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Light-scattering study of the superconducting energy gap in YBa;Cu3;0; single crystals
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Raman scattering experiments have been performed on single-crystal samples of YBa;Cu3O7 in
order to investigate superconducting gap excitations. The electronic contribution to the total
scattering intensity can be fitted well by a theoretical model of light scattering from quasiparticle
pairs. Depending on the measuring symmetry, mean gap energies are found ranging from 3.0 to

5.5 ksT..

The discovery of the new high-7. superconductors?

has initiated unprecedented experimental and theoretical
efforts in trying to understand the coupling mechanism.?
While pair correlations of charge carriers seems to follow
from the observed quantum of flux* (®o=~h/2¢) and from
Andreev scattering,5 experiments on the determination of
the energy gap, 2A, still disagree widely. A may show con-
siderable anisotropy, as was suggested from the beginning
by both the structural and the superconducting properties
of YBa;Cu307. A recent tunneling study® on single crys-
tals reported gap values of 3.6 and 5.9 k3T, for wave vec-
tors parallel and perpendicular to the CuO a-b planes, re-
spectively. As was shown first b%' Dierker, Klein, Webb,
and Fisk in the 415 compounds,’ Raman scattering may
be an alternative way to determine the gap structure.®
For polycrystalline samples®'? and, very recently, for sin-
gle crystals!! of YBa;Cu304, the opening of a gap has al-
ready been found by inelastic light scattering.

In this Rapid Communication, we report on Raman ex-
periments on YBa,;Cu3;O; at temperatures above and
below T.. Single-crystal samples having different T, are
investigated at four scattering geometries. The data are
analyzed quantitatively in terms of a broad distribution of
gap energies.

The experiments were performed with standard Raman
scattering equipment.® The spectral resolution was set at
20 cm ~!. For excitation, the Ar™ line at 458 nm was
chosen. The penetration depth of light, &, is estimated
from optical data'? to be about 700 A. The exciting light,
incident at an angle of approximately 65° to the surface
normal, was focused to a spot of 0.08x0.20 mm?2 The
radiation-induced temperature increase in the spot AT
was calculated from the thermal conductivity'® and the
absorbed power (P, =4mW) and did not exceed 5 K near
T, and 15 K at 4.2 K. This estimate is in agreement with
the observed Stokes to anti-Stokes ratio of two phonon
lines. The samples were in a vacuum of better than 10 >
mbar and were mounted to the cold finger of a He-flow
cryostat with adjustable temperature. To assure the
reproducibility of the data, the samples were heated up to
200 K in periodic intervals in order to remove accumulat-
ing surface layers of adsorbed residual gas molecules.
Four scattering geometries were investigated. The polar-
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izations of the incident and the scattered light, E; and Ej,
had the following orientations with respect to the crystal
axes: [100]-[100] (abbreviated below by 0f), [100]-[010]
(09), [110]-[110] (45f), and [110]-[110] (452). On ac-
count of g-b twinning [100] and [010] were equivalent in
the experiment.

The single crystals were grown from the flux as de-
scribed in Ref. 14. Samples 4 and B were prepared in zir-
conia and alumina crucibles, respectively. The transition
temperatures (midpoints) as determined by an eddy-
current method, as well as by dc-magnetization measure-
ments, were 88 K for sample 4 and 83 K for sample B.
The transitions widths were 0.5 and 20 K, respectively
(see also Table I). Polarized-light microscopy showed a
clearly visible domain structure originating from the a-b
twinning of the orthorhombic crystals. The thickness of
the sheetlike domains was typically 10 um. The level of
elastically scattered exciting light was very low. For fre-
quency shifts larger than 50 cm ~! the discrimination was
nearly complete.

