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Raman investigation of the superconducting gap of YBa;Cu30, for 6.85 <x <7.0
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The temperature dependences of the linewidth and frequency of the 340-cm ~' Raman-active pho-
non have been measured in five lightly twinned crystals of YBa,Cu3O, with different oxygen concen-
trations x. The observed changes in the linewidth and frequency that occur for temperatures below
the critical temperature have been found to depend strongly on the value of x within the region
6.85<x <7.0. The linewidth and frequency dependences for T < T, result in superconducting gap en-
ergy estimates which indicate that 2A decreases for oxygen concentrations x > 6.95 and remains ap-
proximately constant for 6.85 S x <6.95. Given the low level of impurities in these crystals these re-
sults are attributed to variations in the hole concentrations which arise primarily from variations in the

oxygen content.

The temperature dependence of the Raman-active pho-
non at 340 cm ~' of YBa>Cu305, which involves the out-
of-phase vibration of the CuO;-planar oxygen atoms, has
been the subject of several studies.' > The significant
softening'-? of this phonon below T, and its distinctive
Fano line shape®* provided evidence of strong electron-
phonon coupling in this compound. The 340-cm ~' pho-
non was also found to broaden? below T, presumably be-
cause of the formation of a superconducting energy gap,
2A, where 2A=340 cm~'. Subsequently, it was
found®~? that the Raman active phonons at 440 and 500
cm ~ ! also exhibited superconductivity induced changes in
frequency and linewidth when the sample temperature
was lowered below T.,.

Recently, several groups® ™ '* have used the temperature
dependences of the frequencies (w,) and linewidths [full
width at half maximum (FWHM) =2y,] of the Raman-
active phonon modes at 340, 440, and 500 cm ~' to obtain
estimates for 2A in RBa,Cu3;O; compounds (where R
designates a rare-earth atom). Qualitatively, one expects
that phonons with energies less than the gap will narrow
below 7. due to the removal of a decay channel, while
those with energies greater than the gap broaden'® as a
result of scattering from superconducting pairs, as first
observed in neutron scattering measurements in Nb3Sn
(Ref. 17) and Nb.'"* In addition, phonons with energies
less than 2A should soften, while those with energies
greater than 2A should harden.'® An estimate for the gap
energy 2A can thus be obtained by carrying out measure-
ments on a set of phonons which have energies near the
gap and which, ideally, bracket the gap.

Comparisons of the experimental measurements of Aw,
and 2Ay, with the predictions of a strong coupling (ZZ)
model '® enable one to obtain a more quantitative estimate
for 2A. Thomsen and co-workers® ' carried out measure-
ments on several RBa,Cu3;0; compounds and obtained a
value for the gap of 2A =(4.95+0.1)kT.. More recently,
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McCarty et al.,'* in experiments carried out on untwinned
crystals, observed linewidth dependences for the 340- and
440-cm ~' modes which implied a gap energy in the range
6.8kT, <2A=<17.7kT.. Altendorf er al.,'" from experi-
ments on twinned single crystals of YBa,Cu305, obtained
a value of 2A/kT.=5.9£0.3 for the gap, a value inter-
mediate between the above determinations. Thomsen et
al.'® have attributed the differences in the above measure-
ments to differences in sample quality. In particular, the
crystals of McCarty et al.'* contained some Au, and those
of Altendorf et al.'' contained 2.5 at.% Th. It was sug-
gested '® that these impurity concentrations led to a sym-
metrization of the gap around the Fermi surface and, un-
der appropriate circumstances, to larger values for 2A.
However, more recent investigations by Altendorf er al.'?
and McCarty et al.'® have demonstrated that a narrowing
of the 340-cm ~' mode occurs below 7, even in high-
quality crystals with low impurity concentrations.

In an attempt to gain further insight into the reason for
these apparently contradictory results we have carried out
experiments on crystals with differing levels of oxygena-
tion and hence different hole concentrations. More spe-
cifically this paper presents the results of measurements
carried out on single crystals of YBa;Cu3;O,, where
6.85Sx 57.0. In a previous investigation?’ it was found
that the critical temperature of single crystals of
YBa;Cu;0, attained a maximum value for x=26.95 and
hereafter we will refer to x =6.95 as the optimal level of
oxygenation. For x < 6.95, the 340-cm ~' mode is ob-
served to narrow below 7., while for the crystals with
x> 6.95, the 340-cm ~' mode broadens. From these re-
sults it is apparent that small changes in oxygenation
away from an optimal value?® can dramatically influence
the linewidth behavior of the 340-cm ~' phonon. Since
the hole concentration in RBaCuO compounds depends
critically on annealing conditions and small impurity con-
centrations, these results could explain the different
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Raman results that have been obtained by different
groups. '0-11-14

