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A complete set of infrared-active and Raman-active lattice modes is obtained from density functional theory
calculations for single-crystalline centrosymmetric orthorhombic neodymium gallate. The results for infrared-
active modes are compared with an analysis of the anisotropic long-wavelength 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~!. A
combined 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 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.
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I. INTRODUCTION

Neodymium gallate (NdGaO3) belongs to the family of
orthorhombic rare-earth perovskites. NdGaO; has garnered
much interest as a substrate material for epitaxial growth;
for example GaN layers on NdGaOs; have been investigated
for optical applications [1,2]. As such, investigations 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 com-
pared results with spectroscopic ellipsometry measurements
in the vacuum ultraviolet spectral range [3]. A wide indirect
band gap of about 3.8 eV with valence band maximum at T
and conduction band minimum at I" points within the Bril-
louin zone was found [3]. The lattice dynamics of NdGaOj3
have been the subject of numerous studies. The lattice mode
structure of orthorhombic NdGaOs3 includes infrared-active,
Raman-active, and silent modes, where all infrared-active
modes split into transverse optical and longitudinal optical
modes. Both experimental as well as theoretical (rigid ion
and shell model approximations) studies have been reported,
but no first-principles calculations have been performed so
far. Furthermore, the agreement between reported results re-
mains unsatisfactory. Earlier studies often did not take into
account the optical anisotropy of the orthorhombic crystal.
For example, in some studies, infrared-active modes are iden-
tified without clear description of the polarization orientation
[4-6]. Zhang et al. performed reflectance and transmittance
measurements on the surface of (100)-oriented single-crystal
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NdGaO; without specification of the polarization conditions
[7]. The authors used an eigendielectric displacement sum-
mation approach and report transverse optical lattice mode
parameters without symmetry assignment. Saine et al. per-
formed unpolarized infrared and Raman spectroscopy mea-
surements, and performed an analysis of the interatomic force
field but assumed a different crystal symmetry (Pbn2;) [8].
Suda et al. presented polarized infrared reflectance data in the
spectral region of 100-600 cm ™', measured with polarization
of the incident beam along the three principal directions.
However, the set of experimentally identified infrared-active
lattice modes remained incomplete, and the longitudinal opti-
cal lattice modes were not reported [9]. A detailed study of the
polarized infrared reflectance was performed by Hofer ez al.
by investigation of light polarized along the three principal
crystallographic directions. Hofer et al. identified and reported
a set of transverse optical and longitudinal optical 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 NdGaO; as a function
of temperature [9,12]. Suda et al. also provide a compre-
hensive review of all previously observed infrared-active and
Raman-active lattice modes. Up to now, all reported sets of
Raman-active modes in orthorhombic NdGaOj remained in-
complete. From the available lattice mode information, Suda
et al. created a rigid ion model for the interatomic force
fields in NdGaOs. Suda er 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.
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FIG. 1. Unit cell of NdGaO; with crystallographic vectors a,
b, and ¢ defined with relation to the orthogonal coordinate system

& x. 0.

[9,13], however, suffer from the fact that neither the set of
infrared-active nor the set of Raman-active lattice modes was
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 known to only serve
as a crude approximation of the lattice dynamics of crystals.
In this paper, we present a comprehensive study of the
phonon modes in NdGaOs. All phonon modes are calculated
from first principles using density functional 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 ellip-
sometry (GSE). The frequency-dependent dielectric function
tensor and dielectric loss function tensor of orthorhombic
neodymium gallium oxide is reported in the spectral range
of 80-1200 cm™!. A combined eigendielectric displacement
vector summation and dielectric displacement loss vector
summation approach augmented by considerations of lattice
anharmonicity is utilized to describe the experimentally deter-
mined tensor elements. All infrared-active transverse and lon-
gitudinal optical mode pairs obtained from density functional
theory calculations are identified by our generalized spec-
troscopic ellipsometry investigation and found in excellent
agreement. 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. Frequencies of all
silent lattice modes are presented as well. We show the atomic
displacement patterns for all phonon modes and plot the

TABLE I. Comparison between the experimental and theoretical
lattice constants (in A). Literature data have been converted to the
Pnma cell used in the present study.

Exp.? Exp. Exp.° Calc.
a 5.499 5.4952 5.4979 5.4443
7.733 7.6871 7.7078 7.6369
c 5.431 5.4176 5.4276 5.3805

“Ref. [25]; 100 K, Ref. [18]; ©293 K, Ref. [18]; “This work, LDA-
DFT.

TABLE II. Calculated equilibrium structural parameters of
NdGaO; determined in this work in comparison with available
literature values. Atomic positions are given in fractional coordinates
of a, b, and ¢, respectively. Literature data have been converted to the
Pnma cell used in the present study.

