, in several stages that differ a little 
bit from the processes described in [56]. At first, a solute of formula 
(Gd0.95Yb0.05)2O3 was prepared by reacting together a stoichiometric 

Fig. 1. Scheme of the phase transition sequence observed in Gd1.78Yb0.22O3. (Left) Cubic C-type s.g Ia3 (Center) Monoclinic B-type s.g C2/m and (Right) Trigonal A-type s.g P3m1.  
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and mechanically mixed amount of Gd2O3 and Yb2O3 powders. Then, 
the Li6(Gd0.95Yb0.05)(BO3)3 solvent was synthesized by mechanically 
mixing and grinding stoichiometric amounts of the hereabove 
mentioned powders, which were subsequently heated in air in a Pt 
crucible at 450 °C for 12 h, and at 750 °C for 12 h. Finally, a growth 
load composed of 80 mol% of Li6(Gd0.95Yb0.05)(BO3)3 solvent and 
20 mol% of solute (Gd0.95Yb0.05)2O3 was mechanically mixed and 
ground together with an additional amount of Li2CO3 powder 
(equivalent to an excess of 19.35 mol.% of Li2O). Melting of this 
mixture in air in a Pt crucible was performed at 1250 °C, after two 
successive 12 h-long heating stages at 500 °C and at 800 °C. The ty-
pical temperature gradients in the furnace was 1 °C/cm. Growth was 
initiated on a Pt disk immersed into the melt. The molten bath 
stirring was ensured by rotating the alumina rod at 30 rpm for 24 h 
at 1250 °C in order to dissolve completely the solute and homo-
genize the melt composition. The slow cooling of the flux occurred at 
−0.2 °C/h from 1250 °C to 1100 °C, with a saw-teeth profile optimized 
according to the supersaturation temperature determination. At 
1100 °C, the disk was removed from the molten bath, and then the 
whole setup was allowed to cool down to 1000 °C at −0.5 °C/h and to 
room temperature at −60 °C/h. The Ia-3 space group of the cubic 
phase and the uniform Yb-content in the resulting crystals were 
confirmed by structural (Laue, powder XRD) and chemical (EPMA/ 
WDS) characterizations of the crystals exactly in the same way as 
described in reference [56]. The lattice parameter of the 
Gd1.78Yb0.22O3 crystal was estimated to be a = 10.749 Å. Character-
izations, spectroscopic properties and laser operation of a similar 
sample with 14% of Yb were measured and discussed in references  
[57] and [3]. 

Room-temperature unpolarized HP-RS measurements up to 
20.5 GPa were excited with the 632.8 nm line of a HeNe laser. For 
these experiments, 50 × 50 µm2 pieces (around 20 µm in thickness) 
without known orientation were obtained from millimeter-size 
Tb2O3 single crystals. Inelastically-scattered light was collected with 
a Horiba Jobin Yvon LabRAM HR UV spectrometer equipped with an 
edge filter that cuts Raman signals below ~50 cm−1 and a thermo-
electrically cooled multichannel CCD detector enabling a spectral 
resolution better than 2 cm−1 [58]. The samples were located in a 
150-μm diameter hole performed in a 40 μm thick steel gasket in a 
diamond anvil cell with 400 μm diameter culet together with small 
ruby chips evenly distributed that allow the determination of the 
applied pressure [59]. A 4:1 methanol:ethanol mixture was used as a 
pressure-transmitting medium. Phonon signals were analyzed by 
fitting the Raman peaks with a pseudo-Voigt profile. 

3. Theoretical ab initio simulation details 

Ab initio total-energy calculations at 0 K for the C-, B-, and A-type 
phases of Gd2O3 were performed within the framework of density 
functional theory (DFT) [60] with the Vienna Ab-initio Simulation 
Package (VASP) [61], using the pseudopotential method and the 
projector augmented waves (PAW) scheme [62,63]. In this work, the 
generalized gradient approximation (GGA) with the Perdew−Bur-
ke−Ernzerhof parametrization for solids (PBEsol) was used for the 
exchange and correlation energy [64]. A dense Monkhorst−Pack grid 
of special k-points [65] (6 × 6 × 6 for the C phase and 4 × 4 × 4 for the 
A and B phases) and a plane-wave basis set with energy cutoffs of 
530 eV were used. This ensures a convergence of 1 meV per formula 
unit for the total energy. For each phase, the lattice parameters and 
atomic positions at selected volumes were fully optimized through 
the calculation of the forces on the atoms and the stress tensor. The 
optimization criterion was to relax the configuration until the stress 
tensor deviations from the diagonal form were lower than 0.1 GPa, 
and the forces on the atoms smaller than 0.004 eV/Å. Through this 
process, the stress for each volume and so the theoretical pressure P 
(V) were obtained. The set of accurate results of energy (E), volume 

