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Gap anisotropy and phonon self-energy effects in single-crystal YBa2cu307 —g
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We report a Raman scattering investigation of superconducting gap anisotropy in single-crystal
YBa2Cu30&-&. Gap anisotropy is investigated by studying the peak in the low-temperature Ra-
man continuum in various symmetries. Roughly a 35% difference in the energy of this peak is
observed between different symmetries, suggesting the presence of substantial gap anisotropy.
Anisotropy is further evidenced by the damping behavior of the 340-cm Raman-active phonon
below T„which displays increased attenuation due to phonon-induced pair breaking. The tem-
perature dependence of this attenuation is consistent with a T 0 pair-breaking peak which is
much larger than the 340-cm phonon in certain regions of the Fermi surface.

Many of the recent experimental studies of YBa2-
Cu307 —s have been devoted to understanding the nature
of the superconducting gap in this compound. Unfor-
tunately, even an identification of the pairing strength in
YBa2Cu307 s has been obscured by the diversity of gap
parameters (r 2h/kttT, ) reported for this material. For
example, while infrared reflectivity measurements '

have generally afforded gap parameters which are con-
sistent with weak-coupling Bardeen-Cooper-Schrieffer
(BCS) theory (r-3.5), tunneling measurements'" s ex-
hibit gap parameters which are well within the strong-
coupling regime (r-4.8). More recently, a theoretical
analysis of the softening of certain Raman-active and
infrared-active'o phonons below T, has concluded that
YBaqCu3Q7 s is in the strong-coupling limit. " This con-
clusion is based on the assumption that the renormalized
phonons have energies larger than the superconducting
gap, @to)2h (T 0).

In this paper, we present a Raman scattering study of
the superconducting gap in single-crystal YBaqCu307 —s,
in an attempt to understand the confficting results listed
above. The efficacy of using this technique to probe the
superconducting gap has been demonstrated in polycrys-
talline' ' and single-crystal samples of YBa2Cu307 —s.
The present Raman scattering investigation extends these
results to the study of the symmetry properties of 26. Our
data provide evidence for substantial gap anisotropy in
YBa2Cu307 s, and thus may aff'ord insight into the struc-
ture of the superconducting gap. Furthermore, in addi-
tion to the phonon frequency renormalization which has
been observed earlier below T„' we present new evi-
dence that superconductivity dramatically affects the life-
time of one of the observed Raman-active phonons. The
damping behavior of this phonon below T, is consistent
with possible gap anisotropy in YBa2Cu307 —b.

The YBa2Cu307 —& samples used in this study were
pure-phase single crystals having narro~ transition tem-
peratures near T, 90 K. The preparation of these sam-
ples has been described elsewhere. Raman scattering
measurements on YBa2Cu307 —s single crystals were per-
formed in a near backscattering geometry, with light po-
larized in the a-b plane. A number of scattering geo-

metrics were studied in this investigation, including polar-
ized (y, y) and (y', y') [y (0, 1,0); y' (I/J2)(1, 1,0)]
geometries and depolarized (y, x) and (y', x') [x (1,0,0);
x' (1/J2)( —1,1,0)] geometries. Considered within the
tetragonal point group, these geometries allow coupling to
A 1it+ Bts, A &s, B2s, and 8|s symmetries, resPectively.

Figure 1 illustrates the 300-K Raman scattering spectra
of single-crystal YBa2Cu307 s in a number of scattering
geometries. Each dashed line shown in Fig. 1 defines the
zero intensity level for the spectrum directly above it. The
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FIG. 1. 300-K spectra of single-crystal YBa2Cu307 —g for
various scattering geometries, including (y, y) IAis+8is
(tetragonal)), (y, x) (82s), (y', y') (A is), and (y', x') (8|s).
Each dashed line indicates the zero-intensity level for the spec-
trum immediately above it. Resolution: 4 cm
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top, (y, y) (A is+Biz), spectrum demonstrates a number
of optical phonon peaks, as well as an intense electronic
background which strongly interferes with the optical
phonons at 116 and 340 cm '. These interference
effects are reflected in the asymmetric line shapes associ-
ated with the 116 and 340 cm ' phonons, as well as in the
"antiresonance" evident on the high-energy side of the
116-cm ' mode. The 340-cm ' phonon is particularly
notable in that it switches to the depolarized (y', x') spec-
trum upon rotating the incidence polarization by 45' [see
(y', y') and (y', x') in Fig. 1]. This suggests that, within
the tetragonal point group, the 340-cm ' phonon trans-
forms according to the Biz representation, while all of the
other Raman-active phonons have A ts symmetry. '

