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ABSTRACT: This work reports an experimental and theoretical lattice dynamics study of
nanocrystalline Y3Ga5O12 (YGG) garnet at high pressures. Raman scattering measurements in
nanocrystalline Tm3+-doped YGG garnet performed up to 29 GPa have been compared to
lattice dynamics ab initio calculations for bulk garnet carried out up to 89 GPa. Good
agreement between the theoretical vibrational modes of bulk crystal and the experimental
modes measured in the nanocrystals is found. The contribution of GaO4 tetrahedra and GaO6
octahedra to the different phonon modes of YGG is discussed on the basis of the calculated
total and partial phonon density of states. Symmetries, frequencies, and pressure coefficients of
the Raman-active modes are discussed. Moreover, the calculated infrared-active modes and
their pressure dependence are reported. No pressure-induced phase transition has been
observed in nano-YGG up to 29 GPa. This is in agreement with theoretical results, which show
a mechanical instability of YGG above 84 GPa, similar to what occurs in Gd3Ga5O12.

I. INTRODUCTION

In the last decades, oxide garnets and nanogarnets have been
studied because of their importance in different technological
applications. The combination of the great luminescence
properties of rare earth (RE)-doped garnets and the hardness,
high optical transparency, and mechanical and chemical stability
of the garnet crystals makes them extremely useful as laser
materials.1,2 Moreover, the luminescence of Nd3+-doped garnet
crystals is used as pressure and/or temperature sensors for
extreme condition experiments, as an alternative to ruby.3 The
interest in RE3+-doped nanogarnets is based on the fact that the
chemistry and optical spectroscopy of the analogous garnet
bulk crystals are well-known, opening the possibility to establish
meaningful comparisons between the properties of the
nanosized and the bulk materials. In this sense, large efforts
have been spent to investigate the luminescence properties of
RE3+-doped nanostructured garnets,4 especially in the develop-
ment of lasers and phosphors for lightning applications and as
an alternative to quantum dots in the development of photonic

and optoelectronic devices. Due to the numerous practical
applications of garnets and nanogarnets, the understanding of
their lattice dynamical properties is essential because phonons
play an important role in the electrical, thermal, and optical
properties of these materials. In this context, the lattice-
dynamical properties of some garnets such as Y3Al5O12 (YAG)
and Yb3Al5O12 (YbAG) have been studied both experimentally
and theoretically at ambient pressure.5

Y3Ga5O12 (YGG) garnet and nanogarnet can be considered
as one of the oxide matrices with the lowest multiphonon
relaxation probabilities providing a high quantum efficiency of
the emitting levels of RE3+ ions. The knowledge of the lattice
dynamics of YGG under pressure can help us understand the
changes occurring in the solid-state properties of garnets and
how this would affect the luminescence properties of the RE3+
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ions. High-pressure techniques offer a more powerful method
for the study of the luminescence of rare earth ions, because
applying pressure one can vary the interatomic distances and
thereby obtain the crystal structure dependence of the f-
electron states in RE3+ ions directly.6 Despite the interesting
properties and possible practical applications of YGG, to our
knowledge, neither experimental nor theoretical studies of its
lattice-dynamics properties at high pressures have been carried
out. This is not the case of YAG, whose vibrational properties
under pressure have been studied experimentally and
theoretically.7 In this respect, we have to note that theoretical
studies, especially ab initio studies, of garnets under pressure are
limited because of its high computational complexity because
they involve many atoms in the primitive cell.8,9

YGG crystallizes in the body-centered cubic (bcc) structure
(space group Ia3 ̅d, No. 230, Z = 8) and has 160 atoms in the
conventional unit cell (80 in the primitive cell). Two out of five
Ga atoms of the formula unit occupy octahedral sites of S6
symmetry (Wyckoff position 16a) whereas three out of five Ga
atoms occupy tetrahedral sites of S4 symmetry (Wyckoff
position 24d). The three Y (or substitutional RE3+) atoms
occupy dodecahedral sites of D2 symmetry (Wyckoff position
24c), and the 12 O anions occupy Wyckoff positions 96h that
are characterized by three structural parameters (x, y, z).10 In
the garnet structure, each O atom is shared with one GaO4
tetrahedron, one GaO6 octahedron, and two YO8 dodecahedra.
Figure 1 shows the bcc structure of YGG with the three

mentioned polyhedra. At ambient conditions, typical theoretical
internal parameters are x = 0.1, y = 0.19408, and z = 0.27739.
Therefore, Y−O distances in YO8 dodecahedra range from 2.34
to 2.42 Å, and the Ga(16a)−O and Ga(24d)−O distances are
1.99 and 1.84 Å in GaO6 and GaO4, respectively.