Exp. (100 K, Ref. [18])

Nd 0.04268 0.25 0.49087
Ga 0 0.5 0
(0] 0.0181 0.75 0.0803
02 0.2092 0.5426 0.7098
Exp. (293 K, Ref. [18])
Nd 0.04141 0.25 0.49092
Ga 0 0.5 0
0O1 0.0174 0.75 0.0800
02 0.2097 0.5422 0.7107
Calc. (this work)

Nd 0.04312 0.25 0.48910
Ga 0 0.5 0
Ol 0.0166 0.75 0.0802
02 0.2136 0.5436 0.7146

phonon dispersion based on the DFT calculated interatomic
force field.

II. THEORY

A. Symmetry, coordinate system, and crystal structure

NdGaO; has orthorhombic crystal structure and belongs
to space group No. 62 (Pnma) with orthogonal crystal vec-
tors a, b, and ¢ (Fig. 1). The lattice parameters and atomic
positions of symmetry-unique atoms within the unit cell are
provided in Tables I and II. Because many previous studies
on NdGaOs; 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 con-
sistency we convert 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 according
to the irreducible representation:

T = 7A, + 5B1; + 5B, + TB3, + 84, + 10By,,
+10B,, + 8B3,.

TABLE III. Character table for the Pnma cell used in the present
study. Symmetry elements: Identity E, twofold rotation axes C;,
inversion /, mirror planes o;, with j = ¢, €, x.

E Cz; ng sz 1 o¢ O¢ Oy

A 1 1 1 1 1 1 1 1
By, 1 1 -1 -1 1 1 -1 -1
By, 1 -1 1 -1 1 -1 1 -1
B, 1 -1 -1 1 1 -1 -1 1
Au 1 1 1 1 -1 -1 -1 -1
B, 1 1 -1 -1 -1 -1 1 1
Bs, 1 -1 1 -1 -1 1 -1 1
Bs, 1 -1 -1 1 -1 1 1 -1
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TABLE IV. Parameters of TO and LO phonon modes with B,, symmetry oriented along the crystallographic a axis determined by GSE
analysis as well as those obtained from density functional theory calculations in comparison with the literature. The last digit is determined
with 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 =1 2 3 4 5 6 7 8 9

A3, (em™h) 28(8) 18(3) 18(4) 32(7) 58(3) 61(5) 28(8) 398.(8) 13(1)
wh, (cm™") 573.(3) 538.(9) 428.(4) 314.(6) 293.7(0) 277.3(8) 240.3(7) 172.7(4) 116.0(6)*

yfgu, (cm™) 28.(9) 6.(6) 8.(6) 11.(5) 6.3(8) 5.9(2) 5.1(6) 3.4(7) 3.6(4)
Tra, (em™) 0) —-0.0(2) 0.0(4) 0.12(7)  —0.086)  —0.17(2) 0.11(7) —0.0008(1) 0.02)*
fg , em™) 222.(6) 54.(5) 108.(4) 33.00) 6.4(9) 5.5(2) 7.2(8) 14.52) 4.5(7y
ﬁg , em™h) 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)*

gy (em™") 21.4(5) 14.(5) 7.2(6) 9.(2) 13.(8) 7.13) 2.7(9) 3.7(5) 3.(6)*
P2 (em™!) 0.006(5)  —0.027(2)  —0.003(4)  0.0009)  0.0006)  0.0005(4)  0.0037(6)  —0.0008(1)  0.000(2)*
ARY | [(D/A)? famu] 11.11 4502 3.771 12.96 41.70 37.46 9.980 10.49 0.7395
Wbz (cm™1) 572.34 527.12 431.31 318.17 297.33 282.00 244.80 182.59 124.41
ﬁg , [(D/A)? /amu] 95.89 8.758 2451 2951 0.0879 0.0631 0.1258 0.3057 0.0259

oy, (em™h) 645.12 542.28 492.25 423.03 314.56 289.05 249.48 192.28 125.49
BZL« , (em™1) (Ref. [10))>d 574.7 539.1 427.2 312.5 293.7 276.9 240.5 173 116.0
32" ; em™") (Ref. [10])° 279.4 166.1 178.3 418.0 5187 551.7 251.4 368.8 104.7

ng ; em™") (Ref. [10])° 653.1 551.6 505.2 420.7 307.9 283.9 2443 189.3 1175
wyg, (em™!) (Ref. [13]) 595 545 424 356 321 290 260 174

Fit performed by keeping all other phonon mode parameters constant and by selecting small spectral range near lattice mode.
"Determined from reflectance measurements.
¢ Average value of the two model approaches used in Ref. [10].

dNote that Ref. [10] also included parameters from an additional oscillator centered near 367.6 cm™!

