
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Lattice dynamics of orthorhombic NdGaO_{3}
A. Mock, R. Korlacki, S. Knight, M. Stokey, A. Fritz, V. Darakchieva, and M. Schubert

Phys. Rev. B 99, 184302 — Published 17 May 2019
DOI: 10.1103/PhysRevB.99.184302

http://dx.doi.org/10.1103/PhysRevB.99.184302


Lattice dynamics of orthorhombic NdGaO3

A. Mock,1, 2, ∗ R. Korlacki,2 S. Knight,2 M. Stokey,2 A. Fritz,2 V. Darakchieva,1 and M. Schubert1, 2, 3

1Terahertz Materials Analysis Center and Competence Center for III-Nitride Technology C3NiT - Janzén,
Department of Physics, Chemistry and Biology (IFM),
Linköping University, SE 58183 Linköping, Sweden
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A complete set of infrared active and Raman active lattice modes is obtained from density func-
tional theory calculations for single crystalline centrosymmetric orthorhombic neodymium gallate.
The results for infrared active modes are compared with an analysis of the anisotropic long wave-
length properties using generalized spectroscopic ellipsometry. The frequency dependent dielectric
function tensor and dielectric loss function tensor of orthorhombic neodymium gallium oxide are
reported in the spectral range of 80–1200 cm−1. A combined eigendielectric displacement vector
summation and dielectric displacement loss vector summation approach augmented by considera-
tions of lattice anharmonicity is utilized to describe the experimentally determined tensor elements.
All infrared active transverse and longitudinal optical mode pairs obtained from density functional
theory calculations are identified by our generalized spectroscopic ellipsometry investigation. The
results for Raman active modes are compared to previously published experimental observations.
Static and high frequency dielectric constants from theory as well as experiment are presented and
discussed in comparison with values reported previously in the literature.

I. INTRODUCTION

Neodymium gallate (NdGaO3) belongs to the family of
orthorhombic rare earth perovskites. NdGaO3 has gar-
nered much interest as a substrate material for epitaxial
growth, for example GaN layers on NdGaO3 have been
investigated for optical applications.1,2 As such, inves-
tigations into the optical and electronic properties have
been conducted. For example, Reshak et al. performed
density functional theory calculations of the electronic
band dispersion, density of states, and optical transitions
in neodymium gallate and compared results with spectro-
scopic ellipsometry measurements in the vacuum ultra
violet spectral range.3 A wide indirect band gap of about
3.8 eV with valence band maximum at T and conduction
band minimum at Γ points within the Brillouin zone was
found.3 The lattice dynamics of NdGaO3 has been the
subject of numerous studies. The lattice mode structure
of orthorhombic NdGaO3 includes infrared active, Ra-
man active, and silent modes, where all infrared active
modes split into transverse optical and longitudinal opti-
cal modes. Both experimental as well as theoretical (rigid
ion and shell model approximations) studies have been
reported, but no first principle calculations have been
performed so far. Furthermore, the agreement between
reported results remains unsatisfactory. Earlier studies
often did not take into account the optical anisotropy of
the orthorhombic crystal. For example, in some stud-
ies, infrared active modes are identified without clear de-
scription of the polarization orientation.4–6 Zhang et al.

performed reflectance and transmittance measurements
on the surface of (100) oriented single crystal NdGaO3

without specification of the polarization conditions.7 The
authors used an eigendielectric displacement summation
approach and report transverse optical lattice mode pa-
rameters without symmetry assignment. Saine et al.

performed unpolarized infrared and Raman spectroscopy
measurements, and performed an analysis of the inter-
atomic force field but assumed a different crystal sym-

metry (Pbn21).
8 Suda et al. presented polarized infrared

reflectance data in the spectral region of 100–600 cm−1,
measured with polarization of the incident beam along
the three principal directions. However, the set of ex-
perimentally identified infrared active lattice modes re-
mained incomplete, and the longitudinal optical lattice
modes were not reported.9 A detailed study of the polar-
ized infrared reflectance was performed by Höfer et al. by
investigation of light polarized along the three principal
crystallographic directions. Höfer et al. identified and
reported a set of transverse optical and longitudinal op-
tical lattice modes for the three major crystal directions.
However, the set remained incomplete.10

Raman active lattice modes in NdGaO3 were studied
by many groups.5,9,11,12 Kamishima et al. and Suda et

al. presented Raman scattering spectra of NdGaO3 as a
function of temperature.9,12 Suda et al. also provide a
comprehensive review of all previously observed infrared
active and Raman active lattice modes. Up to now, all
reported sets of Raman active modes in orthorhombic
NdGaO3 remained incomplete. From the thus far avail-
able lattice mode information, Suda et al. created a rigid
ion model for the interatomic force fields in NdGaO3.
Suda et al. used their rigid ion model and calculated the
lattice mode dispersions. The infrared portion of their
original study was later refined, resulting in a refined
phonon dispersion based on their rigid ion shell model.13

The lattice mode dispersions provided by Suda et al.,9,13

however, suffer from the fact that neither the set of in-
frared active nor the set of Raman active lattice modes
were observed completely, and no information on the
silent modes is available thus far. Furthermore, the rigid
ion model suffers from ignoring the quantum mechanical
nature of the atomic interactions. Hence, the rigid ion
model is know to only serve as a crude approximation for
the lattice dynamics of crystals.
In this paper, we present a comprehensive study of

the phonon modes in NdGaO3. All phonon modes are
calculated from first principles using density functional
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FIG. 1. Unit cell of NdGaO3 with crystallographic vec-
tors a, b, and c defined with relation to the orthogonal coor-
dinate system (ξ, χ, ζ).

TABLE I. Character table for the Pnma cell used in the
present study. Symmetry elements: Identity E, two-fold rota-
tion axes C2j , inversion I , mirror planes σj , with j = ζ, ξ, χ.

E C2ζ C2ξ C2χ I σζ σξ σχ

Ag 1 1 1 1 1 1 1 1
B1g 1 1 -1 -1 1 1 -1 -1
B2g 1 -1 1 -1 1 -1 1 -1
B3g 1 -1 -1 1 1 -1 -1 1
Au 1 1 1 1 -1 -1 -1 -1
B1u 1 1 -1 -1 -1 -1 1 1
B2u 1 -1 1 -1 -1 1 -1 1
B3u 1 -1 -1 1 -1 1 1 -1

theory (DFT). The results for infrared active modes are
compared with a detailed and complete analysis of the
anisotropic long wavelength properties using generalized
spectroscopic ellipsometry (GSE). The frequency depen-
dent dielectric function tensor and dielectric loss func-
tion tensor of orthorhombic neodymium gallium oxide is
reported in the spectral range of 80–1200 cm−1. A com-
bined eigendielectric displacement vector summation and
dielectric displacement loss vector summation approach
augmented by considerations of lattice anharmonicity is
utilized to describe the experimentally determined tensor
elements. All infrared active transverse and longitudinal
optical mode pairs obtained from density functional the-
ory calculations are identified by our generalized spectro-
scopic ellipsometry investigation and found in excellent
agreement. The results for Raman active modes are com-
pared to previously published experimental observations.
Static and high frequency dielectric constants from the-
ory as well as experiment are presented and discussed
in comparison 3 with values reported previously in the
literature. Frequencies of all silent lattice modes are pre-
sented as well. We show the atomic displacement pat-
terns for all phonon modes and plot the phonon disper-
sion based on the DFT calculated interatomic force field.

