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Phonon Raman scattering in (La; — ,Sr, )>CuQy single crystals
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Anomalous Raman spectra were observed in (La;-xSryx)2CuQOy4 single crystals for the light po-
larized parallel to the layer. The number of peaks are much larger than expected from group-
theoretical analysis, supposedly due to the strong phonon-magnon and phonon-free carrier interac-
tions. With increasing x, two-phonon peaks decrease simultaneously with the decrease of the
two-magnon peak; this in turn is related with the decrease of the correlation length of the antifer-
romagnetic spin order. Two-phonon scattering is composed of a combination of two layer-
breathing modes and two layer-quadratic modes, which have strong electron-phonon interaction.
A soft mode for the orthorhombic-tetragonal phase transition was found for the incident light po-
larized perpendicular to the layer, its energy is much higher than that observed by neutron
scattering. The present Raman scattering indicates that the symmetry of the crystal with
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x> 0.01 is lower than orthorhombic.

I. INTRODUCTION

For a short time after the discovery of the superconduc-
tivity of (La;-,M,),CuQy,' it was thought that the
strong electron-phonon interaction of the breathing lattice
vibration was the origin of the superconductivity.?™*
After a while it became obvious that the high transition
temperature (7,) of YBa,Cu3O7—; is hard to explain by
the phonon-mediated mechanism. Also it was reported
that with an increase of T, the isotope effect decreases in
the following order: BaPb;_,Bi,O;, (La;—,Sr,)>CuQOy,
and YBa,;Cu307-5°"!!' With these results, the major ap-
proach turned to nonphonon mechanisms. The finding of
antiferromagnetic phases in the semiconducting region of
(Laj—xSry),Cu04 (x <0.01) (Refs. 12-20) and YBa,-
Cu307-4 (6> 0.6) (Refs. 21-23) drew much attention to
the spin-fluctuation mechanism. These three-dimensional
spin-ordered states compete with the superconducting
states. The magnetic states in these compounds are
characteristic in the respect that, even above the antiferro-
magnetic transition temperature 7y, spins are antifer-
romagnetically ordered on the two-dimensional Cu-O
planes over a relatively long range as fluctuation.!” The
existence of the isotope effect, however, suggests the con-
tribution of phonon-mediated mechanisms to the super-
conductivity either by enhancing other mechanisms or
simply contributing additively. It is useful to investigate
the lattice vibrations in (La; —,Sr,),CuQOy, which has an
intermediate-phonon contribution to the pairing mecha-
nism between BaPb, —,Bi, O3 and YBa,;Cu3;07—s.

Many works on Raman scattering from (Laj—,-
Sr,)2CuOy have been reported, 3182024728 byt the results
show lack of consistency. One of the causes of different
results is the low quality of samples. Many experiments
have been done on ceramics. Here the Raman studies on
single crystals are presented.

The Raman spectra are different, depending on the po-
larization configuration of the incident and scattered light.
The Raman spectra for polarization parallel to the layer
show strong two-phonon scattering and two-magnon
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scattering in the semiconducting region. Both scattering
intensities decrease rapidly with the increase of the Sr
concentration x. The two-phonon peak energies can be
decomposed into combinations of two kinds of planar
breathing modes and two kinds of planar quadratic
modes. The large enhancement of the two-phonon peaks
suggests the strong electron-phonon interaction of these
modes.

The spectra with the polarization perpendicular to the
layer were obtained for the first time. These spectra re-
veal the existence of a soft mode related to the
orthorhombic-tetragonal phase transition. The energy of
this mode is much higher than that measured by neutron
scattering.?’ The assignment of the 4, modes are made
on this spectra. The appearance of more peaks at
x > 0.01 than the number expected from the reported or-
thorhombic structure indicates that the crystal structure is
of lower symmetry.

The normal-mode analysis in the tetragonal and ortho-
rhombic structures is made in Sec. II. The experimental
procedure is described in Sec. III. The experimental re-
sults of Raman scattering are presented in Sec. IV. The
assignment of the characteristic phonon modes is made in
Sec. V. The discussion is given in Sec. VI, and the con-
clusions in Sec. VII.