, 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 Bs, symmetry oriented along the crystallographic b axis determined by GSE
analysis as well as those obtained from density functional theory calculations in comparison with the literature. The last digit is determined
with 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 =1 2 3 4 5 6 7
AR, (em™h) 300.(0) 6(3) 67(2) 28(6) 58(9) 41(1) 16(3)
wpy, (em™") 591.(3) 550.(3) 342.0(2) 290.9(7) 269.8(1) 170.8(1) 166.0(3)
yegy (em™h) 24.(6) 24.(7) 11.93) 4.8) 4.6(8) 5.7(6) 2.2(7)
ray (em™) 0.02(1) —0.08(2) 0.17(8) 0.00(1) —0.19(9) 0.01(3) —0.2(7)
ALy, (em™) 212.(0) 52.(4) 136.(1) 21.6(4) 8.6(5) 18.9(3) L1(7)

wpd, (em™h) 656.2(3) 552.3) 528.5(6) 308.(2) 286.1(8) 194.5(1) 166.4(2)
gy (em™") 18.6(0) 33) 10.4(6) 18.(7) 7.8) 7.(1) 3.6(6)
Mg em™) —0.001(1) —0.03(9) —0.001(1) —0.008(9) 0.006(4) 0.0002(0) —0.004(6)
AT, [(D/A)? famu] 10.85 1.153 43.50 10.99 46.40 1320 0.5094
wpy, (em ™) 585.27 563.01 354.41 294.00 272.36 185.36 165.99
AP [(D/A)? Jamu] 84.16 1.205 39.29 1.361 0.1383 0.4515 0.0074
oy, (em™h) 648.36 565.22 516.83 32091 288.90 198.72 166.36
wpy; (em™") (Ref. [10])*P 594.5 344.5 289.8 271.4 169.8
ATy, (em™!) (Ref. [10])* 295.7 664.5 368.2 472.9 472.1
oy, (em™!) (Ref. [10])* 659.8 528.1 309.3 285.0 194.9
wry, (em™!) (Ref. [13])* 595 321 300 290 174

#Determined from reflectance measurements.
b Average value of the two model approaches used in Ref. [10].
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TABLE VI. Parameters of TO and LO phonon modes with B, symmetry oriented along the crystallographic ¢ axis determined by GSE
analysis as well as those obtained from density functional theory calculations in comparison with the literature. The last digit is determined
with 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 =1 2 3 4 5 6 7 8 9
Al;g‘l (cm™) 253.(5) 52.(5)* 64(3) 227.(8)* 35(1) 60(0) 35(4) 414.(8) 5(7)*
wlT?(‘)“, (cm™h) 606.4(8) 530.(1)*  369.3(7) 351.5(7)*  304.9(0) 274.8(5) 253.3(0) 175.009) 114.(6)*
yf(‘)“l (cm™h) 29.(5) 29.(3)* 6.7(4) 8.3(6)* 9.(0) 5.6(3) 4.9(3) 2.2(0) 3.3
gg, (cm™") —0.004(5) 0.058(7)*  0.01(8) 0.19(0)* 0.16(3)  —0.18(5) 0.09(0) —0.13(2) —0.0(1)*
fg‘, (cm™h) 207.(1) 140.(4) 36.(0) 7.6(6)* 25.3(2) 12.2(6) 6.3(0) 15.1(4) 2.1(0)
“)Loz (cm™h) 661.2(6) 562.4(1)  528.(7)*  354.0(7) 330.(2) 296.(8) 258.2(1) 192.6(4) 115.(1)*
VLo,z (cm™) 17.7(2) 11.7(1) 32.09)" 5.8(8)* 11.(7) 14.(6) 3.2(9) 6.(2) 3.(4)*
FB‘“, (cm™h) 0.013(5) —0.029(7) 0.016(3)* 0.0021(1)* —0.005(6) 0.002(6) 0.002(3) —0.003(9) —0.000(8)*
?8‘1 [(D/A)?/amu] 6.952 0.2605 53.85 0.5365 6.800 43.12 15.76 12.77 0.0738
a)%‘l (cm™h) 606.99 455.01 384.33 348.77 303.76 279.60 259.14 181.61 121.44
ﬁg‘, [(D/A)?/amu] 88.91 47.92 0.0808 0.1316 2411 0.1582 0.0873 0.4214 0.0027
a)gg‘l (cm™h) 656.49 560.73 454.70 349.52 334.90 300.07 263.94 193.94 121.55
a)%‘l (cm™") (Ref. [10])"¢ 607.1 367.2 350.6 303.2 276.5 253.7 175.5
gg‘, (cm™") (Ref. [10])? 234.6 640.5 189.4 376.6 593.2 300.0 371.7
‘053'1 (cm™!) (Ref. [10])° 665.1 563.1 354.4 330.5 295.9 257.3 191.4
“)Toz (cm™") (Ref. [13])° 595 356 343 300 273 260 174

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

(@)

FIG. 2. Phonon modes with B;, symmetry (transition dipoles || ¢) in order of increasing frequency. (a)—(i) TO modes; (j)—(r) LO modes.
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(@)

d) | o

B

FIG. 3. Phonon modes with B,, symmetry (transition dipoles || a) in order of increasing frequency. (a)—(i) TO modes; (j)—(r) LO modes.

One of each By,, By,, and Bj, are acoustic modes;
Ag, Big, By, and B3, are Raman-active modes; A, modes
are silent; and the remaining 9B;,, 9B,,, and 7Bz, modes

FIG. 4. Phonon modes with Bs, symmetry (transition dipoles
[ b) in order of increasing frequency. (a)—(i) TO modes; (j)—(r) LO
modes.

are active in the infrared. The character table is given in
Table II1.

