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The Raman spectra of tetragonal YBa,Cu, 0, crystalsin the region of ~500cm ™' were
determined using different power densities /, of the exciting radiation of wavelengths 4880, 5145,
5321,and 6471 A at temperatures 80-300 K. An increase in I, revealed changes in the spectra due
tointerference of the electron continuum with a470 cm ~ ! phonon and also due to activation of
560-590 cm ~ ! dipole vibrations because of interaction of photocarriers with the crystal lattice.
An analysis of the spectra yielded the electron-phonon interaction constant. The changes in the
spectra were of resonant nature, but they were absent in the case of the excitation wavelengths
5321and 6471 A. A triple multichannel Raman spectrometer, developed by the authors, made it

—1

possible to record simultaneously a spectral interval of 500 cm ™' in the range >25cm ™ ' on
excitation with cw laser radiation. The reflection spectra of polarized light were determined for
single crystals of the tetragonal and orthorhombic phases at wavelengths in the range 360-990

nm.

There have been very numerous investigations of the
Raman scattering spectra of YBa,Cu;0, (6<x<7) materi-
als (see, for example, Refs. 1-12). These compounds are
attracting interest because, depending on the oxygen content
x, they may exhibit a number of phase transitions: structural
(tetragonal — orthorhombic phase), antiferromagnetic (in
the range x < 6.5), superconducting (in the range x > 6.5 at
temperatures 7 90 K ), and also semiconductor-metal. The
Raman spectra of these materials provide an informative
method for investigating lattice dynamics, phase transitions,
magnon'' and electron (see Ref. 12 and the literature cited
there) excitations, structure characteristics, and nature of
the interatomic and electron-phonon interactions, which is
essential for the understanding of the mechanism of the su-
perconducting transition that occurs in these compounds.
Moreover, the Raman spectra provide a good method for
checking the quality and composition of synthesized
YBa,Cu;0, compounds. The presence of even a small
amount (~1%) of concomitant phases (BaCuO,,
Y,BaCuQs, etc.) distorts significantly the nature of the
spectrum of YBa,Cu,0, (Ref. 4). This can account for the
clear contradictions between the Raman spectra of
YBa,Cu,0, samples given in the literature (particularly ce-
ramic samples). It is therefore especially important to inves-
tigate the Raman spectra of YBa,Cu,;0, single crystals
which can provide the most reliable information on the crys-
tal lattice dynamics.

The YBa,Cu;0, compounds absorb light strongly in
the visible part of the spectrum (and the depth of penetra-
tion of light into a crystal is ~ 1000 A). The absorption of
light which excites the Raman spectra may not only result in
resonances in these spectra, but may also create electron-
hole pairs in a crystal, and the influence of these pairs on the
Raman spectra is sensitive to the electron-phonon interac-
tion and to characteristics of the density of electron states.
Studies of resonant changes in the Raman spectra with the
excitation wavelength can provide information on the struc-
ture of the electron energy bands of crystals,'? especially as
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investigations of this structure on the basis of optical charac-
teristics have failed to give reliable data because of lack of
oriented YBa,Cu,0, single crystals of sufficient size.'* One
can expect the efficiency of formation of electron-hole plas-
ma to depend on the oxygen content of YBa,Cu;O, . In fact,
according to Ref. 15, carriers in a semiconducting crystal of
YBa,Cu,0, (x<6.5) are most likely to be localized because
of the random potential of impurities and defects. However,
an increase in x ensures that the density of the intrinsic carri-
ers becomes sufficient to screen the random potential, so that
the mobility of carriers increases and the conductivity of a
YBa,Cu;0, crystal with x> 6.5 (orthorhombic phase) be-
comes metallic; this makes it difficult to form a photoin-
duced electron-hole plasma. In general, the efficiency of for-
mation of photoinduced electron-hole pairs depends on the
absorption of light and is proportional to the peak intensity
of the exciting radiation and to the lifetime of electron-hole
pairs. We investigated for the first time the influence of the
power density of the exciting radiation at different wave-
lengths on the polarized Raman scattering spectra of
YBa,Cu;0, single crystals and also recorded the polarized
reflection spectra of these crystals in the wavelength range
330-990 nm.