(V), and pressure (P) data, provided by calculations allow to derive 
the enthalpy (H) as a pressure function H(P) and so to determine the 
relative stability of the phase under study and the transition pres-
sure. Lattice-dynamical properties were obtained for the Γ-point 
using the direct-force constant approach, at several pressures [66]. 
The diagonalization of the dynamical matrix, which requires sepa-
rate calculations of highly converged forces, provides the frequency 
of the Raman and infrared modes. These calculations also allow 
identifying the symmetry and eigenvectors of the vibrational modes 
for the considered structure. 

4. Results and discussion 

The lattice dynamics of C-type Gd2O3 yields 120 normal vibra-
tional modes at the Γ-point whose mechanical decomposition is: 

= + + + + +

+

A R E R F R A I E I F IR

F Ac

4 ( ) 4 ( ) 14 ( ) 5 ( ) 5 ( ) 16 ( )

1 ( )

g g g u u u

u

cubic 2

(1) 

where A2u and Eu modes are inactive (I), Ag, Eg and Fg (or Tg) modes 
are Raman-active (R), one Fu mode is acoustic (Ac) and the other 16Fu 

(or Tu) modes are infrared-active (IR). The E modes are doubly de-
generated, and the F modes are triply degenerated. Consequently, 
one expects 22 Raman-active modes ( = + +A E F4 4 14Raman g g g) and 
16 IR-active modes (16Fu). On the other hand, the lattice dynamics of 
B-type Gd2O3 has 45 normal vibrational modes at the Γ-point whose 
mechanical decomposition is: 

= + + + +

+

A R B R A IR B IR A Ac

B Ac

14 ( ) 7 ( ) 7 ( ) 14 ( ) ( )

2 ( )

monoclinic g g u u u

u (2) 

thus, one expects 21 Raman active modes ( = +A B14 7Raman g g) and 
21 IR active modes ( = +A B14 7IR u u). Finally, the lattice dynamics of 
A-type Gd2O3 has 15 normal vibrational modes at the Γ-point whose 
mechanical decomposition is: 

= + + + + +A R E R A IR E IR A Ac E Ac2 ( ) 2 ( ) 2 ( ) 2 ( ) ( ) ( )trigonal g g u u u u1 2

(3)  

Thus, one expects 4 Raman-active modes ( = +A E2 2Raman g g) 
and 4 IR-active modes ( = +A E2 2IR u u). 

Fig. 2(a) and (b) show the RS spectra of the Gd1.78Yb0.22O3 sample 
on upstroke (up to 20.5 GPa) and on downstroke (to room pressure), 
respectively. The RS spectrum of the sample at room pressure cor-
responds to the C-type structure and the peaks of the cubic phase 
are followed up to 6 GPa. Above that pressure, the main peaks of the 
cubic phase decrease in intensity and new peaks appear. The large 
number of new peaks is consistent with the less symmetric B-type 
structure. On further increase of pressure, the RS spectrum changes 
completely above 10 GPa. At this pressure, only main four modes are 
observed that are consistent with the A-type phase. This phase is 
stable up to the maximum pressure attained in our study (20.5 GPa). 
On downstroke from 20.5 GPa, the A-type phase remains until 
9.8 GPa. Below this pressure, the B-type phase is found, and it be-
comes the recovered phase when pressure is fully released. Our re-
sults are supported by the theoretically simulated frequencies of the 
Raman-active modes in the three phases at different pressures as 
shown by the vertical ticks at the bottom part of selected spectra 
in Fig. 2. 