B. Density functional theory

Theoretical calculations of long-wavelength-active I"-point
phonon frequencies were performed by plane-wave DFT
using QUANTUM ESPRESSO (QE) [14]. We used the local
density approximation (LDA) exchange correlation func-
tional of Perdew and Wang (PW) [15] and optimized norm-
conserving Vanderbilt (ONCV) scalar-relativistic pseudopo-
tentials [16,17]. The initial parameters of the unit cell and

(@) (b)

FIG. 5. Phonon modes with A, symmetry (silent) in order of in-
creasing frequency. DFT-calculated frequencies for these modes are
(a) 94.76 cm™!, (b) 170.45 cm™!, (c) 193.88 cm™', (d) 270.14 cm™!,
(e) 29632 cm™!, (f) 366.78 cm™', (g) 558.06 cm~', and
(h) 585.84 cm™!.
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TABLE VII. Parameters of Raman-active modes with A, symmetry obtained from density functional theory calculations in comparison
with literature. Sgs is Raman scattering activity. Mode frequencies of various origins reported in the literature but not corresponding to any
expected frequencies were omitted. References given in second column as follows: (a) This work, LDA-DFT; (b) Ref. [5], room temperature;
(c) Ref. [11], room temperature; (d) Ref. [12], room temperature; () Ref. [12], 21 K; (f) Ref. [9], 31-500 K.

Parameter Ref. =1 2 3 4 5 6 7
RA, (A*/amu) a 32.94 7.766 16.12 21.34 14.54 1.707 2.040
Wl | (em™) a 468.9 4212 345.4 2935 232.4 153.4 94.3
g, (em™) b 470 337 290 215 145 9
Wi em™) c 469 336 289 214 144 95
i, (em™) d 470 339 289 215 145 9
wf, (em™") e 474 414 344 297 217 148 104
s, (em™) £ 470 414 339 290 215 145 9

atomic positions were taken from Ref. [18]. The initial struc-
ture was first relaxed to force levels less than 10~ Ry bohr~!
A regular shifted 6 x 6 x 6 Monkhorst-Pack grid was used for
sampling of the Brillouin zone [19]. A convergence threshold
of 1 x 10712 Ry was used to reach self-consistency with a
large electronic wave function cutoff of 120 Ry. The relaxed
cell was used for subsequent phonon calculations.

The phonon frequencies and eigenvectors were computed
at the T" point of the Brillouin zone using density functional
perturbation theory [20]. According to Born and Huang [21],
the lattice dynamic properties in crystals are categorized under
different electric field E and dielectric displacement D condi-
tions [22]. Specifically, E = 0 and D = 0 define the transverse
optical (TO) modes, wro ;, associated with the dipole moment.
E # 0 but D = 0 define the longitudinal optical (LO) modes,
wLo,;- The latter can be obtained using Born effective charges
calculated by QE’s phonon code [23]. Thus, the parameters of
the TO modes were obtained by diagonalizing the dynamic
matrix without the electric field effects. The parameters of

TABLE VIII. Parameters of Raman-active modes with B, sym-
metry obtained from density functional theory calculations in com-
parison with literature. Sgs is Raman scattering activity. Mode
frequencies of various origins reported in the literature, but not
corresponding to any expected frequencies were omitted. References
given in second column as follows: (a) This work, LDA-DFT; (b)
Ref. [5], room temperature; (c) Ref. [11], room temperature; (d)
Ref. [12], room temperature; (e) Ref. [12], 21 K; (f) Ref. [9], 31—
500 K.

Parameter Ref. [ =1 2 3 4 5
,’jjf, (A'/amu)  a 1302 3.098 1199 2032  0.007
o, (em™") a 6255 4177 3618 1978 1703
wpt, (em™) b 351 200 170
wﬁjf, (em™) c 349 199 168
a)RAl (cm™h) d 351 199 168
wﬁjf, (em™) e 355 206 171
wpt, (em™) f 351 199 168

the LO modes were obtained by adding nonanalytical terms
to the dynamic matrix in the respective crystal directions.
Hence the DFT calculations yielded 9 phonon mode pairs
with polarization along the a direction (B,,), 7 pairs along
the b direction (B3,), and 9 pairs along the ¢ direction (By,),
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
Tables IV-VI. Renderings of atomic displacements for these
modes were prepared using XCrysDen [24] running under
Silicon Graphics Irix 6.5, and are shown in Figs. 2 (By,), 3
(B2u), 4 (B3y), and 5 (A,). Additionally, parameters of Raman-
active modes are given in Tables VII-X, and the renderings of
their atomic displacements are shown in Figs. 6 (A,), 7 (By,),
8 (Byg), and 9 (B3,). In addition to the I'-point phonons, the
dynamical matrices were calculated over a regular 8 x 8 x 8
grid in the first Brillouin zone. They were used to produce
real-space interatomic force constants, which in turn were
used to plot the complete phonon dispersion along a high-
symmetry path through the first Brillouin zone, shown in
Fig. 16.