Since the conventional methods for recording the Ra-
man spectra are not very effective in the case of YBa,Cu,0,
materials (for example, double spectrometers can be used to
study these spectra only at frequencies in excess of 150 cm ™!
and the time taken to record the spectrum is 2 10 h), we
developed a triple multichannel Raman spectrometer con-
structed entirely from solid components, which made it pos-
sible to record simultaneously a spectral interval of ~ 500
cm™ ! in a time of the order of 10 min when the Raman
spectra were excited with radiation from a cw laser. The
optical part of this spectrometer was described by us in Ref.
16. The low level of the stray scattered light at the exit from
this spectrometer made it possible to investigate the Raman
spectra of YBa,Cu;0, at frequencies in the range >25cm ™!
using an exciting line with a resolution of ~4 cm™". Since
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the study of the Raman spectra of YBa,Cu,0, single crys-
tals was possible only in the “reflection” geometry and the
intensity in the spectrum was relatively low, monochromati-
zation of the exciting radiation was important in order to
avoid the appearance in the spectrum of plasma lines due to
the gas discharge of the laser. The effectiveness of the three-
prism monochromatizing system was insufficient for this
purpose and in the final variant we used a concave holo-
graphic grating (2000 lines/mm, F = 50 cm) with a metal
stop (D = 0.5 mm) in the focal plane of the grating.

Since the multichannel recording system used by us ear-
lier'” was designed only for operation with a pulsed laser, we
developed a new multichannel detector based on an image
converter with a microchannel amplifier plate and a supervi-
dicon image tube (a Soviet analog of an SIT tube), which
made it possible to use pulsed and cw lasers. The supervidi-
con and the image amplifier were coupled by fiber-optic face
plates. In view of the high sensitivity of the supervidicon, the
image amplifier was used under low-load conditions which
had a favorable influence on the noise characteristics of the
system as a whole (see below). When the image amplifier
gain was ~ 10 (corresponding to a voltage of 700 V across
the microchannel plate), the signal/noise ratio for single
photoelectrons from the entry photocathode reached 30.
The systems for reading and analyzing the signal were the
same as in Ref. 17, except that the height 4 in photometry of
the lines was variable (0.3-3 mm). This control was pro-
vided by varying the amplitude of the scan in the direction of
the amplitude of the spectral lines. This made it possible to
minimize the recorded level of the noise from the input pho-
tocathode by selecting the optimal ratio of the height of the
spectral lines to the height 4 of the actual sensitive area of the
detector. The main characteristics of the microchannel sys-
tem using cw laser radiation were as follows.

Spectral range, nm 380-850
Working area (/ X h, mm) 22x0.3-3
Resolving power, line pairs/mm ~10
Noise level from the whole working area

for » = 1 mm, photoelectrons/s ~20
Dynamic range (linear region) >200

We investigated oriented single crystals for which the
Raman spectra were determined by us earlier’ at low power
densities of the excitation. The spectra were excited with
focused radiation from an argon-krypton laser (4, = 4880,
5145, and 6471 A) and with the second harmonic of a pulsed
YAG:Nd laser (14, = 5321 A). In these experiments the
power density of the exciting radiation 1, was varied by alter-
ing the peak intensity. The average power was kept constant
(~20 mW) by rotating sector-type choppers. The off-duty
factor of the pulses ranged from 1 to 10 for the Ar-Kr laser
radiation to ~2X 10° for the pulsed laser. The process of
heat transfer was improved by embedding a sample in indi-
um, so that apart from the investigated face, all the others
were in contact with a bulk metal.

The reflection spectra were recorded using a reflecting
microscope with light incident normally on freshly cleaved
surfaces of single crystals. This incident light was focused
down to a spot 20 um in diameter and light reflected at an
angle of 180° was collected within an angle of ~40°. The
spectra were recorded employing an automated KSVU-23
spectrometer with a resolution of ~ 10 A.
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The Raman spectra of tetragonal crystals, both in the
original state and after annealing in helium,’ exhibited major
changes (in the zz scattering geometry) on increase in I, as
manifested by broadening, shift toward lower frequencies,
and reduction in the intensities of the bands, and also by the
appearance of some additional bands. This effect appeared
most clearly in the spectral range near 500 cm ' and below
200cm™!,

Figure 1 shows the spectra of a tetragonal crystal an-
nealed in helium and recorded in the range 500 cm~!. When
the average power of the incident radiation was 8 mW, only
one band at 470 cm ~ ! was observed and it was accompanied
by a weak structure-free wing (curve 1in Fig. 1); at 200 mW
there were major changes in the spectrum: the 470 cm ™!
band shifted toward lower frequencies and the wing was re-
placed with a strong asymmetric band at 590 cm ! (curve 2
in Fig. 1). In the zx geometry the 590 and 470 cm ™! bands
were absent when the power was 8 or 200 mW (curves la-
beled 3 in Fig. 1). In the spectral range below 200 cm ™! new
bands appeared at 80 and 100 cm ™' when the excitation
power was high.