11

In this paper we present an experimental and theoretical
lattice dynamics study of the YGG garnet and nanogarnet. We
report Raman scattering measurements in nanocrystalline
Tm3+-doped YGG garnet, synthesized by the citrate sol−gel
method, up to 29 GPa, and lattice dynamics ab initio

calculations for bulk garnet up to 89 GPa. Symmetries,
frequencies, and pressure coefficients of the experimental and
calculated Raman-active modes are discussed. The calculated
infrared-active modes and their pressure dependence are also
reported. The phonon modes of YGG will be discussed in
relation to the internal and external molecular modes of the
different polyhedra on the basis of the calculated total and
partial phonon density of states. No pressure-induced phase
transition has been observed up to 29 GPa. This result is in
good agreement with our theoretical study which predict that
the YGG garnet is mechanically unstable above 84 GPa.11

II. AB INITIO CALCULATIONS

Ab initio total-energy calculations have been performed within
the framework of the density functional theory (DFT).12 The
VASP package has been used to carry out calculations with the
pseudopotential method and the projector augmented wave
scheme (PAW).13 We employ ultrasoft pseudopotentials, which
replace the core electrons and make smoothed pseudovalence
wave functions. For yttrium, 11 valence electrons are used
(4s24p65s24d1), whereas 13 valence electrons (3d104s24p1) are
used for gallium and 6 valence electrons (2s22p4) are 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 PBEsol14 prescription.
A dense Monkhorst−Pack grid of k-special points was used to
perform integrations along the Brillouin zone (BZ) to obtain
very well converged energies and forces. At each selected
volume, the structures were fully relaxed to their equilibrium
configuration through the calculation of the forces on atoms
and the stress tensor. In this relaxation, only oxygen ions
reorganize to look for such equilibrium structure because these
ions depend on three internal structural parameters, whereas
yttrium and gallium ions occupy high-symmetry Wyckoff
positions. In the relaxed configurations, the forces on the
atoms are less than 0.006 eV/Å and deviations of the stress
tensor from a diagonal hydrostatic form are less than 0.1 GPa.
It is useful to note that the theoretical pressure, P(V), can be

obtained within the DFT formalism at the same time as the
total energy, E(V). The theoretical pressure, P, like other
derivatives of the energy, is obtained from the calculated
stress.15

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.16 The 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 displace-
ments in the analyzed structures 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.

III. EXPERIMENTAL DETAILS

Nanocrystalline Y3(1−x)Tm3xGa5O12 yttrium−gallium garnet
doped with thulium ions (x = 0.01) was synthesized by the
citrate sol−gel method in air atmosphere.17 Stoichiometric
molar ratios of high-purity Ga(NO3)3·9H2O, Y(NO3)3·4H2O,

Figure 1. Unit cell of the Y3Ga5O12 garnet structure. The YO8
dodecahedron (violet), GaO6 octahedron (green), and GaO4
tetrahedron (red) polyhedra are highlighted. Big dark spheres (blue)
represent the Y atoms, medium light spheres (blue) correspond to the
Ga atoms, and the small dark (red) spheres correspond to the O.
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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 YGG nanogarnet at
ambient pressure was checked by X-ray diffraction using the Cu
Kα1 (1.5406 Å) radiation in the range 2θ = 10−80°, with a step
size of 0.020 (PANalytical X’Pert Pro). The XRD pattern of
YGG nanogarnet under study can be identified with the cubic
structure and the average crystallite size was estimated to be
around 60 nm from the full width at half-maximum (fwhm) of
the diffraction peak at 32.71° using the Scherrer equation,
confirming the estimations made using HRTEM micrographs.18