Data of samples 4 and B taken at holder temperatures
Tp,=95 K and T,=4.2 K are presented in Figs.
1(a)-1(d). All spectra above T, consist of a smooth, al-
most flat, background and superimposed structures due to
allowed and defect-induced scattering from phonons. For
frequencies less than about 200 cm ~!, the scattering in-
tensity at 77=20 K has decreased considerably below the
one at 100 K without, however, vanishing towards o =0.
Between 200 and 600 cm ~! the superconducting intensity
overshoots the one observed above 7, and asymptotically
approaches the limit of the normal metal at higher energy
transfers. In what follows, the discussion is focused on the
nonvibronic part of the spectra. Since nearly all phonon
structures depend only slightly on temperature, the vib-
ronic scattering is easily separated out at 100 K and sub-
tracted from all spectra measured above and below T..
The phonon mode located near 340 cm ~! has to be sub-
tracted separately on account of its anomalous tempera-
ture dependence. The remaining spectra, which are due to
electronic scattering,!! are divided by the almost constant
one at 100 K, yielding a normalized cross section, c3(w).
The resulting 20-K spectra exhibit maxima at different,
symmetry dependent frequencies and approach unity for
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FIG. 1. (a)-(d) Raman spectra for single-crystal YBa;Cu3O; samples 4 and B. The temperatures relate to the illuminated spot.
Symmetry assignments are indicated in the diagrams. (e)-(h) Normalized electronic scattering cross section 63(w) of the 20-K spec-
tra (a)-(d). The narrow features superimposed on the slowly varying spectra are, at least partly, due to small frequency shifts of the
subtracted phonon structures. The spike at 120 cm ~! in (f) results from the anomalous temperature dependence of the corresponding
phonon mode (see Ref. 11). The smooth lines are least-square fits using the model described in the text.

high-energy transfers [Figs. 1(e)-1(h)]l. Because of the
slight frequency dependence of the 0f spectra at 100 K
[Figs. 1(c) and 1(d)], the procedure described is an ap-
proximation leading to a constant high-energy limit and is
used to simplify the numerical evaluation. When the tem-
perature is raised towards T, the amplitude of od(w) de-
creases, while the frequency of the peak structure shifts
only slightly up to the highest measuring temperature of
0.95T. (Fig. 2).

In the framework of present theories only a pair-
breaking contribution to the weighted electronic structure
function, S(q,w), can account for the intensity increase
which is observed below T, in the frequency range from
200 to 600 cm ~'. Since the superconducting coherence
length is small compared to the optical penetration depth,
§< 4, the limit of small momentum transfer, g, holds.
Thus, S(q,w) at T =0 varies as (A%w)(w?—4A2) "2
for w = 2A as is derived from a conventional BCS model.
The isotropic case has been generalized to allow for a k
dependence of A or, equivalently, for a distribution of
gaps. The inelastic light scattering process projects out
differently weighted gap distributions P;(A), depending
on the orientations of E; and E;. The normalized cross
section at 7' =0 is given by !¢

15,16

2
el +1

0 /2
ou(w)"_j; dAPs(A) o(al—aa2) 172 :

Constants and light scattering matrix elements are col-
lected in the factor @, which like P;(A) is determined by
the measuring polarizations. The additive constant 1 ac-

