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High-resolution electron-energy-loss spectroscopy has been used to determine the magnitude and tem-
perature dependence of the energy gap for oxygen-annealed Bi,Sr,CaCu;Os single crystals. Below T,
low-energy excitations are detected in the energy-loss spectra. These spectra are proportional to the
frequency-dependent resistivity, p(w), and thus the energy gap can be determined directly from the on-
set of p(w). We find that at low temperature 2A =6k T, and that A develops sharply for T < T.. The
similarity of these results to the predictions of models that consider spin interactions suggests that higher

T.’s may be obtainable in this material.

PACS numbers: 74.70.Vy, 73.20.At, 74.65.+n

The magnitude, temperature dependence, and symme-
try of the energy gap A(T,k) for the high-temperature
copper-oxide superconductors remain the focus of intense
investigation since A(T,k) provides essential insight into
the microscopic mechanism of superconductivity. The
magnitude of 2A determined from YBa;Cu3;07-;
(YBCO) [1-5] and Bi;Sr,CaCu;03+5 (BSCCO) [6-14]
single crystals have spanned a wide range: 2A=(0-
12)kT,. Several recent investigations seem to converge
upon a value of 2A=(6-8)kT, [1,3,8,9] although consid-
erable controversy still exists concerning the nature of A
[2,14]. Nevertheless, most of the reported values of 2A
significantly exceed the weak-coupling BCS limit of
3.5kT.. A large value of the reduced energy gap, howev-
er, does not alone strongly constrain the mechanism of
superconductivity since it could arise from a number of
factors.

The temperature dependence and symmetry of A can
provide much more powerful constraints on the mecha-
nism of superconductivity, although there has been con-
siderable experimental uncertainty in the details of
A(T,k). Infrared [1] and high-resolution electron-
energy-loss (HREELS) [3] studies of YBCO have sug-
gested that A is only weakly dependent on 7, and, surpris-
ingly, that the gap excitation does not disappear above
T.. Photemission studies indicate that A may be weakly
dependent on temperature for BSCCO samples [7,8], al-
though analyses of the A(T) data have not been reported.
Tunneling measurements suggest that A(T) in BSCCO is
either BCS-like [12] or weakly dependent on temperature
[11). To clarify how the superconducting gap develops
below T., we have carried out detailed temperature-
dependent HREELS studies of BSCCO single crystals.
We find in high-quality annealed crystals that the magni-
tude of 2A is 6kT.. More importantly, these data show
that the energy gap opens sharply at 7, and exhibits little
change in magnitude for T/T. <0.9. These results are
compared to the predictions of conventional models and
theories that consider spin interactions. The similarity of
A(T) to this latter work suggests that higher 7T,’s may be
obtainable in these materials.
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BSCCO single crystals were grown from CuO-rich
melts as described previously [15]. The crystals were an-
nealed for several days at 545°C in 12 atm of O,. This
annealing procedure yields samples that are significantly
more homogeneous than the as-grown crystals. The tran-
sition temperatures and transition widths (90%-10%)
were determined magnetically on all of the single-crystal
samples before the HREELS experiments; the values
were typically 88-89 and 4-6 K, respectively. The
HREELS experiments were carried out using a spectrom-
eter that has been described in detail elsewhere [3].
Briefly, the instrument has a fixed 90° scattering geom-
etry, and was operated such that the inelastically scat-
tered electrons within a 1°-1.5° lobe of the elastically
scattered beam were analyzed. For this regime of small
momentum transfer (g =k'—k =0.001-0.01 A~"), di-
pole scattering theory [16,17] can be used to quantitative-
ly analyze the results as discussed below. The BSCCO
samples were mounted on a cryoprobe and cleaved within
the spectrometer (6x10~'" torr) at 31 K. Similar
temperature-dependent results were obtained on several
independent oxygen-annealed samples. The spectrometer
was calibrated and routinely tested using a cleaved TaS,
sample that was mounted on the cryoprobe with the
BSCCO samples.

A series of temperature-dependent electron-energy-loss
spectra for a sample of BSCCO cleaved at 31 K are
shown in Fig. 1; for reference a spectrum obtained on a
TaS; crystal is also displayed. Immediately evident upon
examination of the low-temperature BSCCO data is the
broad energy-loss peak centered at 60 meV. The intensi-
ty of this loss feature is = 4000 times less than the quasi-
elastic peak at 0 meV. Similar low-energy excitations are
not observed in the energy-loss spectrum for nonsuper-
conducting TaS;. In addition, we find that as the
BSCCO sample temperature is increased (from 31 K) the
intensity of the loss feature at 60 meV decreases, and that
this feature disappears when the temperature is raised
above 7,.. The 60-meV loss feature does, however, reap-
pear when the sample is again cooled below 7.. On the
basis of these temperature-dependent data we assign the
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FIG. 1. (a) Energy-loss spectrum for TaS; obtained at 31 K.
The resolution, which is defined as the full width at half max-
imum of the quasielastic peak, is 7.5 meV. At high sensitivity
(x1000) no energy-loss features are observed on the tail of
this peak. (b) Temperature-dependent energy-loss spectra of
BSCCO recorded on a sample cleaved at 31 K. The resolution
is 6.5 meV. The spectra recorded below T, exhibit an energy-
loss feature at —60 meV. The spectra were recorded sequen-
tially from top to bottom.

