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Optical phonons of Ca,; 3Sry ,CuO; with the Cu-O chain structure
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Raman and ir spectra of Ca; ¢Sr;,CuO; with the Cu-O chain structure have been investigated.
Scattering peaks due to Raman-allowed A4,-mode phonons have been observed at 306 and 530 cm™!at
room temperature for the polarization of light along the a and ¢ axes. On the other hand, when the po-
larization is along the b axis (chain direction), Raman-forbidden peaks have been observed at 235, 440,
500, and 690 cm ™! with strong second-order features, which show strong resonance enhancement at the
charge-transfer gap energy of 2.0 eV. They are ascribed to the zone-boundary phonons, which appear
through the strong coupling of the electron-hole pair excited on the Cu-O chain with phonons associated
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with the motion of atoms in the chain.

I. INTRODUCTION

The electronic structure and electron-phonon interac-
tion associated with the Cu-O, plane structure have at-
tracted much interest since the discovery of superconduc-
tivity in (La,Sr),CuO,. Weber has shown that supercon-
ductivity up to 40 K of (La,Sr),CuO, can be explained by
the strong coupling of holes with breathing-type lattice
vibrations.! On the other hand, the importance of the
long-range term in the electron-phonon interaction has
been pointed out by Cohen, Pickett, and Krakauer? and
Zeyher? to explain the superconductivity as high as 90 K
of YBa,Cu;0,.

Raman spectra of cuprates have been investigated in-
tensively to clarify the role of phonons in superconduc-
tivity. In the spectra of La,CuQ,, a series of normally
forbidden peaks with strong second-order features have
been observed when the incident and scattered electric

FIG. 1. Crystal structures of Ca,CuO; and La,CuO,.

b

vectors are in the Cu-O, plane.*”7 Weber et al.’> and
Sugai® assigned those peaks to X-point phonons which
appear through strong electron-phonon coupling with
breathing-type vibrations. On the other hand, Zeiger et
al.” proposed a model based on the excitation of the spin
wave.

In the present study, we have investigated Raman and
ir spectra of Ca, ¢Sry,CuO; with Cu-O chain structure.
Figure 1 shows crystal structures of Ca,CuO; and
La,CuO,. In Ca,CuO; there is a chain of Cu—O bonds
along the b axis, but no oxygen atom is located between
Cu atoms neighboring along the a axis, being different
from the Cu-O, plane structure of La,CuO,. We have
observed a series of Raman-forbidden peaks in the
scattering spectra of Ca; Sry,CuO; similar to that ob-
served in La,CuO,. The Raman shifts of these peaks did
not agree with zone-center TO-phonon energies and are
ascribed to zone-boundary phonons, which appear
through the strong coupling of the electron-hole pair ex-
cited on the Cu-O chain with the lattice vibrations associ-
ated with the chain.

II. EXPERIMENT

Single crystals of Ca, 4Sr, ,CuO; were obtained using
the flux method. Powders of Bi,0; SrCO; CaCOs;,
and CuO were mixed with a cation ratio of
[Bi]:[Sr]):[Ca]:[Cu]=1:1:1:1. They were placed in alumina
crucibles and heated to 1100°C in air, cooled down to
950°C at the rate of 5°C/min, and then cooled gradually
to 700 °C at the rate of 3.5 °C/h.

A schematic figure of the crystal used in the present
study is shown in Fig. 2. The dimension of the crystal
along the b axis is about 5 mm, but is less than 1 mm
along the a and c axes. the orientation of the crystal was
determined using the x-ray Laue method. The composi-
tion of metals were determined by the energy-dispersive
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FIG. 2. Schematic figure of the sample used in the present
study.

x-ray (EDX) spectroscopy. No contamination of Al or Bi
was detected by the EDX method.

Raman spectra were measured in the backscattering
configuration using both an Ar laser and a He-Ne laser as
exciting light sources. The incident beam was focused on
the ab or bc surfaces of the sample with a diameter of
about 0.1 mm. The laser power was around 50 mW. The
scattered light was detected with a Jobin Yvon U-1000
double monochromator and a photon-counting detection
system with a Hamamatsu R-943 photomultiplier. Spec-
tra were corrected for the wavelength dependence of the
sensitivity of the detection system. In addition, spectra
were corrected for the differences between the beam sizes
of the Ar and He-Ne lasers, which was monitored using
the 1330-cm ™! Raman peak of a diamond crystal.

