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Structural, elastic and vibrational properties of 

nanocrystalline lutetium gallium garnet under high 

pressure 

V. Monteseguroa, P. Rodríguez-Hernándeza,b, H. Ortizc,d,e, V. Venkatramuf, F. J. 
Manjónc, C. K. Jayasankarg, V. Lavína,h, and A. Muñoza,b,*  
 
An ab initio study of the structural, elastic and vibrational properties of the lutetium gallium 

garnet (Lu3Ga5O12) under pressure has been performed in the framework of the density 

functional theory, up to 95 GPa. Pressure dependence of the elastic constants and the 

mechanical stability are analyzed, showing that the garnet structure is mechanically unstable 

above 87 GPa. Lattice-dynamics calculations in bulk at different pressures have been 

performed and contrasted with Raman scattering measurements of the nanocrystalline Tm3+-

doped LuGG up to 60 GPa. The theoretical frequencies and pressure coefficients of the Raman 

active modes for bulk LuGG are in good agreement with the experimental data measured in the 

nano-crystals. The contributions of the different atoms to the vibrational modes have been 

analyzed on the basis of the calculated total and partial phonon density of states. The 

vibrational modes have been discussed in relation to the internal and external modes of the 

GaO4 tetrahedron and the GaO6 octahedron. The calculated infrared modes and their pressure 

dependence are also reported. Our results show that with this nano-garnet size the sample has 

essentially bulk properties.   

 

 

 

 

 

 

Introduction 

The combination of the great luminescence properties of rare 
earth (RE3+)-doped garnets and their hardness, high optical 
transparency, high thermal conductivity, and mechanical and 
chemical stability makes them extremely useful as laser 
materials and as optical pressure and temperature sensors for 
extreme condition experiments, as alternative to ruby.1 
Moreover, large efforts have been spent to investigate the 
luminescence properties of RE3+-doped nano-structured 
garnets,2 especially in the development of lasers and phosphors 
in lightning applications, sensing and imaging in biomedicine, 
and as an alternative to quantum dots in photonic and 
optoelectronic devices for engineering.3 Whereas the chemistry 
and properties of the garnet bulk crystals are more or less well 
known, the study of RE3+-doped nano-garnets open the 
possibility to establish meaningful comparisons between the 
properties of the nano-sized and the bulk garnets.4 
    Due to the numerous practical applications of garnets and 
nano-garnets, there is a great interest in understanding their 
properties. In particular, the study of their elastics properties 
and mechanical stability under pressure is an interesting subject 
that can provide important information concerning the study of 
their structural transformations via the stability criteria. 

Besides, since phonons play an important role in the electrical, 
thermal and optical properties of materials it is essential to 
study its lattice dynamic to go deeper into the physics of these 
materials. The application of pressure allows the variation of 
the interatomic distances and bonds, and to obtain the structure 
dependence of the f-electron states in RE3+ ions.5 The 
knowledge of the evolution of the elastic properties and the 
lattice dynamics of garnets under pressure could allow 
understanding possible changes occurring in the solid-state 
properties of the garnet and how they would affect the 
environment and, hence, the luminescence properties of RE3+ at 
high pressures. Moreover, the study of the garnet structure at 
high pressures is interesting for earth science, since garnet 
minerals are considered one of the major components of the 
deep interior of the Earth.6 
There are several studies about luminescence properties of the 
RE3+ -doped Lu3Ga5O12 (LuGG) bulk and nano-structured 
garnets due to their interesting properties and potential practical 
applications. 7, 8 However and to our knowledge, neither 
experimental nor theoretical studies of their elastic and lattice 
dynamics properties both at ambient conditions and at high 
pressures have been carried out so far. In the literature, few 
papers report the vibrational properties of garnets, most of them 
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devoted to the rare earth aluminum garnets (RE3Al5O12 ) as  
Lu3Al5O12 (LuAG), which is isostructural to LuGG.9, 10 
Recently, the pressure evolution of the vibrational properties of 
Y3Ga5O12 (YGG), which is also isostructural to LuGG, has been 
studied both through experiments and first principles 
simulations;11 furthermore, the elastic properties of this garnet 
under pressure have been analyzed by means of ab initio 
methods.12 Now we are interested to study similar effects in our 
system, to evaluate the modifications related with the possible 
effect of the "chemical pressure" related with size effects when 
changing Y by Lu atom.  
It should be noted that the theoretical studies under pressure of 
garnets are limited because of its high computational 
complexity.13, 14 In spite of the fact that the use of ab initio 
density functional theory (DFT) calculations for the study of 
materials under extreme conditions is a very well established 
technique in the field of high pressure Semiconductor 
Physics,15 most of the theoretical studies of some of the best-
known garnets, like Y3Al5O12, have been performed by means 
of atomistic approach involving semi-empirical interatomic 
potentials with the rigid ion model (RIM)14 and by first-
principles density functional theory (DFT) calculations only for 
the ground-state.16 In this work, we report an extensive study of 
the structural, elastic and vibrational properties of LuGG garnet 
at ambient conditions and under hydrostatic pressure using state 
of the art first principles total-energy calculations. Pressure 
dependence of the elastic constants and the mechanical stability 
of the garnet structure are analyzed to predict the phase 
transition at ultrahigh pressure. Raman scattering measurements 
in nanocrystalline Tm3+-doped LuGG up to 60 GPa are 
presented and compared with the results of lattice dynamics ab 
initio calculations for bulk garnet up to 95 GPa. 
 

