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Raman spectra on flux-grown single crystals of La;CuOs4 show two modes in the range of O

stretch vibrations, near 426 and 526 cm ~!.

The latter line exhibits a very large intensity and has

polarization features consistent with an in-plane O stretch vibration. The 426 c¢cm ™' line is as-
signed to the axial O stretch mode, also found in superconducting La;-,(Ba,Sr)xCuOs4. The
prominent 526 cm ~! line is observed over the temperature range from 77 to 600 K; i.e., even in
the high-temperature tetragonal phase, where, by symmetry arguments, no in-plane O stretch
mode is Raman allowed. We believe that the presence of this mode indicates local symmetry
breaking, possibly due to antiferromagnetic fluctuations.

INTRODUCTION

Since the discovery of high-temperature superconduc-
tivity in the system Laj_,B,CuO4 [B=Ba or Sr (Refs.
1-4)] several structural® and Raman studies®~® on these
systems have appeared in the literature. These com-
pounds crystallize in the tetragonal K;NiF4 structure
(DM, 14/mmm) when x>0.15.>" However, for
x S0.15, they undergo an orthorhombic distortion to the
space group D}f-Pbma (Refs. 10 and 11) due to rotation
of the O octahedra. The as-grown La,CuQOj4 undergoes an
antiferromagnetic ordering'?"!> near T =240 K. Quite
surprisingly, superconductivity has recently been reported
in La,CuOy4 near 40 K.!$'7 On the high-temperature
side, the compound transforms to the tetragonal lattice
between 450 and 520 K depending on the oxygen concen-
tration. '3

In this study we have investigated single-crystal sam-
ples of La;CuQO4 by Raman spectroscopy in the tempera-
ture interval 80-600 K, which covers the region of the an-
tiferromagnetic transition as well as the orthorhombic-to-
the tetragonal transition. The interesting finding is the
presence of an additional bond-stretching mode with in-
plane polarization, which is present over the above-
mentioned temperature range. This mode is not expected
to be Raman active in the tetragonal phase from group
theoretical analysis of the vibrational modes.®~%!* We be-
lieve that this may be due to the presence of a symmetry-
breaking mechanism, possibly connected with antiferro-
magnetic fluctuations.

EXPERIMENT

Millimeter-size single crystals of La,CuOy prepared by
the flux method were available to us. These were jet black
in color and were verified by x-ray powder diffraction to
have the orthorhombic structure with the a, b, and ¢ pa-
rameters characteristic of the stoichiometric compound.
Some of these crystals were heated in an evacuated sealed
tube for periods greater than 16 h to achieve equilibrium,
with a zirconium foil?® placed inside, to getter the O,
given off at prescribed temperatures. For Raman studies
a fresh surface was obtained by cracking the single-crystal
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samples with a razor blade. Such freshly exposed surfaces
were shiny and jet black in color. For Raman excitation
the 488 and the 514.5 nm lines of an Ar ™ laser were used.
The laser beam was focused with a lens of 10-cm focal
length to a spot size of about 30 um. The laser line was
kept at a power level of 100-150 mW. For high-
temperature experiments the crystals were mounted with
silver paste onto a copper rod which was enclosed in a sili-
ca tube. The latter was surrounded by a resistive heater.
For experiments at low temperature, a liquid-nitrogen op-
tical cryostat was used in which the sample was glued on
to the cooled copper block. In both cases the temperature
was measured with a chromel-alumel thermocouple
placed close to the sample. Raman spectra were recorded
using a Spex double monochromator equipped with a con-
ventional photon counting system. For recording the spec-
tra, the back scattering geometry was used and the scat-
tered radiation was collected by an F1 focusing lens.