The unit cell parameter for the YGG nanogarnet under study is
12.28 Å, which compares with the experimental data of bulk
YGG (12.273 Å)19 and with the calculated value 12.278 Å.11

This result suggests that, at least from the structural point of
view, our nanogarnets should behave as bulk material. We will
show along this paper that the same applies for the vibrational
properties.
The prepared nanopowder sample of YGG, along with a 2-

μm-diameter ruby ball, was loaded in a preindented tungsten
gasket with a 150-μm-diameter hole inside a diamond-anvil cell.
A 16:3:1 methanol−ethanol−water mixture was used as the
pressure-transmitting medium,20 and the pressure was
determined by monitoring the shift in ruby fluorescence
lines.21 The 16:3:1 methanol−ethanol−water mixture behaves
hydrostatically up to 10.5 GPa and quasi-hydrostatically up to
the maximum pressure attained in this study (29 GPa).20,22

High-pressure Raman scattering measurements were performed
in backscattering geometry using a 632.8 nm HeNe laser and a
microspectrometer (Horiba-JobinYvon LabRAM HR UV) in
combination with a thermoelectrically cooled multichannel
CCD detector with spectral resolution below 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 line
width was fixed to the experimental setup resolution to get the
three variables of the Lorentzian profile for each peak.

IV. RESULTS AND DISCUSSION
A. Lattice Dynamics of YGG at Ambient Pressure.

According to group theoretical considerations, the Ia3 ̅d
structure of the YGG has 98 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,

Γ = + +

Γ =

Γ = + + + + +

3A 8E 14T

17T

16T 14T 5A 5A 10E 5A

R 1g g 2g

IR 1u

S 2u 1g 2u 2g u 1u

where E and T (also noted F in the literature) modes are
doubly and triply degenerated, respectively.
The Raman scattering spectrum of our Tm3+-doped YGG

nanocrystal at ambient condition is shown in Figure 2. It is
compared to those of bulk YGG garnet and pure YGG
nanocrystal. As can be seen, all three Raman spectra are similar;

showing the same frequencies and linewidths within exper-
imental error. The similarity of the Tm3+-doped YGG and the
pure YGG nanogarnet evidence that 1% Tm doping does not
have any effect in the vibrational properties of YGG
nanocrystals. On the other hand, the similarity of the Tm3+-
doped YGG nanocrystal and the pure bulk YGG evidence that
60 nm size YGG nanogarnets show the same vibrational
properties of bulk YGG, as expected because of the similar
lattice parameters previously commented.
Only 17 out of the 25 Raman-active modes theoretically

predicted have been measured. In this respect, it is likely that
some modes are too weak to be observed and there is an
accidental degeneracy of several modes at room pressure. At
the bottom of Figure 2, vertical marks represent the theoretical
frequencies of the Raman-active modes predicted at ambient
conditions to directly compare with the experimental spectra.
The experimental and theoretical frequencies of the Raman-
active modes at ambient pressure are summarized in Table 1.
The Raman spectrum can be divided into two regions: the low-
frequency region (100−550 cm−1) and the high-frequency
region (550−800 cm−1). This division contrasts with that of the
Raman spectrum of YAG, which has three regions (see refs 7
and 23). This can be understood if one considers that gallium
garnets have a larger unit cell volume than that of aluminum
garnets, and besides, the gallium has a mass greater than the
aluminum. Consequently, there is a red shift in the high-
frequency modes of gallium garnets with respect to aluminum
garnets, which results in an overlapping of the high and
intermediate regions in the Raman spectrum of the YGG.
Figure 2 also shows the tentatively assigned symmetries of

the observed modes on the basis of our theoretical calculations
and on the comparison with previous works of lattice dynamics
in garnets. There is a quite good agreement between the
theoretical frequencies of the vibrational modes of bulk crystal
and the experimental modes measured in the nanocrystals with
average sizes of 60 nm (Table 1). In general, only slight shifts in
frequency have been found; they are likely due to the GGA
approximation, which tends to underestimate the frequencies.
Till now, the Raman spectrum of garnets has been usually

interpreted by assuming that the different Raman modes could
be attributed to the vibrational modes of the tetrahedral

