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Electronic Raman scattering of YBa2Cu30, using c-axis polarization:
Evidence for two characteristic superconducting energies
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Raman scattering has been obtained with light polarized along the c axis of twin-free single crys-
tals of YBa2Cu30&. For c-axis polarization, an electronic continuum is observed, similar to the con-
tinuum observed for polarization within the a-b plane. In the superconducting state, there is a small

decrease in the intensity of the c-axis continuum at energies below -200 cm . This change is not
purely thermal in origin, since it occurs at essentially the same energy for temperatures between 4
and 65 K. This behavior differs from the large redistribution that occurs below T, in the continuum
observed for polarization within the a-b plane, If the characteristic energies for c-axis polarization
{-200cm ') and a-b polarization (400-500 cm ') are interpreted as superconducting energy gaps,
then there is either a single anisotropic gap or two gaps.

Like the other Cu-based superconductors, YBa2Cu307
has unusual properties in both the normal and supercon-
ducting state. For example, in the normal state for light
polarized within the Cu-0 planes, there is a strong elec-
tronic Raman continuum that is nearly energy indepen-
dent. While originally interpreted as interband scatter-
ing, ' the electronic continuum has been more recently in-
terpreted as intraband scattering that derives its unusual
nature from strong electron-electron correlations. '

Below T„ this continuum redistributes; the intensity at
low energies is diminished and the increased intensity at
high energies gives peaks at either -350 or -500 cm
depending on the specific polarization geometry. Similar
characteristic energies have been observed by other ex-
perimental techniques and have been interpreted as the
superconducting energy gap within the a bplane (2b, -,b }.
For example, tunneling gives 26,b=4. 7kT, (Ref. 5) to
5.9kT, (Ref. 6), and both electron-energy loss and ir
reflection give 2h, b =8kT, . All of these values are large
compared to the weak-coupling BCS value of 2b ( T =0)
=3.53kT, =228 cm

However, the simple interpretation of these energies as
a traditional BCS energy gap is complicated by several
observations. Consider the Raman results. First, even
for T (&T„ the continuum scattering remains for ener-
gies well below the energy of a weak-coupling gap.
Second, the peaks in the continuum scattering occur at
essentially the same value for YBa2Cu307 with T, =90 K
and for YBa2Cu307 „with T, =60 K. Finally, the
peaks in the electronic continuum can persist well above
T, . Similar complications prevent simple interpretation
of the results of other techniques. '

While less reported than the "2h,b" values, there have

been observations in YBa2Cu307 of a second characteris-
tic energy that is close to the weak-coupling BCS value.
For example, the NMR results of Barrett et al. " show
that the chain copper, Cu(1), has an energy gap
2b, =3.52kT„versus 2b, =3.8kT, to 6.2kT, for the plane
copper, Cu(2}. In ir-reflectivity measurements along the c
axis of single crystals, Collins et al. saw a pronounced
increase in reflectivity below -200 cm ' (3kT, ). In
measurements of tunneling along the c axis of oriented
thin films, Tsai et al. observed a characteristic energy of
3.6kT„versus 5.9kT, for tunneling along the a-b planes.
These results suggest that there are either two gaps or
that there is a single gap that is highly anisotropic. In
the latter case, the "c-axis energy gap,

" 2h„ is less than
2h, b.

While important, the electronic structure perpendicu-
lar to the Cu-0 planes (i.e., along the c axis) is not well in-
vestigated since most crystals are only about 100 pm
thick along the c axis. In this study, a Raman mi-
croprobe has been used to measure the electronic Raman
scattering induced by light polarized along the c axis of
YBa2Cu307 single crystals. While a broad continuum is
found for c-axis polarization, the temperature depen-
dence is fundamentally different than the temperature
dependence of the continuum observed for polarization
within the a-b plane. Unlike the a-b plane continuum,
the c-axis continuum changes by only a small amount
below T, and has no obvious peak as would be expected
from the piling up of electronic states around an energy
gap. However, the superconducting state does exhibit a
reproducible decrease in scattered intensity for energies
less than -200 cm ', and this change is not purely
thermal in origin.
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FIG. 1. Comparison of twin-free single crystal of YBa,Cu307
at 295 K with polarization perpendicular (upper spectrum) or
along (lower spectrum) the c axis. Absolute intensity of both
spectra is the same and the abscissa is zero intensity. The pho-
nons of the x(zz)X spectra have been truncated to emphasize
the continuum.