TABLE IX. Parameters of Raman-active modes with B, symme-
try obtained from density functional theory calculations in compari-
son with literature. Sgs is Raman scattering activity. Mode frequen-
cies of various origins reported in the literature but not corresponding
to any expected frequencies were omitted. References given in
second column as follows: (a) This work, LDA-DFT; (b) Ref. [5],
room temperature; (c) Ref. [11], room temperature; (d) Ref. [12],
room temperature; (e) Ref. [12], 21 K; (f) Ref. [9], 31-500 K.

Parameter Ref. [=1 2 3 4 5
ﬁzg,(A /amu) a 0.089 22.17 1795 0.001 1.775
a)RA, (cm™1) a 701.1 4567 4174 3308 1519
wRA, (cm™h) b 461 144
wR/i“, (cm™) c 459 142
wRAl (cm™") d 463 405 334 144
a)RA, (cm™h) e 466 412 336 146
RAl (cm™h) f 463 405 334 144
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TABLE X. Parameters of Raman-active modes with B3, symmetry obtained from density functional theory calculations in comparison
with the literature. Sg4 is Raman scattering activity. Mode frequencies of various origins reported in the literature but not corresponding to any
expected frequencies were omitted. References given in second column as follows: (a) This work, LDA-DFT; (b) Ref. [5], room temperature;
(c) Ref. [11], room temperature; (d) Ref. [12], room temperature; (e) Ref. [12], 21 K; (f) Ref. [9], 31-500 K.

Parameter Ref. =1 2 3 4 5 6 7
so (A" Jamu) a 0.001 0.232 6.768 3.561 41.64 0.555 0.063
wps, (em™) 676.6 518.6 443.6 370.2 230.7 159.3 113.0
ok, (em™) b 362 213 151 110
ok, (em™) c 448 361.5 2125 151

oy, (em™) d 449 363 214 153

wps, (em™) e 453 365 219 155

wp, em™") f 449 363 214 153

C. Transverse and longitudinal optical modes

Two separate sets of eigenmodes (transverse optical; TO:
® = wro,1, longitudinal optical; LO: @ = wi o) and corre-
sponding eigendisplacement unit vectors (éro;, €.0,) can be
defined from the dielectric tensor (&) and dielectric loss tensor
(e~ [26-28], respectively,

|det{e(w = wr10,)}| = 00, (la)
|det{e™ (@ = wLo.)}| — o0, (1b)
¢ (0 = wro.)8104 = 0, (lc)
e(w = wro.1)Los = 0, (1d)

where [ is an index for multiple frequencies in the sets.
For materials with orthorhombic crystal symmetry, crystal
unit cell axes a, b, and ¢ are orthogonal, and wavelength-

independent rotations exist, which can bring tensors ¢! and
¢! into diagonal form:
g 0 O
e=10 & 0], @
0 0 &
e 0 0
e'=10 &' 0] 3)
0o 0 &

FIG. 6. Raman-active phonon modes with A, symmetry.

Thus, Egs. (1) simplify as

gj(w = wroj1) — 0, (4a)
£ (w = woj1) — oo, (4b)
€rojr Il &, (40)

€oji Il &, (4d)

with j=a,b,c. The index / 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, 2N;, is to be determined by exper-
iment 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
that utilizes the change in polarization of s- and p-polarized
light after interaction with a material. GSE allows for determi-
nation of the complex-valued spectrally dependent dielectric
tensor of any arbitrary material by obtaining the 4 x 4 real-
valued Mueller matrix, which connects the incoming and
outgoing Stokes vector components according to

So My My Mz M\ (So
S _ (M2 Mxn My My || S )
\Y) M3y MxpMzz M || S2)
83/ ot My Map Maz Mag) \S3/
with the Stokes vectors defined as
So I, + I
S, I,— 1,
= . 6
S> Iys — 145 ©
S3 Io'+ - 10-,

This characterization technique has been used to de-
scribe 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
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FIG. 7. Raman-active phonon modes with Bj, symmetry.

can be used as a physical model approach to explain and
line-shape match experimentally determined dielectric func-
tion tensor elements and inverse dielectric function elements,
respectively, of materials with low crystal symmetry [27,28].
We have also shown previously that the augmentation of
anharmonic lifetime broadening permits the determination
of broadening parameters for TO and LO modes indepen-
dently [32]. These methods permit the direct determination
of TO and LO mode frequencies, broadening, and amplitude
parameters.

1. Ellipsometry coordinate system

The Cartesian laboratory system is defined by the ellip-
someter 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, (&, x, ¢),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 ideally
flat and microscopically clean crystal surfaces [29,33-36].
Free parameters in this approach are the frequency-dependent
complex-valued tensor elements, ¢;(w). In addition, for every
sample investigated, a set of Euler angle parameters, ¢, 6,
and ¢, is required to describe the physical 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 investigated and
analyzed simultaneously. In the wavelength-by-wavelength
analysis approach, the parameters for the complex-valued
major tensor elements ¢&,, &, & are determined 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 as-

sumptions about specific spectral dependencies of functions
¢j(w) are made.