The five twinned crystals studied in this work (named
A, B, C, D, and E) were grown in Zirconia crucibles by a
flux method in a manner similar to that described previ-
ously.'" Crystal C was annealed in 1 atm of flowing O,
for two days at 860°C, and the temperature was then re-
duced to 450°C at a rate of 18°C/h. The crystal was
then further annealed at 450°C for a further 6 days, and
then quickly cooled to room temperature (i.e., in a few
minutes). This resulted in a high-quality crystal'® with a
transition temperature (onset) of 93.7 0.1 K and transi-
tion width less than 0.2 K (10%-90%) as determined by
dc magnetization measurements (0.05 Oe applied field,
parallel to ¢ axis). Considering the transition temperature
and annealing conditions,?®2' the oxygen content (x in
Y Ba,Cu;0,) was estimated to be 6.95.

Crystal D was obtained from the same batch as crystal
C and was annealed in the same way. It was then further
annealed for 2 days at 510°C in pure flowing O, at 1 atm
followed by rapid cooling, in order to reduce the oxygen
concentration. This resulted in a reduced transition tem-
perature (onset) of 92.5+ 0.1 K and transition width of
0.4 K (10%-90%) as determined by ac susceptibility mea-
surements (0.1 Oe applied field, parallel to ¢ axis). The
oxygen content was estimated to be x =6.9 by comparison
with the known oxygen content of ceramic YBa>Cu3O,
samples annealed under similar conditions. '

Crystal E was not taken from the same batch as crystal
C and D but was grown and annealed under identical con-
ditions. Crystal £ was then further annealed for 72 h at
550°C in flowing O> at 1 atm followed by rapid cooling.
This resulted in a crystal with a transition temperature
(onset) of 88.0+0.2 K and transition width of 1.3 K
(10%-90%) as determined by dc magnetization measure-
ments (0.05 Oe applied field, parallel to ¢ axis). The re-
sulting oxygen content was estimated to be x =6.85 by
once again comparing with the known oxygen content of
ceramic samples annealed under similar conditions. '

Crystal B was also grown and annealed at high temper-
atures under identical conditions as crystal C, but was fur-
ther annealed under high pressure in the following way.
The crystal was heated at 50°C/h under 31.6 atm of pure
O, up to a temperature of 450°C. The crystal was then
kept at 450 °C for 24 h under 39.5 atm of pressure. It was
then cooled at 3°C/h to 350°C, kept at 350°C and 37.5
atm of pressure for 48 h and finally cooled at 100°C/h
and 31.6 atm of pressure. This resulted in a crystal with a
transition temperature (onset) of 93.0+0.1 K, a transi-
tion width of 0.5 K (10%-90%) as determined by dc mag-
netization measurements (0.1 Oe applied field, parallel to
¢ axis), and an oxygen content x estimated to be greater
than 6.95. Chemical analysis?? indicated that samples B,
C, D, and E contained only small amounts of metal im-
purities ( < 50 ppm by weight of Zn, Al, Fe, and K).

Crystal A was grown in the same manner as B, C, D,
and E, but was annealed by heating at 50 °C/h under 32.6
atm of pure oxygen to a maximum temperature of 500°C,
held at 500°C and 32.6 atm for 24 h, after which it was
cooled at 3°C/h to 350°C and kept at 350°C and 32.6
atm for 48 h. Finally, crystal 4 was cooled at 100°C/h

and 32.6 atm. This crystal had a transition temperature
(onset) of 89.8+0.2 K, a transition width of 2.0 K
(10%-90%) as determined by a dc magnetization mea-
surement (10.0 Oe applied field, parallel to ¢ axis), and an
oxygen content x, estimated to be greater than 6.95.
Chemical analysis?> of this crystal indicated about 500
ppm (by weight) of potassium, in contrast with the previ-
ous four crystals. The source of this potassium was the
fire brick used in the oven. It has been found that the ini-
tial high temperature (860°C) anneal used for crystals B,
C, D, and FE ensures that the potassium concentration in
these crystals is less than 50 ppm by weight. Although the
amount of potassium in crystal A4 is still small (0.05% by
weight), it does act as an acceptor impurity by substitut-
ing for barium and may thus enhance the hole concentra-
tion in the crystal. Raman spectra from the faces of crys-
tals A, B, C, D, and E with the incident and scattered light
polarized in the a-b plane were obtained with the 514.5-
nm line of an argon ion laser.'* A comparison of the Ra-
man spectra, obtained from as grown crystals, and from
crystals etched in a 1% Br/ethanol solution?* for up to 1.5
h, did not indicate any significant differences. In this pa-
per we will focus on the 340 cm ~ ' mode since its behavior
below T, is controversial'®'3~'>1% and also central to all
gap determinations. The temperature dependences of the
linewidths of the 340-cm ~' mode are shown in Fig. 1 for
crystals 4, B, C, D, and E. All linewidths are determined
from fits to a Fano profile'® with a linear background.
The solid lines in Fig. 1 indicate a fit of the experimental
points above 7. to a model of anharmonic decay.'® Crys-
tal C (T.=93.7 K) shows an overall narrowing below 7.
of approximately 2 cm ' as indicated by the departure of
the experimental data points from the anharmonic decay
curve. Similarly, crystals D and E indicate that a reduc-
tion in oxygen content from x =6.95 to 6.85 increases the
degree of narrowing by approximately 1 cm ~'. Finally,
linewidth broadening below T, in a manner similar to that
reported by other groups®>*'® is observed in the high-
pressure annealed crystals 4 and B. It therefore appears
that the oxygen content or more generally the hole con-
centration is a dominant factor in determining the nature
of the superconductivity induced linewidth shifts of the
340-cm ~ ' mode in these crystals. The enhanced broaden-
ing observed in crystal A4 is perhaps partially linked to the
presence of potassium (~500 ppm by weight) which
should substitute for Ba and thus effectively increase the
hole concentration in the crystal.