The Raman spectra of La,CuQO4 obtained at 77, 296,
and 600 K are shown in Fig. 1. There are two peaks in
these spectra which are reproducible from sample to sam-
ple. Of these two the strong peak near 529-516 cm ~! ap-
peared only when the incident polarization was in the
scattering plane. Although we did not use oriented crys-
tals, we were able to fix the orientation of the ¢ axis in our
experiments by using the results of infrared reflectivity
measurements '®2! on oriented single crystals of La,CuOs.
The latter study has shown that when the incident polar-
ization is perpendicular to the ¢ axis (E;L&) the
reflectivity is much higher than when it is parallel (E;II&).
In Fig. 2 the Raman spectra of La;CuOj4 obtained for the
two different incident polarization directions (E;) with
respect to the ¢ axis are shown (a) and (b), and the Ra-
man spectrum of La; gsSrp;5CuQ4 at room temperature is
also shown for comparison (c). In the case of Lajgs-
Srg.15CuQys, (a ceramic pellet) which has the tetragonal
structure, we obtain very reproducibly one Raman peak
near 427 cm ~'. The strongest peak near 526 cm ~! ob-
served in the orthorhombic La,CuQ;, is totally absent in
the tetragonal Sr-doped sample. We could not get any
peaks in the lower frequency range because of the high
background.

The Raman spectra of two samples annealed in vacuum
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FIG. 1. Raman spectra of La,CuQ,4 at 77, 296, and 600 K.
Spectra were recorded from a freshly exposed surface, approxi-
mate orientation was determined as described in text. The 488-
nm Ar? laser line at a power of ~100 mW was used for excita-
tion.

in the presence of zirconium foil to induce oxygen vacan-
cies are shown in Figs. 3(b) and 3(c), along with the spec-
trum of the stoichiometric (as-grown) La;CuOy4 (a). The
sample that gave spectrum (b) was annealed for 17 h at
300°C while the one that gave (c) was annealed for 22 h
at 350°C. These treatments were done with Zr foil
present in the reaction tube. We believe that in the latter
sample the oxygen-vacancy concentration was higher.
The annealed samples (oxygen deficient) show the same
Raman features as the stoichiometric one but both the
426 cm ~! and the 526 cm ~! peaks are broadened consid-
erably, in particular the 426 cm ~! feature becomes quite
broad. In addition, there is a small red shift of the 526-
cm ~! peak with increasing oxygen-vacancy concentra-
tion.

DISCUSSION

For the tetragonal D}] (I14/mmm) phase of the system,
group theory predicts two 4, and two E, Raman active
modes at the zone center. 6-9.f9 In all these modes, only
the La atoms and the O(1) atoms in the axial positions
above and below the Cu atoms vibrate, and the atomic

axis (see text). (c) Raman spectrum of tetragonal
La, 85Sro.1sCuQs4; sample was a ceramic pellet and the 488 nm
Ar™* laser line and line focus were used for excitation.

displacements are symmetric (gerade) with respect to the
Cu atom at the unit-cell center. As a consequence, there
is only one high-frequency O(1) stretch mode possible
[polarized along ¢ direction and stretching the Cu— O(1)
and La—O(1) bonds]. Brun et al.® have reported a peak
near 430 cm ~! for the tetragonal La,; gsSrg ;5CuQ4, which
is the highest frequency peak in their data. This feature is
present in our spectra of La; gsSrg;sCuO4 and La,CuQ,.
We, therefore, assign this peak to the O(1) “axial”
symmetric-stretch mode. From infrared data on La,CuQOy4
the corresponding O(1) asymmetric-stretch mode is
placed near 550 cm !, while the in-plane asymmetric
O(2) stretch mode is found near 690 cm ~!.2!-23 [The
in-plane stretch modes have higher frequencies due to the
shorter Cu—O(2) bond lengths.] We note that inelastic
neutron data (representing the phonon density of states)
yield a three-peak structure in the range between 400—
700 cm ~!, confirming the presence of high-frequency
modes in this energy range.?* The symmetric in-plane
O(2) stretch modes do not represent g =0 phonons, but
phonons of the X point at the boundary of the tetragonal
Brillouin zone. Consequently, they cannot be Raman ac-
tive in this symmetry.

However, these modes become Raman active in the
low-temperature orthorhombic phase, where the unit-cell
volume is doubled, and the X point is folded back to the I
point. The new Raman active O-stretch modes are (i) a
“breathing” mode of the four in-plane O(2) atoms around
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FIG. 3. (a) Raman spectra of stoichiometric La,CuQy, (b) of
a sample of La;CuQy annealed for 17 h at 300°C, and (c) for
22 h at 350°C in vacuum in the presence of zirconium foil. Ex-
perimental conditions same as in Fig. 1.

the Cu atoms, and (ii) a “quadrupole” vibration of the
four O(2) atoms with two opposite O(2) atoms moving to-
wards and the other two O(2) atoms moving away from
the central Cu. In addition, there is another axial O(1)
stretch mode possible.