II. CRYSTAL STRUCTURE AND THE NORMAL MODES

A. Crystal structure

The crystal structure of La,CuO4 is orthorhombic
(D3}, Abma, CmCa) at room temperature and tetragonal
(D4], 14/mmm) above about 515 K.3°73% The transition
temperature depends on the oxygen deficiency. The
phase-transition temperature decreases with the increase
of Ba or Sr concentration x.33¢ At x=0.035 the transi-
tion temperature is about 300 K. Figure 1 shows the
atomic positions in the orthorhombic unit cell. This struc-
ture is formed mainly by the staggered rotation of CuQOg
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FIG. 1. Atomic positions in the orthorhombic (Laj—x-
Srx)2CuOy4 unit cell which consists of two primitive cells. The
hatched circles (a-8) are La atoms, the filled circles (A and B)
Cu atoms, and the open circles (1-8) O atoms. The rotation of
CuOg octahedra is exaggerated.

octahedra around the axes parallel to the b axis. The
crystallographic axes change from x, y, and z in the
tetragonal phase into all[110], II[110], and cll[001]. In
this paper we use x, y, and z to indicate the axes in the
tetragonal phase and a, b, and ¢ to indicate the ortho-
rhombic phase. The translational vectors for the primitive
cellare [— £+,0,+1,[+,0, %1, and [0,1,0].

B. Normal-mode analysis

Table I lists the atomic displacements of k~0 gerade
modes in the orthorhombic and tetragonal phases. Vibra-
tions of Cu atoms make only ungerade modes. The
tetragonal primitive cell includes one molecular unit and
there are 12 optical modes of 2A4,,+2E;+3A45,+ B>,
+4E,,* in which the 4, and E, modes are Raman ac-
tive. The A, modes are observed in the polarization
configuration (x,x), (»,y), and (z,z) of the incident and
the scattered light, and the E; modes in (x,z) and (y,z).
In the orthorhombic phase the volume of the primitive cell
is doubled with respect to the volume of the tetragonal
phase and the zone-boundary modes at (5, 5,0) are fold-
ed back into the I' point. There are 39 optical modes
of 5A4,+3B;+6By;+4B3,+4A,+6B,+4B,+7B,.
All the gerade modes are Raman active. The 4, modes
are observed in the (a,a), (b,b), and (c,c) polarization

configurations, the B, modes in (a,b), the B;, modes in .

(a,c), and the B3, modes in (b,c). The single crystal of

(La; —,Sry),CuO4 has twin structure, so that the exact
polarization in the xy plane cannot be analyzed.
Eigenmodes are given by the linear combinations of
normal modes with the same symmetry. Figure 2 shows
the characteristic modes in the orthorhombic phase due to
the vibrations of oxygen atoms. The 4, mode (a) corre-
sponds to the tilting of CuQOyg octahedra around the b axis.
This mode is made by the combination of the 45 and 4.
modes. This atomic displacement is the same with that of
the tetragonal-orthorhombic phase transition, so that it is
expected that this mode softens toward the structural
transition temperature. The (b) mode is the 4, mode due
to the antiphase combination of the 4; and 4 modes in
contrast to the (a) mode. The 4, mode (c) is the axial
breathing mode in which out-of-plane O atoms vibrate
symmetrically against the Cu atom. This mode is made
by linear combination of the A4, and 47 modes. The By,
modes (d) and (e) are formed by the combination of the
planar breathing mode, B3, and B3,, and the symmetric
vibration of out-of-plane O atoms, stg and ng. The B3,
modes (f) and (g) are the combination of the quadratic vi-
bration of O atoms, B32g and B33g, and the vibration of
out-of-plane O atoms along the b axis, B§‘g‘ Those vibra-
tions which cause the change of bond length in the Cu-O
plane have strong electron-phonon interactions.>~* Espe-
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FIG. 2. Characteristic modes with oxygen atomic vibrations.
(a) Ag(c) mode made of A3+ 47 (b) A,(j) mode made of
A+ A¢. (c) A,(0) mode made of 48+ A4;. (d) B2 (u) mode
made of B3 +Bi+B3+Bf,. (e) By(v) mode made of
B3+ B3+ B3+ BS. (f) By (p) mode made of B3, + Bi; + Bf,.
(g) B3 (r) mode made of B3, + B3, + B,.
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TABLE I. Atomic displacements of kK ~0 gerade modes. The listed phonon energies are for La;CuQOy4
at 30 K. The sub a-6 and 1-8 refer to the atomic positions shown in Fig. 1. The phonon energy labels

correspond to those in Fig. 3.