new loss feature to pair-breaking excitations of energy
2A.

Previously, HREELS has been used with mixed results
in efforts to determine 2A. For example, several studies
have reported temperature-independent features con-
sistent with optical phonons [10]. Demuth and co-
workers have observed temperature-dependent energy-
loss features on YBCO and BSCCO samples, as well as
temperature-independent features [3]. We believe that
the differences between our present results and previous
studies can be explained by the high-quality samples used
in this investigation. In support of this idea we note that
the relatively high-resistivity surfaces of ‘“as-grown”
BSCCO samples (which poorly screen the electric field)
exhibit the same weakly temperature-dependent optical
phonons detected in earlier studies [18]. In contrast, our

annealed BSCCO samples have low-resistivity surfaces
that yield reproducible and reversible high signal-to-noise
spectra from which we can readily determine 2A. These
observations further reinforce the idea that detailed mea-
surements should be carried out only on high-quality
samples. Below we discuss the analysis of our data ob-
tained on these annealed BSCCO crystals.

The energy-loss spectra can be analyzed by dipole
scattering theory [16,17]. Using this formalism the elec-
tron scattering probability is P(k,k') =A(k,k')(n,+1)
xImg(w,q1), where A(k,k') is a kinematic term in-
dependent of the sample, n, is the Bose-Einstein factor,
and Img is the loss function. In general, the loss function
is related to the dielectric properties of the material:
Img=Im[—1/{l +e(w,q1)}]. A specific model for
&(w,qy) is required to quantitatively calculate the loss
function [3,16]; however, for a high conductivity surface
Img will be proportional to wp(w), where p(w) is the
frequency-dependent resistivity, independent of the de-
tails of this model [19]. Hence, the magnitude of 2A can
be assigned to the onset of p;(w). Since this onset will be
essentially independent of the detailed model chosen to
represent £(w,qy), our experimental determination of 2A
should be considered robust. In addition, we note that
our analysis is more direct than either IR-reflectance
spectroscopy (which requires Kramers-Kronig transfor-
mation of the data) or photoemission spectroscopy (which
requires fitting to a model for the temperature-dependent
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FIG. 2. Plots of the frequency-dependent resistivity obtained
from the analysis of the data in Fig. 1. The solid lines corre-
spond to the best fit of the energy-loss-energy-gain intensity.
The dashed line is an extrapolation to the onset of p;(w).
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density of states). In Fig. 2 we plot the difference of the
energy-loss and energy-gain sides of the spectrum to re-
move background and statistical contributions to the
spectra; these curves are proportional to wps(w). The
data exhibit a clear onset for the pair-breaking excita-
tions [20]. The low-temperature limit (31 K) of the on-
set, 46.0 meV, yields 2A=6.0k7T,. The magnitude of
2A/kT,. is similar to values inferred from several photo-
emission, infrared, and tunneling measurements and sup-
ports our conclusion that the excitations detected in the
HREELS spectra are pair-breaking excitations. The
essential conclusions from this analysis are (1) that the
experimental data are proportional to p;(w) and (2) that
2A can be equated with the onset of p;(w).

A new and key result of this study is the temperature-
dependent behavior of 2A. From Figs. 1 and 2 it is ap-
parent that 2A is only weakly dependent on temperature
below T, although the gap closes rapidly at 7.. These
results are quantitatively summarized in Fig. 3 [21]. A
weak dependence of A below T, has been reported for
YBCO [1,3]. However, in contrast to this work we find
that the pair-breaking excitations disappear at T, and do
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FIG. 3. (a) Temperature dependence of the reduced gap.
The experimental data correspond to the solid circles. The solid
curve is the behavior of A(T) predicted by BCS theory. (b)
Plot of the experimental data (solid circles) scaled by T.op to
yield a weak-coupling limit for the reduced energy gap. The
solid curve corresponds to BCS prediction for T, o, =150 K.
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not persist above 7T.. It is unlikely that this important
diffrence could be attributed to an intrinsic difference be-
tween A(T) in YBCO versus BSCCO. In the previous
HREELS experiment on YBCO it is possible that surface
degradation in vacuum gave rise to an excitation close in
energy to 2A that persisted above T.. The difference be-
tween our HREELS and infrared measurements on
YBCO will, however, require additional work to resolve.
Regardless of these differences we note that our deter-
mination of 2A is straightforward from the raw data [20]
and that the temperature dependence is reversible and
reproducible in the annealed BSCCO samples. We thus
believe that these data provide a strong constraint for
theoretical models. Several possibilities are discussed
below.