II. THEORY

A. Symmetry, Coordinate System, and Crystal

Structure

NdGaO3 has orthorhombic crystal structure and be-
longs to the space group No. 62 (Pnma) with orthogonal
crystal vectors a, b, and c (Fig. 1). The lattice param-
eters and atomic positions of symmetry-unique atoms
within the unit cell are provided in Tabls. II and III.
Because many previous studies on NdGaO3 used the
Pbnm cell for identification, even if sometimes indicated
otherwise,10 in all places where we compare our results
with the literature, for the sake of consistency we con-
vert the literature data given in the Pbnm to the Pnma
cell, with b having the longest unit cell dimension. The

unit cell contains four chemical units, which results in
20 atoms and 60 zone center phonon modes classified ac-
cording to the irreducible representation:

Γ = 7Ag+5B1g+5B2g+7B3g+8Au+10B1u+10B2u+8B3u.

One of each B1u, B2u, and B3u are acoustic modes; Ag,
B1g, B2g, and B3g are Raman active modes; Au modes
are silent; and the remaining 9B1u, 9B2u, and 7B3u

modes are active in the infrared. The character table
is given in Table I.

B. Density Functional Theory

Theoretical calculations of long wavelength active Γ-
point phonon frequencies were performed by plane wave
DFT using Quantum ESPRESSO (QE).14 We used the
local density approximation (LDA) exchange correlation
functional of Perdew and Wang (PW)15 and optimized
norm-conserving Vanderbilt (ONCV) scalar-relativistic
pseudopotentials,16,17 The initial parameters of the unit
cell and atomic positions were taken from Ref. 18. The
initial structure was first relaxed to force levels less than
10−5 Ry Bohr−1. A regular shifted 6× 6× 6 Monkhorst-
Pack grid was used for sampling of the Brillouin zone.19 A
convergence threshold of 1× 10−12 Ry was used to reach
self consistency with a large electronic wavefunction cut-
off of 120 Ry. The relaxed cell was used for subsequent
phonon calculations.
The phonon frequencies and eigenvectors were com-

puted at the Γ-point of the Brillouin zone using density
functional perturbation theory.20According to Born and
Huang,21 the lattice dynamic properties in crystals are
categorized under different electric field E and dielec-
tric displacement D conditions.22 Specifically, E = 0 and
D = 0 define the transverse optical (TO) modes, ωTO,l,
associated with the dipole moment. E 6= 0 but D = 0
define the longitudinal optical (LO) modes, ωLO,l. The
latter can be obtained using Born effective charges cal-
culated by the QE’s phonon code.23 Thus, the parame-
ters of the TO modes were obtained by diagonalizing the
dynamic matrix without the electric field effects. The
parameters of the LO modes were obtained by adding
non-analytical terms to the dynamic matrix in the re-
spective crystal directions. Hence the DFT calculations
yielded 9 phonon mode pairs with polarization along the
a-direction (B2u), 7 pairs along the b-direction (B3u),
and 9 pairs along the c-direction (B1u), as expected from
the irreducible representation of the space group Pnma.
Amplitudes and frequencies of infrared active TO and LO
phonon modes calculated by DFT are given in Tabls. IV-
VI. Renderings of atomic displacements for these modes
were prepared using XCrysDen24 running under Silicon
Graphics Irix 6.5, and are shown in Figs. 2 (B1u), 3
(B2u), 4 (B3u), and 5 (Au). Additionally, parameters
of Raman active modes are given in Tabls. VIII-XI, and
the renderings of their atomic displacements are shown in
Figs. 6 (Ag), 7 (B1g), 8 (B2g), and 9 (B3g). In addition to
the Γ-point phonons, the dynamical matrices were calcu-
lated over a regular 8×8×8 grid in the first Brilloin zone.
They were used to produce real-space interatomic force
constants, which in turn were used to plot the complete
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TABLE II. Comparison between the experimental and the-
oretical lattice constants (in Å). Literature data have been
converted to the Pnma cell used in the present study.

Exp.a Exp.b Exp.c Calc.d

a 5.499 5.4952 5.4979 5.4443
b 7.733 7.6871 7.7078 7.6369
c 5.431 5.4176 5.4276 5.3805

aRef. 25
b100K, Ref. 18.
c293K, Ref. 18.
dThis work, LDA-DFT.

TABLE III. Calculated equilibrium structural parameters of
NdGaO3 determined in this work in comparison with avail-
able literature values. Atomic positions are given in fractional
coordinates of a, b, and c, respectively. Literature data have
been converted to the Pnma cell used in the present study.

Exp. (100K, Ref. 18)
Nd 0.04268 0.25 0.49087
Ga 0 0.5 0
O1 0.0181 0.75 0.0803
O2 0.2092 0.5426 0.7098

Exp. (293K, Ref. 18)
Nd 0.04141 0.25 0.49092
Ga 0 0.5 0
O1 0.0174 0.75 0.0800
O2 0.2097 0.5422 0.7107

Calc. (this work)
Nd 0.04312 0.25 0.48910
Ga 0 0.5 0
O1 0.0166 0.75 0.0802
O2 0.2136 0.5436 0.7146

phonon dispersion along a high-symmetry path through
the first Brillouin zone, shown in Fig. 16.

