
PHYSICAL REVIEW 8 VOLUME 39, NUMBER 7 1 MARCH 1989

Phonon Raman scattering in (Lat — Sr )2Cu04 single crystals
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Anomalous Raman spectra were observed in (La~ — Sr„)2Cu04 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

x & 0.01 is lower than orthorhombic.

I. INTRODUCTION

For a short time after the discovery of the superconduc-
tivity of (La~-„M„)2Cu04, ' 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 (T, ) of YBa2Cu307 —s is hard to explain by
the phonon-mediated mechanism. Also it was reported
that with an increase of T„ the isotope effect decieases in
the following order: BaPb1-„Bi„03, (La~ —„Sr„)2Cu04,
and YBa2Cu307 —b.

" With these results, the major ap-
proach turned to nonphonon mechanisms. The finding of
antiferromagnetic phases in the semiconducting region of
(La~ —„Sr„)2Cu04 (x &0.01) (Refs. 12-20) and YBa2-
Cu307 —s (8)0.6) (Refs. 21-23) drew much attention to
the spin-Auctuation 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 T~, spins are antifer-
romagnetically ordered on the two-dimensional Cu-0
planes over a relatively long range as Auctuation. ' 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„)qCu04, which has an
intermediate-phonon contribution to the pairing mecha-
nism between BaPb~ — Bi 03 and YBa2Cu3O7 —b.

Many works on Raman scattering from (La& —-
Sr )2Cu04 have been reported, ' ' ' but 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

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 Ag 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 La2Cu04 is orthorhombic
(D2t„Abma, CmCa) at room temperature and tetragonal
(D4t„ I4/mmm) above about 515 K. o The transition
temperature depends on the oxygen deficiency. The
phase-transition temperature decreases with the increase
of Ba or Sr concentration x. ' 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 Cu06
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TABLE I. Atomic displacements of k —0 gerade modes. The listed phonon energies are for La2Cu04
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.

Orthorhombic
La

Phonon energy
(cm ') Tetragonal

Ag'

Ag

BlgI

B2g
1

B2g
2

B3g
1

—a
C

—a
C

0

(e) 156
(h) 229 A lg

1

E,'

El

Ag

B1g2

B2g
3

82g4

B3g
2

8/g

C C

C
—a

0

a
—b

(j) 273'

Wg4

Ag'

B1g3

82g5

82g6

B3g4

—a
C

C
—b

(c) 126
(o) 426 A1g2

E 2

E 2

Total 5Ag+ 3B1g+ 682g+4B3g

'Combined with Ag.
Combined with Ag.

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„)2Cu04 below T~ which depends on the oxygen
deficiency. The T~ of La2Cu04 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
La2Cu04 (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. KXPKRIMKNT

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

by electron-probe-microanaiysis technique (EPMA) as
x=O, 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 A1203 powder.
The final A1203 particle size was 0.05 pm. 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 30&500 pm 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-Aow 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
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TABLE II. Raman (R) and infrared (IR) active phonon energies (cm') in (La~ — Sr )2Cu04 at 30 K. Mode labels are the same
as in Fig. 3. (s: strong, b: broad).

Mode
R

(x,x+y)

x=0
R

(z,z)
R

(x,z)

x =0.005
R

(x,x+y)

x =0.017
R

(x,x+y)
R

(x,x+y)

x =0.035
R R IR IR

(z,z) (x,z) ellx e llz

x =0.058
R

(x,x+y)
a
b
C

d
e
f
g
h

1

k
1

0
P

q
r
S

U

V

X

y (o+p)
z (2p)
a (p+r)
P (2r)
y (p+u)
6 (r+u, p+v)
e (r+v)
g (2u)
g (2v)

85
112

132
152

216s
227

273

318
366
398

424s
462s

511sb

608
673s

716sb
792
818

876s
919s
976s

1023sb
1129$
1182s
1232s
1347
1449s

126s

156s

229s

273$

426s

219

86
111

129
152

217s
226

318
363
398

426s
462s

513sb

605
670sb
714sb

790

875s
922s
982s
1023s
1120s
1181s
1229s
1347
1436s

122
150
171

220s

260

283b
321

371s
399

43ls
465

489b

671b
722sb

898b

1010b

1118
1200
1227s
1349
1446s

124
147s
170

226
252

283sb
321

365s

428s

523

677sb
723sb

782

1056

1438s

108s

149

229s

273$

430s

5235

142

257

372 366

256

510

144sb

243

284sb
314
369s

429s

479b

519s

670sb
718sb
792sb

(x,x+y) Raman spectra in LazCu04. 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 Auctuation. 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„)2Cu04 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 Ag 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 )2Cu04 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 Ag symmetry.
The 219 cm ' peak has a polarization selection of (x,z)
which is for the 82g or 83g 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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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 )2Cu04 is the difference in the spectra of the
(x,x+y) and (x+z,z) polarization configurations. The
spectra in (x+z,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 Ag modes in the orthorhombic phase. The
lowest energy mode of 126 cm ' (at 5 K) is the rotational
mode of Cu06 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
at x=0), r (511 cm '), 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 —0 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 U modes are the
specific modes with very strong electron-phonon interac-
tion. In these compounds the mode which modifies the
in-plane Cu —0 bond length has large electron-phonon in-
teraction. Two kinds of B2g planar breathing modes
shown in Figs. 2(d) and 2(e) and two kinds of B3g 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 B2z modes are active in (a,c) and the B3z 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 B2~ pla-
nar breathing modes shown in Figs. 2(d) and 2(e), and
the 83g 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-0 plane.

VI. DISCUSSION

The Raman spectra of (La~ „Sr )2Cu04 are anoma-
lous compared with other compounds with orthorhombic
structure. The Raman spectra are different from the
polycrystalline Sr2Ti04 which is isostructural with tetrag-
onal (La~ —„Sr,)2Cu04. 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 La2Cu04 seem to
satisfy the Raman selection rule for the orthorhornbic
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 (La~,Sr„)2Cu04 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
La2Cu04 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 Ag 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 (Lap 9Bap ~ )2Cu04- b

below 150 K (Ref. 40) and (Lap925Srpp7s)2Cu04 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 difI'erent from
the K2Ni04 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 82„or
83 mode energies of 1 42 and 366 cm ' are enhanced
and the strong peaks at 283 and 523 cm ' appear a little
above the 8 ~ „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 BaBi03 in

which charge transfer coupled with the antiphase breath-
ing mode in dimerized BiOq octahedra makes the
breathing-type Raman mode active in the infrared spec-
tra. 4'

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
BaBi03. It is noteworthy that in the case of
(Lai —„Sr„)2Cu04 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 BaBi03 the multiphonon peaks of the 560
cm ' breathing inode are observed up to the fifth order.
In YBa2Cu307 —b 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,(Lai „Sr,)2Cu04 to YBa2Cu307 —q 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 (Lai „Sr„)2Cu04 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+z,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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