Phonon energy

Orthorhombic (cm ™1 Tetragonal
La
a B ¥ 1)
Ag a —a a —a (e) 156
Ad c —-c —c c (h) 229 Alg
Bl, b -b b —b
Bl a —a —a a E}
B3, c —c c —c
B, b —b —b b E/}
(0}
1 2 3 4
A c —c —c ¢ G) 2732
Bf, c c —c —c
B, a —a —a a
B3, b b —b —b
Bszg a a —a —a
B3, b —b —b b
(0]
5 6 7 8
CAd a —a a —a (c) 126"
A c -c —c c (o) 426 Af,
B, b —b b —b
B3, a —a —a a E}
B, c —c c —c
B3, b —b —b b E?
Total  5Ag+3B1g+6Bag+4Bs,

3Combined with 4.
®Combined with 4;.

cially the planar breathing modes have strong interaction,
so that strong Raman intensity and resonant multiphonon
scattering is expected.

C. Magnetic properties

The antiferromagnetic phase is observed in (La;—,-
Sr,),CuQ4 below Tn which depends on the oxygen
deficiency. The Tn of La,CuQy4 used in this experiment is
230 K. The T decreases rapidly on increasing Sr or Ba
concentration to x=0.01.'" Two-magnon scattering is
observed in the Raman spectra at about 3200 cm ~! for
La,CuOy4 (Refs. 18 and 20). The scattering peak rapidly
decreases in intensity and shifts to lower energy, but it
remains as an overdamped peak above x =0.05. This is
presented in a separate paper.°

III. EXPERIMENT

Single-phase single crystals were synthesized by a flux
method using CuO. Samples with different Sr concentra-
tions were prepared. The concentration x was determined

by electron-probe-microanalysis technique (EPMA) as
x=0, 0.005=0.001, 0.017 £0.004, 0.035+£0.005, and
0.058 +0.004. The antiferromagnetic transition tempera-
ture at x =0 is 230 K. The compounds with x =0.035 and
0.058 become superconducting at about 10 K. The sam-
ples used in this experiment were as-grown crystals. The
surface was mechanically polished with Al,O; powder.
The final Al,O; particle size was 0.05 yum. Raman
scattering was made in a backscattering configuration
with the use of a double monochromator (Spex 1400) and
an Ar-ion laser (Spectra Physics 164). In most of the ex-
periments the 5145-A line was used for excitation. The
laser beam of about 100 mW power was focused in an
area of about 30x% 500 ym? of the sample surface using a
cylindrical lens. All the data were corrected for the spec-
tral efficiency of the spectrometer and the photomultiplier
using a standard lamp. The samples were set in a He-
gas-flow cryostat for the low-temperature measurement
and in a furnace for the high-temperature measurement.
The atmosphere around the sample was He for the mea-
surement in the cryostat, while air was present in the fur-
nace in order to avoid the decrease of oxygen concentra-
tion at higher temperatures.
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IV. EXPERIMENTAL RESULTS
A. (x,x+y) spectra

Figure 3 shows the (x,x+y) Raman spectra in
(La;—,Sry),Cu04 with x=0, 0.005=+0.001, 0.017
+0.004, 0.035%+0.005, and 0.058 +0.004 at 30 K. The
polarization of the incident light is parallel to the x axis.
The scattered light polarization is not analyzed, but the
(x,x) component is dominant. All of these samples are in
the orthorhombic phase at this temperature. In this polar-
ization configuration the 4, and B, modes are observable
for the reported orthorhombic structure. Most of the
sharp peaks below 800 cm ~! are one-phonon process
peaks and the peaks between 800 and 1500 cm ~!
are two-phonon process peaks. The spectra in
(La;-—xSry)>,Cu0O4 with small x are in the resonant
scattering condition for visible light. The number of peaks
below 800 cm ~! is much larger than that of the allowed
phonon modes, 54,+3B,;. As discussed later some
mechanism makes the forbidden modes, B,, and B3, ac-
tive.

