
apan

apan

n

apan

PHYSICAL REVIEW B 66, 174302 ~2002!
First-order Raman spectra and lattice dynamics of a NdGaO3 crystal

J. Suda*
Department of Electronic Engineering, Aomori Polytechnic College, Goshogawara 037-0002, Japan

T. Mori
Department of Electrical Engineering, Ibaraki National College of Technology, Fukayatsu, Nakane, Katsuta, Ibaraki 312-0011, J

H. Saito†

Department of Material Science and Technology, Faculty of Science and Technology, Hirosaki University, Hirosaki 036-8561, J

O. Kamishima and T. Hattori
Institute of Multidisciplinary Research for Advanced Materials, Tohoku University, Katahira, Aoba-ku, Sendai 980-8577, Japa

T. Sato
Department of Material Science and Technology, Faculty of Science and Technology, Hirosaki University, Hirosaki 036-8561, J

~Received 2 July 2001; revised manuscript received 7 June 2002; published 6 November 2002!

The phonon-dispersion curves of the NdGaO3 crystal are calculated on the basis of a rigid-ion model by
using the measured frequency values by Raman and infrared polarized spectroscopy at room temperature. The
temperature dependence of the molar heat capacity of NdGaO3 is also calculated using the one-phonon density
of states obtained from the phonon-dispersion curves. The first-order polarized Raman spectra of theA1g mode
in the NdGaO3 crystal have been measured in the temperature range between 31 and 500 K. The temperature
dependence for the linewidth of theA1g modes has been analyzed at 339 and 470 cm21 by using the phonon-
dispersion curves, and the calculated result reproduces the observed one in the temperature range 31–500 K.
Thus, the temperature dependence of the linewidth of theA1g modes in the NdGaO3 crystal is approximately
explained by the cubic anharmonic term in the expansion series of the crystal potential energy.
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I. INTRODUCTION

Phonon-dispersion curves are very important for study
lattice dynamics, because atomic interactions, specific h
elastic constants, dielectric constants, and other phys
properties are derived from phonon-dispersion curves. H
ever, as seen in the book by Bilz and Kress,1 phonon-
dispersion curves were calculated for relatively simple cr
tals. Recently, the temperature dependence of Raman-a
phonon spectra in SnO2, TeO2, and GeO2 crystals have been
studied by Sato and Asari,2 Kimura and Sato,3 and Sato and
Suda,4 respectively. Furthermore, using lattice-dynamic
perturbative treatment, we have also observed anharm
effects in phonon spectra in the case of aragonite-typ5,6

calcite-type,7 and sheelite-type8–10 crystals having compli-
cated structures. We found that the quartic anharmonic t
of the first-order perturbation, as well as the cubic term of
second-order one, and thermal expansion contribute to
temperature dependence of the frequency shift of exte
Raman-active phonon modes in sheelite-type crystals.9,10 Up
to now, no clear tendency has been found in the contribu
of the cubic and quartic anharmonic terms to the linewid

Optical applications~such as microwave filters! of high-
Tc superconducting films require the knowledge of the inf
red properties of substrates, since the penetration dept
radiation is often comparable to or greater than the fi
thickness.11–13 The optical properties of MgO and SrTiO3 ,
which are widely used as substrates for depositing highTc
superconducting materials, have been investigated by se
0163-1829/2002/66~17!/174302~9!/$20.00 66 1743
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research groups.14–17 Recently, ferroelectric thin films~e.g.,
PbTiO3) or high-Tc superconducting films ~e.g.,
YBa2Cu3O7) were also grown epitaxially on other material
such as LaAlO3 , LaGaO3, and NdGaO3, with the small
lattice misfits and the small difference of thermal-expans
coefficients with these thin films, and small dielectric co
stants in the microwave-frequency region.18–23The NdGaO3
crystal belongs to the orthorhombic system@space group
Pbmn(D2h

16)] ~Ref. 20! with lattice constantsa50.5426,b
50.5496, andc50.7707 nm. It is composed of twenty a
oms per unit cell with a highly complicated crystal structu
The optical active phonon spectra and complex dielec
function of NdGaO3 have been studied by sever
researchers.24–28 The temperature dependence of the Ram
peaks for LaGaO3 and NdGaO3 has been measured by Sa
juanet al.28 from 300 to 860 K. They found for the NdGaO3
crystals that the usual slight softening of the mode frequ
cies is accompanied by line broadening as the tempera
increases, but this crystal has no phase transition below 1
K.28 To our knowledge, phonon-dispersion curves
NdGaO3 have not been reported until now. Also, the orig
of the temperature dependence of the phonon spectr
NdGaO3 is not understood yet by not only phonon dispersi
but also the quantitative calculation of the anharmo
theory.