Infrared reflection spectra were observed using a Bruk-
er 113V spectrometer. Reflection spectra were measured
using the inclined surface shown in Fig. 2 because we
could not concentrate incident light on the ab or bc sur-
faces with a width below 0.3 mm.

III. RESULTS

A. Raman-scattering spectra

Figure 3 shows Raman-scattering spectra of
Ca, §Srp ,Cu0O; measured at room temperature using
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FIG. 3. Raman-scattering spectra oof Ca, ¢Sry ,CuO; mea-
sured at room temperature using 4880 A light from an Ar laser.
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4880 A light from an Ar laser. Spectra were taken with
polarization of the incident and scattered light along the
X, Y, and Z directions, where X, Y, and Z refer to the
directions along the crystallographic a, b, and c axes, re-
spectively. Spectra for (Y,Y) and (Z,Z) configurations
were taken using the bc surface and that for (X,X) was
taken using the ab surface of the sample.

In the (X,X) and (Z,Z) spectra, peaks are observed at
306 and 530 cm~!. The 530-cm ™! peak is strong in the
(Z,Z), but is weak in the (X,X). On the other hand, the
(Y,Y) spectrum shows numerous broad lines extending to
higher energies. The 306-cm™! peak is also seen in the
(Y,Y) configuration as well as (X,X) and (Z,Z)
configurations, but the 530-cm ™! peak is not seen in this
configuration. In the (Y,Z) configuration, no peak was
seen (not shown).

In the three configurations shown in Fig. 3, scattering
due to A4,-mode phonons is allowed (symmetry analysis
will be given in Sec. IV A). In the spectra for (X,X) and
(Z,Z) configurations, two peaks are observed which can
be ascribed to the 4,-mode phonons. On the other hand,
features observed in the (Y,Y) configuration cannot be
explained by simple group-theoretical considerations.

The large anisotropy in the Raman spectra may be
caused by the highly anisotropic optical properties of this
material. In the optical-absorption measurements by
Tokura et al.,® an absorption peak has been observed at
2.0 eV for the Y-polarized light and ascribed to the
charge-transfer (CT) excitation associated with the Cu-O
chain. Figure 4 shows the Raman spectrum of
Ca, §Sry ,CuO; for the (Y,Y) configuration observed us-
ing a 6328 A (1.96 eV) light from a He-Ne laser. The in-
set shows the absorption spectrum measured by Tokura
et al.® Strong enhancement of the scattering peaks are
seen when the excitation energy changes from 2.54 eV
(4880 A) to 1.96 eV (6328 A) (note the difference of the
scales of the ordinates in Figs. 3 and 4). Among the ob-
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FIG. 4. Raman-scattering spectra of Ca; ¢Sry,CuO; mea-
sured at room temperature using a 6328 A (1.96 eV) light from a
He-Ne laser for the (Y,Y) configuration. The inset shows the
absorption spectra for the polarization parallel to the Y direc-
tion measured by Tokura et al. (see Ref. 8).
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served peaks, the peaks below 500 cm~! show stronger
enhancement than the peaks above 500 cm™!. This is
probably because the scattered photon energies of peaks
with smaller Raman shifts are closer to the CT-gap ener-
gy when excited at 1.96 eV. A broad peak at around 250
cm ™ !in Fig. 3 turns into a sharp peak at 235 cm ™!, and a
broad feature at around 480 cm ! in Fig. 3 separates into
a peak at 440 cm ™! and a shoulder at 500 cm ™! in Fig. 4.

It should be noted that, in this spectrum, peaks at 880,
940, 1140, 1200, and 1330 cm ™! can be explained as the
combinations of the 440-, 500-, and 690-cm ™! peaks as,
e.g., the 880-cm ™! peak is due to two-phonon scattering
of the 440-cm ™! phonon, the 940-cm ™! peak due to the
combination of the 440- and 500-cm ™! phonons, and so
on. In addition to them, a broad structure is observed at
around 2000 cm~!. This structure is observed when ex-
cited at 2.54 eV (see Fig. 3) as well as at 1.96 eV and is
also a Raman-scattering peak rather than a luminescence
peak.