Ab initio calculations 
 
Ab initio total-energy calculations have been performed within 
the framework of density functional theory.17 The VASP 
package was used to carry out calculations with the 
pseudopotential method and the projector augmented wave 
scheme (PAW).18 Ultra-soft pseudopotentials, which replace the 
core electrons and make smoothed pseudovalence wave 
functions, were employed. For lutetium, 4 valence electrons 
were used (4f145d16s2), whereas 13 valence electrons 
(3d104s24p1) for gallium and 6 valence electrons (2s22p4) were 
used for oxygen. Highly converged results were achieved by 
extending the set of plane waves up to a kinetic energy cutoff of 
520 eV. The exchange-correlation energy was taken in the 
generalized gradient approximation (GGA) with the PBEsol 
prescription.19 A dense Monkhorst-Pack grid of k-special points 
was used to perform integrations along the Brillouin zone (BZ) 
in order to obtain very well converged energies and forces. At 
each selected volume, the structure was fully relaxed to its 
equilibrium configuration through the calculation of the forces 
on atoms and the stress tensor. It should be noted that, within 
the DFT formalism, the theoretical pressure, P(V), can be 
determined at the same time as the total energy, E(V), but 
independently since P (like other derivatives of the energy) can 
be obtained from the calculated stress15. In the relaxed 
configurations, the forces on the atoms are less than 0.006 eV/Å 
and the deviation of the stress tensor from a diagonal 
hydrostatic form is less than 0.1 GPa. The calculated total 
energies versus volumes are fitted using a standard equation of 
state (EOS) to determine the bulk modulus and its pressure 
derivatives. 

The elastic constants are obtained computing the macroscopic 
stress for a small strain with the use of the stress theorem.20 
Alternatively, they can be also calculated using density 
functional perturbation theory (DFPT).21 The ground state and 
fully relaxed structures at different pressures were strained in 
different directions according to their symmetry. The total-
energy variations were evaluated according to a Taylor 
expansion22 for the total energy with respect to the applied 
strain. Due to this fact it is important to check that the strain 
used in the calculations guarantees the harmonic behavior. This 
method allows to obtain the Cij elastic constants in the Voigt 
notation; the number of independent elastic constants is reduced 
completely by crystalline symmetry.23 The elastic constants 
enable the study of the mechanical properties and the 
mechanical stability of materials in the region where the strain-
stress relations are still linear. 
Lattice-dynamics calculations were performed at the zone 
center (Γ point) of the BZ. Highly converged results on forces 
are required for the calculation of the dynamical matrix using 
the direct force constant approach.24The construction of the 
dynamical matrix at the Γ point of the BZ involves separate 
calculations of the forces in which a fixed displacement from 
the equilibrium configuration of the atoms within the primitive 
cell is considered. The number of such independent 
displacements in the analyzed structure is reduced due to the 
crystal symmetry. Diagonalization of the dynamical matrix 
provides the frequencies of the normal modes. Moreover, these 
calculations allow identifying the symmetry and eigenvectors 
of the vibrational modes in each structure at the Γ point. 
 

Experimental details 
 
Nanocrystalline lutetium gallium garnet doped with thulium 
ions Lu3(1-x)Tm3xGa5O12 (x=0.01) was synthesized by the citrate 
sol-gel method in air atmosphere.25 Stoichiometric molar ratio 
of high-purity Ga(NO3)3·9H2O, Lu(NO3)3·4H2O and 
Tm(NO3)3·5H2O materials were dissolved in 25 ml of 1 M 
HNO3 under stirring at 353 K for 3 h. Then citric acid, with a 
molar ratio of metal ions to citric acid of 1:2, was added to the 
solution, which was stirred for 2 h more and finally dried at 363 
K for 36 h. This process created a gel that was fired at 773 K 
for 4 h to remove the residual nitrates and organic compounds 
and the subsequently obtained powder sample was finally 
calcined at 1173 K for 16 h. The structure of the LuGG nano-
garnet at ambient pressure was checked by X-ray diffraction 
using the CuKα1 (1.5406 Å) radiation in the range of 2θ= 10º–
80º, with a step size of 0.020º (PANalytical X'Pert Pro).  The 
average crystallite size was estimated to be around 60 nm for 
the LuGG nano-garnet under study from the full width at half 
maximum (FWHM) of the diffraction peak at 32.71º using the 
Scherrer’s equation along with the structure of the unit cell, and 
it was confirmed with HRTEM micrographs.26  
The prepared nano-powder sample of Tm3+-doped LuGG, along 
with a 2-µm-diameter ruby ball, was loaded in a pre-indented 
tungsten gasket with a 150-µm-diameter hole inside a diamond-
anvil cell. A 16:3:1 methanol-ethanol-water mixture was used 
as pressure-transmitting medium and the pressure was 
determined by monitoring the shift in ruby fluorescence lines.27 
The methanol-ethanol-water mixture is a hydrostatic medium 
up to 10.5 GPa; after this pressure, it behaves quasi-
hydrostatically.28, 29 High-pressure Raman scattering 
measurements were performed in backscattering geometry 
using a 632.8 nm HeNe laser and a microspectrometer 
(LabRAM HR UV, Horiba-Jobin Yvon) in combination with a 
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thermoelectrically-cooled multichannel CCD detector 
(Synapse, Horiba-Jobin Yvon) with spectral resolution better 
than 2 cm-1. Experimental frequencies of the Raman modes 
were obtained by fitting peaks with a Voigt profile (lorentzian 
convoluted with a gaussian) after proper calibration and 
background subtraction of the experimental spectra. The 
gaussian linewidth was fixed to the experimental setup 
resolution in order to get the three variables of the lorentzian 
profile for each peak. 
 