4. Model dielectric function analysis

The major dielectric function tensor elements and dielec-
tric loss function tensor elements can be rendered by summing
functions in the EDVS and EDLVS approaches, respectively
[27,28,30-32],

N;

£j = €o0,j + ZQTo,h (7a)
=1
Nj

el =63 ;=Y oo (7b)
=1

with j = a, b, c. Parameters &, ; are the high-frequency di-
electric constants for polarization along crystal axes (a, b, ¢).
In order to describe the dispersions induced by TO and LO
modes in Egs. 7(a) and 7(b), respectively, we utilize anhar-
monic Lorentzian-broadened oscillator functions:

A%,l - iI‘k,la)

ok (@) =
a),%l — w?

®)

- s
— IWYk,1

where Ay, ki, Vi1, and T'x; are amplitude, resonance fre-
quency, harmonic broadening, and anharmonic broadening
parameters for TO (k = TO) or LO (k = LO) mode [/, respec-
tively [28,32].

Additionally, in order to reduce correlations and improve
sensitivity we use a second method, which ties the two inde-
pendent summation approach equations together. We utilize a
factorized form of the dielectric function for long-wavelength-
active lattice modes. This method was previously described by
Berreman and Unterwald [37] and by Lowndes [38]. The four-
parameter semiquantum (FPSQ) model suggested by Gervais
and Periou [39] identifies y1 o ;, which is not necessarily equal
to yro.. 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

. g

FIG. 8. Raman-active phonon modes with B,, symmetry.
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a ® o ® o

FIG. 9. Raman-active phonon modes with B3, symmetry.

associated TO modes [28,30-32,39,40],

N e, — 0 —iw
_ LO.I YLO.I 9
ej(w) = &uo,j > R , 9
=1 10,1 — @° — l@WYTO,!

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 [34,41,42], by
setting w = 0,

=

J 2

@ro,
5> (10)

€c0,j -1 ®PTO

€pC, j

—

with j =a,b,c. The LST relationships, 3 in the case of
orthorhombic NdGaOs, can be used to calculate either the
static or the high-frequency value of the dielectric functions
if all respective lattice mode parameters are known. In GSE
analysis, the high-frequency dielectric constant parameter is
usually determined as a best-model calculated parameter, and
then the static constant parameters are calculated via the LST
relations. However, 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 x 10 mm x 0.5 mm single-crystal samples
of NdGaOj3, polished on one side, were purchased from MTI
Corporation [43] with surface cuts of (110), (101), and (001).
Mueller matrix data were obtained subsequently from each
sample surface at five azimuthal orientations, rotated clock-
wise in 45° increments. Data were taken from two angles
of incidence (¢ = 50° and 70°). Data were taken at room
temperature by infrared (IR) and far-infrared (FIR) GSE. The
IR-GSE measurements were performed on a rotating compen-
sator infrared ellipsometer (J. A. Woollam Co., Inc.) in the
spectral range of ~250-8000 cm~! with a spectral resolution
of 2 cm™!. The FIR-GSE measurements were performed
using our in-house-built rotating-polarizer rotating-analyzer
GSE instrument in the spectral range of 30-650 cm™~! with an
average spectral resolution of 2 cm™! [44]. Data in the spectral

overlap region are in excellent agreement. For analysis, data
from the FIR instrument from 80-500 cm~' were combined
with data from the IR instrument from 500-1200 cm~!. All
Mueller matrix elements are normalized to element M. Note
that due to the lack of a compensator for the FIR range
in this work, no elements of the fourth row or column are
reported for the FIR range. Data included for analysis of the
fourth-row elements are obtained from the IR instrument in
the range of 2501200 cm™~!. Data obtained from all rotations
are included in the analysis; however, only three azimuthal
orientations are discussed and shown here for brevity. Note
that M4, is not obtained due to a lack of two compensators in
both instrument setups. In accordance with the orthorhombic
crystal symmetry, regardless of the sample surface orientation,
measurements from azimuthally rotated orientations 180°
apart were observed to be identical. All model calculations
were performed using WVASE32 (J. A. Woollam Co., Inc.).

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 ma-
trix is presented with individual elements arranged in panels
in which symmetric elements M;; = M; are plotted within
the same panel. All elements are normalized to M;;. Data
collected from three azimuthal orientations (P1, P2, and P3)
as well as two angles of incidence (®, = 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., M3, M4, Ma3, Myy).
These elements contain nonzero data whenever crystallo-
graphic axes of noncubic materials are oriented nonparallel
to the Cartesian ellipsometer coordinate axes, and at wave
numbers at which the dielectric function tensor is isotropic.
At so-called “pseudoisotropic” points, for example, in po-
sition P3 of Fig. 10, the off-block diagonal Mueller matrix
elements of anisotropic materials become zero regardless of
wave number due to the lineup of crystallographic 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 (dotted) lattice modes polarized along the
a axis (dark cyan), b axis (orange), and ¢ axis (violet), as
identified from our best-match model analysis.

