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First-order Raman spectra and lattice dynamics of a NdGaQ crystal
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The phonon-dispersion curves of the NdGa®ystal 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 Nd@adlso calculated using the one-phonon density
of states obtained from the phonon-dispersion curves. The first-order polarized Raman spectég pfithde
in the NdGaQ crystal have been measured in the temperature range between 31 and 500 K. The temperature
dependence for the linewidth of ti#g, modes has been analyzed at 339 and 470"y 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 ofAthemodes in the NdGagcrystal is approximately
explained by the cubic anharmonic term in the expansion series of the crystal potential energy.
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I. INTRODUCTION research group¥.1’ Recently, ferroelectric thin fimse.g.,
PbTiO;) or high-T. superconducting films (e.g.,
Phonon-dispersion curves are very important for studyingrBa,Cu;O;) were also grown epitaxially on other materials,
lattice dynamics, because atomic interactions, specific heasuch as LaAlQ, LaGaQ, and NdGaQ@, with the small
elastic constants, dielectric constants, and other physic#ttice misfits and the small difference of thermal-expansion
properties are derived from phonon-dispersion curves. Howeoefficients with these thin films, and small dielectric con-
ever, as seen in the book by Bilz and Krésphonon- stants in the microwave-frequency regidn®*The NdGaQ
dispersion curves were calculated for relatively simple cryscrystal belongs to the orthorhombic systdspace group
tals. Recently, the temperature dependence of Raman-actirbmn(D3)] (Ref. 20 with lattice constants=0.5426,b
phonon spectra in SO TeO,, and GeQ crystals have been =0.5496, andc=0.7707 nm. It is composed of twenty at-
studied by Sato and AsatiKimura and Satd,and Sato and oms per unit cell with a highly complicated crystal structure.
Suda? respectively. Furthermore, using lattice-dynamicalThe optical active phonon spectra and complex dielectric
perturbative treatment, we have also observed anharmonfonction of NdGaQ@ have been studied by several
effects in phonon spectra in the case of aragonite-tfpe, researcher&!=?8The temperature dependence of the Raman
calcite-type’ and sheelite-tyge'° crystals having compli- peaks for LaGa@and NdGaQ has been measured by San-
cated structures. We found that the quartic anharmonic terjuanet al? from 300 to 860 K. They found for the NdGgO
of the first-order perturbation, as well as the cubic term of thecrystals that the usual slight softening of the mode frequen-
second-order one, and thermal expansion contribute to theies is accompanied by line broadening as the temperature
temperature dependence of the frequency shift of externahcreases, but this crystal has no phase transition below 1816
Raman-active phonon modes in sheelite-type crySt&lslp  K.?® To our knowledge, phonon-dispersion curves of
to now, no clear tendency has been found in the contributioNdGaG; have not been reported until now. Also, the origin
of the cubic and quartic anharmonic terms to the linewidth.of the temperature dependence of the phonon spectra of
Optical applicationgsuch as microwave filterof high-  NdGaQ, is not understood yet by not only phonon dispersion
T, superconducting films require the knowledge of the infra-but also the quantitative calculation of the anharmonic
red properties of substrates, since the penetration depth tiieory.
radiation is often comparable to or greater than the film Therefore, our purpose is to determine the phonon-
thickness'' '3 The optical properties of MgO and SrTjQ  dispersion curves for a relatively complicated NdGa®ys-
which are widely used as substrates for depositing fAigh- tal. In the calculation of the phonon-dispersion curves of the
superconducting materials, have been investigated by severlddlGaQ, crystal, a conventional rigid-ion model is em-
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ture. In addition, the observed temperature dependence of the
linewidth of Raman-active phonons is examined by the
lattice-dynamical calculation for phonon-dispersion curves.