B. Infrared spectra

In the previous section, it has been shown that
Raman-forbidden peaks appear when the electric-field
vectors of the incident and scattered lights are along the
Cu-O chain direction. In order to clarify the origins of
these peaks, we have measured infrared reflection spec-
tra. Figures 5(a) and 5(b) show reflection spectra of
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FIG. 5. Infrared reflection spectra of Ca,; ¢St ,CuQO; at room
temperature for polarization of light (a) E||b and (b) ELb. The
solid curve in (a) is the calculation curve based on the oscillator
model in which the dielectric constant is defined as
g@)=e,[1+3 (wio; —who;)/(who;—w2—iwy;)]. The
dashed curve in (b) is a guide to the eye.
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Ca, §Sry ,CuO; at room temperature for electric-field vec-
tors E||b and ELb, respectively. In Fig. 5(a) structures
due to three B,, phonons are clearly seen. The solid
curve is the fit to the experimental results (solid circles)
using the oscillator model. By this fitting we have ob-
tained TO- (LO-) phonon energies as 215 (260), 340 (430),
and 660 (700) cm ™ L.

In Fig. 5(b) structures due to B,, and B;, phonons are
seen. A quantitative analysis of this spectrum using the
oscillator model could not be performed since two com-
ponents corresponding to El|ja and El|c are mixed in this
spectrum. However, we can roughly estimate the TO-
and LO-phonon energies from the positions of peaks and
dips of the spectrum. The obtained TO- (LO-) phonon
energies are 260 (290), 410 (430), 460 (480), and 580 (630)
cm~ !, In addition to them, weak structures are seen at
around 350 and 540 cm ™!, which may also be caused by
phonons.

It should be noted that the three Raman-forbidden
peaks 690, 500, 440 cm ™! nearly agree with the LO-
phonon energies 700 (B,, symmetry), 480, and 430 cm ™!
(B,, or B;, symmetries), but are a little larger than the
TO-phonon energies.

IV. DISCUSSION

A. Symmetry analysis

The Ca,CuOj;-type crystal has an orthorhombic struc-
ture with space group D%} (Immm). The reduced repre-
sentations of optical phonons at the I" point are

C'=24,+2B,, +2B3,+3B,,+3B,,+3B,, .

The A4,-mode phonons are composed of the displace-
ments of Ca and O(1) along the ¢ axis as shown in Fig. 6
and the B,, and B;, modes along the a and b axes, re-
spectively. Raman scattering due to 4,-mode phonons is
allowed in the (X,X), (Y,Y), and (Z,Z) geometry. The
B,, and B;, phonons are active in the (X,Z) and (Y,Z)
geometries, respectively.

The B,,, B,,, and B;, phonons are composed of the
displacements of O(1), O(2), Ca, and Cu along the ¢, b,
and a axes, respectively, and are ir active for the polariza-
tion along each direction.

B. Identification of the ir-active phonons

In Sec. III B, B,,-phonon energies have been deter-
mined as 215, 340, and 660 cm™!. Since the vibration
modes associated with oxygen atoms are expected to have
larger energies than those of metal atoms, we can associ-
ate the 340- and 660-cm ™! phonons to the vibration of
oxygens. The B,,-mode vibration of the O(2) atom is of
the stretching type where the bond length between Cu
and O changes, while that of O(1) is of the bending type
where the length does not change. Since stretching-mode
phonons are expected to have energies larger than the
bending-mode ones, the 660-cm™! phonon can be as-
cribed to the stretching vibration of O(2) and the 340-
cm ™! phonon to the bending vibration of O(1). The 215-
cm™! phonon can be assigned to the vibrational mode
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where the Ca atom displaces in the opposite direction to
the other atoms (see Fig. 6).

In Fig. 5(b) structures due to the B, and B;, phonons
have been observed. Among them, the highest-energy
phonon at 580 cm ™! can be assigned as the stretching vi-
bration of O(1) along the ¢ axis (B;,). The 410-, 460-,
and 540-cm™! phonons are tentatively assigned to the
bending vibrations of O(1) (B;,) or O(2) (B, or Bj,),
while the 260- and 350-cm ™! phonons may be related to
the vibrations of Ca and/or Cu atoms.

C. Identification of the Raman peaks

1. Raman-allowed peaks

Several peaks have been observed in the Raman spec-
tra of Ca, ¢Sry,CuO; as shown in Sec. III A. Two sharp
peaks have been observed at 306 and 530 cm ™! for (X, X)
and (Z,Z) geometries (Fig. 3). Since two 4,-mode pho-
nons are allowed in these configurations, we can assign
them to A4,-mode phonons. The 530-cm ™! peak can be
assigned as the vibration of O(1) and the 306-cm ™! peak
as the vibration of Ca (Fig. 6).