First, it is readily apparent that weak-coupling BCS
theory [22] is inconsistent with the magnitude of A and
the sharp opening of A(T) for T < T, [Fig. 3(a)]. A re-
cent strong-coupling model proposed by Arnold, Mueller,
and Swihart provides an excellent fit to A(T) for T < T.
[23]. This model predicts, however, that A will persist
above 7, and thus is in disagreement with our experi-
ments [24]. In contrast to the inconsistent fits of our data
obtained using conventional theory, there appears to be
better agreement with recent models that consider spin
interactions [25,26]. For example, the theory of Pines
and co-workers, which is derived from an antiferromag-
netically correlated Fermi liquid, predicts both large
values of 2A/kT, and a sharp development of A below T,
[25]. These results agree qualitatively with our experi-
mental data. Bandte, Hertel, and Appel have shown that
dynamic pair breaking (e.g., single magnon scattering)
can also yield a large value of 2A/kT, and a sharp devel-
opment of A for T < T, [26]. An important consequence
of these theories is that increased magnetic correlations
depress T, via pair-breaking scattering. Indeed, it is well
known that pair-breaking or inelastic scattering processes
will suppress T, and A(0) [27]. Since T, is reduced more
rapidly than A(0), 2A(0) > 3.5kT.. The sharp onset of
A(T) at T, found in our experiments strongly indicates
that such inelastic processes are important in BSCCO.
Hence, it is interesting to speculate whether it is possible
to obtain a higher or optimal transition temperature,
Tc.op, in the absence of pair-breaking scattering. If we
assume that the coupling interaction is weak, then T op
can be estimated from the weak-coupling limit for the re-
duced energy gap 2A/kT, o, =3.53. Using the value of 2A
determined in this study, we estimate that 7T, ,,=150 K
for the BSCCO system [28]. It will be interesting in the
future to consider whether the spin excitation spectrum
and inelastic scattering processes can be manipulated to
reduce pair breaking and enhance 7.

In conclusion, we have used HREELS to determine the
magnitude and temperature dependence of the energy
gap. The energy-loss spectra can be interpreted in a
straightforward manner as frequency-dependent resistivi-
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ties, p(w), and thus 2A is determined from the onset of
ps(w). We have shown that at low temperature
2A=6kT, and that A develops sharply for 7 < T.. While
these results are inconsistent with conventional theories,
they strongly resemble the predictions of models that con-
sider charge-spin interactions. The similarity of A(T) to
this latter work suggests that higher 7,.’s may be obtain-
able in these materials.

We would like to acknowledge J. E. Demuth, M. Tink-
ham, J. C. Swihart, and L. Mihaly for helpful discus-
sions, Y. L. Wang for providing several of the BSCCO
crystals used in this study, and IBM for the loan of the
HREEL spectrometer. C.M.L. acknowledges support of
this work by the National Science Foundation (DMR-
89-19210), the Harvard NSF-MRL, and the David and
Lucile Packard Foundation.

[1] Z. Schlesinger, R. T. Collins, F. Holtzberg, C. Feild, G.
Koren, and A. Gupta, Phys. Rev. B 41, 11237 (1990).

[2] K. Kamaras, S. L. Herr, C. D. Porter, N. Tache, D. B.
Tanner, S. Etemad, T. Venkatesan, E. Chase, A. Inam,
X. D. Wu, M. S. Hegde, and B. Dutta, Phys. Rev. Lett.
64, 84 (1990); D. B. Romero, G. L. Carr, D. B. Tanner,
L. Forro, D. Mandrus, L. Mihaly, and G. P. Williams,
Phys. Rev. B 44, 2818 (1991).

[3]1 ). E. Demuth, B. N. J. Persson, F. Holtzberg, and C. V.
Chandrasekhar, Phys. Rev. Lett. 64, 603 (1990); B. N. J.
Persson and J. E. Demuth, Phys. Rev. B 42, 8057 (1990).

[4] J. R. Kirtley, Int. J. Mod. Phys. 4, 201 (1990).