II. EXPERIMENT

The unit cell of NdGa@ contains 20 atoms and the la-
beled atoms by Wychoff notatiéh®’ are shown in Fig. (8).
ArgT0enr) A339em) The fractional coordinates for each atom are given in Table I.
in-phase stretching _ onephasexroaton - The NdGaQ crystal belongs to an orthorhombic system
[space groupDi2(Pbnm)] (Ref. 20 and it is a distorted
perovskite system. The specimen used in the present study
was a transparent single crystal with a greenish brown tinge
and its purity was better than 99.995¢prepared by Fit
Company, Ltd. It was cut perpendicularly to the b, andc

() axes[7X 6x 8 (c axis) mnr in dimensior, respectively, and
its surface was optically polished. In order to determine these

FIG. 1. (a) Orthorhombic unit cell(b) first Brillouin zone (in phonon frequencies at room temperature, we measured the
which thick solid lines represent irreducible Brillouin zorier D30 polarized Raman spectra in a right-angle geometry and the
materials, andc) A;, phonon modes at 339 and 470 th polarized infrared reflected spectra for three principal direc-

tions.
ployed, where the potential coefficients have been deter- Polarized Raman-scattering spectra of thg; modes
mined by a least-squares fitting of the calculated frequenciesere measured from 31 to 500 K in the right-angle scattering
at thel” point to the experimental ones measured by Ramageometry. The excitation source was the 488.0-A line of an
and infrared(IR) polarized spectroscopy at room tempera-Ar*-ion laser at a power level of 100—200 mW. The scat-

@ =N o=ca O=0

TABLE I. Fractional coordinates and coordinates of atomic positions and cell dimer@igns

) Fractional coordinat8s Coordinates
Atomic
numbef Atom? £ 7 e X y z

1 Nd —0.0180 0.0060 0.2500 —0.0977 0.3298 1.9268

2 Nd 0.0180 —0.0060 —0.2500 0.0977 —0.3298 —1.9268

3 Nd 0.5180 0.5600 0.2500 2.8107 3.0778 1.9268
4 Nd —0.5180 —0.5600 —0.2500 —2.8107 —-3.0778 —1.9268

5 Ga 0.5000 0.0000 0.0000 2.7130 0.0000 0.0000
6 Ga 0.5000 0.0000 0.5000 2.7130 0.0000 3.8535
7 Ga 0.0000 0.5000 0.0000 0.0000 2.7480 0.0000
8 Ga 0.0000 0.5000 0.5000 0.0000 2.7480 3.8535
9 o) 0.0500 0.4700 0.2500 0.2713 2.5831 1.9268
10 al —0.0500 —0.4700 —0.2500 -0.2713 —2.5831 —1.9268

11 a1 0.4500 0.9700 0.2500 2.4417 5.3311 1.9268
12 Q1) —0.4500 —0.9700 —0.2500 —2.4417 —5.3311 —1.9268

13 Q?2) —0.2900 0.2750 0.0500 —-1.5735 1.5114 0.3854
14 Q?2) 0.2900 —0.2750 —0.0500 1.5735 —1.5114 —0.3854

15 Q?2) 0.7900 0.7750 0.4500 4.2865 4.2594 3.4682
16 Q?2) —0.7900 —0.7750 —0.4500 —4.2865 —4.2594 —3.4682

17 a?2) 0.2900 —0.2750 0.5500 15735 -1.5114 4.2389

18 a?2) —0.2900 0.2750 —0.5500 -1.5735 1.5114 —4.2389

19 a?2) 0.2100 0.2250 —0.0500 1.1395 1.2366 —0.3854

20 a?2) —0.2100 —0.2250 0.0500 —1.1395 —1.2366 0.3854

Cell dimensions
a b c
5.426 5.496 7.707

@Atoms and atomic numbers correspond to the atomic positions in the unit cell shown in Fig. 1.
bFrom Ref. 30.
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tered light was analyzed by a double monochrom&@r- ' ' ' '
1000D, Jasco Compajyhaving the spectral resolution of I T=280.5K Z(Ynx |
about 2.0 cmt. The sample temperature was controlled with L A A -
a closed-cycle He-gas cryostanodel U102 AW, Daikin -
Company. The wave number was calibrated with a plasma r
line of the Ar"-ion tube. The accuracy of the wave number
was+1 cm L