C. Transverse and Longitudinal Optical Modes

Two separate sets of eigenmodes (transverse opti-
cal; TO: ω = ωTO,l, longitudinal optical; LO: ω =
ωLO,l) and corresponding eigendisplacement unit vectors
(êTO,l, êLO,l) can be defined from the dielectric tensor (ε)
and dielectric loss tensor (ε−1),26–28 respectively,

| det{ε(ω = ωTO,l)}| → ∞, (1a)

| det{ε−1(ω = ωLO,l)}| → ∞, (1b)

ε−1(ω = ωTO,l)êTO,l = 0, (1c)

ε(ω = ωLO,l)êLO,l = 0. (1d)

where l is an index for multiple frequencies in the sets.
For materials with orthorhombic crystal symmetry,

crystal unit cell axes a, b, and c are orthogonal, and
wavelength independent rotations exist, which can bring
tensors ε−1 and ε−1 into diagonal form

ε =





εa 0 0
0 εb 0
0 0 εc



 , (2)

ε−1 =





ε−1
a 0 0
0 ε−1

b 0
0 0 ε−1

c



 . (3)

Thus, Eqs. 1 simplify

εj(ω = ωTOj,l) → ∞, (4a)

ε−1
j (ω = ωLOj,l) → ∞, (4b)

êTOj,l||êj , (4c)

êLOj,l||êj , (4d)

with j = a, b, c. The index l numerates phonon modes
from highest to lowest frequency in order of appearance.
Thereby, 3 mode series are distinguished by unit vectors
polarized along one of the unit crystal axes. The total
number of modes in each series, 2Nj, is to be determined
by experiment and theory. Each series contains equal sets
of TO and LO modes, and in each series with ascending
frequency a TO mode always precedes exactly one LO
mode.

D. Generalized Ellipsometry

Generalized spectroscopic ellipsometry (GSE)29 is
a contactless and nondestructive optical measurement
technique which utilizes the change in polarization of
s- and p-polarized light after interaction with a mate-
rial. GSE allows for determination of the complex-valued
spectrally dependent dielectric tensor of any arbitrary
material by obtaining the 4×4 real-valued Mueller ma-
trix, which connects the incoming and outgoing Stokes
vector components according to
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with the Stokes vectors defined as
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. (6)

This characterization technique has been used to
describe long wavelength properties in anisotropic
crystals.27,28,30–32 We have recently reported that
eigendielectric displacement vector summation (EDVS)
and eigendielectric loss displacement vector summation
(EDLVS) approaches can be used as a physical model
approach to explain and line-shape match experimen-
tally determined dielectric function tensor elements and
inverse dielectric function elements, respectively, of mate-
rials with low crystal symmetry.27,28 We have also shown
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previously that the augmentation of anharmonic lifetime
broadening permits the determination of broadening pa-
rameters for TO and LO modes independently.32 These
methods permit the direct determination of TO and LO
mode frequencies, broadening, and amplitude parame-
ters.

1. Ellipsometry coordinate system

The Cartesian laboratory system is defined by the el-
lipsometer system, where the sample surface is the x-y
plane, the sample normal is the z-axis pointing into the
sample, and the intersection of the plane of incidence
with the sample surface coincides with the x-axis. The
Cartesian coordinate system of the sample, (ξ, χ, ζ), is
shown in Fig. 1.

2. Physical Model Approach

A physical model is required to obtain meaningful and
useful parameters from ellipsometric data. The ideal
substrate/ambient model is utilized here assuming ide-
ally flat and microscopically clean crystal surfaces.29,33–36

Free parameters in this approach are the frequency-
dependent complex-valued tensor elements, εj(ω). In ad-
dition, for every sample investigated, a set of Euler angle
parameters, φ, θ, and ψ, is required to describe the physi-
cal rotation of the orthogonal crystal axes system relative
to the laboratory axes system as explained previously by
Schubert et al.27

3. Wavelength-by-Wavelength Analysis

Ellipsometry data from multiple samples, multiple az-
imuths, and multiple angles of incidence are investi-
gated and analyzed simultaneously. In the wavelength-
by-wavelength analysis approach, the parameters for the
complex-valued major tensor elements εa, εb, εc are de-
termined for every wavelength separately without making
any assumption or conclusion from the behavior of these
parameters at any other wavelength. In this wavelength-
independent approach, no assumptions about specific
spectral dependencies of functions εj(ω) are made.

4. Model Dielectric Function Analysis

The major dielectric function tensor elements and di-
electric loss function tensor elements can be rendered by
summing functions in the EDVS and EDLVS approaches,
respectively,27,28,30–32

εj = ε∞,j +

Nj
∑

l=1

̺TO,l, (7a)

ε−1
j = ε−1

∞,j −

Nj
∑

l=1

̺LO,l, (7b)

with j = a, b, c. Parameters ε∞,j are the high-frequency
dielectric constants for polarization along crystal axes
(a,b, c). In order to describe the dispersions induced by
TO and LO modes in Eqs. 7 (a) and (b), respectively, we
utilize anharmonic Lorentzian-broadened oscillator func-
tions:

̺k,l (ω) =
A2

k,l − iΓk,lω

ω2
k,l − ω2 − iωγk,l

, (8)

where Ak,l, ωk,l, γk,l, and Γk,l are amplitude, resonance
frequency, harmonic broadening, and anharmonic broad-
ening parameters for TO (k=“TO”) or LO (k=“LO”)
mode l, respectively.28,32

Additionally, in order to reduce correlations and im-
prove sensitivity we use a second method, which ties
the two independent summation approach equations to-
gether. We utilize a factorized form of the dielectric
function for a long wavelength active lattice modes.
This method was previously described by Berreman and
Unterwald37 and by Lowndes.38 The four parameter
semiquantum (FPSQ) model suggested by Gervais and
Periou39 identifies γLO,l, which is not necessarily equal
to γTO,l. The difference in LO and TO mode broadening
parameters accounts for the different lifetime broadening
parameters of LO modes in comparison to those of their
associated TO modes.28,31,32,39–41

εj(ω) = ε∞,j

Nj
∏

l=1

ω2
LO,l − ω2 − iωγLO,l

ω2
TO,l − ω2 − iωγTO,l

. (9)

with j = a, b, c.

5. Lyddane-Sachs-Teller relationships

Equation 9 can be used to express the Lyddane-
Sachs-Teller (LST) relationship for materials with
orthorhombic symmetry and multiple phonon mode
branches,34,42,43 by setting ω = 0

εDC,

ε∞,j

=

Nj
∏

l=1

ω2
LO,l

ω2
TO,l

. (10)

with j = a, b, c. The LST relationships, 3 in the case
of orthorhombic NdGaO3, can be used to calculate ei-
ther the static or the high frequency value of the dielec-
tric functions if all respective lattice mode parameters
are known. In GSE analysis, the high frequency dielec-
tric constant parameter is usually determined as a best-
model calculated parameter, and then the static constant
parameters are calculated via the LST relations. How-
ever, alternatively, one may express the high frequency
parameter as a function of the static parameter and the
lattice mode parameter and then the static parameter
can be obtained as a best-match model parameter.