Figure 2. Experimental Raman spectra of the bulk Y3Ga5O12 garnet,
nanogarnet, and Tm3+-doped nanogarnet at ambient conditions.
Bottom vertical ticks indicate the ab initio frequencies of the Raman
active modes.
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(GaO4), octahedral (GaO6), and dodecahedral (YO8) units.
However, the attribution of each Raman mode to a single unit
is not straightforward because the vibrations of the different
polyhedra are strongly coupled to each other. Therefore, to
understand the contribution of each polyhedral unit to every
Raman mode, we have calculated both the total and the partial
(or projected onto each atom) phonon density of states (Figure
3), so that the dynamical contribution of each atom can be
observed. It can be noted that Ga atoms with octahedral
coordination (Gaoct) predominantly contribute in the low-

frequency region, especially between 200 and 300 cm−1, and
with a small contribution in the high-frequency region. Ga
atoms with tetrahedral coordination (Gatet) have the greatest
contribution in the low-frequency region, mainly between 100
and 200 cm−1. On the other hand, Ga atoms with tetrahedral
coordination are the Ga atoms that contribute in the high-
frequency region. O atoms contribute in both the low- and
high-frequency regions, its main contribution being above 260
cm−1. Finally, Y atoms contribute in the low-frequency region
between 100 and 400 cm−1 with special intensity in the region
between 100 and 200 cm−1. As a result, the RE3+ ions, which
substitute the Y ones in the dodecahedral site, show low
multiphonon relaxation probabilities, thus favoring the
spontaneous emission of photons when the RE3+ ions are
excited. This is the origin of the high quantum yield of
luminescence of the RE3+ ions in the garnet and nanogarnet
structures.18

On the basis of the contributions of the individual atoms we
can now discuss the contributions of the different polyhedra to
each vibrational mode. According to Hurrel et al.,24 the phonon
modes of a garnet crystal with general formula P3Q2(RO4)3,
with P, Q, and R being cations, are a combination of the
molecular modes of the RO4 and QO6 polyhedra. This view has
been further used to describe the phonon modes of aluminate5

and silicate25 garnets. Due to the structural similarity of
aluminum garnets and gallium garnets, the internal Raman-
active modes of YGG could be assigned in a similar way as
those for YAG.5,23,24 The most intense Raman modes of YGG
correspond to the three A1g modes (Figure 2). These three

Table 1. Theoretical and Experimental Frequencies, Pressure Coefficients, and Zero-Pressure Grüneisen Parameters for the
Raman-Active Modes of the YGGa

ab initio experimental

Raman mode symmetry ω0 (cm
−1) ∂ω/∂P (cm−1/GPa) ∂

2ω/∂P2 (cm−1/GPa2) γ ω0 (cm
−1) ∂ω/∂P (cm−1/GPa) ∂

2ω/∂P2 (cm−1/GPa2) γ

T2g 124.5 0.74 −0.007 1.00 122.4 1.72 −0.042 2.37
Eg 128.4 0.43 −0.003 0.56 133.3b

T2g 169.6 0.96 −0.006 0.95 187.5c 1.09 −0.013 0.98
T2g 172.3 1.13 −0.008 1.11 178.6 1.62 −0.024 1.53
T2g 198.1 2.31 −0.012 1.97 200.8 3.75 −0.084 3.15
T2g 234.1 1.52 −0.006 1.09 242.2 1.93 −0.03 1.34
T2g 265.9 2.15 −0.007 1.36 274.1 2.46 −0.028 1.51
Eg 278.9 1.54 −0.008 0.93 286.9 1.91 −0.019 1.12
Eg 292.7 2.6 −0.012 1.49 359.8f