Results and discussion 

3.1 Crystal structure and bulk properties 

  Oxide garnets have the general formula A3B2C3O12. For the 
lutetium gallium garnet, Lu3Ga5O12, A atoms correspond to 
lutetium (Lu) while B and C atoms correspond to gallium (Ga).  
LuGG crystallizes in the body-centered cubic (bcc) structure 
(space group Ia-3d, No. 230, Z=8) and has 160 atoms in the 
conventional unit cell (80 in the primitive cell). Two of the five 
Ga atoms in the formula unit occupy octahedral sites of S6 
symmetry (Wyckoff position 16a) while the other three atoms 
occupy tetrahedral sites of S4 symmetry (Wyckoff position 
24d). The three Lu atoms (or substitutional Tm3+ atoms) are in 
dodecahedral sites of D2 symmetry (Wyckoff position 24c), and 
the twelve O anions are in Wyckoff positions 96h that are 
characterized by three structural parameters (x, y, z).30 The 
garnet structure can be viewed as a network of LuO8 

dodecahedra, GaO6 octahedra and GaO4 tetrahedra 
interconnected with shared O atoms at the corners (Figure 1).  
Energy-volume data have been analyzed using a third-order 
Birch-Murnaghan equation of state (EOS).31 Table I 
summarizes the theoretical structural parameters of LuGG and 
the atomic positions at ambient pressure. The theoretical lattice 
constant of the LuGG bulk crystal, 12.17 Å, compares very 
well with the experimental data for the bulk LuGG, 12.19 Å30 
and also with the unit cell parameter of the Tm3+-doped LuGG 
nano-garnet obtained from X-ray diffraction, 12.20 Å. This 
result suggests that, at least from the structural point of view, 
our nano-garnets with 60-nm-grain size should behave as bulk 
garnet material. We will show along this paper that the same 
applies for the vibrational properties.    
The bulk modulus, B0, and its pressure derivative, B0

’, are 
summarized in Table I. It must be noted that the bulk modulus, 
177.8 GPa, is similar to those of most silicate garnets (between 
150 and 180 GPa).32 LuGG garnet has a smaller bulk modulus, 
and larger volume, V0=905.3 Å3, than aluminum garnets such 
as Lu3Al5O12 with bulk modulus B0 = 192.4 GPa and volume 
V0 = 831.7 Å3,  and Y3 Al5 O12   with bulk modulus B0 = 183.9 
GPa and volume V0 = 867.9 Å3.33 On the other hand, the LuGG 
has a larger bulk modulus and smaller volume than other 
gallium garnets, like Y3Ga5O12 with B0 = 170.7 GPa and 
volume V0 = 925.5 Å3, 12 which can be ascribed to the slightly 
smaller ionic radius of the Lu (Z=71) atom, compared to the Y 
(Z=39) one, due to the lanthanide contraction effect. 
To illustrate the structural changes of LuGG at different 
pressures, Figure 2 shows the evolution of the interatomic 
distances as function of pressure. The main cation-anion bond 
distances at selected pressures are summarized in Table II. At 
ambient pressure, LuO8 dodecahedra are slightly distorted with 
Lu-O distances ranging from 2.29 to 2.36 Å while the Gaoct-O 
and Gatet-O distances are 1.98 Å and 1.84 Å for GaO6 and 
GaO4, respectively. Comparing these cation-anions distances 
with those in the Y3Ga5O12 (YGG), a garnet belonging to the 
same family of gallium garnets, the mayor difference is found, 

in the slightly longer Y-O distances of the dodecahedra, ranging 
from 2.34 to 2.42 Å in YGG. However, the Gaoct-O and Gatet-O 
distances, 1.99 Å and 1.84 Å, respectively, are the same in both 
structures.   
As observed all the distances decrease with increasing pressure.   
Although our calculations show that whereas the Gatet-O and 
Gaoct-O distances decrease at similar rates of -2.1·10-3 Å/GPa 
and -2.6·10-3 Å/GPa respectively, not all Lu-O distances change 
at the same rate. The smallest distance, labeled as Lu-
O1, changes at a rate of -2·10-3 Å/GPa, while the largest Lu-
O2 distance varies faster, about -5.6·10-3 Å/GPa. Noteworthy, 
both Lu-O distances becomes equal around 23.29 GPa with a 
Lu-O distance of 2.327 Å. This effect is very common among 
garnets; e.g. in the GGG, the Gd-O distances become equal 
between 8 and 11 GPa.34 The similar decrease of the Lu-Gatet 
and Lu-Gaoct distances (with rate of -5·10-3 Å/GPa) on 
increasing pressure indicates that the influence between 
dodecahedra and tetrahedra or octahedra is similar in all the 
pressure range up to 90 GPa.  
 
3.2 Elastic properties 

 

      Cubic crystals, as LuGG, are characterized by an elastic 
constant tensor with only three independent elastic constants, 
C11, C12, and C44. The computed elastic constants at zero 
pressure are show in Table III. A lattice is mechanically stable 
at zero pressure only if the Born stability criteria are fulfilled.35 
In the case of cubic systems these criteria are:  
C11 + 2 C12 > 0, C11 – C12 > 0 and C44 > 0                                (1)                          
As expected, the calculated set of elastic constants satisfies the 
above criteria, confirming that cubic LuGG is mechanically 
stable at ambient pressure. 
 When a non-zero uniform stress is applied to the crystal, the 
above criteria to describe the stability limits of the crystal at 
finite strain are not adequate and the Born stability criteria must 
be modified.  In this case, the elastic stiffness coefficients are 
defined as 
 cijkl = Cijkl +1/2 [ δik σjl + δjk σil + δil σjk + δjl σik – 2 δkl σij]       (2) 
where the Cijkl are the elastic constants evaluated at the current 
stressed state, σij correspond to the external stresses, and δjl is 
the Kronecker delta. In the special case of hydrostatic pressure 
applied to a cubic crystal, σ11 = σ22 = σ33, and the elastic stiffness 
coefficients are: c11 = C11 - P, c12 = C12 + P, and c44 = C44 – P. 
The new conditions for the elastic stability, known as the 
“generalized Born stability criteria” are obtained by replacing 
in Eq. (1) the elastic constants Cij by the stiffness coefficients 
cij.