III. EXPERIMENT

Three 10 mm×10 mm×0.5 mm single-crystal samples
of NdGaO3, polished on one side, were purchased from
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TABLE IV. Parameters of TO and LO phonon modes with B2u symmetry oriented along the crystallographic a-axis determined
by GSE analysis as well as those obtained from density functional theory calculations in comparison with literature. The last
digit is determined with the 90% confidence, which is indicated with parentheses for each parameter. Literature data have been
converted to the Pnma cell used in the present study.

Parameter l=1 2 3 4 5 6 7 8 9

AB2u

TO,l [cm
−1] 28(8) 18(3) 18(4) 32(7) 58(3) 61(5) 28(8) 398.(8) 13(1)a

ω
B2u

TO,l [cm
−1] 573.(3) 538.(9) 428.(4) 314.(6) 293.7(0) 277.3(8) 240.3(7) 172.7(4) 116.0(6)a

γ
B2u

TO,l [cm
−1] 28.(9) 6.(6) 8.(6) 11.(5) 6.3(8) 5.9(2) 5.1(6) 3.4(7) 3.6(4)a

ΓB2u

TO,l [cm
−1] (0) -0.0(2) 0.0(4) 0.12(7) -0.08(6) -0.17(2) 0.11(7) -0.0008(1) 0.0(2)a

AB2u

LO,l [cm
−1] 222.(6) 54.(5) 108.(4) 33.(0) 6.4(9) 5.5(2) 7.2(8) 14.5(2) 4.5(7)a

ω
B2u

LO,l [cm
−1] 651.8(5) 551.7(1) 505.1(4) 420.32 310.(9) 285.8(3) 244.8(1) 189.6(0) 118.6(2)a

γ
B2u

LO,l [cm
−1] 21.4(5) 14.(5) 7.2(6) 9.(2) 13.(8) 7.1(3) 2.7(9) 3.7(5) 3.(6)a

ΓB2u

LO,l [cm
−1] 0.006(5) -0.027(2) -0.003(4) 0.000(9) 0.000(6) 0.0005(4) 0.0037(6) -0.0008(1) 0.000(2)a

A
B2u

TO,l [(D/Å)2/amu] 11.11 4.502 3.771 12.96 41.70 37.46 9.980 10.49 0.7395

ω
B2u

TO,l [cm
−1] 572.34 527.12 431.31 318.17 297.33 282.00 244.80 182.59 124.41

A
B2u

LO,l [(D/Å)2/amu] 95.89 8.758 24.51 2.951 0.0879 0.0631 0.1258 0.3057 0.0259

ω
B2u

LO,l [cm
−1] 645.12 542.28 492.25 423.03 314.56 289.05 249.48 192.28 125.49

ω
B2u

TO,l [cm
−1] (Ref. 10)bcd 574.7 539.1 427.2 312.5 293.7 276.9 240.5 173 116.0

AB2u

TO,l [cm
−1] (Ref. 10)b 279.4 166.1 178.3 418.0 518.7 551.7 251.4 368.8 104.7

ω
B2u

LO,l [cm
−1] (Ref. 10)b 653.1 551.6 505.2 420.7 307.9 283.9 244.3 189.3 117.5

ω
B2u

TO,l [cm
−1] (Ref. 13)b 595 545 424 356 321 290 260 174 -

a Fit performed by keeping all other phonon mode parameters constant and by selecting small spectral range near lattice mode.
b Determined from reflectance measurements.
c Average value of the two model approaches used in Ref. 10.
d Note that Ref. 10 also included parameters from an additional oscillator centered near 367.6 cm−1, which does not correspond to any

feature identified in this work or predicted by theory. All other parameters associated with this oscillator are omitted here.

TABLE V. Parameters of TO and LO phonon modes with B3u symmetry oriented along the crystallographic b-axis determined
by GSE analysis as well as those obtained from density functional theory calculations in comparison with literature. The last
digit is determined with the 90% confidence, which is indicated with parentheses for each parameter. Literature data have been
converted to the Pnma cell used in the present study.

Parameter l=1 2 3 4 5 6 7

AB3u

TO,l [cm
−1] 300.(0) 6(3) 67(2) 28(6) 58(9) 41(1) 16(3)

ω
B3u

TO,l [cm
−1] 591.(3) 550.(3) 342.0(2) 290.9(7) 269.8(1) 170.8(1) 166.0(3)

γ
B3u

TO,l [cm
−1] 24.(6) 24.(7) 11.9(3) 4.(8) 4.6(8) 5.7(6) 2.2(7)

ΓB3u

TO,l [cm
−1] 0.02(1) -0.08(2) 0.17(8) 0.00(1) -0.19(9) 0.01(3) -0.2(7)

AB3u

LO,l [cm
−1] 212.(0) 52.(4) 136.(1) 21.6(4) 8.6(5) 18.9(3) 1.1(7)

ω
B3u

LO,l [cm
−1] 656.2(3) 552.(3) 528.5(6) 308.(2) 286.1(8) 194.5(1) 166.4(2)

γ
B3u

LO,l [cm
−1] 18.6(0) 3(3) 10.4(6) 18.(7) 7.(8) 7.(1) 3.6(6)

ΓB3u

LO,l [cm
−1] -0.001(1) -0.03(9) -0.001(1) -0.008(9) 0.006(4) 0.0002(0) -0.004(6)

A
B3u

TO,l [(D/Å)2/amu] 10.85 1.153 43.50 10.99 46.40 13.20 0.5094

ω
B3u

TO,l [cm
−1] 585.27 563.01 354.41 294.00 272.36 185.36 165.99

A
B3u

LO,l [(D/Å)2/amu] 84.16 1.205 39.29 1.361 0.1383 0.4515 0.0074

ω
B3u

LO,l [cm
−1] 648.36 565.22 516.83 320.91 288.90 198.72 166.36

ω
B3u

TO,l [cm
−1] (Ref. 10)ab 594.5 - 344.5 289.8 271.4 169.8 -

AB3u

TO,l [cm
−1] (Ref. 10)a 295.7 - 664.5 368.2 472.9 472.1 -

ω
B3u

LO,l [cm
−1] (Ref. 10)a 659.8 - 528.1 309.3 285.0 194.9 -

ω
B3u

TO,l [cm
−1] (Ref. 13)a 595 - 321 300 290 174 -

a Determined from reflectance measurements.
b Average value of the two model approaches used in Ref. 10.