Polarized infrared reflected spectra were measured in
three principal directions. A Fourier-transforfRT) infrared

spectrometefIR-V1990, Jascoftwas employed to measure
polarized infrared reflected spectra measured in three princi-

ZXY)X |

ZX2)X |

pal directions of(001), (010, and(100). AL.W_,-JK
-M

Intensity[arb. units]

Ill. RESULTS AND DISCUSSION

The first Brillouin zone of NdGa@is shown in Fig. 1b). 0— 160 260 360 460 500

The phonons with the wave vectqe 0 are classified by the @) E -1
. . : 6 requency[cm ]
irreducible representation of the space groﬁ)@h as
20 —— . .
follows: - T=31K ZOYV)X |
['=7A14+7B1g+5Bg+5B35+8A;,+ 8By, +10B;, I - | 1]
+10B3,. I 1
_ _ 2 1 Z(XY)X
Among them, the Raman- and the infrared-active modes are s [ ]
s | _
7Alg+ 7Blg+5829+ 5839 % | — A A A I N—
%' | i
and s | ZX2X
LI W B Y &
7B1,+ 9B, + 9By, i —
respectively, where th&,, modes are optically silent and the i k ]
remaining By, 1B,,, and 1B3, modes correspond to three = , / , ,
acoustic modes. 0 100 200 300 400 500
Figure 2 shows the polarization dependence of the ob- (b) Frequencyjcm™]
served Raman spectra at room temperature and 31 K. Below .
100 cni'l, a broad band is observed around 70 ¢rim both FIG. 2. Polarized Raman spectra(at 280.5 K; (b) 31 K.

the Z(X2)X and theZ(Y 2) X geometries, as shown in Figs.
2(g) and 2b). The temperature dependence of their In'“:’\nsnytures, owing to the covalent interactions inside the g;%xo

is different from those 0B, and Bsg modes in the same allg]mts and to the presence of Ndions. However, the experi-

geometry. Thus, each broad band is not a first-order Ram M ental frequencies of optical-phongie., infrared and Ra-
spectrum, because this intensity is not proportional to a pho- d P P T

non occupation numbét. We have assigned Raman-active mapl spectra of the NdGagrystal were smaller than 600
lines as follows: sevei;, modes(96, 145, 215, 290, 339 cm . We calculatgd the phonon-dllsper3|_or_1 curves of the
414, and 470 cmb), founglg modes(lé3, 2i4’ 363, an,d 449’) Nngg (;rystal using the co_nvent|onal rigid-ion model.
cm™Y), four B, modes(144, 334, 405, and 463 ci), and The rigid-ion model can be written as
three Bs; modes (168, 199, and 351 cih). These modes mw?U=(H+2zC2U, (1a)
follow the phonon occupation numb&rThe present results
are |2|23 good agreement with those observed by Sanjuan
et al:

In order to assign IR phonon center frequencies, we per-
formed calculations of the infrared reflectance following the

The NdGaQ crystal exhibits both ionic and covalent fea-

—4— MEASURED

Reflectance

procedure described in Ref. 25 in the cas@gf, B,,, and : .. —o— FITTED

Bj,, respectively. For example, Fig. 3 shows the comparison : " By, mode

between our calculated reflectance and the observed one in . . . .

the case of th®,, mode. These values of center frequencies 200 400 600

wlem]

are approximately in good agreement with those observed by

Zhanget al® Thus, we obtained the final experimental pho-  FIG. 3. Reflectance of NdGaGt room temperature in the spec-
non frequencies at thE point, as shown in Table II. tral region from 100 to 600 ci.
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TABLE II. Comparison between our calculated values of optical-phonon frequefuwis) and observed ones of NdGa@sing the

conventional rigid-ion model.