Therefore, our purpose is to determine the phon
dispersion curves for a relatively complicated NdGaO3 crys-
tal. In the calculation of the phonon-dispersion curves of
NdGaO3 crystal, a conventional rigid-ion model is em
©2002 The American Physical Society02-1
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ployed, where the potential coefficients have been de
mined by a least-squares fitting of the calculated frequen
at theG point to the experimental ones measured by Ram
and infrared~IR! polarized spectroscopy at room tempe

FIG. 1. ~a! Orthorhombic unit cell,~b! first Brillouin zone ~in
which thick solid lines represent irreducible Brillouin zone! for D2h

16

materials, and~c! A1g phonon modes at 339 and 470 cm21.
17430
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ture. In addition, the observed temperature dependence o
linewidth of Raman-active phonons is examined by t
lattice-dynamical calculation for phonon-dispersion curve

II. EXPERIMENT

The unit cell of NdGaO3 contains 20 atoms and the la
beled atoms by Wychoff notation29,30 are shown in Fig. 1~a!.
The fractional coordinates for each atom are given in Tabl
The NdGaO3 crystal belongs to an orthorhombic syste
@space groupD2h

16(Pbnm)] ~Ref. 20! and it is a distorted
perovskite system. The specimen used in the present s
was a transparent single crystal with a greenish brown ti
and its purity was better than 99.995%~prepared by Fit
Company, Ltd!. It was cut perpendicularly to thea, b, andc
axes@73638 ~c axis! mm3 in dimension#, respectively, and
its surface was optically polished. In order to determine th
phonon frequencies at room temperature, we measured
polarized Raman spectra in a right-angle geometry and
polarized infrared reflected spectra for three principal dir
tions.

Polarized Raman-scattering spectra of theA1g modes
were measured from 31 to 500 K in the right-angle scatter
geometry. The excitation source was the 488.0-Å line of
Ar1-ion laser at a power level of 100–200 mW. The sc
8

0
5
0
5
8

8

2

TABLE I. Fractional coordinates and coordinates of atomic positions and cell dimensions~Å!.

Atomic
numbera Atoma

Fractional coordinatesb Coordinates

j h z x y z

1 Nd 20.0180 0.0060 0.2500 20.0977 0.3298 1.9268
2 Nd 0.0180 20.0060 20.2500 0.0977 20.3298 21.9268
3 Nd 0.5180 0.5600 0.2500 2.8107 3.0778 1.926
4 Nd 20.5180 20.5600 20.2500 22.8107 23.0778 21.9268
5 Ga 0.5000 0.0000 0.0000 2.7130 0.0000 0.000
6 Ga 0.5000 0.0000 0.5000 2.7130 0.0000 3.853
7 Ga 0.0000 0.5000 0.0000 0.0000 2.7480 0.000
8 Ga 0.0000 0.5000 0.5000 0.0000 2.7480 3.853
9 O~1! 0.0500 0.4700 0.2500 0.2713 2.5831 1.926
10 O~l! 20.0500 20.4700 20.2500 20.2713 22.5831 21.9268
11 O~1! 0.4500 0.9700 0.2500 2.4417 5.3311 1.926
12 O~1! 20.4500 20.9700 20.2500 22.4417 25.3311 21.9268
13 O~2! 20.2900 0.2750 0.0500 21.5735 1.5114 0.3854
14 O~2! 0.2900 20.2750 20.0500 1.5735 21.5114 20.3854
15 O~2! 0.7900 0.7750 0.4500 4.2865 4.2594 3.468
16 O~2! 20.7900 20.7750 20.4500 24.2865 24.2594 23.4682
17 O~2! 0.2900 20.2750 0.5500 1.5735 21.5114 4.2389
18 O~2! 20.2900 0.2750 20.5500 21.5735 1.5114 24.2389
19 O~2! 0.2100 0.2250 20.0500 1.1395 1.2366 20.3854
20 O~2! 20.2100 20.2250 0.0500 21.1395 21.2366 0.3854