Despite the 11% of Yb atoms substituting Gd atoms in the crys-
talline structure, the C-B (6 GPa) and B-A (9.8 GPa) PTs observed in 
Gd1.78Yb0.22O3 match with the trends showed by these two PTs in RE 
SOs as a function of the cationic radius, as recently reviewed [67]. In 
this context, it must be noted that the lattice parameter of our 
sample (10.749 Å) leads to a unit-cell volume per formula unit of 
77.62 Å3 that is in between those for pure Gd2O3 and pure Tb2O3  

[41]. Therefore, the two PT pressures in our sample, which are 
slightly smaller than those recently found for both PTs in Tb2O3 
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(around 7 and 12 GPa, respectively) [41] match with the expected 
trends. Moreover, they match with our theoretical calculations for 
pure Gd2O3 that predict a first C-B PT at 4.9 GPa, and a second B-A PT 
at 7.3 GPa (see Fig. 3). Note that our theoretical values for the PT 
pressures also agree with the theoretical values (GGA-PBE) recently 
published for Tb2O3 (5.5 and 10.9 GPa, respectively) [41]. 

Curiously, our PT sequence in Gd1.78Yb0.22O3 on upstroke does 
not agree with those found in pure bulk and nanocrystalline Gd2O3, 

as summarized in the introduction section, since the C-A PT was the 
only reported PT on upstroke under static compression [44–54]. 
Only a B-type phase was observed on after shock-wave compression  
[42,43] and during pre-compression of pure Gd2O3 powders into a 
pellet at a non-hydrostatic pressure around 2.5 GPa [49]. It must be 
noted that most of the studies performed on Gd2O3 at HP used XRD 
techniques that are not good techniques to observe minority phases 
when there is a coexistence of phases. In this context, we have to 
note that in our measurements, the C-type phase coexisted with the 
B-type phase between 6 and 8.5 GPa (since the main peak of the C- 
type phase is observed up to this pressure). The cubic phase was also 
observed up to 8.5 GPa in Er-doped Gd2O3 [51] while it was observed 
well above 10 GPa and up to 15 GPa in pure Gd2O3 [47,49,50]. 
Therefore, since the A-type phase is claimed to appear above 7 GPa 
in pure samples, the B-type phase, if it is present in pure samples 
between the C and A phases, could not be found as a single phase 
what makes difficult its observation with HP-XRD measurements. 

There are only two studies reporting HP-RS measurements on 
Gd2O3 [48,52]. Dilawar et al. performed measurements on 30-nm 
nanocrystals and observed a C-A PT with considerable amorphiza-
tion, while Zhang et al. performed measurements on pure powder 
and observed a C-A PT. Notably, the quality of the RS spectra of these 
two works is much smaller than ours likely due to our use of single 
crystals instead of microcrystalline or nanocrystalline powders as 
used in previous studies. Therefore, we think that the lack of ob-
servation of the B-type phase in pure Gd2O3 as a HP phase inter-
mediate between the C- and A-type phases could be related to the 
use of powders instead of single crystals, as in our present study, 
and/or to the fact that PL and RS measurements are more local 

Fig. 2. Raman spectra of Gd1.78Yb0.22O3 on upstroke (a) and downstroke (b) at selected pressures (vertically shifted for the sake of clarity). Vertical ticks indicate the ab initio 
computed frequencies of first-order Raman-active modes. Black, red and blue colors represent the cubic, monoclinic and trigonal phase, respectively. 

Fig. 3. Theoretical enthalpy difference of the B-type (blue line) and A-type (red line) 
phases of Gd2O3 with respect to the C-type (black line) phase as a function of 
pressure. 
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techniques than XRD measurements and are able to detect minor 
phases that are below the threshold to be detected by actual XRD 
measurements, as already commented. In any case, the effect of 
doping on Gd2O3 cannot be discarded and must be solved with fu-
ture experiments in pure Gd2O3 single crystals. 

Fig. 4(a) and (b) show the pressure dependence of the Raman- 
active modes in the three phases of Gd1.78Yb0.22O3 both on upstroke 
and downstroke, respectively. On upstroke, a coexistence of C- and 
B-type phases is clearly seen at 7 GPa. The frequencies of the peaks 
in the experimental Raman spectrum and the theoretical frequencies 
for pure Gd2O3 are represented as a function of pressure in order to 
confirm the identification of the modes of the different phases and 
the assignation of the symmetry of each experimental mode. As 
observed, the frequencies and pressure coefficients of most Raman 
modes in Gd1.78Yb0.22O3 agree with those theoretically expected for 
pure Gd2O3 in the three phases, so we have performed a tentative 
assignment in the light of the match between the experimental and 
theoretical frequencies and pressure coefficients. Tables 1−3 sum-
marize the experimental and theoretical frequencies and pressure 
coefficients for the C-, B- and A-type phases, respectively, of ex-
perimental Yb-doped Gd2O3 and theoretical pure Gd2O3 when fitted 
to a linear relationship ω=ω0+α1·P. 