The intensities of the resonant two-phonon peaks at
800-1500 cm ~! decrease with the increase of x and they
almost disappear above x =0.035 together with the simul-
taneous extinction of the two-magnon peak. Even in
single-phonon peaks below 800 cm ~! drastic change is
observed for the Sr concentration above or below about

(La,_x er )2 CUO[.
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FIG. 3. Raman spectra of (La;-xSryx)2CuO4 with x=0,
0.005, 0.017, 0.035, and 0.058 in the (x+z,z) polarization
configuration.
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FIG. 4. Raman spectra of La;CuOg4 at 30 and 273 K in the
(x,x +y) polarization configuration.

x=0.015. The 216 and 462 cm ™' peaks observed in
La,CuOy disappear at x > 0.02. In place of them broad
peaks at 150, 283, 371 cm ~! become strong. At high Sr
concentration the 792 cm ~! peak becomes strong. The
drastic change of the spectra by the small substitution
cannot be explained, if no special electron-phonon interac-
tion is present. The energies of the observed peaks are
listed in Table II.

Figure 4 shows the temperature dependence of the
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FIG. 5. Temperature dependence of the Raman spectra in
the (La;-Srx)2CuO4 with x=0.035 in the (x,x+y) polariza-
tion configuration.
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TABLE II. Raman (R) and infrared (IR) active phonon energies (cm') in (La;-Srx)2CuQs at 30 K. Mode labels are the same
as in Fig. 3. (s: strong, b: broad).

x=0 x=0.005 x=0.017 x=0.035 x=0.058
R R R R R R R R IR IR R
Mode ,x+y)  (z,z2)  (x,2) (,x+y) Gox+y) (O,x+y) (z,z2) (x,z) élx élz (e,x+y)
a 85 86
b 112 111
c 126s 108s
d 132 129 122 124
e 152 156s 152 150 147s 149 142 144sb
f 171 170
g 216s 219 217s 220s
h 227 229s 226 226 229s
i 260 252 257 256 243
] 273 273s 273s
k 283b 283sb 284sb
1 318 318 321 321 314
m 366 363 371s 365s 372 366 369s
n 398 398 399
o 4245 426s 4265 431s 428s 430s 429s
p 462s 462s 465
q 489b 484b 4796
r Sl1sb 513sb
s 523 5235 510 519s
t 608 605
u 673s 670sb 671b 677sb 670sb
v 716sb 714sb 722sb 723sb 718sb
w 792 790 782 792sb
X 818
y (o+p) 876s 875s 898h
z (2p) 919s 922s
a (p+r) 976s 982s 10106
B (2r) 1023sb 1023s 1056
y (p+u) 11295 1120s 1118
8§ (r+u,p+v) 1182s 1181s 1200
e (r+v) 1232s 1229s 1227s
¢ (2u) 1347 1347 1349
n (2v) 1449s 1436s 14465 1438s

(x,x+y) Raman spectra in La,CuQO4. At high tempera-
tures the intensities of the two-phonon peaks decrease
markedly along with that of the two-magnon peak. It sug-
gests that the intermediate electronic state of resonant
scattering, which is related to the antiferromagnetic spin
order, moves away from the resonant condition or
broadens by the thermal fluctuation. The single-phonon
peaks at 673 and 716 cm ~! also show large intensity de-
crease with the increase of the temperature. As discussed
later these modes are forbidden in this polarization
configuration. The large energy shift of the two-phonon
peaks at 1232 and 1449 cm ~! (at 30 K) is due to the
large temperature dependence of the peak energy of the
.716 cm ~ ! (at 30 K) component mode.