Cell dimensions
a b c

5.426 5.496 7.707

aAtoms and atomic numbers correspond to the atomic positions in the unit cell shown in Fig. 1.
bFrom Ref. 30.
2-2
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tered light was analyzed by a double monochromator~CT-
1000D, Jasco Company! having the spectral resolution o
about 2.0 cm21. The sample temperature was controlled w
a closed-cycle He-gas cryostat~model U102 AW, Daikin
Company!. The wave number was calibrated with a plasm
line of the Ar1-ion tube. The accuracy of the wave numb
was61 cm21.

Polarized infrared reflected spectra were measured
three principal directions. A Fourier-transform~FT! infrared
spectrometer~IR-V1990, Jascoft! was employed to measur
polarized infrared reflected spectra measured in three pr
pal directions of~001!, ~010!, and~100!.

III. RESULTS AND DISCUSSION

The first Brillouin zone of NdGaO3 is shown in Fig. 1~b!.
The phonons with the wave vectorq50 are classified by the
irreducible representation of the space groupD2h

16 as
follows:20

G57A1g17B1g15B2g15B3g18A1u18B1u110B2u

110B3u .

Among them, the Raman- and the infrared-active modes

7A1g17B1g15B2g15B3g

and

7B1u19B2u19B3u ,

respectively, where theA1u modes are optically silent and th
remaining 1B1u , 1B2u , and 1B3u modes correspond to thre
acoustic modes.

Figure 2 shows the polarization dependence of the
served Raman spectra at room temperature and 31 K. Be
100 cm21, a broad band is observed around 70 cm21 in both
the Z(XZ)X and theZ(YZ)X geometries, as shown in Fig
2~a! and 2~b!. The temperature dependence of their intens
is different from those ofB2g and B3g modes in the same
geometry. Thus, each broad band is not a first-order Ra
spectrum, because this intensity is not proportional to a p
non occupation number.31 We have assigned Raman-acti
lines as follows: sevenA1g modes~96, 145, 215, 290, 339
414, and 470 cm21!, four B1g modes~153, 214, 363, and 449
cm21!, four B2g modes~144, 334, 405, and 463 cm21!, and
three B3g modes~168, 199, and 351 cm21!. These modes
follow the phonon occupation number.31 The present results
are in good agreement with those observed by San
et al.28

In order to assign IR phonon center frequencies, we p
formed calculations of the infrared reflectance following t
procedure described in Ref. 25 in the case ofB1u , B2u , and
B3u , respectively. For example, Fig. 3 shows the compari
between our calculated reflectance and the observed on
the case of theB2u mode. These values of center frequenc
are approximately in good agreement with those observe
Zhanget al.25 Thus, we obtained the final experimental ph
non frequencies at theG point, as shown in Table II.
17430
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The NdGaO3 crystal exhibits both ionic and covalent fea
tures, owing to the covalent interactions inside the GaO3

23

units and to the presence of Nd31 ions. However, the experi
mental frequencies of optical-phonon~i.e., infrared and Ra-
man! spectra of the NdGaO3 crystal were smaller than 60
cm21. We calculated the phonon-dispersion curves of
NdGaO3 crystal using the conventional rigid-ion model4

The rigid-ion model can be written as

mv2U5~H1zCz!U, ~1a!

FIG. 2. Polarized Raman spectra at~a! 280.5 K; ~b! 31 K.

FIG. 3. Reflectance of NdGaO3 at room temperature in the spec
tral region from 100 to 600 cm21.
2-3
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TABLE II. Comparison between our calculated values of optical-phonon frequencies~cm21! and observed ones of NdGaO3 using the
conventional rigid-ion model.

Mode
Experimental
values~cm21!

Calculated
values~cm21!

Deviation
values~cm21! Mode

Experimental
values~cm21!