The changes in the spectra in Fig. 1 (curve 2) could be
due to laser heating of a sample or photoinduced effects of
the radiation /,. We estimated the likely temperature rise in
a crystal due to high-power laser radiation at T, : this was
done by measuring the ratio of the intensity of the 470 cm !
band in the Stokes and anti-Stokes Raman spectra when the
power density of the exciting radiation was 3.8 and 38
kW/cm? and the average power was 20 mW in both cases
(A, = 5145 A). When the power density was 3.8 kW/cm?,
the temperature rise was 10 + 5 °C, whereas for 38 kW/cm?
the temperature of the crystal rose by 50-60 °C. Since heat-
ing of a sample in an oven from 7, to 100 °C had practi-
cally no effect on the Raman spectra in the region of ~ 500
cm ™~ ! when the exciting power density was 3.8 kW/cm (Fig.
2), we concluded that the main changes in the spectra due to
an increase in 1, (Figs. 1 and 2) were not due to laser heat-
ing, but due to the influence of an electron-hole plasma con-
sisting of photocarriers the number of which increased on
increase in 1.

We shall now consider changes in the Raman spectra of
the original tetragonal crystal excited using 4, = 4880 Ara-

1 -
400 500 560 w,cm™!
FIG. 1. Raman spectra of a tetragonal YBa,Cu;0, crystal annealed in
helium and excited with radiation of average power 8 mW (1) and 200

mW (2, 3)u in the following scattering geometries: 1), 2) zz; 3) zx;
A, =5145A.
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FIG. 2. Raman spectra of a tetragonal YBa,Cu,0, crystal excited u7sing
radiation of average power 20 mW and of power density 3.8 kW/cm” (1,
3) and 38 kW/cm? (2). 1), 2) Room temperature; 3) 100°C; 4, = 5145
A.

diationat T, (Fig.3).IfI,<4kW/cm? inaddition to the
main band at 480 cm ~', we observed only a weak wide band
at 590 cm ™' due to the lattice disorder.” An increase in I,
gave rise to bands at 560 and 590 cm ' and increased their
intensities. In the range I,> 10 kW/cm? the intensities of
these bands no longer increased and a further rise of I, pro-
duced an additional shift, broadening, and weakening of the
main band at 480 cm ™ '. The changes observed in the spectra
in the range I,<64 kW/cm? were found to be fully reversible.
The bands at 560-590 cm ™!, like the band at 480 cm ™!,
appeared only in the zz geometry.

Approximately the same changes in the Raman spectra
were observed on increase in I, at 4, = 5145 A. However, at
A; = 5321 and 6471 A the spectra were practically indepen-
dent of I, and were similar to the spectrum labeled 1 in Fig.
3,although at A, = 5321 A the value of I, was varied from 10
to 100 kW/cm?.

When samples were cooled to 80 K the Raman spectra
(A; = 4880 A) exhibited on the whole the same dependence
on I, as at T,,,,,, but the rise and saturation of the intensity
of the 560-590 cm~ ' bands occurred at higher values of I,
At A, = 5145 A there was a significant weakening of the
influence of laser excitation on the nature of the spectrum as
temperature was lowered (Fig. 4) and at 80 K the 560-590
cm ™' bands were practically undetectable at the maximum
power I, and the 480 cm ™' band had the same profile as at
low values of I,,.