mal state (upper spectrum at 115 K}, the intensity of the
electronic continuum is roughly constant with energy.
Well below T„ the bottom spectrum shows a substantial
redistribution of the continuum; the scattering decreases
in intensity with decreasing energy and has a very broad
peak centered around roughly 450 cm '. At 4 K, the

I
[

I

)x

~W
%h0
4i
0

x(yy)x

~W
M
C
4J

C

100 200 300 400 500 600 700
Raman Shift (cm }

FIG. 2. Raman spectra with light propagating along the
a =x axis and polarized within the a-b plane (i.e., within the
Cu-0 planes and parallel to the Cu-0 chains) of twin-free
YBa2Cu307 crystal.

The majority of results reported here are from a twin-
free crystal of YBa2Cu307 about 600X600X55 pm in

dimension. The orientation of the a and b directions in
the nearly square platelet was uniquely determined by the
mechanical detwinning procedure. ' Magnetization
analysis using a SQUID (superconducting quantum in-
terference device) magnetometer showed that the onset of
superconductivity occurred at 93 K and the 10—90%
transition width was about 2.5 K in an applied field of 20
Oe, similar to results of previous crystals. ' Either 488-
or 514.5-nm laser light with an incident power of 0.5 mW
was focused to a spot roughly 3 pm in diameter. Prior to
mounting in the cryostat, the crystal was etched in a 1%
solution of bromine in methanol for about 1 min to re-
move any potential surface impurities. In order to
reduce the collection of elastically scattered radiation in
the 180 backscattering geometry, the surface normal of
the crystal face was rotated -20' from the direction of
the incident laser beam. The crystal was mounted using
silver adhesive on the cold finger of a vacuum cryostat
evacuated by a turbomolecular pump. Temperatures
were measured by an iron-doped gold/chromel thermo-
couple mounted on the cold finger adjacent to the crystal.

Raman spectra were obtained with the incident laser
beam and the scattered light propagating along the a =x
of the YBazCu307 crystal, that is, along the Cu-0 planes.
In spectra labeled x (zz}x, the polarization of both the in-
cident and scattered light was along the c =z axis, while
x(yy)x refers to polarization along the b =y axis. As
shown in Fig. 1, both polarization along and perpendicu-
lar to the c axis gives broad, intense scattering whose in-
tensity is relatively indepenent of energy. These continua
extend to at least 2000 cm ', ' well beyond the energy
expected for two-phonon scattering, and they lack the
fine structure expected for phonon scattering. At 295 K,
the c-axis continua is about half as intense as the a b-
plane continuum. Based on these observations, we con-
clude that the c-axis continuum, like the a-b plane contin-
uum, ' is of electronic origin.

The intensity of electronic Raman scattering, S(r0), is
proportional to squares of tensor components of the in-
verse effective-mass tensor pk '. ' A particular polariza-
tion geometry couples to certain components of pk '.
Within the D2& symmetry of orthorhombic YBa2Cu307,
c-axis polarization gives S(co) ~ ~(p, ')

~
. The present

results show that there is an electronic continuum for c
axis and a-b polarization [i.e., (xx), (yy), and (zz) polar-
izations]. Previous results have shown that there is no
significant continuum scattering for (xy), (xz), or (yz)
polarizations. ' This suggests that the off-diagonal com-
ponents of the inverse efFective-mass tensor, (p ')„,
(p, ')„„and (p ')~„are small compared to the diagonal
components (p ');;.