Figure 5 shows the temperature dependence of the
(x,x+y) spectra in (La;-,Sr,),CuO, with x =0.035.
The orthorhombic-tetragonal transition temperature for
this Sr concentration is about 300 K. On increasing tem-
perature the intensities of most peaks decrease toward the
structural transition temperature except for the 147 and

428 cm ~! (at 30 K) peaks. The 428 cm ~! mode is as-
signed to the 4, mode which is Raman active even in the
tetragonal phase as discussed later in detail.

B. (x +z,z) spectra

Figure 6 shows the temperature dependent Raman
spectra of (La; —,Sr,)2CuQy in the (x +z,z) polarization
configuration. The scattered light is not analyzed for the
spectra shown in this figure, but it is checked that all the
peaks except for the small 219 cm ~! peak have a polar-
ization selection rule of (z,z), that is the 4, symmetry.
The 219 cm ™! peak has a polarization selection of (x,z)
which is for the B, or B3z, mode. All the peaks observed
in the (z,z) polarization are also observed in the (x,x)
spectra as expected from the selection rule except for the
soft mode at the lowest energy. In the (x +z,z) polariza-
tion configuration the two-phonon scattering peaks are
very weak. The spectra below 273 K are obtained in He
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FIG. 6. Temperature-dependent Raman spectra of La;CuQ4
in the (x +z,z) polarization configuration.

gas, while those above it in air. The spectra measured in
air are noisy because of the superposition of the Raman
signal from air besides the sample. All the five 4, peaks
expected from the normal-mode analysis are observed at
126, 156, 229, 273, and 426 cm ~ ! at 5 K. The 126 cm !
mode is assigned to the staggered rotational mode of
CuOg octahedra shown in Fig. 2(a). This mode shows
softening toward the orthorhombic-tetragonal phase-
transition temperature at 515 K. This mode becomes
overdamped above 473 K. The energy is much higher
than that of the soft mode observed by neutron scatter-
ing.? The observed peak energies are listed in Table II.

Figure 7(a) shows the temperature dependence of the
energy of the 126 cm ™! (at 5 K) mode. The energy is
determined by fitting the spectra with Gaussian curves
after dividing the measured spectra by the statistical fac-
tor n+1 for the Stokes side. Here n is the Bose factor.
Above 470 K this mode becomes an overdamped mode.
At high temperatures the energy shifts upward as it is
seen in the figure, but this is only caused by the correction
process in which the flat background spectra composed of
the luminescence and the stray light are divided by the
statistical factor.

The temperature dependence of the peak intensity and
the width expressed by the mean-square error o of the
fitted Gaussian curve is plotted in Figs. 7(b) and 7(c), re-

ENERGY (cm-1)

TN S Y S S U N SN O WY N S W

INTENSITY (arb. units)

LINEWIDTH o (cm-t)

n L L L L L L L s 1 .
0 100 200 300 400 500 600
TEMPERATURE (K)

FIG. 7. (a) Energy, (b) the intensity, and (c) the width ex-
pressed by the mean-square error of the fitted Gaussian curve
for the soft mode as a function of temperature. These physical
quantities are obtained by fitting the spectra with Gaussian
curves after dividing the measured spectra by the statistical fac-
torn+1.

spectively. On approaching the orthorhombic-tetragonal
phase-transition temperature at 515 K the intensity ap-
proaches zero and the linewidth increases as in a second-
order phase transition.

Figure 8 shows the temperature dependent Raman
spectra of (La;—,Sr,),CuO4 with x=0.035 in the
(x+z,z) polarization. The soft mode related to the
structural phase transition is observed at 108 cm ! (at 30
K). The energy approaches zero at a lower temperature
than in La;CuQs.