36 Therefore, a cubic crystal, as LuGG, is mechanically stable 
under hydrostatic pressure when the generalized Born stability 
criteria: 
 
M1 = (C11 + 2 C12 + P) > 0, M2 = (C11- C12 -2 P) > 0 and                                                        
M3 = C44 – P > 0                                                                    (3) 
are simultaneously satisfied.  
The evolution of the calculated Cij up to 90 GPa is plotted in 
Figure 3. It can be seen that the C11 and C12 elastic constants 
increase as pressure increase, while the C44 elastic constant 
remains almost constant with a value of approximately 100 GPa 
along the whole range of pressure investigated (0-90 GPa). C11 
is higher than C44, indicating that in this material the resistance 
to a shear deformation is weaker than the resistance to a 
compression.  
M1, M2, and M3 versus pressure are plotted in Figure 4. It is 
found that the M2 > 0 stability criterion is violated at 87 GPa 
and the criterion M3 > 0 is also violated but at a higher pressure, 
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suggesting that LuGG becomes mechanically unstable above 87 
GPa. This pressure is an upper bound which indicates either an 
amorphization or a phase transition of the LuGG at this 
pressure. The softening of the tetragonal shear modulus M2 and 
the shear modulus M3 suggest shear instability of the cubic 
structure. In some cubic binary compound, this softening can be 
related with some phase transition mechanism.37 For gallium 
oxide garnets, Hua et al.38 have reported high pressure and high 
temperature studies of the Cr3+ and Nd3+-doped gadolinium 
gallium garnet Gd3Ga5O12 (GGG) and the Cr3+, Nd3+-doped 
gadolinium scandium gallium garnet Gd3Sc2Ga3O12 (GSGG).38 

The experimental results show that an amorphous phase 
appears over 54 GPa and 84 GPa in GSGG and GGG, 
respectively. These results are similar to those of aluminium 
garnets, like YAG, which is found to retain its crystalline cubic 
phase up to 101 ± 4 GPa.38 Ab initio studies report the 
mechanical instability of yttrium gallium garnet (YGG) above 
84 GPa.12 Therefore, our results for LuGG are in good 
agreement with the reported experimental data for other gallium 
garnets and suggest that LuGG will become amorphous at 
around 87 GPa. 
  The elastic stiffness enable to obtain also the major 
elastic properties of a material described by the bulk modulus 
(B), the Zener anisotropy ratio (A), the isotropic shear modulus 
(G), the Young modulus (E), the Poisson’s ratio (ν), and B/G 
relation given by:  

B = 	c�� + 2	c��3  

A = 	 2	c��
c�� −	c�� 

G = 
1

2
 c11- c12+3 c44

5
+

5 c44   �c11- c12�
4 c44   +3 �c11- c12��                                        (4)                                                                          

E = 	 9	B	G
�3B� + G 

ν = � − 2�
2�  

  The values of these parameters for LuGG at zero 
pressure are summarized in Table III. The bulk modulus, i.e. 
the inverse of the compressibility, is an important parameter 
related with the resistance of the material to a uniform 
hydrostatic pressure. It is interesting to mention that the bulk 
modulus at zero pressure, B0= (C11 +2 C12)/3, computed from 
the values of the elastic constants (173.9 GPa) is in good 
agreement with the one obtained from the total-energy 
calculations using the EOS (Table I). The coincidence of both 
results indicates the quality and consistency of our calculations.  
The Zener anisotropy ratio A is 1.2, nearly 1, thus suggesting 
that LuGG has an isotropic crystalline structure. According to 
the Pugh criterion,39 a value of B/G above 1.75 indicates a 
tendency to behave as a ductile material. In our case B/G is 1.9 
which indicates that LuGG is a ductile material.  The Young´s 
modulus and the Poisson’s ratio are two important parameters 
for engineering and technological applications. The first one, 
235.2 GPa, provides a measure of the stiffness while the second 
one is 0.28, close to 0.25 and points out that LuGG, at zero 
pressure, is a material with predominant central internal forces; 
i.e the high coordination of the atoms induces a quasi-spherical 
symmetry in the system causing the central forces to dominate 
the mechanical properties.  
  To conclude this section, we comment the pressure 
dependence of the elastic moduli (B, G, and E) reported in 
Figure 5. The bulk modulus, B, increases while the shear 
moduli, G and the Young modulus, E, decrease with the 
pressure. The bulk modulus equals the Young modulus, E, at 

15.7 GPa hence LuGG offers the same resistance to an uniform 
than to a one-directional compression at this pressure. The ratio 
of bulk to shear moduli, B/G, increases (26.7 at 80 GPa) so the 
garnet becomes more ductile with increasing pressure. The 
Poissons´s ratio, ν, slightly increases to 0.48 before the crystal 
becomes unstable. The Zener anisotropy ratio, A, decreases up 
to negative values above 87 GPa. This result indicates that the 
isotropy of the material disappears as the pressure increases.  
 
 
3.3 Lattice dynamics 

 
     In this section we will analyze the theoretical and 
experimental results of the lattice dynamics of LuGG first at 
ambient pressure and then at high pressures.  
 
3.3.1 At ambient pressure 

 
According to group theoretical considerations, the Ia-3d 
structure of LuGG has 97 vibrational modes that can be 
classified at the BZ center as 25 Raman-active modes (ΓR), 17 
infrared-active modes (ΓIR), 55 optically-inactive (silent) modes 
(ΓS), and 1 acoustic (T1u) mode.  
 