MTI Corp.44 with surface cuts of (110), (101), and (001).
Mueller matrix data were obtained subsequently from
each sample surface at five azimuthal orientations, ro-
tated clockwise in 45◦ increments. Data were taken from
two angles of incidence (ϕ = 50◦ and 70◦). Data were
taken at room temperature by infrared (IR) and farin-

frared (FIR) GSE. The IR-GSE measurements were per-
formed on a rotating compensator infrared ellipsometer
(J. A. Woollam Co., Inc.) in the spectral range of ≈250
– 8000 cm−1 with a spectral resolution of 2 cm−1. The
FIR-GSE measurements were performed using our in-
house built rotating polarizer rotating analyzer GSE in-
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TABLE VI. Parameters of TO and LO phonon modes with B1u symmetry oriented along the crystallographic c-axis determined
by GSE analysis as well as those obtained from density functional theory calculations in comparison with literature. The last
digit is determined with the 90% confidence, which is indicated with parentheses for each parameter. Literature data have been
converted to the Pnma cell used in the present study.

Parameter l=1 2 3 4 5 6 7 8 9

AB1u

TO,l [cm
−1] 253.(5) 52.(5)a 64(3) 227.(8)a 35(1) 60(0) 35(4) 414.(8) 5(7)a

ω
B1u

TO,l [cm
−1] 606.4(8) 530.(1)a 369.3(7) 351.5(7)a 304.9(0) 274.8(5) 253.3(0) 175.0(9) 114.(6)a

γ
B1u

TO,l [cm
−1] 29.(5) 29.(3)a 6.7(4) 8.3(6)a 9.(0) 5.6(3) 4.9(3) 2.2(0) 3.(3)a

ΓB1u

TO,l [cm
−1] -0.004(5) 0.058(7)a 0.01(8) 0.19(0)a 0.16(3) -0.18(5) 0.09(0) -0.13(2) -0.0(1)a

AB1u

LO,l [cm
−1] 207.(1) 140.(4) 36.(0)a 7.6(6)a 25.3(2) 12.2(6) 6.3(0) 15.1(4) 2.1(0)a

ω
B1u

LO,l [cm
−1] 661.2(6) 562.4(1) 528.(7)a 354.0(7)a 330.(2) 296.(8) 258.2(1) 192.6(4) 115.(1)a

γ
B1u

LO,l [cm
−1] 17.7(2) 11.7(1) 32.(9)a 5.8(8)a 11.(7) 14.(6) 3.2(9) 6.(2) 3.(4)a

ΓB1u

LO,l [cm
−1] 0.013(5) -0.029(7) 0.016(3)a 0.0021(1)a -0.005(6) 0.002(6) 0.002(3) -0.003(9) -0.000(8)a

A
B1u

TO,l [(D/Å)2/amu] 6.952 0.2605 53.85 0.5365 6.800 43.12 15.76 12.77 0.0738

ω
B1u

TO,l [cm
−1] 606.99 455.01 384.33 348.77 303.76 279.60 259.14 181.61 121.44

A
B1u

LO,l [(D/Å)2/amu] 88.91 47.92 0.0808 0.1316 2.411 0.1582 0.0873 0.4214 0.0027

ω
B1u

LO,l [cm
−1] 656.49 560.73 454.70 349.52 334.90 300.07 263.94 193.94 121.55

ω
B1u

TO,l [cm
−1] (Ref. 10)bc 607.1 - 367.2 350.6 303.2 276.5 253.7 175.5 -

AB1u

TO,l [cm
−1] (Ref. 10)b 234.6 - 640.5 189.4 376.6 593.2 300.0 371.7 -

ω
B1u

LO,l [cm
−1] (Ref. 10)b 665.1 563.1 - 354.4 330.5 295.9 257.3 191.4 -

ω
B1u

TO,l [cm
−1] (Ref. 13)b 595 - 356 343 300 273 260 174 -

a Fit performed by keeping all other phonon mode parameters constant and by selecting small spectral range near lattice mode.
b Determined from reflectivity measurements.
c Average value of the two model approaches used in Ref. 10.

FIG. 2. Phonon modes with B1u symmetry (transition dipoles
‖ c) in the order of increasing frequency. (a)-(i) TO modes,
(j)-(r) LO modes.

strument in the spectral range of 30 – 650 cm−1 with an
average spectral resolution of 2 cm−1.45 Data in the spec-
tral overlap region are in excellent agreement. For anal-
ysis, data from the FIR instrument from 80 – 500 cm−1

was combined with data from the IR instrument from 500
– 1200 cm−1. All Mueller matrix elements are normal-
ized to elementM11. Note that due to the lack of a com-
pensator for the FIR range in this work, no elements of
fourth row or column is reported for the FIR range. Data
included for analysis of the fourth row elements are ob-
tained from the IR instrument in the range of 250 – 1200
cm−1. Data obtained from all rotations are included in
the analysis, however, only three azimuthal orientations
are discussed and shown here for brevity. Note that M44

is not obtained due to a lack of two compensators in both
instrument setups. In accordance with the orthorhom-
bic crystal symmetry, regardless of the sample surface
orientation, measurements from azimuthally rotated ori-
entations 180◦ apart were observed to be identical. All
model calculations were performed using WVASE32TM

(J. A. Woollam Co., Inc.).

FIG. 3. Phonon modes with B2u symmetry (transition dipoles
‖ a) in the order of increasing frequency. (a)-(i) TO modes,
(j)-(r) LO modes.

FIG. 4. Phonon modes with B3u symmetry (transition dipoles
‖ b) in the order of increasing frequency. (a)-(i) TO modes,
(j)-(r) LO modes.

FIG. 5. Phonon modes with Au symmetry (silent) in the
order of increasing frequency. DFT-calculated frequencies for
these modes are: (a) 94.76 cm−1, (b) 170.45 cm−1, (c) 193.88
cm−1, (d) 270.14 cm−1, (e) 296.32 cm−1, (f) 366.78 cm−1, (g)
558.06 cm−1, and (h) 585.84 cm−1.

FIG. 6. Raman active phonon modes with Ag symmetry.

FIG. 7. Raman active phonon modes with B1g symmetry.

FIG. 8. Raman active phonon modes with B2g symmetry.
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FIG. 9. Raman active phonon modes with B3g symmetry.

IV. RESULTS AND DISCUSSION

A. Mueller Matrix Analysis

Experimental and best-match model calculated
Mueller matrix are shown in Figs. 10-12. Insets within
each figure show crystallographic axes orientation for
each of the (110), (101), and (001) surfaces. The upper
half of the Mueller matrix is presented with individual
elements arranged in panels in which symmetric ele-
ments Mij =Mji are plotted within the same panel. All
elements are normalized to M11. Data collected from
three azimuthal orientations (P1, P2, and P3) as well as
two angles of incidence (Φa = 50◦ and 70◦) are shown.