Figure 1 also illustrates that the electronic continuum
background has both A is [(y',y')] and Bts [(y',x')] con-
tributions, as may be observed by comparing the back-
ground levels of the four spectra shown in Fig. l. Indeed,
the interference effects associated with the 116 cm ' A is
and 340 cm ' Biz phonons confirm that the electronic
continuum has both A is and Biz symmetries, since pho-
nons only interfere with a continuum of like symmetry.
Note also that the 82s [(y,x)] spectrum manifests a negli-
gible electronic continuum contribution, while the
Aig+Big [(y,y)] background is simply the sum of the
(y', y') and (y', x') contributions.

Figure 2 shows the (y', y') (A is) and (y', x') (Bts) spec-
tra well below T„allowing us to separately examine the
effects of the superconducting gap on the Ais and Bts
contributions to the electronic continuum. The electronic
continuum in both these symmetries displays a loss of
scattering strength at low energies, as electronic scattering

15

below 2h is suppressed by the opening gap. As reported
earlier, this suppression is incomplete, as evidenced by
the residual low-energy electronic scattering present in

both spectra of Fig. 2. Furthermore, a peak in the contin-

uum, which is believed to arise from the direct excitation
of superconducting quasiparticles above the gap (2h), is
apparent in both symmetries. It is evident in Fig. 2 that
the pair-breaking peak in the Biz spectrum occurs at
roughly a 35% larger energy than is observed in the A~g
spectrum. Specifically, the A is continuum is observed to
peak near the 340-cm ' Biz phonon, while the Biz con-
tinuum peaks well above the Biz phonon, at roughly 530
cm '. Additionally, in the 15-K Biz spectrum, the
suppression of the continuum intensity below its normal-
state value is evident at much higher frequencies than is
observed in the 15-K A is spectrum. Note that the (y, y)
(A is+Biz) spectrum is simply the sum of the (y', y') and
(y', x') contributions, and, therefore, does not provide in-
dependent symmetry information. Furthermore, due to
the absence of an electronic continuum in the (y, x) spec-
trum, no gap structure is observed in this symmetry.

The disparity between the A ts and 8 ts low-

temperature spectra appears to reveal substantial gap an-
isotropy in YBa2Cu307 s. A precise estimate of this an-
isotropy is difficult, due to the absence of a well-defined

gap in these spectra. However, it appears that the pair-
breaking energy associated with Biz symmetry is roughly
35% larger than that having A is symmetry. In order to
isolate the origin of this anisotropy, we note that light
scatters from superconducting gap excitations through
fluctuations in the matrix element, yi„where yi, is related
to the inverse effective-mass tensor, pq '. Because devia-
tions of the YBa2Cu307-s structure from D4I, symmetry
are small, we may decompose this matrix element into ir-
reducible tensor components of the tetragonal space
group. Those tensor components relevant to our data are
given by
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FIG. 2. Polarized l(y', y') A &rl spectrum (top) and depolar-

ized l(y', x') -&&sl spectrum (bottom) well below T, (15 K) in

single-crystal Yaa2Cu307-&, illustrating the large difference in

gap structures in these two symmetries. Resolution: 4 cm

Equations (1) and (2) illustrate that whereas the Ais
Raman contribution to the gap represents an average gap
value, the Biz spectra should arise from those regions of
the Fermi surface in which the inverse effective masses in

the x and y directions have the largest differences. Our
results consequently suggest that the gap associated with
Fermi-surface regions in which I (p ')""—(p ')»

I is

large should be roughly 35% larger than the average
(Air) gap. Detailed Fermi-surface calculations are need-
ed to elucidate the shape of the Fermi surface in

YBa2Cu307 &. However, because the Fermi surface as-
sociated with the Cu-0 chains should manifest extremely
large effective-mass differences between the x and y direc-
tions, it is tempting to speculate that the large gap ap-
parent in the Bis Raman spectrum is related to the Cu-0
chains.