ΓR = 3A1g + 8Eg + 14T2g 

ΓIR = 17T1u 

ΓS = 16T2u + 14T1g + 5A2u + 5A2g + 10Eu + 5A1u 
 
where the A modes are non-degenerated, and E and T (also 
noted F in the literature) modes are doubly and triply 
degenerated, respectively.  
Only 17 out of the 25 Raman-active modes theoretically 
predicted have been experimentally measured. This is probably 
due to an accidental degeneracy of several modes or because 
some modes are too weak to be observed. The unpolarized 
Raman spectrum of Tm3+-doped LuGG nano-crystals at 
ambient conditions can be observed in Figure 6. For 
comparison the vertical marks at the bottom of the figure 
represent the theoretical frequencies of the Raman-active 
modes predicted at ambient conditions for bulk LuGG. All 
experimental and theoretical Raman-active modes frequencies 
at room pressure are summarized in Table IV. The similarity of 
the Raman frequencies for the  Tm+3 –doped LuGG nanogarnet 
with those calculated for pure LuGG evidence that 1% Tm+3 
doping does not have any effect in the vibrational properties of 
LuGG and that  60 nm size nanocrystalline LuGG  garnet 
shows the same vibrational properties  than LuGG bulk garnet.  
The Raman spectrum of LuGG can be divided into two regions: 
the low frequency region (80 - 550 cm-1) and the high 
frequency region (550 - 730 cm-1), as in the case of YGG. 11 
This division contrasts with that of the Raman spectrum of 
YAG, which has three regions.40 This can be understood if one 
considers that gallium garnets have a larger unit cell volume 
than that of aluminum garnets and that gallium is heavier than 
aluminum. Consequently, there is a redshift in the high-
frequency modes of gallium garnets compared to the aluminum 
ones, which results in an overlapping of the high and 
intermediate regions in LuGG. Moreover, the heavy mass of Lu 
and RE atoms must be taken into account, since the values of 
the frequencies decrease as the mass of the A atoms of the 
A3B2C3O12 garnet increases. 
   The symmetries of the observed modes (see Figure 6) are 
assigned on the basis of our theoretical calculations and on the 
comparison with previous works of lattice dynamics in 
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garnets.9, 41 The fourth peak of lowest frequency in Figure 6, 
observed around 200 cm-1, corresponds to a Raman second 
order peak and; for this reason, no assignation of symmetry has 
been given. There is a quite good agreement between the 
experimental modes measured in the Tm+3 doped nanogarnet 
and the theoretical vibrational frequencies of bulk LuGG 
summarized in Table IV. Only slight shifts in some frequencies 
have been found between experimental and theoretical Raman-
mode frequencies, which can be attributed to the GGA 
approximation which tends to underestimate the vibrational 
frequencies. 
The Raman spectra of garnets have been usually interpreted 
assuming that the different Raman modes could be attributed to 
the vibrational modes of the tetrahedral (GaO4), octahedral 
(GaO6), and dodecahedral (LuO8) units. However, it must be 
considered that the vibrations of the different polyhedra are 
strongly coupled to each other, so the attribution of each Raman 
mode to a single unit is not straightforward. Therefore, to 
understand the contribution of each polyhedral unit to every 
Raman mode, we have calculated the total and partial (or 
projected onto each atom) phonon density of states shown in 
Figure 7. In this figure, the dynamical contribution of each 
atom can be observed. Lu atoms contribute in the low-
frequency region between 80 and 270 cm-1 with especial 
intensity in the region between 80 and 150 cm-1.  
 Ga atoms with octahedral coordination (Gaoct) predominantly 
contribute in the low-frequency region between 80 and 400 cm-

1 with a maximum around 420 cm-1 and a small contribution 
about 500 cm-1. Ga atoms with tetrahedral coordination (Gatet) 
have the greatest contribution in the low-frequency region 
(between 80 and 400 cm-1), but also contribute in the high-
frequency region (between 550 and 730 cm-1). Finally, O atoms 
contribute in both the low- and high-frequency regions. 
Once known the contributions of the individual atoms, we can 
now discuss the contributions of the different polyhedra to each 
vibrational mode. The phonon modes of a garnet crystal with 
general formula A3B2C3O12 (A, B and C being cations), can be 
described as a combination of the molecular modes of the CO4 
and BO6 polyhedra,41 the GaO4 and the GaO6 tetrahedra in our 
case. This outline has been used to describe the phonon modes 
of silicon42, aluminium9 and gallium garnets11. Due to the 
structural similarity of aluminum and gallium garnets, the 
internal Raman modes of LuGG could be assigned in a similar 
way as they have been, usually, assigned in YAG,9, 41 and,  
recently,  in YGG11. The most intense Raman modes of LuGG 
correspond to the three A1g modes (see Fig. 6). These three 
modes are directly connected with the free GaO4 and GaO6 
internal vibrations. The higher frequency A1g mode corresponds 
to the symmetric stretching mode of tetrahedra and octahedra. 
The intermediate A1g mode might be related with the bending 
mode of tetrahedra and octahedra and, finally, the lower 
frequency A1g mode can be assigned to the rotational mode of 
octahedra and a small contribution of a rotational mode of the 
tetrahedra.  
In the low-frequency region, translational movements of GaO4 
and LuO8 units can be observed; however, the GaO6 units do 
not have associated any translational movement in the garnet 
structure. The first T2g mode at 95 cm-1 and the first Eg mode at 
105 cm-1 correspond to translational movements of the 
polyhedra GaO4 and LuO8. In particular, in the Eg mode at 105 
cm-1, the translation of the dodecahedra is greater than those of 
the tetrahedra. The following four T2g modes at 138, 161, 176 
and 231 cm-1 and the Eg mode at 249 cm-1 are mainly related to 
translational movements of the GaO4 tetrahedra. Apparently, in 