As regards the experimental frequencies of C-type Gd1.78Yb0.22O3, 
it is observed that they match with those experimentally reported 
for pure Gd2O3 [13,14,17,18]. Therefore, we have not observed a de-
viation of the phonon frequencies of our sample due to the 11% at. Yb 
concentration with respect to pure Gd2O3. Note that a slight 
downward shift of some vibrational frequencies, especially in the 
low-frequency region below 200 cm−1, would be expected due to the 

larger mass of Yb than Gd. We must also stress that the measured 
frequencies of the low-frequency Raman-active modes in C-type 
Gd1.78Yb0.22O3 have slightly larger frequencies than those of C-type 
Tb2O3. This is consistent with the expected behaviour for pure Gd2O3 

due to the smaller mass of Gd than Tb and the strong dependence of 
the low-frequency modes with the cation mass [18]. It must be noted 
that our theoretical Raman-active modes of C-type Gd2O3 (Table 1) 
show similar frequencies and pressure coefficients than those re-
cently published for C-type Tb2O3 [41]. In C-type Gd1.78Yb0.22O3 

single crystal, 5 modes out of 22 theoretically predicted were fol-
lowed under pressure, unlike in Tb2O3 single crystal where 10 modes 
were observed. A broad band located at 488 cm−1 at room pressure 
and with a pressure coefficient of 2.5 cm−1/GPa is the only observed 
mode that does not match with the expected values of frequency 
and pressure coefficient of the first-order Raman-active modes in 
pure Gd2O3 (see Table 1). We can speculate that this mode could 
correspond to a second-order Raman mode or to a local mode due to 
Yb doping. 

A comparison of the experimental frequencies and pressure 
coefficients of C-type Gd1.78Yb0.22O3 and the experimental and the-
oretical data for pure Gd2O3 shows a nice agreement with the 
symmetry assignment provided by Abrasev et al. for the observed 
modes. We have not observed the mode at 315 cm−1 that was at-
tributed to a Eg+Fg mode [18]; however, our calculations, that tend to 
slightly underestimate the experimental frequencies, as it was also 
found in Tb2O3 [41], suggest that this mode must be the Eg

2 mode 
(see Table 1) since the frequencies of the nearest calculated Fg (or Tg) 
modes are either at much lower or at higher frequencies than the 
experimental one. Regarding the pressure coefficients of the Raman- 

Fig. 4. Pressure dependence of experimental (theoretical) frequencies of the Raman-active modes observed in Gd1.78Yb0.22O3 (pure Gd2O3) on upstroke (a) and downstroke (b) 
represented by symbols (lines). The tentatively assigned symmetries of the experimental modes are provided. 
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active modes, they tend to increase with the frequency, as already 
noted for Tb2O3 [41]. It must be noted that the Raman-active mode 
of 443 cm−1 has the largest pressure coefficient in good agreement 
with the results found in pure Gd2O3 nanocrystals [48]. 

As regards the experimental frequencies of B-type Gd1.78Yb0.22O3, it 
is observed that they match with those experimentally reported for 
pure Gd2O3 [9,10,12,19]. Again, we have not observed a deviation of the 
phonon frequencies of our B-type sample due to the 11% at. Yb con-
centration with respect to pure Gd2O3. As already commented, a slight 
downward shift of some frequencies, especially at the low-frequency 
region below 200 cm−1, would be expected due to the larger mass of 

Yb than Gd. We must note that the measured frequencies of the low- 
frequency Raman-active modes in B-type Gd1.78Yb0.22O3 have slightly 
larger frequencies than those of B-type Tb2O3. This is consistent with 
the expected behaviour for pure Gd2O3 due to the smaller mass of Gd 
than Tb and the strong dependence of the low-frequency modes with 
the cation mass [10]. All experimentally Raman-active modes of B- 
type Gd1.78Yb0.22O3 have been attributed to Raman modes corre-
sponding to pure Gd2O3 (see Table 2). A comparison of the experi-
mental frequencies of B-type Gd1.78Yb0.22O3 and the experimental and 
theoretical data for pure Gd2O3 shows a nice agreement with the 
symmetry assignment provided by Zarembowitch et al. and Gouteron 

Table 1 
Theoretical (the.) and experimental (exp.) zero-pressure frequencies, ω0 (in cm−1), and linear pressure coefficients, α1 (in cm−1/GPa), of the Raman-active modes in the cubic phase 
of Gd2O3, Gd1.78Yb0.22O3 and Tb2O3.             