Scattering due to the 530-cm ™! peak is strong in the
(Z,Z) but is weak in the (X,X) and (Y, Y) configurations.
This polarization dependence can be explained by taking
into account the anisotropic electronic structures as fol-
lows. The highest occupied states of Ca, ¢Sry,CuO; are
expected to be composed of the antibonding Cu—O bond
as in the superconducting cuprates.’ Then optical transi-

(a) (b)
-Ca
C
0(2) -0(1) Téa
= b
Cu

Aq 306 Ag 535

(c)

(d) (e)
>
=

By, 215 B,, 340 B,, 660
(260) (430) (700)

u

FIG. 6. Schematic figures of displacements of atoms in some
zone-center lattice vibrations of Ca,CuQOj.
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tion is expected to occur, for the Z-polarized light, be-
tween the 2p, state of O(1) and 4s or 3d states of Cu.
This transition is forbidden for the X- or Y-polarized
lights. Holes created on the O(1) atom are expected to
couple strongly with the vibrations of the same atom.

2. Raman-forbidden peaks

Before discussing the origin of the Raman-forbidden
peaks of Ca; Sr; ,CuO;, we want to point out the resem-
blance of them to those of La,CuO,. Figure 7 shows the
Raman spectrum of La,CuO, measured at room tempera-
ture for the (X,X) configuration.!® Peaks have been ob-
served at 220, 300, 470, 530, 710, 920, 1210, and 1420
cm ™!, where the peaks above 920 cm ™! can be explained
as combinations of the 470-, 530-, and 710-cm ! peaks as
was pointed out in Refs. 4-6. The 220-cm ™! peak is due
to the Raman-allowed A,-mode phonon, but the 300-,
470-, 530-, and 710-cm ! peaks cannot be explained by a
simple group-theoretical consideration. >°

Infrared spectra of La,CuO, have been measured by
several groups.!! The TO- (LO-) phonon energies associ-
ated with oxygen in the Cu-O, plane have been deter-
mined as 354 (466) ( 4,, mode in tetragonal crystal sym-
metry, where oxygen atoms move along the ¢ direction),
359 (446) (E, mode, where oxygen atoms move along the
a direction), and 669 (694) cm ! (E, mode).!! The Ra-
man shifts 470, 530, and 710 cm ! are close to the LO-
phonon energies, but are a little larger than the TO-
phonon energies.

In ionic crystals it has been found that scattering due
to Raman-forbidden LO phonons occurs near resonance
with fundamental electronic transitions, which is caused
by an intrinsic bulk effect dependent on the finite k vector
of light.!? In order to investigate the dependence of the
spectral features on the k vector of the incident and/or
scattered light, we have measured scattering spectra us-
ing the ab surface as well as the bc surface. However, no
change has been observed in these two cases. Thus
scattering peaks observed in the present measurements
cannot be ascribed to LO phonons.
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FIG. 7. Raman-scattering spectrum of La,CuQO, measured at

room temperature using 5145 A light from an Ar laser for the
(X,X) configuration.
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The Raman shifts do not agree with the zone-center
TO-phonon energies. However, it may be possible that
they are due to zone-boundary phonons. In La,CuQO, it is
expected that electrons couple strongly with the planar
breathing-type vibration of oxygen in the Cu-O, plane
[phonons at the X point in the Brillouin zone with the k
vector (0.5,0.5,0)].*12 The LAPW calculation by Cohen,
Pickett, and Krakaur'® has given the X-point breathing-
and quadrupolar-type vibration energies of La,CuO, as
725 and 475 cm ™!, respectively, which agree well with
the 710- and 470-cm~! Raman peaks (Fig. 7). A shell-
model calculation by Mostoller et al.!! gives the three
highest phonon energies at the X point as about 720, 530,
and 450 cm ™!, which also agree with the Raman shifts
(displacements of atoms in each mode are not given in
Ref. 11).

Ca, ¢St ,CuO; has a Cu-O chain different from the
Cu-O, plane in La,CuO,. However, similar strong
electron-phonon coupling is expected in Ca, ¢Sry,CuO;
between the electron-hole pair created through the Cu-O
charge-transfer excitation and the axial breathing-type vi-
bration of oxygen with the y component of the k vector,
k,=0.5. We can ascribe the 690-cm™! peak of
Ca, §Sr; ,CuO; to the axial breathing vibration of O(2)
with k,=0.5. The 440- and 500-cm ! peaks are also ex-
pected to be due to zone-boundary phonons since the
combination peaks of them with the 690-cm ! peak has
been observed (in the two-phonon scattering process, the
momentum-conservation rule is fulfilled by the combina-
tion of two phonons with momenta k and —k). These
phonons must be ascribed to the vibration of O(2) rather
than O(1) since, in the (Y, Y) configuration, the electron-
hole pairs are created on the Cu-O chain and couple with
the lattice vibrations associated with the Cu-O chain.