The temperature dependence of the a-b plane continu-
um illustrated in Fig. 2 is in good agreement with results
of other investigations using (yy) polarization. ' These
previous investigations had the incident and scattered
light propagating along the c axis [i.e., polarization
geometries of type z(yy}z]. In Fig. 2, the tops of the
well-studied phonon peaks are truncated to emphasize
the scattering from the electronic continuum. In the nor-
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FIG. 3. Raman spectra obtained under the same conditions
as Fig. 2 except with the incident and scattered light polarized
along the c =z axis (i.e., perpendicular to the Cu-0 plains. }

120-cm ' phonon still exhibits unmistakable an-

tiresonant behavior (asymmetric line shape and destruc-
tive interference on the high-energy side) indicative of
strong electron-phonon coupling, establishing that elec-
tronic states remain within the "gap". For T && T„ the
electronic continuum of the present twin-free crystals
gives broad peaks at -400 and -550 cm in z(y'y')z
and z(x'y')z geometries, ' respectively, in good agree-
ment with previous results. Since the x(yy }x spectra of
Fig. 2 are roughly the sum of the separate z(x'y')z and
z(y'y')z results, only a broad, average peak is observed in
the continuum for T &( T, .

Figure 3 illustrates the c-axis continuum above and
well below T, . These spectra were obtained from the
same spot on the crystal as Fig. 2, but with the polariza-
tion of the incident and scattered light rotated by 90'.
Importantly, there is not a large change in the c-axis con-
tinuum between the normal state (upper spectrum of Fig.
3} and the superconducting state (bottom spectrum).
This is in contrast to the dramatic redistribution of the
a-b continuum below T, (Fig. 2). However, there is a
small but reproducible decrease in the intensity of the c-
axis scattering below -200 cm ' for the 4-K spectrum
relative to the 115-K spectrum. This difference is shown
in an enhanced manner in Fig. 4, where spectra are nor-
malized by dividing by the normal-state spectrum at 115
K. The 4-K normalized spectrum shows a decrease in in-
tensity below -200 cm '. While the change between the

normal state (115 K) and 4 K is small, it was reproduci-
bly observed from the crystal whose results are shown
here and from a second twin-free crystal in a y(zz)y po-
larization geometry.

There are at least two contributions to the temperature
dependence of the electronic continuum —changes due to
entering the superconducting state and a purely thermal
effect since the Raman intensity is proportional to a
thermal Bose factor 1+n (co), where

n (co) = [exp(Aco lkT) 1—]

For c-axis polarization, the change at low energy (-65
cm ') that occurs in the electronic continuum between
115 and 4 K is approximately the same as that expected
simply from thermal Bose effects. However, spectra ob-
tained at other temperatures give evidence that the
changes that occur below T, are not purely thermal in

origin. Figure 4 shows normalized spectra at 25, 65, and
77 K, in addition to the 4-K data. At 25 and 65 K, the
deviation of the normalized spectra from the horizontal
baseline occurs below -200 cm ', the same value as for
4 K. At 77 K, the point of deviation is somewhat
smaller —about 150 cm '. If the observed changes were
purely thermal in origin, then the point of deviation of
the normalized spectra would be expected to shift con-
tinually downward in energy with increasing tempera-
ture. However, the 4-, 25-, and 65-K spectra all show the
deviation occurring at -200 cm '. Instead, the ob-
served behavior suggests incomplete suppression of the
electronic scattering within an energy gap.