Symmetry Gd2O3 (the.) Gd2O3 (exp.) Gd1.78Yb0.22O3 (exp.) Tb2O3 (the.)c Tb2O3 (exp.)c 

ω0 α1 ω0
a α1

b ω0 α1 ω0 α1 ω0 α1  

Tg
1  92.7  0.4 95a  96.8(2) 0.2(5)  95.1  -0.1  94.5  -0.3 

Tg
2  97.9  0.4 110a     98.4  0.4  106.2  -0.2 

Ag
1  114.0  1.1 119a  120.0(2) 0.8(5)  114.3  1.0  118.6  0.7 

Tg
3  132.3  1.3 135a     132.4  0.1  134.2  0.9 

Eg
1  140.5  1.3 145a     143.1  0.9  144.4  0.8 

Tg
4  171.1  1.6 175a     171.4  1.7   

Tg
5  175.1  2.0      177.5  1.5   

Tg
6  277.7  4.2      295.3  2.6   

Tg
7  292.2  2.9      300.7  2.6   

Eg
2  300.9  3.8 315a,317b  3.6    311.1  3.3  320.0  2.9 

Tg
8  327.6  4.7      330.6  4.3   

Ag
2  332.8  4.5      345.0  2.3   

Tg
9  357.8  4.5 361a,363b  4.1 361.8(2) 4.0(6)  360.7  4.3  366.7  3.9 

Eg
3  368.3  2.6      365.1  4.7   

Tg
10  378.8  4.4      372.7  4.1   

Ag
3  391.3  4.9 401b  3.2    396.8  5.1  404.7  4.33 

Tg
11  406.6  4.4 414a     411.1  4.4   

Tg
12  436.6  5.1 444a,445b  5.3 443.2(1) 5.6(4)  442.1  5.3  452.4  4.8 

Tg
13  501.3  4.1 495b  3.4 488.1(7) 2.5(2)d  505.2  4.3   

Ag
4  536.4  4.3      541.5  4.5   

Eg
4  543.5  4.6      548.4  4.8   

Tg
14  558.0  5.0 569a,b  571.2(1) 5.4(4)  563.5  5.3  576.4  4.8  

a Ref. [18].  
b Obtained from Ref. [48] (Gd2O3-30 nm nanocrystals).  
c Tb2O3 data from Ref. [41].  
d This band is likely a second-order mode or a mode related to Yb since neither the frequency nor the pressure coefficient match with theoretical calculations nor with that 

observed in Tb2O3.  

Table 2 
Theoretical (the.) and experimental (exp.) zero-pressure frequencies, ω0 (in cm−1), and linear pressure coefficients, α1 (in cm−1/GPa), of the Raman-active modes in the monoclinic 
phase of Gd2O3, Gd1.78Yb0.22O3 and Tb2O3.            

Symmetry Gd2O3 (the.) Gd2O3 (exp.)a Gd1.78Yb0.22O3 (exp.) Tb2O3 (the.)b Tb2O3 (exp.)b 