In Fig. 2 the temperature dependences of the frequen-
cies of the 340-cm ~' mode for crystals 4, B, C, D, and E
are plotted. All five crystals indicate a softening in the
frequency near T, in accordance with the observations of
other groups.' ™% The largest shift is observed in crystal 4
in which the frequency softens by approximately 8 cm ~'
between 100 and 15 K while the amount of softening is
greatly reduced in the deoxygenated crystals, the smallest
being 1.5 cm ~! in crystal E. Such a diminished softening
has also been observed in deoxygenated samples by
Krantz et al.’

A comparison of the results shown in Figs. 1 and 2 with
the strong coupling calculations'® suggests that, since the
linewidths narrow below T, for crystals C, D, and E and
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FIG. 1. Linewidths of the 340-cm ~' phonon as a function of
temperature, for (a) crystal 4 (x=7.0), (b) crystal B (x=7.0),
(c) crystal C (x=6.95), (d) crystal D (x =6.9), and (e) crystal
E (x=6.85). Linewidths were determined by numerical fits to
Fano (Ref. 10) profiles with a linear background. The solid
lines are fits of the data above T, to a model of anharmonic de-
cay (Ref. 10).

broaden for crystals 4 and B, 2A should be greater than
340 cm ! for crystals C, D, and E and less than 340
cm ~!' for crystals 4 and B. The observed narrowing of
the 340-cm ~' line [Figs. 1(d) and 1(e)] below T. for
crystals D and E is not predicted by the ZZ model.'®
Marsiglio, Akis, and Carbotte,?* however, have recently
shown that the presence of impurities can lead to a nar-
rowing of the phonon linewidth, and a reduction in fre-
quency shift, below T,. Thus the increased number of ox-
ygen vacancies in crystals D and E could act as impurity
scattering centers, and contribute to the enhanced line
narrowing [Figs. 1(d) and 1(e)]. One might then con-
clude that the gap energy is approximately the same in
samples C, D, and E, and based upon the temperature
dependence behavior of the 340-cm ~' mode in crystal C
we estimate that 2A=(6.75 £ 0.25)kT.,.

These results suggest that the different 340-cm !
phonon linewidth behaviors observed by different
groups>*1%714 might be attributed to relatively small

temperature for (a) crystal 4 (x=7.0), (b) crystal B (x=7.0),
(c) crystal C (x=6.95), (d) crystal D (x =6.9), and (e) crystal
E (x=6.85). The dashed lines are only intended to serve as
guides to the eye.

variations in oxygen concentration or impurity (e.g., Na,
K) concentrations. In particular the present results can
be compared to those of Krantz et al.2 who measured the
frequency and linewidth of the 340-cm ~' mode as a func-
tion of oxygen concentration in polycrystalline samples.
Their findings can be considered to be consistent with the
results presented here if experimental uncertainties and
differing methods of linewidth determination are taken
into consideration. In addition the presence of Au or Th,
with oxidation states of 3 and 4, respectively, could reduce
the hole concentration to a level near the optimal value
and hence result in line narrowing, a prediction which is
in agreement with previously published results.'"'* It
should be noted that this interpretation is different than
that obtained from neutron experiments?® on ceramic
samples in which the addition of gold was accompanied by
an increase in the oxygen content. The present and previ-
ous Raman results'*'> imply that, in gold-doped single
crystals, the corresponding increase in oxygen concentra-
tion is much smaller than it is in polycrystalline samples.
Finally, qualitative estimates for 2A obtained from com-
parisons with the ZZ strong coupling model '® do not ap-
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pear to be correlated with the critical temperatures of
these crystals. This lack of correlation between 2A and 7.
suggests that the observed changes in phonon linewidth
and frequency below T, may be associated with a redistri-
bution of electronic states that is not directly related to
the superconducting gap formation.
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