[5]1 M. Gurvitch, J. M. Valles, Jr., A. M. Cucolo, R. C.
Dynes, J. P. Garno, L. F. Schneemeyer, and J. V.
Waszczak, Phys. Rev. Lett. 63, 1008 (1989).

[6] J.-M. Imer, F. Patthey, B. Dardel, W.-D. Schneider, Y.
Baer, Y. Petroff, and A. Zettl, Phys. Rev. Lett. 62, 336
(1989).

[7]1 C. G. Olson, R. Liu, A.-B. Yang, D. W. Lynch, A. J.
Arko, R. S. List, B. W. Veal, Y. C. Chang, P. Z. Jiang,
and A. P. Paulikas, Science 245, 731 (1989).

[8]1 D. S. Dessau, B. O. Wells, Z.-X. Shen, W. E. Spicer, A.
J. Arko, R. S. List, D. B. Mitzi, and A. Kapitulnik, Phys.
Rev. Lett. 66, 2160 (1991).

[9] Y. Hwu, L. Lozzi, M. Marsi, S. La Rosa, M. Winokur, P.
Davis, M. Onellion, H. Berger, F. Gozzo, F. Levy, and G.
Margaritondo, Phys. Rev. Lett. 67, 2573 (1991).

[10] M. K. Kelly, Y. Meng, Y. Hwu, Y. Chang, Y. Chen, G. J.
Lapeyre, and G. Margaritondo, Phys. Rev. B 40, 11309
(1989).

{11} M. Boekholt, M. Hoffmann, and G. Guntherodt, Physica
(Amsterdam) 175C, 127 (1991).

[12] N. Miyakawa, D. Shimada, T. Kido, and N. Tsuda, J.

Phys. Soc. Jpn. 59, 2473 (1990).

[13] Q. Huang, J. F. Zasadzinski, K. E. Gray, J. Z. Liu, and
H. Claus, Phys. Rev. B 40, 9366 (1989); J.-X. Liu, J.-C.
Wan, A. M. Goldman, Y. C. Chang, and P. Z. Jiang,
Phys. Rev. Lett. 67, 2195 (1991).

[14] T. Staufer, R. Nemetschek, R. Hackl, P. Muller, and H.
Veith, Phys. Rev. Lett. 68, 1069 (1992).

[15) X. L. Wu, Z. Zhang, Y. L. Wang, and C. M. Lieber, Sci-
ence 248, 1211 (1990).

[16] H. Ibach and D. L. Mills, Electron Energy Loss Spec-
troscopy and Surface Vibrations (Academic, New York,
1982).

[17] B. N. J. Persson and J. E. Demuth, Phys. Rev. B 30, 5968
(1984).

[18] It is interesting that transmission IR measurements on
BSCCO exhibit a weak feature at 12k7. (=85 meV)
which persists above T. [2]. The weakly temperature-
dependent excitations that we detect in our high-
sensitivity HREELS measurements of as-grown BSCCO
samples are similar in energy (85-90 meV); however, we
do not attribute these excitations to a gap since they per-
sist to room temperature.

[19] In general, we can write e(w,qy) =4nic(w)/w+e(w,q1),
where &(w,q1) and o(w,qy) are complex numbers, and
8e(w,qn) corresponds to the dielectric contributions from
surface phonons and other excitations [16]. In the limit
of high surface conductivity, which corresponds to our an-
nealed BSCCO samples, the dielectric response reduces to
e(w,qn) = 4nioc(w)/w. Thus Iml[1/{1 +e(w,q1)} ] =Imlw/
4ric(w)]=(w/47)Rep(w); that is, we directly measure
the real part of the complex resistivity in this paper.

[20] Sensitivity analysis shows that the errors in the onset en-
ergies are < 10%.

[21] We also note that if 2A is assigned to the peak in the
ps(w) data (Fig. 2), the same temperature dependence is
observed although scaled to a larger value of the reduced
energy gap, 2A =7.8kT..

[22] J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev.
108, 1175 (1957).

[23]1 G. B. Arnold, F. M. Mueller, and J. C. Swihart, Phys.
Rev. Lett. 67, 2569 (1991).

[24] The excellent agreement with our data below T, suggests
that additional investigation of this model [23] is warrant-
ed.

[25] P. Monthoux, A. V. Balatsky, and D. Pines, Phys. Rev.
Lett. 67, 3448 (1991).

[26] C. Bandte, P. Hertel, and J. Appel, Phys. Rev. B 45, 8026
(1992).

[27] Y. Wada, Rev. Mod. Phys. 36, 253 (1964).

[28] We can further test the validity of this idea by measuring
A(0) in BSCCO samples with different 7.'s. For exam-
ple, increases in 2A/kT, as T, is reduced would be con-
sistent with our proposal.

3243