Experimental Calculated Deviation

Experimental Calculated Deviation

Mode values(cm™ %) values(cm %) values(cm™ %) Mode  values(cm ) values(cm %) values(cm %)
Agg 96.00 109.26 13.26 Ag, 337.02

Asg 145.00 150.88 5.88 Ay, 419.93

Asg 215.00 216.37 1.33 Ag, 505.30

Axg 290.00 298.41 8.41 Biy 174.00 173.95 0.05
Ag 339.00 355.04 16.04 By, 270.40

Aig 414.00 444.26 30.26 By 290.00 299.20 9.20
Aig 470.00 516.27 46.27 By 300.00 314.58 14.58
Big 93.29 By 321.00 355.99 34.99
Big 153.00 162.54 9.54 By, 430.31

Big 214.00 215.94 1.94 By 595.00 581.03 13.97
Big 316.25 Boy 96.74

Big 363.00 383.43 20.43 By 174.00 174.42 0.42
Big 449.00 450.28 1.28 Boy 260.00 251.58 8.42
Byg 505.29 Bou 290.00 283.33 6.67
Bag 144.00 143.62 0.74 By 321.00 304.51 16.49
Bog 218.42 Bou 356.00 338.52 17.48
Bag 334.00 302.86 31.14 Bay 424.00 415.78 8.22
Bag 405.00 391.04 13.96 Bau 545.00 477.84 67.16
Bog 463.00 492.41 29.41 By 595.00 552.97 42.03
Bag 168.00 164.57 3.43 Bay 134.42

Bag 199.00 197.63 137 Bay 174.00 179.19 5.19
Bag 351.00 346.91 4.09 Bay 260.00 266.43 6.43
Bag 418.01 Bay 273.00 282.25 9.25
Bag 504.68 By 300.00 300.37 0.37
A 136.71 Bay 343.00 337.59 5.41
Ay 171.92 Bay 356.00 369.58 13.58
Auy 228.89 Ba, 453.55

Ay 249.97 Bay 595.00 537.99 57.01
A 293.99

whereH is the matrix specifying the short-range atom-atomwhereq)gﬁ(lk;l 'k’) is related to the atom-atom potential

interaction,C is the Coulomb matrix for the long-range elec-
trostatic interactionm andz represent mass and ionic charge,
respectively, andu denotes the displacement vector for at-
oms. The matrixC is calculated by Ewald’'s method. Here,

the relationship between the repulsive matrix elements

(H,p) and the repulsive crystal potential@Z'ﬁ) is assumed
to bée

¢
_iXCrVXﬁ d)”H_ %(ﬁ’H

[(H)# (1K1,

Xaxﬁ nH 1 rH
—~z | ¢

[(Hk)=(1"k")],

+?¢'“

)

o
+ =L

DYk 1K )=
E/

1"k’

' (1b)

in the central approximation as follovs:

Hapalkk') =2 @ o(lk;1 k" exidig- {x(1'k") = x(1k)}].
II
2

The prime on the sunX’ indicates that the term ofk
=I1"k" is omitted, and,, andx, represent the displacements
of the Cartesian componenisand B, respectively. We as-
sumed the Born-Mayer-type function fd:“(rij) (represent-
ing the short-range potentjah Egs.(1b), and also assumed
that ¢>H(rij) is applied for all bonds having the bond length
rij=3.0 A, i.e.,j=22, using the force constants giverf as

FPM(rij)

ar?

Vv
A=

0

£3¢H(rij)}
—_— R

Y

i— g2

(©)

I ar;
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TABLE lll. Parameters used to calculate the phonon-dispersion curves.