Calculated
values~cm21!

Deviation
values~cm21!
A1g 96.00 109.26 13.26
A1g 145.00 150.88 5.88
A1g 215.00 216.37 1.33
A1g 290.00 298.41 8.41
A1g 339.00 355.04 16.04
A1g 414.00 444.26 30.26
A1g 470.00 516.27 46.27
B1g 93.29
B1g 153.00 162.54 9.54
B1g 214.00 215.94 1.94
B1g 316.25
B1g 363.00 383.43 20.43
B1g 449.00 450.28 1.28
B1g 505.29
B2g 144.00 143.62 0.74
B2g 218.42
B2g 334.00 302.86 31.14
B2g 405.00 391.04 13.96
B2g 463.00 492.41 29.41
B3g 168.00 164.57 3.43
B3g 199.00 197.63 1.37
B3g 351.00 346.91 4.09
B3g 418.01
B3g 504.68
A1u 136.71
A1u 171.92
A1u 228.89
A1u 249.97
A1u 293.99
m
c-
e
t-

e,
n

17430
A1u
337.02

A1u 419.93
A1u 505.30
B1u 174.00 173.95 0.05
B1u 270.40
B1u 290.00 299.20 9.20
B1u 300.00 314.58 14.58
B1u 321.00 355.99 34.99
B1u 430.31
B1u 595.00 581.03 13.97
B2u 96.74
B2u 174.00 174.42 0.42
B2u 260.00 251.58 8.42
B2u 290.00 283.33 6.67
B2u 321.00 304.51 16.49
B2u 356.00 338.52 17.48
B2u 424.00 415.78 8.22
B2u 545.00 477.84 67.16
B2u 595.00 552.97 42.03
B3u 134.42
B3u 174.00 179.19 5.19
B3u 260.00 266.43 6.43
B3u 273.00 282.25 9.25
B3u 300.00 300.37 0.37
B3u 343.00 337.59 5.41
B3u 356.00 369.58 13.58
B3u 453.55
B3u 595.00 537.99 57.01
H H
ts

th
whereH is the matrix specifying the short-range atom-ato
interaction,C is the Coulomb matrix for the long-range ele
trostatic interaction,m andz represent mass and ionic charg
respectively, andu denotes the displacement vector for a
oms. The matrixC is calculated by Ewald’s method. Her
the relationship between the repulsive matrix eleme
(Hab) and the repulsive crystal potentials (Fab

H ) is assumed
to be4

Fab
H ~ lk; l 8k8!55

2H xaxb

r 2 Ff9H2
1

r
f8HG1

dab

r
f8HJ

@~ lk !Þ~ l 8k8!#,

( 8
l 8k8

xaxb

r 2 Ff9H2
1

r
f8HG1

dab

r
f8H

@~ lk !5~ l 8k8!#,
~1b!
,

ts

whereFab( lk; l 8k8) is related to the atom-atom potentialf
in the central approximation as follows:4

Hab~qukk8!5(
l 8

Fab
H ~ lk; l 8k8!exp@ iq•$x~ l 8k8!2x~ lk !%#.

~2!

The prime on the sum(8 indicates that the term oflk
5 l 8k8 is omitted, andxa andxb represent the displacemen
of the Cartesian componentsa and b, respectively. We as-
sumed the Born-Mayer-type function forfH(r i j ) ~represent-
ing the short-range potential! in Eqs.~1b!, and also assumed
that fH(r i j ) is applied for all bonds having the bond leng
r i j %3.0 Å, i.e., j %22, using the force constants given as4

Aj5
V

e2 F]2fH~r i j !

]r i
2 G

0

,

Bj5
V

e2 F 1

r i

]fH~r i j !

]r i
G

0

. ~3!
2-4
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TABLE III. Parameters used to calculate the phonon-dispersion curves.

Potential Parameter Units Bond typ

Coulomb ionic charge ZNd e 1.395
ZGa e 1.094

ZO(1) e 20.891
ZO(2) e 20.799

Repulsion Force constant
A1 e2/n 121.0 B1 e2/n 1.0 Ga-O~2!

A2 e2/n 66.8 B2 e2/n 217.0 Ga-O~1!