In the Brillouin zone of the body-centered orthorhom-
bic crystals, a high-symmetry point in the plane with
ky=0.5 is point T with k=(0.5,0.5,0). There are three
vibration modes associated with the displacements of
O(2) with full symmetry at point T as shown in Fig. 8,
where the vibration mode shown in Fig. 8(a) is expected
to be the largest energy one. Thus we can ascribe the
690-cm ™! peak to this vibration mode. The two-phonon
scattering peak of the 690-cm™! phonon locates at
around 1330 cm ™! when excited at 1.96 eV (Fig. 4), while
it is around 1380 cm ™! when excited at 2.54 eV (Fig. 3).
This is probably caused by the dispersion of the breathing
mode shown in Fig. 8(a) in the plane of k,=0.5 in the
Brillouin zone. We tentatively assign the 500-cm ! peak
as another axial breathing-type vibration shown in Fig.
8(b) and the 440-cm ™! peak to the bending-type vibration
shown in Fig. 8(c).

In La,CuO, it has been pointed out that the ortho-
rhombic distortion doubles the volume of the unit cell,
which folds back the X-point phonons to zone-center
ones, thus Raman allowed.>® Such an effect does not
occur in Ca; §Sry ,CuO;. However, in Ca, 4Sr, ,CuO; the
partial substitution of Ca by Sr breaks the spatial symme-
try, which may cause the zone-boundary modes to be-
come Raman allowed. Anyhow, the fact that scattering
due to the zone-boundary phonons associated with oxy-
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FIG. 8. Schematic figures of displacements of atoms in the
three T-point lattice vibrations of Ca,CuO;.

gen in the Cu—O bond is strong both in Ca; Sr, ,CuO,
with the Cu—O chain and La,CuO, with the Cu—O,
plane suggests that strong coupling of these phonons with
the electron-hole pair excited on the Cu—O bond is a
characteristic feature of the Cu-O compounds. This
strong electron-phonon coupling is supposed to have the
same origin as that observed in the ir-active phonon spec-
tra for various layered cuprates. 1

In addition to the 690-, 500-, and 440-cm™! peaks, a
peak is seen at 235 cm ! in the spectra of Ca, 4Sr, ,CuO;.
The 235-cm™! peak can be ascribed to the vibration of
Cu, though it is not clear whether this peak is due to
zone-center or zone-boundary phonons. There are three
vibration modes associated with the displacement of Cu
along the three principal axes among which the B,,-
mode energy has been shown to be 215 cm ™! [Fig. 5(a)].
The broad width of the 235-cm™! peak when excited at
2.54 eV (Fig. 3) may be caused by these three vibration
modes.

Finally, we comment on the structure in the higher-
energy region. As seen in Figs. 3 and 4, a broad peak is
observed at around 2000 cm~!. The origin of this struc-
ture is not clear. It may be caused by the higher-order
(n >3) phonon scattering. Another possibility is
magnon-pair scattering as observed in La,CuQO, around
3000 cm~ !, though magnetic order has not been
confirmed in Ca, §Sr; ,CuO;.

V. SUMMARY

Raman-scattering spectra of Ca, ¢Sry,CuO; were in-
vestigated using single crystals. When the polarization of
light was perpendicular to the chain direction, peaks due
to Raman-allowed A4,-mode phonons were observed. On
the other hand, for the polarization along the chain direc-
tion, normally forbidden peaks were observed with strong
second-order features. Strong resonance enhancement of
these peaks at the CT-gap energy was observed when the
sample was excited at 1.96 eV by a He-Ne laser. They
were ascribed to the zone-boundary phonons with the
motion of atoms associated with the chain. Similar spec-
tra were obtained in La,CuO, with the Cu-O, plane
structure when the polarization is in the Cu-O, plane.
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Thus the strong coupling of the electron-hole pairs excit-
ed on the Cu—O bond with the Cu-O vibrational-mode
phonons was expected to be a characteristic feature of
compounds with Cu—O bonds.

M. YOSHIDA et al.
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