these modes, there is no translational movement of the LuO8 
dodecahedra as a unit, although we can observe a translational 
movement of the Lu cations. The T2g modes with frequencies of 
397 cm-1 might be related with the rotational mode of GaO4 

tetrahedra and GaO6 octahedra. The Eg mode at 477 cm-1 and 
the two T2g modes with frequencies 490 and 511 cm-1 are 
assigned to symmetric bending modes of the GaO4 and GaO6 
units. As for the other calculated modes, a complex vibrational 
pattern appears and it is not easy to distinguish the individual 
vibration of each polyhedra. It can only be said that the high-
frequency region of the Raman spectrum corresponds to the 
vibrational modes of the oxygen atoms in GaO4 and GaO6 

polyhedra.  
The first theoretical mode, which has not been measured 
experimentally, has a frequency of 95 cm-1. This result is not 
common between garnets. Usually the lowest frequency active 
mode is above 100 cm-1. The unusually low frequency modes in 
LuGG are probably due to the fact that the Lu has a much 
greater mass than other A atoms in the garnets commonly 
studied. Therefore, we consider that the large mass of Lu atoms 
in the garnet structure has a strong influence on the complex 
vibrational pattern of LuGG, which is due to the dense structure 
of these compounds and the strong atomic interactions between 
the different polyhedra. These strong atomic interactions also 
account for the complexity of the vibrational pattern of garnets 
and the difficulty of explaining their vibrational modes in terms 
of the isolated polyhedral units. 
 
3.3.2 High pressure 

 

   As previously mentioned, only 17 Raman-active modes are 
observed at 1 atm; however, the number of peaks observed 
changes at different pressures. The intensity of some of them 
increases at certain pressures, and they can be observed while 
others cannot be detected anymore.  Selected experimental 
Raman spectra of nanocrystalline Tm3+-doped LuGG at 
different pressures up to 60 GPa are shown in Figure 8.  It 
should be mentioned that the degenerated peak near 350 cm-1, 
which correspond to the A1g and Eg modes at low pressure, can 
be individually identified above 6 GPa. In general, all phonon 
frequencies exhibit a monotonous increase with pressure up to 
60 GPa due to the contraction of the interatomic distances in 
the unit-cell volume commented in section IV. A considerable 
broadening of Raman peaks with increasing pressure is 
observed, although no changes in the profile of the Raman 
spectrum are detected up to 60 GPa, the maximum pressure 
reached experimentally, thus suggesting that the bcc structure is 
stable up to this pressure. 
        The pressure dependences of the experimental and 
theoretical Raman-active mode frequencies up to 60 and 90 
GPa, respectively, are shown in Figure 9. Experimental and 
theoretical frequencies and pressure coefficients are very 
similar at ambient conditions as well as at high pressures (see 
Table IV). This good agreement between the experimental and 
theoretical modes reflects, as already mentioned, that the 
introduction of RE3+ ions in the nano-garnet up to a 
concentration of 1% does not change the lattice dynamics of the 
material, and that the vibrational properties of our nano-garnets 
of size 60 nm are rather similar to those of the bulk garnet. This 
is a particularly successful result to be taken into account in 
different nano-technological applications. 
It should be noted that all first-order pressure coefficients are 
positive and that the lowest-frequency Raman phonon mode, Eg 

(see Table IV) has a very small pressure coefficient, indicating 
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that these modes has very small volume dependence. The 
experimental and theoretical Grüneisen parameters,	� =
��/�����/���, for the Raman modes, are summarized in 
Table IV. They have been estimated by using the theoretical 
value for the bulk modulus, B0=177.8 GPa, obtained from the 
third-order Birch-Murnaghan EOS.31 The theoretical 
(experimental) Grüneisen parameters have a greater variation in 
the region of low-frequency with γ ranging from 0.74 (0.66) to 
1.78 (1.64), than in the high-frequency region, where it ranges 
from 0.93 (0.78) to 1.26 (1.39). Hence, there are larger 
differences in the restoring forces on the atoms of those 
polyhedra related to the lowest modes. The lowest Eg mode 
(mode assigned to the translation of LuO8) has very small 
pressure coefficient and Grüneisen parameter at ambient 
pressure, indicating that the restoring force between LuO8 units 
decreases as the pressure increases.  
The larger contraction of distances related to lutetium (Lu-O2 
distances) is not reflected in larger pressure coefficients for the 
modes related to Lu atoms between 100 and 270 cm-1. In fact, 
the modes with the largest pressure coefficients are those with 
frequencies above 590 cm-1 that are related to Gatet, as it is 
suggested by Figure 6. These results would indicate that the 
decrease of the Lu-O2 bond force constant must be related to a 
charge transfer to some of the Ga-O bonds. This transfer should 
lead to a larger pressure coefficient of vibrational modes related 
to these Ga-O bonds. Therefore, on increasing pressure there 
must be an increase of the charge transfer mainly from Lu-O2 
bonds to Ga-O bonds in GaO4 tetrahedra. This is possible since 
the O2 atoms are shared between the dodecahedra and the 
tetrahedra. 
Finally, as regards the infrared-active (IR) and silent vibrational 
modes, their theoretical frequency pressure dependence are 
plotted in Figures 10 and 11, respectively. Theoretical 
Grüneisen parameters of IR-active modes vary between 1.55 
and 0.12. In fact, the second lowest frequency IR mode has the 
lowest Grüneisen parameter (see Table V). It is noteworthy that 
the two first T1u infrared-active modes show a softening with 
increasing pressure, thus suggesting a possible pressure-
induced instability.21 This instability is clearly indicated by the 
evolution of the lowest frequency silent mode T2u that becomes 
negative at 122 GPa. Therefore, this result is in agreement with 
our theoretical study of the mechanical stability of LuGG 
presented in section V, where it was shown that it becomes 
mechanically unstable above 87 GPa.  
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Tables 