A3 e2/n 135.0 B3 e2/n 245.2 Ga-O~2!

A4 e2/n 178.3 B4 e2/n 1.0 Nd-O~1!

A5 e2/n 305.0 B5 e2/n 14.0 Nd-O~2!

A6 e2/n 96.0 B6 e2/n 87.0 Nd-O~2!

A7 e2/n 1.2 B7 e2/n 59.0 Nd-O~1!

A8 e2/n 232.0 B8 e2/n 31.0 O~1!-O~2!

A9 e2/n 37.0 B9 e2/n 82.0 O~1!-O~2!

A10 e2/n 27.0 B10 e2/n 219.0 Nd-O~2!

A11 e2/n 232.0 B11 e2/n 1.0 O~2!-O~2!

A12 e2/n 7.0 B12 e2/n 21.0 O~1!-O~2!

A13 e2/n 216.0 B13 e2/n 11.0 O~2!-O~2!

A14 e2/n 35.0 B14 e2/n 286.0 Nd-O~1!

A15 e2/n 56.0 B15 e2/n 6.0 O~1!-O~2!

A16 e2/n 224.0 B16 e2/n 218.0 O~2!-O~2!

A17 e2/n 176.0 B17 e2/n 61.0 Nd-Ga
A18 e2/n 290.0 B18 e2/n 13.0 Nd-O~1!

A19 e2/n 222.0 B19 e2/n 81.0 Nd-Ga
A20 e2/n 16.0 B20 e2/n 29.0 Nd-O~2!

A21 e2/n 82.0 B21 e2/n 18.0 Nd-Ga
A22 e2/n 253.0 B22 e2/n 222.0 O~2!-O~2!
or
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Here the derivatives of the short-range potential,Aj andBj ,
represent the bond-stretching and the bond-bending f
constants, respectively. The parameters used to calculat
phonon-dispersion curves are listed in Table III. The fin
phonon-dispersion curves are shown in Fig. 4~a!. Our calcu-
lated frequencies at theG point are assigned to all phono
modes using the standard projection operator technique~as
shown in Table IV! and are compared with experiment
ones listed in Table II. The average deviation between ca
lated and experimental values at theG point is about 14.8
cm21 ~4.2%!. The calculated frequencies are in good agr
ment for all modes with experimental ones except for th
phonon peaks with high frequency, i.e.,B2u ~545-!, B2u
~595-!, and B3u ~595-cm21! modes. These discrepancie
most likely arise from some approximation~weakly distorted
perovskite! of the rigid-ion model. However, taking into ac
count the complexity of this class of material and rigid-i
model, we believe that the overall agreement between the
and experiment should be considered as reasonable.43 As
shown in Fig. 4~a!, the phonon-dispersion curves are doub
degenerate on distinct points~i.e.,X, Y, Z, T, andR points! of
the irreducible Brillouin zone. These properties were e
pected as a result of the discussion based on group theo6

The temperature dependence of the Raman linewidt
investigated using the present phonon-dispersion curves.
fundamental width of the lattice vibration in ionic crysta
17430
ce
the
l
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-
e
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-
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was calculated by Wallis, Ipatova, and Maradudin32 using a
Green’s function. The cubic anharmonic term affects
linewidths more significantly than the quartic term in th
temperature dependence of the first-order Raman spectr
the oxide crystals.2–5,8,9If the thermal-expansion coefficient
have small values in several types of oxide crystals2–5,8,9,37

with a high melting point and stable structure in the hig
temperature region, the cubic anharmonic for
coefficient31–36 uC3u2 is independent of temperature. If th
Raman linewidthG j

(3)(v) is caused only by the cubic anha
monic term in the crystal potential energy, the linewid
G j

(3)(v) is proportional to the two-phonon density of stat
with the factorp\VuC3u2/(64N) as follows:32

G j
~3!~v!}(

q1
(
j 1 , j 2

v j 1
~q1!v j 2

~2q1!$nj 1
~q1!

1nj 2
~2q1!11%@d~V2v j 1

~q1!2v j 2
~2q1!!

2d~V1v j 1
~q1!1v j 2

~2q1!!#1@nj 1
~q1!