T2g 339.1 1.93 −0.007 0.96
A1g 343.4 3.47 −0.014 1.70 353.8 4.26 −0.08 2.03
Eg 345.2 2.58 −0.01 1.26 384.7d 0.82 0.025 0.36
T2g 382.5 2.53 −0.009 1.11 391.1 3.04 −0.036 1.31
T2g 396.5 2.95 −0.007 1.25 420.5 1.93 0.017 0.77
Eg 412.2 1.95 −0.003 0.79 431.2 2.39 −0.034 0.93
Eg 469.3 2.51 −0.006 0.90 500.0d 2.4 −0.009 0.81
T2g 481.8 2.64 −0.008 0.92 510.0d 2.39 −0.007 0.79
T2g 495.6 2.93 −0.008 0.99
A1g 511.4 2.79 −0.008 0.92 528.4 3.22 −0.03 1.02
T2g 571.8 4.64 −0.015 1.37 595.8 6.32 −0.11 1.78
T2g 584.9 4.59 −0.015 1.32 611.5 5.19 −0.07 1.43
Eg 612.7 4.61 −0.015 1.27 661.8d 5.90 −0.08 1.50
Eg 661.1 4.18 −0.013 1.07 776.4f

T2g 719.2 4.23 −0.013 0.99 807.8e 4.02 −0.03 0.89
A1g 719.9 4.27 −0.014 0.99 754.8 4.24 −0.01 0.94

aThe pressure dependence of both experimental and theoretical frequencies has been fitted with a second-order polynomial: ω = ωo + (∂ω/∂P)P +
(∂2ω/∂P2)P2 up to 29 and 89 GPa, respectively. bThis mode only appears at 0 GPa. cThis mode appears above 8 GPa. dThese modes appear above
10 GPa. eThis mode appears above 13 GPa. fThese modes appear above 25 GPa, with the values indicated in the table.

Figure 3. Partial and total phonon density of states of the Y3Ga5O12
garnet. The total phonon density is the dotted black curve.
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modes are directly connected with the free GaO4 and GaO6
internal vibrations: the higher frequency A1g mode must
correspond to the symmetric stretching mode of tetrahedra and
octahedra in antiphase to each other; 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 the rotational mode of tetrahedra.
In the high-frequency region, the last Eg mode at 661 cm−1

corresponds to symmetric stretching mode of GaO4 and
antisymmetric stretching mode of GaO6, whereas the last T2g
mode at 719 cm−1 corresponds to the symmetric stretching
mode of the tetrahedra and octahedra.
In the low-frequency region, translational movements of the

GaO4 and YO8 can be observed. The first T2g mode at 124
cm−1 and the first Eg mode at 128 cm−1 correspond to
translational movements of these two polyhedral, although the
Eg mode has a greater translation of the dodecahedra. The
following four T2g modes at 169, 172, 198, and 234 cm−1 are
mainly related with translational movements of the tetrahedra.
Apparently, there is not a translational movement of the YO8
unit in these modes, only a translational movement of the Y
cations. The Eg and T2g modes, with frequencies of 345 and 382
cm−1, respectively, might be related with the rotational mode of
GaO4 tetrahedra and GaO6 octahedra. The Eg mode at 469
cm−1 and the two T2g modes with frequencies 481 and 495
cm−1 are assigned to symmetric bending modes of GaO4 and
GaO6. For the rest of the vibrational modes, our calculations
suggest a complex vibrational pattern so it is not easy to
distinguish the contributions of the different polyhedra.
It is important to note that our theoretical results do not

predict the existence of Raman-active modes below 100 cm−1.
This result is confirmed by our Raman scattering measurements
and it can be explained by the dense structure of YGG 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.5

B. Lattice Dynamics of YGG at High Pressures. Selected
experimental Raman spectra of nanocrystalline Tm3+-doped
YGG at different pressures up to 27 GPa are shown in Figure 4.
As can be observed, all phonon frequencies exhibit a
monotonous increase with pressure due to the contraction of
the interatomic distances in the unit-cell volume. As already
commented, only 17 Raman-active modes are visible at room
pressure; however, as the pressure increases, there is a rupture
of the degeneracy of some peaks such as the mode T2g at 187.5
cm−1 from 8 GPa, the mode Eg at 384 cm