Potential Parameter Units Bond type
Coulomb ionic charge Znd e 1.395
Zca e 1.094
Zog) e —-0.891
Zogz) e —-0.799
Repulsion Force constant
A, e’y 121.0 B, e’y 1.0 Ga-Q2)
A, e’ly 66.8 B, e’ly -17.0 Ga-@1)
Ag e’ly 135.0 Bs e’y —45.2 Ga-@2)
A, e’y 178.3 B, e’ly 1.0 Nd-Q(1)
Ag e’lv 305.0 Bs e’y 14.0 Nd-G2)
Ag e’lv 96.0 Bg e’lv 87.0 Nd-G2)
A, e’lv 1.2 B, e’lv 59.0 Nd-Q1)
Ag e’lv -32.0 Bg e’lv 31.0 Q1-0(2)
Ag e’lv 37.0 By e’lv 82.0 Q1-0(2)
Ao e’y 27.0 B1o e’ly -19.0 Nd-G2)
Ay e’ly -32.0 By e’ly 1.0 02)-0(2)
A e’ly 7.0 B, e’y -1.0 Q1)-0(2)
Az e’lv —-16.0 Bis e’y 11.0 Q2)-0(2)
A e’lv 35.0 B4 e’y —86.0 Nd-Q1)
Als e’lv 56.0 Bis e’lv 6.0 Q1)-0(2)
A e’lv —24.0 Bis e’lv —-18.0 Q2)-0(2)
A7 e’lv 176.0 B, e’lv 61.0 Nd-Ga
Asg e’lv —90.0 Big e’lv 13.0 Nd-Q1)
Ao e’y -22.0 Big e’y 81.0 Nd-Ga
Ao e’y 16.0 B,o e’y -9.0 Nd-Q2)
Ay e’ly 82.0 By e’y 18.0 Nd-Ga
As e’ly —53.0 B,, e’ly —22.0 Q2)-0(2)
Here the derivatives of the short-range poten#ialandB;, was calculated by Wallis, Ipatova, and Maradddinsing a

represent the bond-stretching and the bond-bending forc@reen’s function. The cubic anharmonic term affects the
constants, respectively. The parameters used to calculate theewidths more significantly than the quartic term in the
phonon-dispersion curves are listed in Table Ill. The finaltemperature dependence of the first-order Raman spectra for
phonon-dispersion curves are shown in Fig)4Our calcu-  the oxide crystal->8°If the thermal-expansion coefficients
lated frequencies at thE point are assigned to all phonon have small values in several types of oxide cry$tal&®3’
modes using the standard projection operator technigse with a high melting point and stable structure in the high-
shown in Table 1V and are compared with experimental temperature region, the cubic anharmonic force
ones listed in Table Il. The average deviation between calcUs o fficientl-36 |C4|2 is independent of temperature. If the

lated and experimental values at thepoint is about 14.8 L (3) Y . i
cm ! (4.29%. The calculated frequencies are in good agree-Raman linewidth'j () is caused only by the cubic anhar

ment for all modes with experimental ones except for threén(g)mc tgrm n th_e crystal potential energy, the linewidth
phonon peaks with high frequency, i.68,, (5459, B, Fj_ (w) is proportional ;tzo the two—phonong;jensny of states
(5959, and By, (595-cmil) modes. These discrepancies With the factorm#Q[C;|*/(64N) as follows:

most likely arise from some approximatiéweakly distorted
perovskite of the rigid-ion model. However, taking into ac-
count the complexity of this class of material and rigid-ion
model, we believe that the overall agreement between theory

FJ(3)(w)°CE E wjl(ql) (1)]2( - ql){njl(ql)

and experiment should be considered as reasofiate. el
shown in Fig. 4a), the phonon-dispersion curves are doubly +n;,(=0) + 1 6(Q — 0; (41) —w),(—01))
degenerate on distinct pointise., X, Y, Z, T andR points of
the irreducible Brillouin zone. These properties were ex- — 6(Q+ wj, (A1)t wj,(—a1) ]+ [n;, (a1)
pected as a result of the discussion based on group theory.