2nj 2
~2q1!#@d~V1v j 1

~q1!2v j 2
~2q1!!

2d~V2v j 1
~q1!1v j 2

~2q1!!#, ~4!
2-5
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wherenj (q)5$exp@\vj(q)/kT#21%21 is the phonon occu-
pation number, andv j (q) the temperature-dependent fr
quency of the normal mode at the wave vectorq and phonon
branch j. Especially,V is the normal-mode frequency atq
50 andN is the number of unit cells in the crystal.

In the calculations of the one- and two-phonon densi
of states due to the cubic anharmonic term, the summat
were taken over about 216 wave-vector points in the irred
ible first Brillouin zone, therefore, the number of the wa
vectors in the first Brillouin zone increases by 1728 poin
The d function was approximated as

d~x!5 lim
«→10

1

p

«

x21«2 , ~5!

where« was taken as 5 cm21. The one-phonon density o
states in 0–600 cm21 of a range at 31 and 280.5 K is show
in Fig. 4~b!, where we assumed that thermal-expansion
efficients along a, b, and c were 11.9, 6.6, and 5.8
(31026/K),38,39 respectively. As shown in Fig. 4~b!, we
found that the one-phonon density of states was appr
mately independent of temperature in the range betwee
and 280.5 K. The two-phonon density of states in
;600 cm21 in this temperature range is also calculated,
suming the same value of each thermal-expansion coeffic
as in the case of the one-phonon density of states. As sh

FIG. 4. ~a! Phonon-dispersion curves for the NdGaO3 crystal at
room temperature.~b! The one- and two-phonon densities of sta
due to the cubic anharmonic terms at 31 and 280.5 K.
17430
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in Figs. 2~a! and 2~b!, we found that intensities of two Ra
man lines@i.e., A1g modes~339 and 470 cm21 at 280.5 K!#
were considerably strong in comparison with other ones,
these lines corresponded to 343.8 and 474 cm21 at 31 K,
respectively. Thus, we measured twoA1g modes~339 and
470 cm21! in the present study. As shown in Fig. 5, th
observed linewidthsG j

(3)(v) of A1g modes~339 and 470

TABLE IV. Symmetry vectors of NdGaO3 for z direction. These
symmetry vectors were driven using the standard projection op
tor technique. Our calculated phonon eigenvectors are the sam
the symmetry vectors and satisfy the orthogonal condition.

Mode Symmetry vectors
$x1 ,y1 ,z1; x2 ,y2 ,z2 ; . . . ; x20,y20,z20%

A1g $x1 , y1 , 0; 2x1 , 2y1 , 0; 2x1 , y1 , 0; x1 , 2y1 , 0; 0,
0, 0; 0, 0, 0; 0, 0, 0; 0, 0, 0;x9 , y9 , 0; 2x9 , 2y9 , 0;
2x9 , y9 , 0; x9 , 2y9 , 0; x13, y13, z13;2x13, 2y13,
2z13; 2x13, y13, 2z13; x13, 2y13, z13; 2x13,
2y13, z13; x13, y13, 2z13; x13, 2y13, 2z13; 2x13,
y13, z13%

B1g $x1 , y1 , 0; 2x1 , 2y1 , 0; x1 , 2y1 , 0; 2x1 , y1 , 0; 0,
0, 0; 0, 0, 0; 0, 0, 0; 0, 0, 0;x9 , y9 , 0; 2x9 , 2y9 , 0; x9 ,
2y9 , 0; 2x9 , y9 , 0; x13, y13, z13;2x13, 2y13, 2z13;
x13, 2y13, z13; 2x13, y13, 2z13; 2x13, 2y13, z13;
x13, y13, 2z13; 2x13, y13, z13; x13, 2y13, 2z13%

B2g $0, 0,z1 ; 0, 0,2z1 ; 0, 0,2z1 ; 0, 0,z1 ; 0, 0, 0; 0, 0, 0;
0, 0, 0; 0, 0, 0; 0, 0,z9 ; 0, 0,2z9 ; 0, 0,2z9 ; 0, 0,z9 ;
x13, y13, z13; 2x13, 2y13, 2z13; 2x13, y13, 2z13;
x13, 2y13, z13; x13, y13, 2z13;2x13, 2y13, z13;
2x13, y13, z13; x13, 2y13, 2z13%