The characteristic energy ( -200 cm ') observed
below T, for the c-axis continuum is consistent with the
smaller of the two characteristic energies (3kT, to
3.6kT, ) measured by NMR, " ir, and tunneling. The
present results are similar to light scattering results from
another layered Cu-0 superconductor (TlzCaBazCuzOs)
by Timofeev et al. ,

' where for T &&T, and c-axis polar-
ization, the normalized Raman spectrum exhibited a fal-
loff in intensity for energies below about 150 cm '. For
polarization within the a-b plane, the normalized intensi-
ty decreased for energies below about 400 cm

When the a-b continuum for T ((T, is separated out
into A, and 8

&
contributions (tetragonal notation),

there are obvious, broad peaks at -400 and -550 cm
respectively. ' These peaks are apparent in either the
raw data, or in spectra normalized by dividing by a
normal-state spectrum, as done in Fig. 4. However, there
is no apparent peak in the continuum scattering for c-axis
polarization in either the raw (Fig. 3}or normalized data
(Fig. 4). It is possible that for T«T, the electronic
scattering has a peak that is weak, very broad, or masked
by the low-frequency phonons, making it difticult to ob-
serve experimentally. More interestingly, the lack of a
peak below T, in the c-axis continuum may be an intrin-
sic property of YBazCu307.

Above T„the c-axis and a-b continua are qualitatively
similar in nature, suggesting that they have the same ori-
gin. It is then doubtful that the continua originate from
band-structures features (i.e., from interband scattering)
since the dispersion of the electronic bands along the c-
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FIG. 4. Normalized spectra with c-axis polarization obtained by dividing by a normal-state spectrum (115 K). Horizontal lines are
least-squares fits to the scattering intensity above 285 cm '. The vertical arrow on the 4-K spectrum shows the energy gap for a
weak coupling BCS, 2b, =3.53kT, =228 cm ' with T, =93 K.

axis direction is significantly different than along the a
and b axes. ' Therefore, it is reasonable to conclude that
the continua are intraband scattering and that the unusu-
al frequency and temperature dependence result from
strong electronic correlations. ' However, the c-axis and
a-b plane continua do exhibit fundamentally different
temperature dependence below T, . The a bplane-contin-
uum dramatically redistributes while the c-axis continu-
um changes only by a small amount. Explanation of this
difference may have to await a consistent microscopic
theory of superconductivity in these materials.

The present results suggest that there are two energies
that characterize the superconducting state and that
these differ by about a factor of 2. This suggests the ex-
istence of either two superconducting gaps or a single,
anisotropic gap. Concerning the latter interpretation,
Klemm and Liu' have shown that the physical and elec-
tronic anisotropy of YBa2Cu307 is not a sufficient condi-
tion for gap anisotropy. That is, gap anisotropy can only
arise in superconductors with two or more conducting
layers per unit cell and where interlayer pairing dom-
inates. '

The characteristic energy of the superconducting state
can also be evaluated by following the behavior through
T, of the different phonons. Figure 5 shows the peak
width of the 500-cm phonon, which mainly involves vi-
bration along the e axis of O(4), the O atom between the
Cu-0 planes and the Cu-0 chains. The peak width de-
creases between 295 K and T„but increases below T, .
The increased damping inferred from the increased peak
width shows that there is an increased electronic density
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FIG. 5. Peak width of the 500-cm ' phonon at half max-
imum intensity obtained by numerically fitting x(zz)X spectra
with an asymmetric (Fano) line shape. Error bars are standard
deviations of three or more measurements. Solid line is a guide
to the eye.

of states near 500 cm ' below T, . The increased damp-
ing at 500 cm ' is in marked contrast to the behavior of
the lower frequency Raman-active phonons. In particu-
lar, the 340- and 440-cm ' phonons both exhibit damp-
ing that decreases below T, . '

In summary, Raman scattering from twin-free single
crystals of YBa2Cu307 has been obtained for polarization
both along and perpendicular to the c axis. A continuum
is observed for c-axis polarization, but this continuum
does not dramatically redistribute below T„unlike the
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continuum observed for polarization with the a-b plane.
Below T„however, the c-axis continuum does show a
small decrease in intensity for energies less than -200
cm '. The energy at which the continuum changes
below T, (-200 cm ') is consistent with the lower
characteristic energy (i.e., "2b,,") observed by other tech-
niques. Finally, the 500-cm phonon exhibits increased
damping below T„unlike the lower frequency phonons.
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