−1 and at 661.85 cm−1

from 10 GPa, and the last mode T2g at 807.8 cm−1 from 13
GPa. Moreover, and as can be seen in Figure 4, the intensity of
other Raman modes increases with the pressure and they can
be observed in the Raman spectrum. The intensities of the
modes Eg (500 cm−1) and T2g (510 cm−1) increase from 10
GPa whereas the modes Eg at 359.78 and 776.37 cm−1 appear
above 25 GPa. Therefore, and according to the evolution of
Raman modes with the pressure observed in Figure 4, the bcc
structure is stable up to 29 GPa.
The pressure dependences of the experimental and

theoretical Raman-active mode frequencies up to 29 and 89
GPa, respectively, are shown in Figure 5. These frequencies are
similar within 5% of accuracy as can be observed in the pressure
coefficients of the Raman-active modes in Table 1. This good

agreement between the experimental and theoretical modes
reflects (i) that the introduction of RE3+ ions in the nanogarnet
up to a concentration of 1% mol does not change the lattice
dynamics of the material and (ii) that the vibrational properties
of our nanogarnets are quite similar to those of the bulk garnet.
It is worth noting that all modes show a positive first-order

pressure coefficient. Only the lowest frequency phonon modes
(T2g and Eg modes) show a very small pressure coefficient
(Table 1), indicating that these modes have very low volume
dependence. For completeness, we present in Table 2 the IR-
active mode frequencies (TO component) at ambient pressure
and their pressure coefficients. Our values for the IR-active
mode frequencies at ambient pressure can be found in good
agreement with those reported for bulk YGG (Table 2).26

As can be observed in Figures 5 and 6, the first T2g Raman
mode and the three first T1u infrared modes decrease at high
pressure, which suggests a possible pressure-induced insta-
bility.27 This instability is reflected in the lowest frequency
silent T2u mode (Figure 7) that becomes negative at 111 GPa.
Therefore, this result is in agreement with a previous theoretical
study, where it was shown that YGG becomes mechanically
unstable above 84 GPa,11 and with other experimental results of
gallium garnets, such as Gd3Sc2Ga3O12 (GSGG) and
Gd3Ga5O12 (GGG), which have a pressure-induced amorphiza-
tion at 58 ± 3 and 84 ± 4 GPa, respectively.28 Experimentally, a
considerable broadening of Raman peaks with increasing
pressure is observed, although no pressure-induced phase
transition has been noted up to 27 GPa (Figure 4).
Both experimental and theoretical Grüneisen parameters, γ =

(B/ω)(∂ω/∂P), are compared in Table 1. They have been
estimated by using the theoretical value for the bulk modulus,
B0 = 168.54 GPa, calculated from the fourth-order Birch−
Murnaghan equation of state.29 This bulk modulus is similar to

Figure 4. Experimental Raman spectra at pressures between 0 and 29
GPa of the Tm3+-doped Y3Ga5O12 nanogarnet. Additional modes that
appear due to the rupture of degeneracy are shown in red letters; the
modes represented with blue letters increase their intensity.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp501570c | J. Phys. Chem. C 2014, 118, 13177−1318513181



those of most garnets (between 150 and 180 GPa).30 The
theoretical (experimental) Grüneisen parameter has a greater
variation in the low-frequency region, where γ ranges from 0.56
(0.36) to 1.97 (3.15), than in the high-frequency region, where
it ranges from 0.99 (0.79) to 1.37 (1.70). Therefore, there are
larger differences in the restoring forces on the atoms of
polyhedra related to the lowest modes. The lowest Eg mode
(mode assigned to the translation of the YO8 unit) has a very
small pressure coefficient and Grüneisen parameter at ambient
pressure, indicating that the restoring force between YO8
decreases as the pressure increases. Theoretical Grüneisen
parameters of infrared modes vary between 1.49 and 0.49. The
five lowest frequency IR modes have the lowest Grüneisen

parameters; suggesting that the restoring forces between the
atoms of the different polyhedra are weaker at higher pressures.
It is interesting to compare the pressure dependence of the