Effects due to coupling between p- and s-polarized
incident electromagnetic waves are clearly observed in
off-block diagonal elements (i.e., M13, M14, M23, M24).
These elements contain non-zero data whenever crystal-
lographic axes of non-cubic materials are oriented non-
parallel to the Cartesian ellipsometer coordinate axes,
and at wavenumbers where the dielectric function tensor
is isotropic. At so-called “pseudo-isotropic” points, for
example, in position P3 of Fig. 10, the off-block diagonal
Mueller matrix elements of anisotropic materials become
zero regardless of wavenumber due to the lineup of crys-
tallographic axes with the ellipsometer coordinate axes.
As discussed further below, vertical lines in Figs. 10-12
indicate the spectral positions of TO (solid) and LO (dot-
ted) lattice modes polarized along the a-axis (dark cyan),
b-axis (orange), and c-axis (violet), as identified from our
best-match model analysis.

Data from all surfaces, orientations, and angles of
incidence were analyzed simultaneously for each wave-
length. This wavelength-by-wavelength analysis utilizes
15 independent parameters including the real and imag-
inary parts of the dielectric function in each direction
(εa, εb, and εc), as well as the 9 Euler angles describing
the orientation of each sample. We note the excellent
agreement between the Mueller matrix data (green) and
the wavelength-by-wavelength model rendered data (red)
shown in Figs. 10-12. The tensor elements of the dielec-
tric function (ε) and the dielectric loss function (ε−1)
determined by this wavelength-by-wavelength analysis
technique are shown in Figs. 13-15 as green symbols. We
note that the dielectric loss tensor elements were deter-
mined by numerically inverting the experimentally deter-
mined complex-valued dielectric function tensor and thus
we obtain a negative imaginary part of the dielectric loss
function. The samples were undoped and thus no free
charge carrier contributions were observed.

B. Anisotropic Static and High Frequency

Dielectric Constants

Static and high frequency dielectric constants along
each crystal axis determined in our GSE analysis are

given in Tabl. VII. Values predicted by our DFT calcu-
lations are given for comparison. Experimentally deter-
mined ε∞,j values are lower than DFT calculated values,
however, the same trend of ε∞,c > ε∞,a > ε∞,b is ob-
served. The values of the DFT calculated static dielectric
constants εDC,j are slightly lower than those determined
by GSE. While again the trend between the two methods
is observed to be the same with εDC,a > εDC,c > εDC,b,
the error bars on the GSE determined values are larger
in this case.

TABLE VII. Anisotropic high frequency dielectric constants
and static dielectric constants along crystal axes a, b, and
c determined in this work by GSE using the LST relations
(Eq. 10) and DFT in comparison with selected values from
literature. The last digit is determined within the 90% con-
fidence interval, which is indicated with parentheses for each
parameter. Literature data have been converted to the Pnma
cell used in the present study.

j=a b c

ε∞,j This work (GSE) 4.30(9) 4.08(1) 4.41(7)
ε∞,j This work (DFT) 4.87 4.77 4.98
εDC,j This work (GSE) 22.(7) 21.(1) 21.(7)
εDC,j This work (DFT) 20.8 19.4 20.6
ε∞,j Höfer et al. (Ref. 10) 4.04 4.22 4.26
ε∞,j Zhang et al. (Ref. 7) 4.1a - -
ε∞,j Suda et al. (Ref. 13) 4.1 4.0 4.0
εDC,j Suda et al. (Ref. 13) 29.7 24.6 25

a Crystal axis assignment unclear.

High frequency dielectric constants have been reported
in the literature and are included into Tabl. VII for com-
parison. Höfer et al. (Ref. 10) and Suda et al. (Ref. 13)
provide the anisotropic high frequency dielectric tensor
with values along the three crystallographic directions de-
termined from analysis of reflectivity data. Zhang et al.

(Ref. 7) also provided a high frequency dielectric constant
however the crystal axis assignment was unclear in Ref. 7.
The static dielectric tensor was only provided by Suda et

al. (Ref. 13) with values along each of the three crystal-
lographic axes with values considerably higher than we
find in this work both experimentally and theoretically.

C. TO and LO Mode Analysis

The real and imaginary parts of the dielectric function
rendered using Eqs. 7 and 8 along each crystallographic
a-axis (εa), b-axis (εb), and c-axis (εc) are shown in
Fig. 13 (a), Fig. 14 (a), and Fig. 15 (a), respectively.
TO modes are identified as the maxima in the imaginary
parts of the dielectric function and the lineshapes were
matched by utilizing Eq. 7(a) and Eq. 8. Frequencies
of the 9 TO phonon modes polarized along the a-axis
determined from our model dielectric function analysis
are shown as vertical orange solid lines in Fig. 13 (a).
Similarly in Fig. 14 (a) and Fig. 15 (a), frequencies of
the 7 TO phonon modes polarized along the b-axis and
the 9 TO phonon modes polarized along the c-axis are
depicted as violet and dark cyan solid lines, respectively.
Bar graphs are shown in the upper panel corresponding
to the phonon mode amplitudes and frequencies found
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FIG. 10. Experimental (dotted, green lines) and best-match model calculated (solid, red lines) normalized Mueller matrix data
obtained from the (110) sample surface at three selected azimuthal orientation angles P1, P2, and P3 [ϕ = −90.(1), ϕ = −45.(1)
and ϕ = −0.(1), respectively]. Data were taken at two angles of incidence (Φa = 50◦ and 70◦). Mueller matrix data symmetric
in their indices are plotted within the same panels, for convenience. Vertical lines indicate positions of TO (solid lines) and LO
(dotted lines) modes with colors corresponding to crystal axes. Fourth row elements are limited to approximately 230 cm−1

due to a lack of compensator in the FIR spectral region. All Mueller matrix elements are normalized to M11. The remaining
two Euler angle parameters determined to describe this sample are θ = 89.(8) and ψ = 54.(1), which are consistent with the
crystallographic orientation of the (110) surface. The inset schematically depicts the sample surface as well as the plane of
incidence and the orientation of crystallographic axis c at P3.

FIG. 11. Same as Fig. 10 for a (101) sample at an azimuthal orientations P1, P2, and P3 [ϕ = 0.(7), ϕ = 45.(7), and ϕ = 90.(7)
respectively]. Euler angles θ = −44.(4) and ψ = −89.(7) are consistent with the crystallographic orientation of the (101) surface.
The inset schematically depicts the sample surface as well as the plane of incidence and the orientation of crystallographic axis
b, shown approximately for position P3.

in the DFT analysis. Note that some weak modes have
been magnified for convenience.