Figure 9 shows the polarized Raman spectra of (z,z)
and (x,z) configurations at 30 and 337 K. The atmo-
sphere around the sample is He for the measurements at
both temperatures. In the (z,z) configuration 54, modes
are active in the orthorhombic phase and 24, modes in
the tetragonal phase. In (x,z) the 6B,, +4B3, modes are
active in the orthorhombic phase and the 2E, modes in
the tetragonal phase. The sample is orthorhombic at 30 K
and tetragonal at 337 K. The peak energies in the (z,z)
spectra are 108, 149, 229, 273, 430, and 523 cm ' at 30
K and 229, 433, and 525 cm =T at 337 K. The energies in
the (x,z) spectra are 229, 257, 372, and 429 cm ~! at 30
K and 237 cm ™! at 337 K. The appearance of the 523
cm ~! peak which is absent in La,CuQy gives a larger



4312

(La,_,Sr,),Cu0,
x=0.035

200 K

150 K

SCATTERING INTENSITY (arb. units)

100 K

30 K

1 | L | L L L
0 100

1
500 600

200 300 200
ENERGY SHIFT (cm-1)
FIG. 8. Temperature dependence of the Raman spectra of
(La; -Sry)2CuO4 with x=0.035 in the (x +2z,z) polarization
configuration.
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FIG. 9. Raman spectra of (Lai—4Sry)2Cu04 with x =0.035

at 30 and 337 K in the (z,z) (solid curves) and (x,z) (dotted
curves) polarization configurations.
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number of the 4; modes than expected from the group
theoretical analysis in the orthorhombic structure. The
appearance of the same peaks in both (z,z) and (x,z)
spectra at 30 K also suggests that the crystal is of lower
symmetry than orthorhombic. Details are discussed later.

The observed Raman peak energies at 30 K are summa-
rized in Table II. The peaks observed in the (x+2z,z)
spectra also appear in the (x,x +y) spectra except for the
soft-phonon peak with the lowest energy. The 273 cm ~!
peak in the (x+2z,z) spectra of the x=0.035 is included
in the broad peak at 283 cm ~! in the (x,x+y) spectra.
Table II lists also the infrared active transverse optical-
phonon energies obtained from the Kramers-Kronig trans-
formation from the reflection spectra on the same single
crystal of (Laj—,Sr,),CuQO4 with x=0.035. In the in-
frared spectra with the light polarized parallel to the layer
the B;, and B3, modes are observed and the B, modes
are observed with the light perpendicular to the layer.

C. Resonant Raman scattering

The strong scattering intensity of the two-phonon peaks
at small x in (La;—-,Sr,)>CuQy4 is due to the resonant
effect. Figure 10 shows the Raman spectra taken with
various excitation wavelengths. Upon increasing the in-
cident phonon energy by changing the laser wavelengths
from 5145, 4880, to 4579 A the two-phonon peaks de-

4880 A
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FIG. 10. Incident wavelength dependence of the Raman
spectra in La,CuQys at 30 K.
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crease in intensity, while that of the two-magnon peak at
about 3200 cm ~! increases.?® The enhancement of the
higher energy peak with the increase of the incident pho-
ton energy suggests that the system is under the out-going
resonant condition. The estimated transition energy be-
tween the intermediate electronic states is about 18000
cm ™! (2.2 eV) with a very short width of about 1000
cm ™!, This energy width is too narrow to assign the
states to the normal bands. These electronic levels are
probably localized levels related with the Cu spin order,
because the resonant effect disappears simultaneously
with the extinction of the two-magnon peak on increasing
Sr concentration.

V. MODE ASSIGNMENT

One of the characteristics of the Raman scattering in
(La; —»Sr,)2CuQy is the difference in the spectra of the
(x,x+y) and (x+2z,z) polarization configurations. The
spectra in (x+2z,z) show normal-phonon scattering be-
havior, while the (x,x+y) spectra are very complicated
by the superposition of scattering from free carriers, mag-
nons and multiphonons, and their coupling. Even in the
single-phonon scattering the number of peaks are much
larger than expected from the selection rules. This is in-
terpreted as meaning that the Raman inactive phonon
modes for the (x,x +y) polarization appear in the spectra
by the modification of the symmetry due to the interaction
with the magnon or free carriers which are active in the
(x,x) polarization. The number of peaks, 5, appearing in
the (z,z) polarization spectra of Fig. 6 is the same as the
number of the 4, modes in the orthorhombic phase. The
lowest energy mode of 126 cm ~! (at 5 K) is the rotational
mode of CuQg octahedra shown in Fig. 2(a). This mode is
related with the orthorhombic distortion as discussed
above. The 229 and 426 cm ~ ! peaks are observed even in
the tetragonal phase, so that the 229 cm ~! mode is as-
signed to the vibration of La atoms along the z axis as list-
ed in Table I, and the 426 cm ~! mode to the axial breath-
ing mode as shown in Fig. 2(c). The 156 cm ~' mode is
assigned to the vibration of the La atoms along the x axis
as listed in Table I, and the 273 cm ~! mode to the mode
shown in Fig. 2(b).