B3g $0, 0,z1 ; 0, 0,2z1 ; 0, 0,z1 ; 0, 0,2z1 ; 0, 0, 0; 0, 0, 0;
0, 0, 0; 0, 0, 0; 0, 0,z9 ; 0, 0,2z9 ; 0, 0,z9 ; 0, 0,2z9 ;
x13, y13, z13;2x13, 2y13, 2z13; x13, 2y13, z13;
2x13, y13, 2z13; x13, y13, 2z13; 2x13, 2y13, z13;
x13, 2y13, 2z13; 2x13, 2y13, z13%

A1u $0, 0, z1 ; 0, 0, z1 ; 0, 0, 2z1 ; 0, 0, 2z1 ; x5 , y5 , z5 ;
2x5 , 2y5 , z5 ; x5 , y5 , 2z5 ; 2x5 , y5 , 2z5 ; 0, 0,z9 ;
0, 0, z9 ; 0, 0, 2z9 ;0, 0, 2z9 ; x13, y13, z13; x13,
y13, z13; 2x13, y13, 2z13; 2x13, y13, 2z13;2x13,
2y13, z13; 2x13, 2y13, z13; x13, 2y13, 2z13; x13,
2y13, 2z13%

B1u $0, 0,z1 ; 0, 0,z1 ; 0, 0,z1 ; 0, 0,z1 ; x5 , y5 , z5 ; 2x5 ,
2y5 , z5 ; 2x5 , y5 , z5 ; x5 , 2y5 , z5 ; 0, 0,z9 ; 0, 0,z9 ;
0, 0, z9 ; 0, 0, z9 ; x13, y13, z13; x13, y13, z13; x13,
2y13, z13; x13, 2y13, z13;2x13, 2y13, z13; 2x13,
2y13, z13; 2x13, y13, z13; 2x13, y13, z13%

B2u $x1 , y1 , 0; x1 , y1 , 0; 2x1 , y1 , 0; 2x1 , y1 , 0; x5 , y5 ,
z5 ; x5 , y5 , 2z5 ; 2x5 , y5 , z5 ; 2x5 , y5 , 2z5 ; x9 , y9 ,
0; x9 , y9 , 0; 2x9 , y9 , 0; 2x9 , y9 , 0; x13, y13, z13;
x13, y13, z13; 2x13, y13, 2z13; 2x13, y13, 2z13;
x13, y13, 2z13; x13, y13, 2z13; 2x13, y13, z13;
2x13, y13, z13%

B3u $x1 , y1 , 0; x1 , y1 , 0; x1 , 2y1 , 0; x1 , 2y1 , 0; x5 , y5 ,
z5 ; x5 , y5 , 2z5 ; x5 , 2y5 , 2z5 ; x5 , 2y5 , z5 ; x9 , y9 ,
0; x9 , y9 , 0; x9 , 2y9 , 0; x9 , 2y9 , 0; x13, y13, z13;
x13, y13, z13; x13, 2y13, z13; x13, 2y13, z13; x13,
y13, 2z13; x13, y13, 2z13; x13, 2y13, 2z13; x13,
2y13, 2z13%
2-6



r

ic
l
th

b

th
th

o
a

ea
o

ig

s
n

o
e

a

e.

-

ure

of
c
this
the

nic
rgy.
y of
-heat
6,
ults

, we
the

id-

oth

0
the
,

he
pec-

FIRST-ORDER RAMAN SPECTRA AND LATTICE . . . PHYSICAL REVIEW B 66, 174302 ~2002!
cm21! increase monotoneously with the increase of tempe
ture. The accuracy of the experimental linewidthsG j

(3)(v)
was within about60.3 cm21. The general cubic anharmon
force coefficientuC3u2 is analyzed using lattice-dynamica
perturbative treatment, which is the same procedure as
used Eqs.~7!–~15! of Ref. 10. The constantuC3u2 of theA1g
~339! andA1g modes~470 cm21! is obtained as 1.0631010

and 6.383109 erg21 using Eq.~14! of Ref. 10, where we
assumed atomic pairs within 3.0 Å, respectively. As can
seen in Fig. 6, the calculated result forG j