counts for the experimentally observed difference between
the low- and high-frequency end of the spectra and may
be assigned to electronic interband transitions.”!! The in-
tegration of this term leads to a low-frequency cutoff at
® =2A which is broadened by P;(A). Since the interband
scattering is found to be almost constant at 100 K, a con-
siderable frequency dependence is expected at 20 K on ac-
count of the Bose-Einstein factor [1+n(T,w)]. The
effect, however, has been proven to be negligible due to
cutoff energies exceeding 3kp7T.. The smooth lines in
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FIG. 2. Normalized electronic spectrum at 75 K. The sym-
metry is 0. The solid line is the least-square-fit curve of Fig.
1(g). The broken line is only a guide to the eye. All spectra
have been corrected for an energy independent background (see
text).
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Figs. 1(e)-1(h) represent the best fits using a Gaussian
distribution of A and accounting for an additional energy
independent background which is not given in the equa-
tion (compare Fig. 1 to Figs. 2 and 3). The background
corrected normalized fits to all electronic spectra are illus-
trated in Fig. 3. In any case, the agreement with the data
is striking [see Figs. 1(e)-1(g)]. Table I gives the numer-
ical values found for samples 4 and B. The low-frequency
end of the spectra near T, is reminiscent of the tempera-
ture dependence of the thermal quasiparticle contribution
to S(q,w) for large g (Ref. 17) (see Fig. 2). For finite g a
theoretical investigation of the entire, finite temperature
spectra has not yet been attempted (see Refs. 16 and 17).
Independent of details of the theoretical model which
the fits are based on, the light scattering study clearly
shows the existence of a gap in the electronic excitation
spectrum. Furthermore, an anisotropy of the peak struc-
tures observed at different symmetries is seen explicitly.
If the BCS description with a Gaussian distribution of A is
a reasonable model, the mean gap energy found at 07 is
3.0kpT,., while it is as large as 5.5k T, for the 45? polar-
ization. With a statistical weight of 15%, gap values
exceeding 7.0kp T, may be deduced from this spectrum on
the basis of the fitting procedure. The relative width o/A¢
at the 09 symmetry is as large as 70% in both samples A4
and B (see Table I). The spectra observed at 45f and 459
exhibiting an anisotropy of only 30% indicate that the
broad structures of the two other symmetries are mainly
due to intrinsic properties of YBa;Cu307. Therefore, very
small gaps should also be present. In addition, the finite
slope of the theoretical fit curves at @ =0 suggests the oc-
currence of vanishing gaps for some k-space directions.
There is no direct relation between the gap energies
found in the Raman experiment and certain directions in
momentum space on account of the particular light-
scattering process. Moreover, due to the orthorhomic
structure of YBa;Cu3O7, an unequivocal assignment of
space-group symmetries to the respective polarizations of
the incident and the scattered light is impossible. The
tunneling data,® however, indicate that the smaller value
of the gap corresponds to a k direction parallel to the ¢
axis and the larger one to the a or b direction. The two
gap energies, 3.6 and 5.9 kgT,, observed by tunneling are
approximately equal to the extremal mean values found in
our experiment (see Table I). Surprisingly, the gap value
assigned to klic is possibly seen at the a-b plane, where all
photons are polarized perpendicular to the ¢ axis. Howev-
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FIG. 3. Electronic scattering found at different symmetries
(theoretical fits). The experimental points are omitted for clari-
ty.

er, there may also be a large a-b anisotropy, which is con-
cealed in the twinned crystals.

Because of the broad structures the temperature depen-
dence of the gap energy cannot be derived directly from
the data. The nearly constant maximum frequency (cf.
Fig. 2), however, suggests a possible deviation from the
BCS prediction as is also found by other methods.'® The
gap structure, which is present in the spectra up to ap-
proximately 85 K£0.957T,, indicates that a large percen-
tage of the probed surface layer remains superconducting
very close to T.. Thus, the broad features are not due to
sample inhomogeneities, but can clearly be assigned to the
anisotropy. Spectra measured between 40 and 80 K show
that the probed surface layer of sample B remains super-
conducting only up to 65 K corresponding to the end point
of the transition. Nevertheless, the relative width 6/Ag is
nearly unchanged (see Table I). In agreement with the
tunneling study® it appears that the anisotropy does not
depend on the transition temperature.

In conclusion, the Raman experiments reveal clear evi-
dence for the existence of a gap in the electronic excitation
spectrum of YBa;Cu307 up to T/T, =0.95. The observed
broad structures are assigned to a large gap anisotropy
showing up in the Raman spectra as symmetry dependent
distributions of A. The mean gap energies range from 3.0
to 5.5 kgT.. Additionally, the large distribution widths
suggest gap energies in excess of 7kpT. as well as gaps
which are very small if not zero for certain directions in k
space.

TABLE I. Symmetry-dependent mean gap energies 2Ao of YBa,Cu307. o2 is the variance of the
Gaussian assumed for the gap distribution. The highest temperature, where the Raman spectrum of
sample B exhibits a gap structure, was 60 K. Thus, 7. =65 K was used to calculate 2(Ao + 6)/k5T..

+
Sample T. (K) Polarizations Aot o (cm ™) < (%) 2&t0)

AO kBTc

A 88 02 91 +61 67 3.0%+20

Of 98 + 56 57 32+1.8

45% 11332 28 3.7%+1.0

45?9 169 =48 28 5.5+1.6

B 83 0P 60+ 44 73 26*+1.9
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