The temperature dependence of the Raman linewidth is _niz(_ql)][é(Q“L“’J'l(ql)_"’iz(_ql))
investigated using the present phonon-dispersion curves. The
fundamental width of the lattice vibration in ionic crystals ~ 0= o), (qy) Foj,(—qu) ], )
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TABLE IV. Symmetry vectors of NdGagpfor z direction. These
6°°'> symmetry vectors were driven using the standard projection opera-
! =— tor technique. Our calculated phonon eigenvectors are the same as
— ] TS the symmetry vectors and satisfy the orthogonal condition.
§ s
5 §O>§ — Mode Symmetry vectors
% — {X1,Y1,212; X2,¥2,225 - - -} X20,Y20,Z20}
s """
200 e Agg 15 Y1, 0 =X, —Y1, 05 —Xq, Y1, 05 %, —y1, 0; 0,
T 0,0;0,0,0;0,0,0; 0, 0, g, Vg, 0; —Xg, —Vg, O;
%7—/“xo X9, Yo, 05 X9, —Yg, 05 X13, Y13, Z13:~ X13, ~ VY13,
—Z13; —X13, Y13, —Z13; X13, ~ VY13, Z13; —Xi3,
(a) 0r Y T R Z r X VY13, Z13; X13, Y13, —Z13, X13, — Y13, —Z13, —X13,
- Y13, Zyat
E Big {X1, y1, 05 =x1, —y1, 0; X1, —=Y1, 0; =Xy, y1, 0; 0,
H 0,0;0,0,0;0,0,0;0,0,&g, Y9, 0; —Xg, =Yg, 0;Xg,
;% —Yo, 0; =Xg, Yo, 0;X13, Y13, Z13; —X13, — Y13, —Z13;
H X13, ~VY13, Z13; ~X13, Y13, T Z13; —X13: Y13y Z13;
5 X13, Y13, —Z13; — X1z, Y13, Z135 X3, Y13, ~Zig}
§ Bog {0,0,2,;0,0,-2,;0,0,-2,;0,0,2;;0,0,0;0,0,0;
F 0,0,0;0,0,0;0, 0z9; 0,0,—29; 0,0,—29; 0, 0,2g;
H X1z Y13y Z13; —X13, —VY13, ~Z137 ~X13, Y13, T Z13;
£ X13: ~VY13 Zi3: X1z, Yiz, —Z13: " X13, Yz Zi3;
% —X13s Y13+ Z13s X13, — Y13, —Zigt
a Bag {0,0,7z;;0,0,-2,;0,0,2,;0,0,-2,0,0,0;0,0,0;
v i 0,0,0;0,0,0;0, Ozg; 0, 0,—29; 0, 0,2z9; O, 0, — 2g;
2 i X1z Y13, Z13; 7 X13, —VY13, —Z13; X13, ~ Y13, Z13;
§ \ . . . . —X13y Y13, T 72135 X13, Y13, —Z13; ~X13, Y13, Z13;
®) 0 100 zoow[ce;gg] 400 500 600 X132, —VYi3, —Z13; —X13, — Y13, Z13)
Ay {0,0,2;; 0,0,2;; 0,0,—2;; 0,0, —2; X5, Y5, Zs;

FIG. 4. (a) Phonon-dispersion curves for the NdGa®ystal at
room temperaturgb) The one- and two-phonon densities of states
due to the cubic anharmonic terms at 31 and 280.5 K.

where nj(q)={exp[ﬁwj(q)/kT]—1}‘1 is the phonon occu-
pation number, andv;(q) the temperature-dependent fre- By
guency of the normal mode at the wave vea@nd phonon
branchj. Especially,() is the normal-mode frequency gt
=0 andN is the number of unit cells in the crystal.