 

   Ab initio 
(this work) 

Experimentala  

a (Å) 
V (Å3) 
Ga(16a) 
Ga(24d) 
Lu(24c) 
O(96h) 
Bo(GPa) 
B’ 

12.17 
901.2 
0,0.5, 0 
0.75, 0.125, 0 
0.25,0.875,0.5 
0.099, 0.192, 0.276 
177.8 
4.7 

12.19 
905.3 
0,0.5, 0 
0.75, 0.125, 0 
0.25,0.875,0.5 
0.099, 0.193, 0 .275     
----- 
----- 

a Reference 30. 
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b This mode appears above 6.11 GPa with the values indicated in the table 
c These modes only appear at 0 GPa. 

 

 

 

 

 

 

Cation-anion distances (Å) 

 0 GPa 31 GPa 87 GPa 

Lu-O 
Gatet-O 
Gaoct-O 

(2.29 to 2.36) (2.22 to 2.23) (2.09 to 2.16) 
1.84 1.78 1.71 

1.83 1.98 1.91 

C11 (GPa) C12 (GPa) C44 (GPa) B (GPa) G (GPa) E (GPa) ν A B/G 

284.3 118.7 99.2 173.9 92.3 235.2 0.28 1.2 1.9 

 Ab initio  Experimental 

Raman 

mode 

symmetry 

ω0 

(cm-1) 

∂ω/∂P 

(cm-1/GPa) 

∂2ω/∂P2 

(cm-1/GPa2) 

(x10-3) 

γ ω0 

(cm-1) 

∂ω/∂P 

(cm-1/GPa) 

∂2ω/∂P2 

(cm-1/GPa2) 

(x10-3) 

γ 

T2g 95.8 0.94 -7 1.78 ----- ----- ----- ----- 

Eg 105.9 0.43 -2 0.74 107.2 0.39 -2 0.66 

T2g 138.5 0.81 -5 1.06 151.1b 0.76 -5 ----- 

T2g 161.4 1.21 -8 1.36 164.8 1.45 -11 1.59 

T2g 176.5 1.31 -4 1.34 179.6 1.24 -26 1.25 

T2g 231.2 1.30 -5 1.02 237.6 1.19 -5 0.9 

T2g 260.1 2.12 -6 1.48 268.5 1.77 -5 1.19 

Eg 249.6 1.16 -5 0.84 256.1 1.17 -5 0.83 

Eg 294.1 2.36 -9 1.45 ----- ----- ----- ----- 

T2g 339.5 1.75 -5 0.93 ----- ----- ----- ----- 

A1g 351.4 3.45 -13 1.78 356.4 3.22 -16 1.64 

Eg 347.1 2.39 -9 1.25 356.4 2.31 -9 1.17 

T2g 397.5 2.48 -8 1.13 394.3 2.49 -9 1.14 

T2g 401.9 2.78 -7 1.25 418.5c ----- ----- ----- 

Eg 425.0 2.12 -3 0.90 436.4 1.87 -4 0.78 

Eg 477.9 2.53 -6 0.96 479.4 2.89 -12 1.09 

T2g 490.8 2.53 -7 0.93 ----- ----- ----- ----- 

T2g 511.1 2.92 -8 1.04 ----- ----- ----- ----- 

A1g 522.1 2.79 -7 0.97 536.4 2.35 -4 0.79 

T2g 592.2 4.40 -13 1.35 611.1 4.71 -22 1.39 

T2g 603.8 4.36 -13 1.31 623.5 4.51 -19 1.31 

Eg 635.3 4.41 -13 1.26 652.4c ----- ----- ----- 

Eg 673.4 4.10 -12 1.10 ----- ----- ----- ----- 

T2g 739.6 4.12 -12 1.01 ----- ----- ----- ----- 

A1g 733.3 4.37 -14 1.08 764.9 3.86 -13 0.91 
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Conclusions 

An ab initio study of the structural, elastic and vibrational 
properties of Lu3Ga5O12 (LuGG) under hydrostatic pressure was 
performed. The structural study of nanogarnets with size 60 nm 
as shown a similar lattice parameter than that of the bulk garnet 
and the bulk modulus of the nanogarnets is also similar to the 
theoretical one, thus suggesting that the nano-garnets behave as 
bulk from a structural point of view. The elastic properties of 
this material are analyzed at zero as well as at high pressure. 
The calculations show that the generalized stability conditions 
are no more fulfilled at 87 GPa and the garnet structure crystal 
becomes mechanically unstable. The theoretical results for the 
lattice dynamic of bulk LuGG under high pressure up to 90 
GPa have been compared with experimental results from 
Raman scattering measurements in 60-nm size nanocrystalline 
Tm3+-doped LuGG up to 60 GPa. A good agreement between 
theory and experiment has been found, which suggests that the 
introduction of a RE3+ in the nano-garnet, up to 1% 
concentration, does not change the lattice dynamics of the 
material and that the vibrational properties of our nano-garnets 
with size 60 nm are similar to those of the bulk garnet. It means 
that for the typical size of this nano-garnet one can use the 
structural, vibrational and optical properties of bulk material to 
correlate with changes in the optical properties of these 
materials when doped with optically active ions. Our study also 
shows that the effect of the "chemical pressure" has not large 
differences with similar results in YGG garnets. 
We have analyzed the total and the partial phonon density of 
states in order to discuss the contribution of each atom to the 
different Raman vibrational modes. Lu atoms (or possible 
substituting RE3+) and octahedrally-coordinated Ga atoms 
mainly contribute in the low-frequency region whereas the 