Raman modes of YGG with those reported for YAG in ref 7. It
can be observed that the six highest frequency modes, which
correspond to the high-frequency region in both compounds,
and which can be associated with internal vibrations of the
AlO4 (AlO6) and GaO4 (GaO6) tetrahedra (octahedra) in YAG
and YGG, respectively, show the highest pressure coefficients,
which in turn are similar in both YAG and YGG. This result
indicates a similar pressure dependence of the Al−O and Ga−
O bonds in the tetrahedra and octahedra, which are the most
incompressible units. The comparison in the low-frequency
regions below 560 cm−1 in both compounds is much more
difficult because the modes in YGG are much closer between
them than in YAG. However, it must be mentioned that the A1g
mode of lowest frequency shows a much larger pressure

Figure 5. Theoretical and experimental pressure dependence of the A1g, T2g, and Eg Raman modes of the Y3Ga5O12 garnet. Lines represent the ab
initio calculated frequencies and empty squares represent the experimentally observed frequencies. The colors, red and black, in the modes T2g are
only used as a guideline for the eyes.

Table 2. Theoretical Frequencies, Pressure Coefficients, and
Grüneisen Parameters for the Infrared-Active Modes of Bulk
YGG at Ambient Pressurea

experimental
datab theoretical data

ω0 (cm
−1)

ω0
(cm−1)

∂ω/∂P
(cm−1/GPa)

∂
2ω/∂P2

(cm−1/GPa2) γ

107.8 101.7 0.39 −0.009 0.65
113.1 107.4 0.35 −0.006 0.55
147.3 140.3 0.55 −0.007 0.66
157.8 153.6 0.78 −0.005 0.86
202 193.1 0.57 −0.005 0.49
235.2 228.7 1.36 −0.008 1.00
258 249.5 2.21 −0.011 1.49
304.8 294.6 2.15 −0.009 1.23
317.5 313.9 1.86 −0.006 0.99
328.8 317.2 1.84 −0.005 0.98
370.3 359.9 2.31 −0.008 1.08
374.3 362.7 3.48 −0.01 1.62
420 405.3 2.80 −0.005 1.16
479 461.1 2.89 −0.007 1.06
588.4 564.2 4.79 −0.016 1.43
621.7 597.5 4.61 −0.014 1.30
688.4 659.9 4.48 −0.014 1.14

aThe pressure dependence of theoretical frequencies has been fitted
with a second-order polynomial: ω = ωo + (∂ω/∂P)P + (∂2ω/∂P2)P2.
bExperimental data for bulk YGG from ref 26 is added for comparison.

Figure 6. Calculated pressure evolution of the 17 T1u infrared modes
of the Y3Ga5O12 garnet.
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coefficient in YGG (4.26 cm−1/GPa) than in YAG (1.7 cm−1/
GPa). On the other hand, it must be noted that the lowest
frequency T2g mode, which is related to a translation of the YO8
dodecahedra, shows similar Grüneisen parameters in both
compounds. This indicates that the rates of hardening of bonds
related to this translation with pressure are similar in YGG and
YAG, despite the different compressibility considered for both
compounds, B0(YGG) = 168.5 GPa and B0(YAG) = 185.2
GPa.7

In a previous work on RE3+-doped garnets, Papagelis et al.
mentioned that in the garnet series only RE3+−O distances, and
consequently Y−O distances, vary significantly when the crystal
volume decreases.23 Figure 8 shows the theoretical pressure
dependence of different interatomic distances in YGG. It can be
observed how all distances decrease with increasing pressure, in
good agreement with the increase of the Raman frequencies.