ω0 α1 ω0 ω0 α1 ω0 α1 ω0 α1  

Bg
1  64.4  0.8  71 72(1) 0.5(4)  64.6  0.7  70.3  0.7 

Ag
1  82.9  0.7  84 85(2) 0.5(2)  82.9  0.4  82.9  0.01 

Bg
2  94.1  1.2  98 99(2) 0.8(4)  94.1  1.2  96.8  1.2 

Ag
2  106.0  0.9  109 111.5(2) 0.6(5)  106.6  0.8  110.8  0.6 

Bg
3  113.8  0.7  115 118.4(7)d 0.4(9)  113.6  0.7   

Ag
3  116.8  1.2  123    117.4  0.4  122.9  0.1 

Ag
4  152.6  1.1  150 157.0(1) 0.9(7)  152.9  0.6  156.3  0.9 

Ag
5  170.1  1.9  176 174.5(4) 1.6(9)  169.6  1.9  172.8  2.1 

Ag
6  214.5  1.6  218 217.5(7) 1.3(1)  213.5  1.6  216.5  1.8 

Ag
7  251.6  0.3  256 254.9(3) 0.8(1)  251.0  0.5  261.8  -0.23 

Ag
8  254.6  4.3  269 263.9(8) 3.4(2)  258.5  4.1  265.2  5.1 

Bg
4  281.9  5.8  299 302.0(1) 3.9(2)  282.9  5.8  306.6  5.1 

Ag
9  367.1  4.8  385    371.1  4.7  368.6  1.7 

Bg
5  378.0  3.6  387 387.5(7) 3.1(1)  381.5  3.3   

Ag
10  403.9  3.5     408.2  3.3  391.7  3.8 

Bg
6  407.2  5.1  416 419.0(2) 4.0(5)  411.3  4.9   

Bg
7  420.4  4.8  427 428.0(1) 5.0(6)  424.2  4.5  426.2  2.4 

Ag
11  437.4  3.1  442    442.6  3.0  446.0  3.0 

Ag
12  474.4  4.1  483 488.0(1) 2.7(2)  477.9  4.1  492.0  3.6 

Ag
13  566.9  4.5  580 566.1(8) 2.7(2)  570.3  4.5   

Ag
14  580.2  4.1  590 590.0(1) 3.1(2)  585.4  4.2  596.7  3.9 

a Refs. [9,10]. b Ref. [41]. d This mode is only observed at high pressure.  
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et al. for the observed modes [9,10], with the exception of the modes at 
385 and 387 cm−1, that we have tentatively attributed to the Ag

9 and 
Bg

5 modes, respectively, according to the similitude with the calcu-
lated frequencies that tend to underestimate the experimental values, 
as already commented. Unfortunately, we have not measured the 
385 cm−1 mode to confirm the proposed assignment. Regarding the 
pressure coefficients of the Raman-active modes of the B-type phase, 
they tend to increase with the frequency, as already noted for B-type 
Tb2O3 [41]. As in B-type Tb2O3, the theoretical Raman-active mode 
with the highest pressure coefficient in B-type Gd1.78Yb0.22O3 is the Bg

4 

mode. It must be noted that the theoretical Raman-active modes of B- 
type Gd2O3 show similar frequencies and pressure coefficients than 
those recently published for B-type Tb2O3 [41]. In both B-type Gd2O3 

and Tb2O3 16 modes out of 21 theoretically predicted were followed 
under pressure; however, in Gd1.78Yb0.22O3 we measured the high- 
frequency Ag

13 and Bg
6 modes that were not measured in Tb2O3 [41]. 

Finally, regarding the experimental frequencies of A-type 
Gd1.78Yb0.22O3, they are reported for the first time to our knowledge 
so no comparison with pure Gd2O3 can be made. A notable agree-
ment is found with the theoretical values expected for pure Gd2O3 

(Table 3). Again, the calculated and measured frequencies of the low- 
frequency modes in A-type pure Gd2O3 and Gd1.78Yb0.22O3 have 
larger frequencies than those calculated and measured for A-type 
Tb2O3 at a similar pressure due to the smaller mass of Gd than Tb. 
This behaviour shows that cation mass has a strong influence on the 
low-frequency modes, as already commented in a previous work  
[41]. In fact, if we compare the values of A-type Gd1.78Yb0.22O3, 
Gd2O3, Sm2O3 and Tb2O3 extrapolated to room pressure with those 
already observed for Nd2O3 and La2O3 at room pressure (Table 4), we 
see that our values for Gd2O3 and Gd1.78Yb0.22O3 fall between those 
of Tb2O3 and those of Sm2O3, as expected by the atomic mass and f 
electron number. Note that the values of the two low-frequency 
modes are similar for all RE SOs due to their similar atomic masses, 
while the values of the two high-frequency modes are quite different 
and increase with the f electron number in RE SOs. 

As regards the pressure coefficients of the Raman-active modes 
of A-type Gd1.78Yb0.22O3, they match with those predicted for Gd2O3 

and with reported values for Tb2O3, as well as for Sm2O3, Nd2O3 and 

La2O3 (see Ref. [41]). In general, the pressure coefficients of A-type 
RE sesquioxides increase with the frequency as in C- and B-type RE 
SOs, being the lowest frequency mode around 1 cm−1/GPa and the 
highest frequency mode around 3 cm−1/GPa. As in our recent study 
of Tb2O3 [41], our present study on Gd2O3 confirms the strong cation 
influence in the two low-frequency modes of A-type RE SOs. 