tetrahedrally-coordinated Ga and O atoms contribute in both 
low and high frequency regions. Moreover, the Raman phonon 
modes of LuGG crystal are associated to internal and external 
molecular modes of the different polyhedra. In the region, from 
95 to 249 cm-1, the translational modes of LuO8 and GaO4 
dominate in the Raman spectrum while between 397 and 511 
cm-1, the rotational and bending modes of GaO4 and GaO6 
influence the Raman spectrum. In the high-frequency region, 
the internal modes of GaO6 and GaO4 polyhedra are present. 
Experimentally, no pressure-induced phase transition upon 
pressure up to 60 GPa has been observed in the nano-garnets, as 
expected. However, several ab initio calculated IR and silent 
modes decrease with increasing pressure, thus suggesting a 
pressure-induced instability at pressure beyond 120 GPa. 
Indeed, as pointed out above the pressure induce a mechanical 
instability at 87 GPa. These results for LuGG agree with other 
theoretical studies of the mechanical and dynamical stability, 
such as those for the YGG that becomes mechanically unstable 
at 84 GPa and dynamically unstable at 111 GPa.  
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Fig.1 Unit cell of the Lu3Ga5O12 garnet structure. The LuO8 

dodecahedron (green), GaO6 octahedron (blue) and GaO4 tetrahedron 

Infrared mode symmetry, T1u 

ω 

(cm-1) 

∂ω/∂P 

(cm-1/GPa) 

∂2ω/∂P2 

(cm-1/GPa2) 

(x10-3) 

γ 

 

81.1 0.67 -9 1.49 

102.3 0.07 -3 0.12 

109.1 0.68 -5 1.13 

138.9 0.76 -5 0.99 

190.7 0.49 -4 0.47 

214.6 1.29 -7 1.09 

249.1 1.39 -7 1.01 

281.6 1.32 -4 0.85 

291.9 1.67 -4 1.04 

306.5 1.82 -5 1.08 

363.9 2.29 -8 1.14 

369.0 3.15 -8 1.55 

405.3 2.87 -6 1.28 

479.4 2.89 -7 1.09 

582.4 4.47 -14 1.39 

617.8 4.39 -13 1.29 

681.9 4.3 -13 1.14 
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(pink) polyhedra are highlighted. Green spheres represent the Lu atoms, 

blue spheres correspond to the Ga atoms, and the small red spheres to the 

O. 

Fig. 2 Evolution of the interatomic distances as a function of the pressure 

of the Lu3Ga5O12 garnet. Gatet stands for Ga atoms with tetrahedral 

coordination, Gaoct stands for Ga atoms in octahedral coordination. Lu-O1 

and Lu-O2 are the smallest and largest Lu-O distances in the distorted 

LuO8 dodecahedra. 

Fig. 3 Pressure evolution of the elastic constants from 0 to 90 GPa. The 

red, black, and blue lines correspond to C44, C12, and C11, respectively. 

Fig. 4 Pressure evolution of left hand side (M1, M2, and M3) of the 

generalized Born stability criteria from 0 to 90 GPa. 

Fig. 5 Pressure evolution of the bulk modulus (B), shear modulus (G), 

and Young modulus (E). 

Fig. 6 Experimental Raman spectrum of the Lu3Ga5O12 nano-garnet at 

ambient conditions. Bottom vertical ticks indicate the ab initio 

frequencies of the Raman active modes.  

Fig. 7 Partial and total phonon density of states of the Lu3Ga5O12 garnet. 

The total phonon density is the black curve.  

Fig. 8 Experimental Raman spectra of the Lu3Ga5O12 nano-garnet at a 

function of pressures from 0 up to 60 GPa. 

Fig. 9 Theoretical and experimental pressure dependence of the A1g, T2g 

and Eg Raman modes of the Lu3Ga5O12 garnet. Lines represent the ab 

initio calculated frequencies and empty squares represent the 

experimentally observed frequencies. The colours, red and black, in the 

modes T2g are only used as a guideline for eyes. 

Fig. 10 Calculated pressure evolution of the 17 T1u infrared modes of 

Lu3Ga5O12. 

Fig. 11 Theoretical pressure dependence of the first T2u, T1g, A2g and A2u 

silent modes of the Lu3Ga5O12 garnet. 

Table I  Structural parameters of Lu3Ga5O12 (LuGG): lattice parameter 

(a), volume (V0), bulk modulus (B0) and bulk modulus derivative (B0’), 

and the atomic positions at ambient conditions.  

Table II Nearest-neighbor cation-anion distances in Lu3Ga5O12 crystal at 

selected pressures.  

TABLE III Generalized elastic constants, Cij, bulk modulus, B, isotropic 

shear modulus, G, Young’s modulus, E, Poisson’s ratio, γ, Zener 

anisotropy ratio, A, and B/G ratio Lu3Ga5O12 garnet structure at zero 

pressure. 

TABLE IV Theoretical (bulk garnet) and experimental (nano-garnet) 

frequencies, pressure coefficients, and Grüneisen parameters for the 

Raman-active modes of Lu3Ga5O12 up to 89 and 60 GPa, respectively. 

The pressure dependence of both experimental and theoretical 

frequencies has been fitted with a second order polynomial: ω = ωo + 

(∂ω/∂P) P + (∂2ω/∂P2) P2.  

Table V Theoretical frequencies, pressure coefficients and Grüneisen 

parameters for the infrared-active modes of bulk Lu3Ga5O12. The pressure 

dependence of theoretical frequencies has been fitted with a second order 

polynomial: ω = ωo + (∂ω/∂P) P + (∂2ω/∂P2) P2. 
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