Most of the two-phonon peak energies are decomposed
into sums of Raman active mode energies of p (462 cm ~!
atx=0),r(511cm ™), u (673 cm ", and v (716 cm ™ ")
as listed in Table I. Usually two-phonon spectra indicate
the phonon density of states because the simultaneous
scattering of k and —k phonons makes the two-phonon
spectra. While only k~O0 phonon appear in the single-
phonon spectra from the momentum conservation. How-
ever, if some phonons have very strong electron-phonon
interaction, the combination of those modes appear dom-
inantly in the spectra. So the p, r, u, and v modes are the
specific modes with very strong electron-phonon interac-
tion. In these compounds the mode which modifies the
in-plane Cu—O bond length has large electron-phonon in-
teraction. Two kinds of Bj, planar breathing modes
shown in Figs. 2(d) and 2(e) and two kinds of B3, planar
quadratic modes shown in Figs. 2(f) and 2(g) are the
relevant modes. In the tetragonal phase these modes are

the zone-boundary modes and are Raman inactive, while
in the orthorhombic phase they become I'-point modes.
The B, modes are active in (a,c) and the B3, modes in
(b,c), so that they are forbidden in the (x,x +y) spectra.
But it seems reasonable to assign the 673, 716, 462, and
511 cm ~! modes in the (x,x+y) spectra to the B, pla-
nar breathing modes shown in Figs. 2(d) and 2(e), and
the B3, planar quadratic modes of Figs. 2(f) and 2(g), re-
spectively, for the following reasons: First, the (x,x+y)
spectra show a much larger number of peaks than eight
expected from group theory. The extra peaks should have
forbidden symmetry in themselves. Second, these modes
are expected to have the highest four energies of the nor-
mal modes with large scattering intensities. Third, it is
expected that the coupling of phonon with magnetic exci-
tations or free carriers modifies the phonon symmetry,
especially at resonance. The fact that the two-phonon
peaks have larger intensities than the single-phonon peaks
is probably related to the forbidden selection rule of those
modes for single-phonon scattering in this polarization
configuration. Those modes are not observed in the
(z,x+y) spectra in which they are allowed. Those modes
are enhanced by the electronic transition which enhances
the polarizability within the Cu-O plane.

VI. DISCUSSION

The Raman spectra of (Laj-,Sr,);CuQO4 are anoma-
lous compared with other compounds with orthorhombic
structure. The Raman spectra are different from the
polycrystalline Sr,TiO4 which is isostructural with tetrag-
onal (La;—,Sr,)2Cu0O4.37 The phonon energies used in
the calculation of lattice dynamics®®% are not in agree-
ment with the present Raman data. The spectra in the
(x,x+y) and (x+z,z) polarization configuration are
very different. The (x +z,z) spectra in La;CuQ, seem to
satisfy the Raman selection rule for the orthorhombic
structure, but the (x,x +y) spectra include many peaks
which are forbidden in this polarization. This is supposed
to be due to the interaction of phonons with magnons or
free carriers.