Our calculations indicate that in the coordination polyhedra
one of the distances between the yttrium ions and the oxygen
ions, Y−O1, changes at a rate of −2 × 10−3 Å/GPa, whereas
the Y−O2 distance varies faster, about −5.6 × 10−3 Å/GPa.
Therefore, the YO8 dodecahedra are quite irregular at low and
high pressures.
Moreover, the similar decrease of the Y−Gatet and Y−Gaoct

distances (with a rate of −5 × 10−3 Å/GPa) on increasing
pressure indicates that the influence between dodecahedra and
tetrahedra or octahedra is similar in the full pressure range up
to 89 GPa. Curiously, the larger contraction of distances related
to Y is not reflected in larger pressure coefficients for the modes
related to Y between 100 and 200 cm−1. On the contrary, the
three Raman-active modes and the five IR-active modes with
the smallest frequencies show the smallest Grüneisen
parameters. This result evidences a strong decrease of the
force constant between Y and O atoms in YO8 dodecahedra
with increasing pressure that compensates the strong decrease
of the Y−O2 bond distance and it confirms that GaO4 and
GaO6 polyhedra are the basic units of the gallium garnet also at
high pressures.
Finally, it is worth noting that the decrease of the Y−O2

bond force constant must be related to a charge transfer to any
of the Ga−O bonds. This transfer should lead to a larger
pressure coefficient of vibrational modes related to these Ga−O
bonds. In this respect, it is noteworthy that the modes with the
largest pressure coefficients are those with frequencies above
550 cm−1 that are related to Gatet and Gaoct, as suggested by
Figure 3. This result indicates that on increasing pressure there
is an increase of the charge transfer mainly from Y−O2 bonds
to Ga−O bonds in GaO4 tetrahedra and GaO6 octahedra. This
makes sense, because O2 atoms correspond to those of the
tetrahedral and octahedra.

V. CONCLUSIONS
We have carried out an experimental and theoretical lattice
dynamics study of YGG nanogarnet under high pressure by
performing Raman scattering measurements in nanocrystalline
Tm3+-doped YGG garnet up to 27 GPa and ab initio
calculations of bulk YGG up to 89 GPa. Theory predicts 25
Raman-active modes, 17 infrared-active modes, whose pressure
dependences have been reported, and 55 optically inactive
(silent) modes. The results of the Raman scattering measure-
ments in the nanogarnet with sizes of around 60 nm are in
good agreement with the theoretical results in bulk garnet. The
agreement between the experimental and theoretical frequen-
cies shows that the introduction of a RE3+ in the nanogarnet, up
to 1% concentration, does not change the lattice dynamics of
the material and that the vibrational properties of our
nanogarnets are similar to those of the bulk garnet.
To discuss the contribution of each atom to the different

Raman vibrational modes, we have analyzed the total and the
partial phonon density of states that reflects the dynamical
contribution of each atom. Y (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. Furthermore, the Raman phonon modes of the YGG
crystal have associated internal and external molecular modes of
the different polyhedra. In the low-frequency regions, 124−234
and 345−382 cm−1, the translational modes of YO8 and GaO4
and the rotational modes of GaO4 and GaO6, respectively,
dominate in the Raman spectrum. In the high-frequency

Figure 7. Theoretical pressure dependence of the first T2u, A1u, T1g,
A2g, and Eu silent modes of the Y3Ga5O12 garnet.

Figure 8. Evolution of the interatomic distances as a function of the
pressure of the Y3Ga5O12 garnet. Gatet stands for Ga atoms with
tetrahedral coordination, Gaoct stands for Ga atoms in octahedral
coordination. Y−O1 and Y−O2 are the smallest and largest Y−O
distances in the irregular YO8 dodecahedra.
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regions, 469−500 and 661−719 cm−1, the internal modes of
GaO6 and GaO4 polyhedra, such as bending and stretching
modes respectively, are present in the YGG.
Finally, we want to comment that experimentally no

pressure-induced phase transition upon pressure up to 27
GPa has been observed, as expected, in the nanogarnets.
However, several Raman, IR, and silent modes decrease with
increasing pressure, thus suggesting a pressure-induced
instability. These results are in agreement with previous
calculations that showed that the YGG garnet structure
becomes mechanically unstable above 84 GPa.11
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F. J.; Muñoz, A. Electronic and Elastic Properties of Yttrium Gallium
Garnet under Pressure from Ab Initio Studies. J. Appl. Phys. 2013, 113,
183505 1−7..
(12) Hohenberg, P.; Kohn, W. Inhomogeneous Electron Gas. Phys.
Rev. 1964, 136, B864−B871.
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