Similarly, the real and imaginary parts of the dielectric
loss function, or the inverse dielectric functions, along
the crystallographic a-axis (ε−1

a ), b-axis (ε−1
b

), and c-
axis (ε−1

c
) are shown in Fig. 13 (b), Fig. 14 (b), and

Fig. 15 (b), respectively. LO modes are identified as
the maxima in the imaginary parts of the dielectric loss
function and the lineshapes were matched by utilizing
Eq. 7(b) and Eq. 8. Frequencies of the 9 LO phonon
modes polarized along the a-axis determined from our
model dielectric function analysis are shown as vertical
orange dotted lines in Fig. 13 (a). Similarly in Fig. 14
(a) and Fig. 15 (a), frequencies of the 7 LO phonon
modes polarized along the b-axis and the 9 LO phonon
modes polarized along the c-axis are depicted as violet
and dark cyan dotted lines, respectively. DFT analysis
resulting amplitudes and frequencies are presented for
LO modes in the upper panel. Again several modes were
magnified for ease of view.

Resulting parameter values (ATO,l, ωTO,l, γTO,l, ΓTO,l,
ALO,l, ωLO,l, γLO,l, and ΓLO,l) determined in our GSE
model dielectric function analysis for each tensor ele-
ment are presented in Tabls. IV-VI. Several weak modes
or modes partially subsumed into shoulders of stronger
modes were identified and fit locally for increased sen-
sitivity. Frequencies and amplitude parameters compare
well with DFT calculations. All 25 predicted infrared ac-
tive TO and LO phonon mode pairs were identified by
GSE.

We compare our results with literature values of exper-
imentally identified long wavelength active TO and LO
modes by reflectivity measurements. Höfer et al. (Ref.
10) identified the full set of 9 TO and LO mode pairs
with B2u symmetry oriented along the a axis. Frequency
parameters of TO and LO modes with B2u symmetry
identified in this work agree very well, only varying by
a few cm−1. However, an additional oscillator oriented
along axis a was introduced in the analysis by Höfer et

al., which does not correspond to any feature or phonon
mode identified in our work. Suda et al. experimentally
identified 8 TO modes with B2u symmetry, which agree
well with our 8 highest frequency modes. The ninth ex-

pected TO mode was unidentified and none of the LO
modes were identified.
Of the 7 expected TO and LO mode pairs with B3u

symmetry oriented along the crystallographic b-axis,
Höfer et al. found 5 modes, which correspond to our
mode pairs with l = 1, 3, 4, 5, 6 which agree within a few
cm−1. TO modes for the same 5 modes were observed
by Suda et al., however, with significantly different fre-
quencies in some cases.
For mode pairs with B1u symmetry Höfer et al. iden-

tified 7 of the 9 TO and LO modes expected along the
c-axis. Höfer et al. identified TO modes corresponding
to our modes with l = 1, 3, 4, 5, 6, 7, 8 and the LO modes
correspond to modes with l = 1, 2, 4, 5, 6, 7, 8 with ex-
cellent agreement. Erroneously, in the analysis by Höfer
et al. a TO mode at 367 cm−1 was paired with an LO
mode at 563 cm−1, since the TO mode with l = 2 and the
LO mode with l = 3 were unidentified. Additionally the
mode pair with l = 9 was not observed by Höfer et al..
Suda et al. also identified 7 TO modes by experiment
with reasonable agreement for those centered at lower
wavenumber but significantly shifted center frequencies
for those at higher wavenumber.
Zhang et al. (Ref. 7) investigated only a single ori-

entation of a (100) NGO single crystal and identified 13
TO modes but did not describe polarization, thus can-
not be compared here. Additionally, no LO modes were
identified.
We find agreement with the previously described

broadening rule generalized for anisotropic materials
with multiple modes shown by Schubert, Tiwald and
Herzinger.30 This rule states that for each direction in
an anisotropic material, in order to maintain physical in-
terpretation, the sum of all LO broadening parameters
must be larger than the sum of all TO broadening pa-
rameters, which is satisfied for our analysis of NdGaO3

here.

D. Raman active modes

There exist many detailed studies of Raman active
modes in NdGaO3. The comparison of phonon frequen-
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FIG. 12. Same as Fig. 10 for a (001) sample at an azimuthal orientations P1, P2, and P3 [ϕ = 5(6), ϕ = 10(1), and ϕ = 14(6)
respectively]. Euler angles θ = −2.(7) and ψ = −5(7) are consistent with the crystallographic orientation of the (001) surface.
The inset schematically depicts the sample surface as well as the plane of incidence and the orientation of crystallographic axes
a and b, shown approximately for position P3. Note that due to the small inclination of axis c from the surface normal, Euler
angles ϕ and ψ are highly correlated, since for θ = 0 both ϕ and ψ perform the same rotations.

FIG. 13. (b) Dielectric function tensor element, εa and (b) dielectric loss tensor element ε−1
a . Green symbols indicate results

from wavelength-by-wavelength best-match model regression analysis matching the experimental Mueller matrix data shown
in Figs 10-12. Red solid lines are the resulting lineshapes corresponding to the analysis using Eqs. 7 and 8 for the dielectric
function and dielectric loss function, respectively. Vertical lines in (a) and (b) indicate resulting TO and LO frequencies,
respectively. Vertical bars show long wavelength transition dipole moments in atomic units calculated by DFT.

TABLE VIII. Parameters of Raman active modes with Ag

symmetry obtained from density functional theory calcula-
tions in comparison with literature. SRA is Raman scattering
activity. Mode frequencies of various origins reported in the
literature, but not corresponding to any expected frequencies
were omitted.

Parameter l=1 2 3 4 5 6 7

S
Ag

RA,l [Å
4 /amu] a 32.94 7.766 16.12 21.34 14.54 1.707 2.040

ω
Ag

RA,l [cm
−1] a 468.9 421.2 345.4 293.5 232.4 153.4 94.3

ω
Ag

RA,l [cm
−1] b 470 - 337 290 215 145 96

ω
Ag

RA,l [cm
−1] c 469 - 336 289 214 144 95

ω
Ag

RA,l [cm
−1] d 470 - 339 289 215 145 96

ω
Ag

RA,l [cm
−1] e 474 414 344 297 217 148 104

ω
Ag

RA,l [cm
−1] f 470 414 339 290 215 145 96

aThis work, LDA-DFT.
bRef. 5, room temp.
cRef. 11, room temp.
dRef. 12, room temp.
eRef. 12, 21 K.
fRef. 9, 31-500 K.

TABLE IX. Parameters of Raman active modes with B1g

symmetry obtained from density functional theory calcula-
tions in comparison with literature. SRA is Raman scattering
activity. Mode frequencies of various origins reported in the
literature, but not corresponding to any expected frequencies
were omitted.