(3)(v) reproduces
the observed one in the temperature range of 31–500
There seems to be a small disagreement between 2G values
at the temperature range of 150 K for theA1g mode ~470
cm21! and the calculated one. The reason may be that
discrepancy most likely arises from experimental error at
temperature. However, taking into account the complexity
this class of material and the fact that anharmonicity is c
culated on a basis of the lattice-dynamical perturbative tr
ment, we believe that the overall agreement between the
and experiment should be considered as reasonable. F
1~c! shows schematically the measured Raman mode ofA1g
symmetry using the symmetry vectors in Table IV. The
assignments are reasonable with those in compariso
RMnO3 (R5Y and La!.43 Therefore,A1g ~339! and A1g
modes~470 cm21! can be considered as pure modes in
good approximation because modes involving motions
mainly R atoms have frequencies following roughly th
mR

21/2 dependence.43 The peak of theA1g mode~470 cm21!
corresponds to a phase stretching mode of the oxygen c

FIG. 5. Temperature dependence of the~a! Raman shift and~b!
linewidth for 339- and 470-cm21 peaks of Fig. 2, and~c! Raman
spectra of NdGaO3 at different temperatures in theZ(YY)X scat-
tering configuration.
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The peak of theA1g mode ~339 cm21! is attributed to an
out-of-phasex rotation of the oxygen as a librational mod
Therefore, theA1g mode~339 cm21! does not involve inter-
nal distortions of the GaO6 octahedra. Therefore, the line
widths for theA1g mode~339 cm21! varied with increasing
temperature by comparison with those of theA1g mode~470
cm21!. As previously reported,9 several oxide crystals~with
a high melting point and stable structure in high-temperat
ranges! usually tend to have small values ofuC3u2 in the
range of 109– 1011 erg21. Therefore, the present values
uC3u2 indicate that the NdGaO3 crystal has the characteristi
of a stable structure in high-temperature ranges. From
fact, it is concluded that the temperature dependence of
linewidth of A1g modes for the NdGaO3 crystal can be ex-
plained approximately considering the cubic anharmo
term in the expansion series of the crystal potential ene
By using this temperature-dependent one-phonon densit
states, the temperature dependence of the molar specific
capacityCp is also calculated, as shown in the inset of Fig.
where we found that our calculated values agree with res
of calculated values40 and experimental values41,42 in the
temperature range between 2.24 and 300 K. Furthermore
have calculated the heat capacity and have compared
calculated values with experimental ones by using the rig
ion model for several other crystal structures.4,5,7,8 The cal-
culated results agree with the experimental values at b
low- and high-temperature regions in those cases.

FIG. 6. Temperature dependence of the linewidth of theA1g

mode at 339 and 470 cm21. The observed values at 339 and 47
cm21 are denoted by filed and open circles, respectively, and
calculated ones at 339 and 470 cm21 by the solid and dashed lines
respectively. The inset shows phonon specific-heat capacityCp as a
function of temperature. The solid line and filed triangles in t
inset were denoted by our calculated and experimental ones, res
tively, and the filed circles were analyzed by Podlesnyaket al. ~Ref.
40! Other symbols~open circles and open squares! were denoted by
experimental ones~Refs. 41 and 42!.
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IV. CONCLUSION

The Raman- and infrared-active phonon frequencies
the NdGaO3 crystal have been experimentally determined
room temperature. The phonon-dispersion curves of
NdGaO3 crystal are calculated on the basis of a rigid-i
model using the measured frequency values, and the ave
deviation between calculated and experimental values a
1 point is approximately 14.8 cm21. The temperature depen
dence of the Raman linewidth of theA1g modes~339 and
470 cm21! is analyzed by the temperature-dependent tw
phonon density of states due to the cubic anharmonic te
The values ofuC3u2 for G j

(3)(v) are analyzed using calcu
lated phonon dispersions based on lattice-dynamical pe
bative treatment. The calculated linewidths for theA1g mode
reproduce the observed one in the temperature range bet
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