Data from all surfaces, orientations, and angles of inci-
dence were analyzed simultaneously for each wavelength.
This wavelength-by-wavelength analysis utilizes 15 indepen-
dent parameters including the real and imaginary parts of
the dielectric function in each direction (&,, &y, and &), 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 dielectric function (¢) and the dielectric loss function
(¢7") determined by this wavelength-by-wavelength analysis
technique are shown in Figs. 13—15 as green symbols. We note
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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 [¢ = —90.(1), ¢ = —45.(1), and ¢ = —0.(1),
respectively]. Data were taken at two angles of incidence ($, = 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~' due to a lack of compensator in the FIR spectral region. All Mueller
matrix elements are normalized to M;;. The remaining two Euler angle parameters determined to describe this sample are 6 = 89.(8) and
¥ = 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 ¢ at P3.

that the dielectric loss tensor elements were determined by nu-
merically inverting the experimentally determined complex-
valued dielectric function tensor, and thus we obtain a nega-
tive 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
Table XI. Values predicted by our DFT calculations are given
for comparison. Experimentally determined &, ; values are
lower than DFT-calculated values; however, the same trend
of €x0.c > €c0.a > Eco.p 15 Observed. The values of the DFT-

calculated static dielectric constants epc,; are slightly lower
than those determined by GSE. While again the trend between
the two methods is observed to be the same with epc, >
epc.ec > €pC.b, the error bars on the GSE-determined values
are larger in this case.

High-frequency dielectric constants have been reported in
the literature and are included in Table XI for comparison.
Hofer et al. [10] and Suda et al. [13] provide the anisotropic
high-frequency dielectric tensor with values along the three
crystallographic directions determined from analysis of reflec-
tivity data. Zhang et al. [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 er al. [13] with values along each of
the three crystallographic axes and with values considerably
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FIG. 11. Same as Fig. 10 for a (101) sample at azimuthal orientations P1, P2, and P3 [¢ = 0.(7), ¢ = 45.(7), and ¢ = 90.(7), respectively].
Euler angles 6 = —44.(4) and ¥ = —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.

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 Eqgs. (7) and (8) along each crystallographic
a axis (&,), b axis (ep), and c axis (&.) are shown in Fig. 13(a),
Fig. 14(a), and Fig. 15(a), respectively. TO modes are iden-
tified as the maxima in the imaginary parts of the dielec-
tric function and the line shapes 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 di-
electric 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 ¢ 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 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 (¢, 1), b axis (& 1, and ¢ axis (¢ 1y 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 line shapes were
matched by utilizing Eq. 7(b) and Eq. (8). Frequencies of
the 9 LO phonon modes polarized along the a axis deter-
mined from our model dielectric function analysis are shown
as vertical orange dotted lines in Fig. 13(a). Similarly in
Figs. 14(a) and 15(a), frequencies of the 7 LO phonon modes
polarized along the b axis and the 9 LO phonon modes
polarized along the ¢ axis are depicted as violet and dark
cyan dotted lines, respectively. DFT analysis resulting am-
plitudes and frequencies are presented for LO modes in the
upper panel. Again several modes were magnified for ease of
view.
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FIG. 12. Same as Fig. 10 for a (001) sample at azimuthal orientations P1, P2, and P3 [¢p = 5(6), ¢ = 10(1), and ¢ = 14(6), respectively].
Euler angles 8 = —2.(7) and ¥ = —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 ¢ from the surface normal, Euler angles ¢ and v are highly correlated, since for

0 = 0 both ¢ and ¢ perform the same rotations.

Resulting parameter values (Arto.;, @ros, Yro.. I'to.,
Ar0.1, W05 YLO.1> and I' o ;) determined in our GSE model
dielectric function analysis for each tensor element are pre-
sented in Tables IV-VI. Several weak modes or modes
partially subsumed into shoulders of stronger modes were
identified and fitted locally for increased sensitivity. Fre-
quencies and amplitude parameters compare well with DFT
calculations. All 25 predicted infrared-active TO and LO
phonon mode pairs were identified by GSE.

We compare our results with literature values of experi-
mentally identified long-wavelength-active TO and LO modes
by reflectivity measurements. Hofer er al. [10] identified the
full set of 9 TO and LO mode pairs with B,, symmetry
oriented along the a axis. Frequency parameters of TO and
LO modes with B;, symmetry identified in this work agree
very well, only varying by a few cm~!. However, an additional
oscillator oriented along axis a was introduced in the analysis
by Hofer et al., which does not correspond to any feature or

phonon mode identified in our work. Suda et al. experimen-
tally identified 8 TO modes with B;, symmetry, which agree
well with our 8 highest-frequency modes. The ninth expected
TO mode was unidentified and none of the LO modes were
identified.

Of the 7 expected TO and LO mode pairs with Bj,
symmetry oriented along the crystallographic b axis, Hofer
et al. found 5 modes, which correspond to our mode pairs
with [ =1, 3,4,5, 6, which agree within a few cm~!. TO
modes for the same 5 modes were observed by Suda et al.,
however, with significantly different frequencies in some
cases.