In the calculations of the one- and two-phonon densities
of states due to the cubic anharmonic term, the summationsB2u
were taken over about 216 wave-vector points in the irreduc-
ible first Brillouin zone, therefore, the number of the wave
vectors in the first Brillouin zone increases by 1728 points.
The 6 function was approximated as

B3u
&

1
o= I X ©

wheree was taken as 5 cit. The one-phonon density of
states in 0—600 cit of a range at 31 and 280.5 K is shown

—Xs5, —Ys, Z5; X5, Y5, —Z5; —Xs, Y5, —Z5; 0, 0,Zg;
0, 0,29; 0, 0, =25;0, 0, —2Zg; X13, Y13, Z13; X13s
Y13: Z13: —X13, Y13, TZ137 —X13s Y13: T Z13; ~ X13s
— VY13, Z13; —X13: —Y13s 2135 X13, ~ Y13, — 2135 X13,
—Yi3» —Z13

{0,0,2,; 0,0,2;; 0,0,2,; 0,0,24; X5, V5, Z5; —Xs,
—VYs5, Z5; —Xs, Y5, Z5; X5, —VYs5, Z55 0, 0,29; 0, 0,2g;
0, 0,2g; 0, 0, Zg; Xi3, Y13, Z13; X13, Y13, Z13; X1i3,
—VY13, Z13; X13, —Y13, Z13, —X13, — Y13, Z13; —X13,
—Yi3: Z13; —X13, Y13 Z13s —X13» Y13, Zag

X1, Y1, 0: X1, Y1, 00 =Xq, Y1, 0; —=Xq, Y1, 0; Xs, Y5,
Z5, X5, Y5, —Z5; — X5, Y5, Z5; ~ X5, Y5, ~Z5; Xg, Y9,
0; X9, Yo, 0; —=Xg, Yo, 0; —Xg, Yo, 0; X13, Y13, Z13;
X13» Y13, Z13 —X13» Y13, —Z137 —X13» Y13, —Z13;
X13, Y13, —Z13; X13, Y13, —Z13; — X3, Yi13s Z13;
—X13, Y13: Z13t

X1, Y1, 0 X1, Y1, 05Xq, —Y1, 05Xy, —Y1, 0;Xs, Y5,
Z5, X5, Y5, =Z5, X5, = Y5, —Z5, X5, — Y5, Z5; X9, Yo,
0; Xg, Yo, 0; Xg, =Yg, 0;Xg, —Vg, 0; X13, Y13, Z13;
X13s Y13s Z13; X13» — VY13, Z13; X13: Y13y Z135 X13s
Y13, —Z13; X13» Y13, —Z13; X13» — Y13, — 213, Xi13»
—Yi3, —Z13

in Fig. 4(b), where we assumed that thermal-expansion co-=
efficients alonga, b, and ¢ were 11.9, 6.6, and 5.8
(x1078/K), 3829 respectively. As shown in Fig.(8), we

in Figs. 4a) and Zb), we found that intensities of two Ra-

found that the one-phonon density of states was approximan linesli.e., A;; modes(339 and 470 cm' at 280.5 K]

mately independent of temperature in the range between 3&ere considerably strong in comparison with other ones, and

and 280.5 K. The two-phonon density of states in Othese lines corresponded to 343.8 and 474 tat 31 K,
~600 cni'! in this temperature range is also calculated, asrespectively. Thus, we measured twg, modes(339 and

suming the same value of each thermal-expansion coefficier70 cm?) in the present study. As shown in Fig. 5, the
as in the case of the one-phonon density of states. As showsbserved Iinewidthsl“}g)(w) of Ay modes(339 and 470
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spectra of NdGa@at different temperatures in ti&(YY)X scat-  inset were denoted by our calculated and experimental ones, respec-
tering configuration. tively, and the filed circles were analyzed by Podlesrgialil. (Ref.
40) Other symbolgopen circles and open squaregere denoted by
experimental oneéRefs. 41 and 4R

©w
Py
kol

T T

A, mode
[339cm)

[
B
=]
T
L
1

0 100 200

. TIK]

Raman shiﬂ[cm'1]
2
*
L ]
-1
2 r[em]

[ A,gmode[470cm™"]

Intensity[arb. units]