Parameter l=1 2 3 4 5

S
B1g

RA,l [Å
4 /amu] a 1.302 3.098 11.99 20.32 0.007

ω
B1g

RA,l [cm
−1] a 625.5 417.7 361.8 197.8 170.3

ω
B1g

RA,l [cm
−1] b - - 351 200 170

ω
B1g

RA,l [cm
−1] c - - 349 199 168

ω
B1g

RA,l [cm
−1] d - - 351 199 168

ω
B1g

RA,l [cm
−1] e - - 355 206 171

ω
B1g

RA,l [cm
−1] f - - 351 199 168

aThis work, LDA-DFT.
bRef. 5, room temp.
cRef. 11, room temp.
dRef. 12, room temp.
eRef. 12, 21 K.
fRef. 9, 31-500 K.

TABLE X. Parameters of Raman active modes with B2g sym-
metry obtained from density functional theory calculations in
comparison with literature. SRA is Raman scattering activity.
Mode frequencies of various origins reported in the literature,
but not corresponding to any expected frequencies were omit-
ted.

Parameter l=1 2 3 4 5

S
B2g

RA,l [Å
4 /amu] a 0.089 22.17 17.95 0.001 1.775

ω
B2g

RA,l [cm
−1] a 701.1 456.7 417.4 330.8 151.9

ω
B2g

RA,l [cm
−1] b - 461 - - 144

ω
B2g

RA,l [cm
−1] c - 459 - - 142

ω
B2g

RA,l [cm
−1] d - 463 405 334 144

ω
B2g

RA,l [cm
−1] e - 466 412 336 146

ω
B2g

RA,l [cm
−1] f - 463 405 334 144

aThis work, LDA-DFT.
bRef. 5, room temp.
cRef. 11, room temp.
dRef. 12, room temp.
eRef. 12, 21 K.
fRef. 9, 31-500 K.

TABLE XI. Parameters of Raman active modes with B3g

symmetry obtained from density functional theory calcula-
tions in comparison with literature. SRA is Raman scattering
activity. Mode frequencies of various origins reported in the
literature, but not corresponding to any expected frequencies
were omitted.

Parameter l=1 2 3 4 5 6 7

S
B3g

RA,l [Å
4 /amu] a 0.001 0.232 6.768 3.561 41.64 0.555 0.063

ω
B3g

RA,l [cm
−1] a 676.6 518.6 443.6 370.2 230.7 159.3 113.0

ω
B3g

RA,l [cm
−1] b - - - 362 213 151 110

ω
B3g

RA,l [cm
−1] c - - 448 361.5 212.5 151 -

ω
B3g

RA,l [cm
−1] d - - 449 363 214 153 -

ω
B3g

RA,l [cm
−1] e - - 453 365 219 155 -

ω
B3g

RA,l [cm
−1] f - - 449 363 214 153 -

aThis work, LDA-DFT.
bRef. 5, room temp.
cRef. 11, room temp.
dRef. 12, room temp.
eRef. 12, 21 K.
fRef. 9, 31-500 K.
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FIG. 14. Same as for Fig. 13 but for εb and ε−1

b
for polarization along the b-axis.

FIG. 15. Same as for Fig. 13 but for εc and ε−1
c for polarization along the c-axis.

cies of Raman active modes from selected literature with
the parameters calculated using DFT in this work are
given in Tabls. VIII-XI. We restrict this comparison to
the relevant modes only, i.e., modes active in the conven-
tional Raman scattering process. Kamishima et al.

12 in
their tables with Raman frequencies also included modes
deduced from temperature-dependent optical absorption
and photoluminescence measurements. These frequen-
cies, however, do not match any of our calculated Ra-
man active modes and we consider them outside of the
scope of the current manuscript. For the phonon modes
that can be unambiguously matched, the calculated and
observed experimental frequencies agree to within a few
cm−1. Several high-frequency modes of B1g, B2g, and
B3g symmetry have not been observed experimentally so
far. Based on the fact that all the phonon modes, for
which there is available high-quality experimental data,
are reproduced in our DFT calculations with excellent
accuracy, we have no reason to expect the remaining
few that so far were not observed to be any less accu-
rate. They will undoubtedly be identified in future ex-
periments.

E. Phonon dispersion

Figure 16(a) shows the complete phonon dispersion
along a high-symmetry path through the first Brillouin
zone, for all 60 phonon modes (including the acoustic and
silent phonons). Comparing with the phonon dispersion
presented by Suda et al.

9,13 we can observe that the DFT
calculated phonons exhibit higher dispersion. Most no-
tably, the entire branch above 600 cm−1 is missing in the
plot of Suda et al. In our DFT results, this branch, close
to the Γ point, includes three highest frequency Raman
modes, one each of B1g, B2g, and B3g symmetry, and
one LO mode, with symmetry depending on the direction
of approaching the Γ-point. As mentioned above these
three high frequency Raman active modes have not been
reported so far, and hence were not included in Suda et

al.’s calculations of the interatomic force fields. In fact,
no phonon mode in Tabl. II of Ref. 9 exceeds the fre-
quency of 600 cm−1. The same is mainly true for their
refined model published in Ref. 13, with the exception
of one model-calculated frequency of the highest silent
Au mode (610.30 cm−1) that actually falls quite close
to the highest frequency Au mode calculated from first
principles in the current work (585.84 cm−1).

V. CONCLUSIONS

Plane wave DFT calculations of long wavelength active
Γ-point phonon frequencies of NdGaO3 using the LDA
exchange correlation functional of Perdew and Wang
(PW)15 lead to excellent agreement with a vast set
of information obtained from experimental data analy-
ses. Measurement of the frequency dependent dielectric
function tensor and dielectric loss tensor of orthorhom-
bic neodymium gallium oxide in the spectral range 80–
1200 cm−1 permits comparison with accurate and highly
precise infrared active lattice modes. The high num-
ber of participating atoms in the unit cell leads to com-
plex Γ-point phonon displacement pattern displayed here
in graphic images. The full phonon dispersion based
on the DFT-calculated interatomic force field constants
may become useful for evaluation of thermal transport
or luminescence properties, for example. The dielec-
tric summation and dielectric loss summation model ap-
proaches previously suggested for low-symmetry crystals
and augmented by effects due to lattice anharmonicity
are fully suitable to describe the experimentally deter-
mined dielectric function tensor elements for the single
crystalline centrosymmetric neodymium gallate. Use of
the Lyddane-Sachs-Teller relation together with the re-
sults from the dielectric summation and dielectric loss
summation model approaches enables the prediction of
highly accurate and precise anisotropic static dielectric
constants, and comparison among DFT, ellipsometry and
literature information leads to satisfactory agreement.
The agreement between experimentally determined Ra-
man active modes and DFT calculated modes is excellent,
and modes predicted but not yet measured may serve as
guidance for future experiments.
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10 S. Höfer, R. Uecker, A. Kwasniewski, J. Popp, and T. G.
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