5. Conclusions 

We have reported a lattice dynamics study of a single crystal of 
Gd1.78Yb0.22O3 under compression up to 20.5 GPa. We have identified 
two phase transitions on the upstroke and one on the downstroke. 
On the upstroke, the cubic phase undergoes a transition to the 
monoclinic phase at 6.2 GPa, with coexistence of both phases up to 
8.5 GPa, and the B-type phase undergoes a transition to the trigonal 
phase above 9.8 GPa. On the downstroke, the transition back to the 
monoclinic phase is observed below 9.8 GPa and the monoclinic 
phase is recovered in a metastable form at room pressure. This phase 
transition sequence is similar and with similar pressures to those 
recently reported for the neighbour Tb2O3. While the sequence of 
phase transitions on downstroke agrees with those previously re-
ported in Gd2O3, our sequence of phase transitions on upstroke do 
not agree with those previously published in Gd2O3 that do not find 
evidence of the intermediate monoclinic phase. Therefore, our work 
opens the door for future experiments in order to verify if the dis-
agreement is either related to Yb substitution for Gd atoms, to the 
use of single crystals instead of microcrystalline and nanocrystalline 
powders, or to the use of a more local and sensitive technique to 
minority phases, such as Raman scattering compared to X-ray dif-
fraction. It must be stressed that the different phase transitions here 
reported have been supported by our ab initio lattice dynamics 
theoretical calculations on pure Gd2O3. Moreover, thanks to our 
calculations we have assigned all the experimentally observed 
Raman-active modes in the three phases of Gd1.78Yb0.22O3 and dis-
cussed their frequencies and pressure coefficients in relation to 
isostructural rare-earth sesquioxides. In particular, the Raman-active 
modes for the trigonal A-type phase of Gd2O3 have been reported for 
the first time and nicely compared to other isostructural rare-earth 
sesquioxides. 
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Table 3 
Theoretical (the.) and experimental (exp.) frequencies, ω0 (in cm−1), and linear pres-
sure coefficients, α1 (in cm−1/GPa), of the Raman-active modes of the trigonal phase of 
Gd2O3, Gd1.78Yb0.22O3, and Tb2O3 at 11 GPa.           

Symmetry Gd2O3 (the.) 
(11 GPa) 

Gd1.78Yb0.22O3 

(exp.) (11 GPa) 
Tb2O3 (the.)a 

(11 GPa) 
Tb2O3 (exp.)a 

(11 GPa) 

ω0 α1 ω0 α1 ω0 α1 ω0 α1  

Eg
1  120  1.0 125(1) 0.9(9)  113.7  1.0  116.0  1.4 

Ag
1  220  1.6 220(2) 1.5(2)  206.6  1.5  207.7  2.1 

Ag
2  485  2.9 490(3) 1.7(2)  486.6  2.3  490.3  2.3 

Eg
2  525  3.0 525(3) 2.1(3)  524.7  2.9  529.2  2.8  

a Ref. [41].  

Table 4 
Theoretical (the.) and experimental (exp.) frequencies, ω0 (cm−1), of the Raman-active modes of the trigonal-A phase of Gd2O3, Gd1.78Yb0.22O3,Tb2O3, Sm2O3, Nd2O3, and La2O3 

at 0 GPa.          

Symmetry La2O3 (exp.)a Nd2O3 (exp.)b Sm2O3 (exp.)c Gd2O3 (the.)d Gd1.78Yb0.22O3 (exp.)d Tb2O3 (the.)e Tb2O3 (exp.)e 

ω0 ω0 ω0 ω0 ω0 ω0 ω0  

Eg
1  106  107  105  107.7 106.1(1)  113.7  116.0 

Ag
1  191  193  188  197.7 191.0(3)  206.6  207.7 

Ag
2  400  427  444  454.1 469.2(3)  486.6  490.3 

Eg
2  408  437  455  498.3 494.3(5)  524.7  529.2  

a Ref. [68].  
b Ref. [69].  
c Ref. [10]  
d Estimated from this work.  
e Estimated from Ref. [41].  
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