The high energy of the 8&g pair-breaking peak also ap-
pears to be refiected by phonon renormalization eff'ects in

the superconducting phase. This is demonstrated in Fig.
3, where we show the phonon spectra of the Fano-coupled
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FIG. 3. Temperature dependence of the (a) Rig phonon at 116 cm ' and the (b) Bis phonon at 340 cm ' below T, These .pho-
nons have been fit to a Fano line shape (solid lines) as described in the text. Note that the temperature increases from bottom to top
in (a) and from top to bottom in (b).

116-cm '
His (tetragonal) and 340-cm ' Bis (tetrago-

nal) phonons below T, . The coupling of these two pho-
nons to the electronic continuum is illustrated by fits to a
Fano line shape in Fig. 3 (solid line)

&(to) cs: ', (3)
[I —exp(h tu/ko T)] '2I to(n,' to') '—

(to) —to ) +41 to

where 0, is the antiresonance frequency, I is the
coupled-phonon linewidth, and too is the renormalized
phonon frequency. In addition to displaying a Fano line
shape, the 340-cm ' phonon manifests an abrupt soften-
ing below T, (between 85-K and 70-K spectra in Fig. 3).
This softening has been attributed to phonon self-energy
effects, wherein the phonon frequency is screened by the
superconducting quasiparticles. "' Additionally, our
phonon results indicate an abrupt enhancement in the
damping of the 340-cm ' phonon just below T, (see Fig.
3), which is followed by a decreased damping at still lower
temperatures. The behavior of the 340-cm ' phonon
linewidth I below T, is illustrated in Fig. 4. These pho-
non renormalization effects (see Figs. 3 and 4) are much
more striking than those observed previously, due to the
sharper transition temperatures of the present samples.
We attribute the increased phonon damping in the super-
conducting phase to the presence of a phonon-induced
pair-breaking relaxational channel which is allowed for
phonons satisfying hto) 2A(T). Note particularly that
the sharp enhancement, then gradual decrease of the 340-
cm ' linewidth below T, suggests that the "center of
mass" of the 8~~ pair-breaking energy distribution moves
through the Big phonon frequency as a function of tem-
perature. ' The fact that the Big phonon attenuation does
not drop discontinuously, or even signi6cantly, as in the
case of a superconductor with a well-defined gap,

' is
presumably due to the absence of a distinct gap in
YBa2Cu307-s (see Fig. 2 and Ref. 9). Thus, the temper-
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FIG. 4. Observed temperature dependence of the 340 cm
phonon linewidth I" below T, (open squares), illustrating the
dramatic damping enhancement below the superconducting
transition. The solid line is a guide to the eye.

ature dependence of the Bis phonon linewidth below T, is
further confirmation that the Bis pair-breaking energy at
T 0 peaks at a significantly higher energy than that of
the 340-cm ' phonon.

In conclusion, we have presented strong Raman evi-
dence for substantial superconducting gap anisotropy in
single crystal YBaqCu307 s. Specifically, the quasiparti-
cle pair-breaking peak in the Bis Raman spectrum ap-
pears to occur at a significantly higher energy (-530
cm ') than that found in the His spectrum (-340
cm '). Additionally, in the B&s spectrum suppression of
the low-frequency continuum occurs to much higher ener-
gies than in the A Is spectrum. These results suggest that
the largest gaps are associated with those regions of the
Fermi surface which exhibit large reciprocal effective-
mass differences between the x and y directions. These re-
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suits also suggest that the diversity of gap energies ob-
served by different techniques may simply reflect the large
gap anisotropy apparent in YBa2Cu307 s. Finally, we
have also observed phonon self-energy effects below T, re-
lated to the damping behavior of the 340-cm ' Raman-
active phonon. This phonon exhibits an abrupt linewidth
increase below T, which is thought to arise from phonon-
induced quasiparticle pair breaking. The behavior of this
phonon linewidth with temperature below T, is also con-

sistent with an average 8&s pair-breaking energy (at
T 0) which is significantly larger than the 340-cm
phonon frequency.
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