In the case of (Laj —Sry),CuO4 with x =0.035 even in
the (x+z,z) polarization configuration the spectra in-
clude more peaks than expected in the orthorhombic
structure. The 523 cm ™' peak which is absent in
La;CuO4 remains even in the so-called tetragonal phase
at 337 K in the (z,z) spectra. If defects in a crystal in-
crease by the substitution of Sr for La, it is possible that
the forbidden modes appear in the spectra by the break of
the symmetry. It is, however, unusual that the substitu-
tion of only a few percent of atoms causes the appearance
of a new Raman peak with almost the same intensity as
originally Raman active modes. The crystal is supposed
to be of lower symmetry structure. In the (z,z) spectra
only A, modes are allowed, so the crystal structure is
speculated to be monoclinic. The existence of the mono-
clinic structure at low temperatures is pointed out by
high-resolution x-ray diffraction in (Lago¢Bag.1)2CuO4—s
below 150 K (Ref. 40) and (Lag.25Srg.075)2CuQ4 below
220 K.*' For the latter case a triclinic distortion is also
pointed out below 145 K.*! The (z,z) Raman spectra in-
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dicate the tetragonal phase at x =0.035 is different from
the K;NiOy4 structure. Some atomic distortion remains
above 300 K. In the (x,x +y) spectra the 147 and 365
cm ! peaks which are near the dominant infrared B, or
B3, mode energies of 142 and 366 cm ~! are enhanced
and the strong peaks at 283 and 523 cm ~! appear a little
above the B, mode energies of 256 and 510 cm ~!. The
infrared and Raman activity is exclusive for the crystal
with inversion symmetry. If the appearance of the in-
frared mode in the Raman spectra is due to the loss of the
inversion symmetry, the energies should be the same. In
this case the appearance of the infrared modes at slightly
different energies may be due to some specific electronic
transition coupled with the infrared modes makes them
Raman active. It is'contrary to the case of BaBiO; in
which charge transfer coupled with the antiphase breath-
ing mode in dimerized BiO¢ octahedra makes the
brezztzhing-type Raman mode active in the infrared spec-
tra.

The correlation length of the two-dimensional antifer-
romagnetic spin order decreases rapidly on increasing the
Sr concentration. The rapid decrease of the correlation
length is related with the origin of the rapid decrease of
the three-dimensional T. The antiferromagnetic spin or-
der is related with the electronic levels with the transition
energy of 2.2 eV which causes the resonant Raman
scattering for the visible light. This electronic state disap-
pears rapidly with the increase of x. The resonant two-
phonon scattering is distinguished from the common reso-
nant multiphonon scattering in which multiphonon peaks
decrease with the increase of the order as in the case of
BaBiO3.#?> It is noteworthy that in the case of
(La, —Sry)>,CuQy the intensity of the two-phonon peak is
larger than the single-phonon peak, but the three- and
four-phonon peaks decrease abruptly. The boundary en-
ergy 1500 cm ~! for enhancement and suppression of the
multiphonon peaks is just half of the two-magnon peak
energy. It is speculated that there is a excitation band
below 1500 cm ~! which is related with the antiferromag-
netic spin order and the interaction with multiphonons
makes the strong two-phonon peaks. The strong interac-

tion between phonons and magnons suggests that the com-
plex state composed of phonons and magnons can contrib-
ute to form hole pairs of the superconductivity.

In the case of BaBiO3; the multiphonon peaks of the 560
cm ~! breathing mode are observed up to the fifth order.*?
In YBa;Cu3O7-5 only a small two-phonon peak is ob-
served despite the fact that the system is in the resonant
condition. In the simple picture it is suggested from the
number of higher harmonic peaks that the electron-
phonon interaction decreases in order from
BaPb,; —,Bi, 03, (La; —,Sr,),CuOy4 to YBa;Cu3O7—; as is
the order of the magnitude of the isotope effect.

VII. CONCLUSIONS

To conclude, we remark the relation between the
change in the phonon Raman spectra and the magnetic
properties in (La;—,Sr,)>CuQO4 with the increase of Sr
concentration. On increasing Sr concentration, the reso-
nant two-phonon peaks disappear simultaneously with the
two-magnon peak. This change is related with the de-
crease of the correlation length of the two-dimensional an-
tiferromagnetic spin order. The spectra of (x,x +y) and
(x +z,z) are very different. The (x,x +y) spectra show
rich structure which is speculated to be caused by the
phonon-magnon or phonon-free carrier interaction. In the
(x+2z,z) spectra the soft-mode related to the
orthorhombic-tetragonal phase transition is observed.
The energy of this mode is much higher than that ob-
served by the neutron scattering. The (x +z,z) spectra
indicate that the crystal symmetry is lower than ortho-
rhombic for x > 0.01.
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