\
A A AR AR R R B e < B S S AT A

cm 1) increase monotoneously with the increase of tempera-

ture. The accuracy of the experimental linewidih§(w) L _

was within about+0.3 cmi L. The general cubic anharmonic 1he peak of theA;; mode (339 cm ™) is attributed to an
force coefficient|C,|? is analyzed using lattice-dynamical Out-of-phasex rotation of the oxygen as a librational mode.
perturbative treatment, which is the same procedure as thaherefore, theA;; mode(339 cm*) does not involve inter-
used Eqs(7)—(15) of Ref. 10. The constan€,|? of the A, nal distortions of the Gagoctahedra. Therefore, the line-
(339 andA;, modes(470 cm}) is obtained as 1.06101% widths for theA;y; mode (339 cm 1) varied with increasing
and 6.3 10° erg ! using Eq.(14) of Ref. 10, where we temperature by comparison with those of thgy mode(470
assumed atomic pairs within 3.0 A, respectively. As can bem™?). As previously reported,several oxide crystalevith

seen in Fig. 6, the calculated result Iﬁfﬁ)(w) reproduces a high melting point and stable structure in high-temperature
the observed one in the temperature range of 31-500 Kange$ usually tend to have small values (€] in the
There seems to be a small disagreement betw&evafies range of 18—10'* erg ®. Therefore, the present values of
at the temperature range of 150 K for tAg, mode (470  |C,|? indicate that the NdGaQcrystal has the characteristic
cm ™) and the calculated one. The reason may be that thisf a stable structure in high-temperature ranges. From this
discrepancy most likely arises from experimental error at thigact, it is concluded that the temperature dependence of the
temperature. However, taking into account the complexity ofinewidth of A1y modes for the NdGagQcrystal can be ex-
this class of material and the fact that anharmonicity is calplained approximately considering the cubic anharmonic
culated on a basis of the lattice-dynamical perturbative treaterm in the expansion series of the crystal potential energy.
ment, we believe that the overall agreement between theorgy using this temperature-dependent one-phonon density of
and experiment should be considered as reasonable. Figusgates, the temperature dependence of the molar specific-heat
1(c) shows schematically the measured Raman mod® pf  capacityCpis also calculated, as shown in the inset of Fig. 6,
symmetry using the symmetry vectors in Table IV. Thesewhere we found that our calculated values agree with results
assignments are reasonable with those in comparison f calculated valué8 and experimental valu&s* in the
RMnO; (R=Y and La.*® Therefore,A;; (339 and A;;  temperature range between 2.24 and 300 K. Furthermore, we
modes(470 cni’) can be considered as pure modes in ahave calculated the heat capacity and have compared the
good approximation because modes involving motions otalculated values with experimental ones by using the rigid-
mainly R atoms have frequencies following roughly the jon model for several other crystal structufes.® The cal-

mg 2 dependencé’ The peak of theA,; mode(470 cm %) culated results agree with the experimental values at both
corresponds to a phase stretching mode of the oxygen cagew- and high-temperature regions in those cases.
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V. CONCLUSION 31 and 500 K. The phonon specific heat Cp was analyzed by
The Raman- and infrared-active phonon frequencies o he calculated one-phonon density of states and agrees with
P quen xperimental values in the temperature range between 2.24
the NdGaQ crystal have been expe_nment_ally determined 8tnd 300 K. From this fact it is concluded that the tempera-
foom temperature. The phonon-dlspersm_n curves .Of. th?"ure dependence of the linewidth of the NdGa@ystal is
mdgalQ, iCr:yS:r?l ar::e calrcuc:a}tred or:] th?/ t|>aS|s or:datrzlgld\;lorna proximately explained by the cubic anharmonic term in
odel using the measured frequency vaiues, a € average, expansion series of the crystal potential energy. Therefore
deviation between calculated and experimental values at ﬂ}%is indicates that the present model is useful to drive the
1 point is approximately 14.8 cml. The temperature depen- lattice-dvnamical properties
dence of1 the Raman linewidth of th®;; modes(339 and y prop )
470 cm %) is analyzed by the temperature-dependent two-
phonon density of states due to the cubic anharmonic term. ACKNOWLEDGMENTS
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