In electron-phonon calculations,?® the “breathing”
mode was found to couple very strongly to the conduction
electrons, and as a consequence, is very strongly renormal-
ized (the quadrupole mode was much less affected). In
fact, a static Peierls distortion of a breathing type was
predicted for La,CuQ,,2>?° similar to the case of Ba-
BiO3.?7 However, there is, so far, no crystallographic
confirmation of this distortion. Instead, an antiferromag-
netic ordering was observed. '>~!® with transition tempera-
tures T = 50-290 K, strongly dependent on the amount
of O vacancies. In addition, very small amounts of Sr or
Ba doping (x = 0.02) make the antiferromagnetic order-
ing disappear.?® We note that the magnetic ordering also
leads to a doubling of the unit cell as compared to the
tetragonal symmetry (this would also be true for the
“breathing” distortion).

As our polarization analysis clearly identifies the new
526 cm ~! line in undoped La,CuQy as an in-plane vibra-
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tion (see Fig. 2), the new mode could either be the breath-
ing or the quadrupole vibration. At present we are unable
to further identify the symmetry of this mode. However,
its large intensity implies that it couples very strongly to
the modulated electronic density, which, in turn, suggests
that this mode is the breathing vibration.

Our samples were obtained from a batch of La,CuQO4—4
single crystals with T,y =100 K and T,,=450 K. It is
evident from Fig. 1 that the 530 cm ~! line does not vanish
when going through either of these transitions. The line is
still present in the tetragonal phase at 600 K. The only
changes are small red shifts with increasing 7 and a more
asymmetric line shape above T,. We can exclude the
case that the mode is induced by O vacancies, as the mode
intensity decreases drastically with increasing O vacancies
(see Fig. 3). In our view, the only remaining possibility is
that locally the symmetry is lower than seen in the crystal-
lographic data. For instance, individual Cu-O(2) planes
may have a lower symmetry than the crystal, but there is
no phase coherence between these planes. It might also be
possible that there exist small domains in each of the
planes, with dimensions less than the x-ray coherence
length. The origin of this symmetry breaking could be
static Peierls-type breathing distortions or two-
dimensional antiferromagnetic fluctuations. In the ab-
sence of any further experimental support for the Peierls
distortions, we may argue that, most probably, antiferro-
magnetic fluctuations persist to temperatures as high as
600 K, and possibly even much higher. It should be men-
tioned that in K,NiF4, which exhibits a three-dimensional
antiferromagnetic ordering temperature Ty =100 K,
two-dimensional magnetic fluctuations persist at least up
to 200 K.? However, it is not clear why magnetic fluc-
tuations should cause such a strong coupling to the lattice,
as evident from the large intensity of the mode.

The spectra of annealed samples are compared with the
spectrum of stochiometric La,CuQy in Fig. 3. The strong
Raman peak near 526 cm ~! broadens and shifts to lower
frequencies. Since the effect of annealing is quite marked
on the intensity of the 426 cm ~! peak which corresponds
to the Cu-O(1) axial mode, we suggest that the vortex ox-
ygens in the CuQOg octahedra are preferentially removed.
Hence, the vacancies occur in these sites and one may
therefore expect a strong influence on the axial mode.
Any vacancy will affect the force constants of the planar
mode, and the substantial change in the frequency of this
mode speaks for this effect.

In conclusion, we have presented Raman spectra for
La,CuQ, over the temperature range between 77 and 600
K, and as a function of oxygen vacancies. The prominent
Raman feature over this temperature range is a peak near
526 c¢cm ~!, identified as an in-plane O stretch vibration.
This mode persists through all phase transitions known for
La,CuQy; both the magnetic and the orthorhombic-to-
tetragonal transition. As no in-plane O-stretch mode is
symmetry allowed in the high-temperature tetragonal
phase, the presence of this mode indicates local symmetry
breaking, possibly due to high-temperature antiferromag-
netic fluctuation.
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