For mode pairs with By, symmetry Hofer et al. identified
7 of the 9 TO and LO modes expected along the ¢ axis.
Hofer et al. identified TO modes corresponding to our modes
with [ =1,3,4,5,6,7,8 and the LO modes correspond to
modes with [ =1,2,4,5,6,7,8 with excellent agreement.
Erroneously, in the analysis by Hofer ef al. a TO mode at
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FIG. 13. (a) Dielectric function tensor element &, and (b) dielectric loss tensor element & !. 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 line shapes corresponding to the analysis using Eqgs. (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.

367 cm~! was paired with an LO mode at 563 cm™~', since
the TO mode with / = 2 and the LO mode with / = 3 were
unidentified. Additionally the mode pair with / = 9 was not
observed by Hofer er al. Suda et al. also identified 7 TO
modes by experiment with reasonable agreement for those
centered at lower wave number but significantly shifted center
frequencies for those at higher wave number.

Zhang et al. [7] investigated only a single orientation of a
(100) NGO single crystal and identified 13 TO modes but did
not describe polarization, and thus cannot be compared here.
Additionally, no LO modes were identified.

We find agreement with the previously described broad-
ening 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 interpretation, the sum of all LO
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broadening parameters must be larger than the sum of all TO
broadening parameters, which is satisfied for our analysis of
NdGaOs; here.

D. Raman-active modes

There exist many detailed studies of Raman-active modes
in NdGaOjs;. The comparison of phonon frequencies of
Raman-active modes from selected literature with the pa-
rameters calculated using DFT in this work are given in
Tables VII-X. We restrict this comparison to the relevant
modes only, i.e., modes active in the conventional Ra-
man scattering process. Kamishima et al. [12] in their ta-
bles with Raman frequencies also included modes deduced
from temperature-dependent optical absorption and photo-
luminescence measurements. These frequencies, however,
do not match any of our calculated Raman-active modes
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FIG. 14. Same as for Fig. 13 but for ¢y, and & ! for polarization along the b axis.
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FIG. 15. Same as for Fig. 13 but for &, and &;' for polarization along the ¢ axis.

and we consider them outside the scope of the current
paper. For the phonon modes that can be unambiguously
matched, the calculated and observed experimental frequen-
cies agree to within a few cm~!. Several high-frequency
modes of Bjg, By,, and B3, symmetry have not been ob-
served experimentally so far. Based on the fact that all the
phonon modes for which there are 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 accurate. They will undoubtedly be identified in future
experiments.

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

Reference j=a b c
€00,] This work (GSE) 4.3009) 4.08(1) 4.41(7)
o0,j This work (DFT) 4.87 4.77 4.98
€pc,j This work (GSE) 22.(7) 21.(1) 21.(7)
€pc,j This work (DFT) 20.8 19.4 20.6
€c0,] Hofer et al. [10] 4.04 4.22 4.26
€0, Zhang et al. [7] 4.1
o0,j Suda et al. [13] 4.1 4.0 4.0
£nC, j Suda et al. [13] 29.7 24.6 25

Crystal axis assignment unclear.

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 notably, the entire branch
above 600 cm~! is missing in the plot of Suda et al. In our
DFT results, this branch, close to the I' point, includes three
highest-frequency Raman modes, one each of Bj,, By,, and
B3, symmetry, and one LO mode, with symmetry depending
on the direction of approaching the I 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 Table II of Ref. [9] exceeds the
frequency of 600 cm~!. 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 A, mode
(610.30 cm™!) that actually falls quite close to the highest-
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FIG. 16. (a) Phonon dispersion along a high-symmetry path
through the Brillouin zone. (b) The corresponding Brillouin zone
with high-symmetry points marked. a*, b*, and ¢* denote axes in
the reciprocal space. Sketch prepared using XCrysDen [24].

184302-14



LATTICE DYNAMICS OF ORTHORHOMBIC NdGaO;

PHYSICAL REVIEW B 99, 184302 (2019)

frequency A, mode calculated from first principles in the
current work (585.84 cm™1).

V. CONCLUSIONS

Plane-wave DFT calculations of long-wavelength-active
I'-point phonon frequencies of NdGaOj; using the LDA ex-
change correlation functional of Perdew and Wang (PW) [15]
lead to excellent agreement with a vast set of information ob-
tained from experimental data analyses. Measurement of the
frequency-dependent dielectric function tensor and dielectric
loss tensor of orthorhombic neodymium gallium oxide in the
spectral range 80—1200 cm ™! permits comparison with accu-
rate and highly precise infrared-active lattice modes. The high
number of participating atoms in the unit cell leads to the com-
plex I'-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 dielectric summation and dielec-
tric loss summation model approaches previously suggested
for low-symmetry crystals and augmented by effects due
to lattice anharmonicity are fully suitable to describe the
experimentally determined dielectric function tensor elements
for the single-crystalline centrosymmetric neodymium gal-
late. Use of the Lyddane-Sachs-Teller relation together with
the results 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 in-
formation leads to satisfactory agreement. The agreement
between experimentally determined Raman-active modes and
DFT-calculated modes is excellent, and modes predicted but
not yet measured may serve as guidance for future experi-
ments.
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