In view of the resonant nature of the observed singulari-
ties in Raman spectra, we determined the polarized-light re-
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FIG. 3. Raman spectra of a tetragonal YBa,Cu,0, crystal recorded using
exciting radiation (4, = 4880 A) of different power densities (kW/cm?):
1) 3.8;2) 6.5; 3) 9.2; 4) 24; 5) 64. Scattering geometry zz; T,

room *
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600 w,cm™1

FIG. 4. Raman spectra of a tetragonal YBa,Cu,0, crystal obtained using
exciting radiation of 38 kW/cm?® power density (4, = 5145 A) at differ-
ent temperatures (K): 1) 300; 2) 200; 3) 150; 4) 80. Scattering geometry
zz.

flection spectra R (4) of tetragonal and orthorhombic single
crystals (Fig. 5). We found that in the E || z case all the
samples exhibited a reflection in the dependence R(4) at
A~5000 A, which was most likely due to interband transi-
tions responsible for the resonant nature of the changes in
the Raman spectra. The stronger features in the spectral de-
pendences R(A) at A ~8000 A (E || z) and 4500 A (E L z)
were probably due to plasmons. This interpretation was in
agreement with calculations of the energy band structure
reported in Ref. 18, which also indicated the possibility of
low-energy electron transitions in YBa,Cu;0, crystals.
These transitions should give rise to an electron continuum
in the Raman spectra with which the scattering by phonons
could interfere. The Raman scattering due to electron transi-
tions was supported by some increase in the background in
the spectra of the tetragonal phase of YBa,Cu,0, when I,
was increased. Interference was observed earlier in the Ra-
man spectra of heavily doped p-type semiconductors and
was described within the framework of the Fano resonance'?
which increased the damping (AT") and shifted the frequen-
cy (Aw) of phonons.

A distinguishing feature of the Fano resonance in the
Raman spectra is the dependence of the interference and,
consequently, of the profile of the phonon band on the wave-
length of the exciting light, usually attributed to the charac-
teristics of the energy band structure. Therefore, the ob-
served resonant nature of changes in the parameters of the
480 cm ' band allowed us to consider such changes as a
consequence of the Fano resonance. An analysis of the Fano
resonance yielded

2 2 2.2
_ 2V (RR+n o ), (1)

where V'is the matrix element of the anharmonic interaction

AT=4nV%, Ao

R(A)

FIG. 5. Reflection spectra of YBa,Cu,0, single crystals: 1) orthorhom-
bic crystal; 2) original tetragonal crystal; 3) tetragonal crystal annealed in
helium. The continuous curves correspond to E ||z and the dashed curves
toElz
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of a phonon with the continuum, p (@) is the density of states

in the electron continuum, and
p(o')de’

ref £ )

It follows from Eq. (1) that the ratio A’ /Aw is inde-
pendent of ¥ and is governed only by the frequency distribu-
tion p(w):

AT 2mpR

Ao R*+n’p? '
If we use the values of (AI'/Aw).,, taken from the experi-
mental spectra and if, for the sake of simplicity, we assume
that the electron continuum extends from O to a certain fre-
quency o, with p = const, we can determine w, satisfying
Eq. (3) for a given value of (AI'/Aw).,, and then use Eq.
(1) to estimate V.

We can find from Fig. 3 that in the case of the 480 cm ™'
band, due to the nondipole totally symmetric vibration 4, of
the axial Cu-O bond,” we have (AT/Aw).,,, =~ — 1 at 24
kW/cm?. This provides an estimate of the magnitude of the
electron-phonon interaction ¥ = 10>-10°* cm ™.

The appearance of the 560-590 cm ~' bands on increase
in I, could be due to the Raman scattering by dipole vibra-
tions, which became allowed in the centrosymmetric crystal
because of the effects of the interaction of photoinduced car-
riers with defects.’>!° In view of this we should point out
that the infrared absorption spectra have a strong band at
592 cm™!. Within the framework of this interpretation of
the appearance of the 560-590 cm ™! bands, their intensity
should be correlated with the density of a photoinduced plas-
ma and bands should be active only in the parallel polariza-
tion (for example, in the zz geometry),20 as observed experi-
mentally. The observation of photoinduced bands at 560—
590 cm ™! implies the presence of an induced structural de-
formation of the lattice near photocarriers, indicating also
the occurrence of a fairly strong interaction of photocarriers
with the lattice.

As expected, the Raman spectra of orthorhombic crys-
tals (7. = 90 K) were practically unaffected by I, at all the
wavelengths A; and this could be attributed to a high density
of free carriers in the orthorhombic phase.

3
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