Doping-Induced Change of Superconducting

Gap Anisotropy in

251,Ca,Cu,0g, 5
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High-resolution angle-resolved photoemission measurements were performed on single
crystals of Bi,Sr,Ca,Cu,O4. ; with different oxygen stoichiometries. The data establish
that the gap anisotropy (ratio of the gap along I'-M to the gap along I'-X) can be reversibly
changed from ~20:1 (optimal or underdoped) to ~2: 1 (overdoped). Differences in sample
doping explain the conflicting reports on gap anisotropy in the literature. Possible effects
of this change in gap anisotropy on the symmetry of the order parameter are discussed.
There remains some ambiguity as to the relation between the order parameter and doping.

The symmetry of the order parameter in
high-temperature superconductors is an ex-
tremely interesting, widely investigated,
and controversial subject. A knowledge of
the symmetry can he used to distinguish
possible mechanisms responsible for the
high superconducting transition tempera-
tures in the cuprates. In our recent work (1,
2), we developed the hypothesis that the
congroversy stems from previously unno-
ticed doping effects. In addition, several re-
cent theoretical analyses (3-5) have argued,
on different grounds, that the order param-
eter has two components with relative
weights that change with stoichiometry.
Basically, the controversy concerns ex-
perimental evidence in support of several
possible symmetries of the order parameter.
In superconductivity, rescarchers use the
terms “s-wave” and “conventional” order
parameter to mean that the symmetry of the
order parameter is the same as that of the
crystal lattice. Low-temperature supercon-
ductors are conventional and, at low tem-
peratures, exhibit no nodes in the supercon-
ducting gap anywhere on the Fermi surface.
Some of the tunneling data on YBa,-
Cu,O;__ support an s-wave symmetry in
accord  with  Bardeen-Cooper-Schrieffer
(BCS) theory, with no nodes in the gap (0).
Other tunneling data (7), penetration
length data (8), and some phase-sensitive
work (9) on YBa,CuyO- _ _support a d-wave
symmetry with nodes in certain directions.
Some of the angle-resolved photoemission
data on Bi,Sr,CaCu,Oy, . also support a
d-wave symmetry (10, 11), or more conser-
vatively, suggest that the order parameter
must be at least partly unconventional (12—
[4). In addition, several authors have pro-
posed modified s-wave symmetries, such as
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extended s-wave (11, 15), that have nodes
but exhibit the symmetry of the lattice.
Finally, there have been proposals that the
gap symmetry includes two components,
the relative weights of which change with
stoichiometry (3, 5, 16). Unfortunately, ex-
perimental results by different reputable au-
thors seemed to support conflicting symme-
tries, thus failing to provide a solid base for
theory.

We performed high-resolution angle-re-
solved  photoemission  experiments on
Bi,Sr,Ca;Cu,Oy., 5 samples with different
oxygen dopings. When samples are cooled
below the superconducting transition tem-
perature (T.), a gap A(k) (dependent on
momentum k) opens up at the Fermi surface
in the single-particle photoemission excita-
tion spectrum. Photoemission measures the
magnitude and momentum dependence of
the gap (the order parameter) but not the
sign of the order parameter.

The interpretation of much of the previous
experimental work has implicitly assumed
that the gap symmetry is the same for all
materials and stoichiometries. We initiated
the present study to determine whether the
gap anisotropy in Bi,Sr,CaCu,Oy,  was in
fact invariant with respect to stoichiometry.
We found that the gap along the I'X (k, =
k,) direction changes dramatically (by at least
a factor of 10) with the oxygen stoichiometry,
whereas the gap near the M point is virtually
unaffected (I'-M is the k_direction in recip-
rocal space, the Cu-O-Cu bond axis in real
space). These results are consistent with a
two-component order parameter (3, 5, 10);
however, a modified s-wave order parameter
(11, 15) cannot be ruled out.

Single-crystal samples of Bi,Sr,Ca,Cu,-
Oy.5 were grown by the self-flux method
(17). High-quality crystals as large as 2 cm
by 1 ecm were produced in this fashion. Our
x-ray analysis showed that the samples were
free of secondary phases to better than 2%
(the limit of resolution). Selected crystals
were overdoped by annealing in oxygen at
550°C for 4 days, and oxygen was removed
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from other crystals by annealing in argon at
700°C for 2 days. Samples were then mea-
sured by four-point resistivity or ac suscep-
tibility. Argon-annealed samples had a T,
= 92 K (optimally doped); oxygen anneal-
ing produced a T_ = 85 K, with transition
widths as narrow as 0.5 K (18) (measured by
susceptibility for both types of samples).
The final test of sample quality was con-
firmed by in situ analysis. The samples were
optically flat before cleaving, which was
done at temperatures below 40 K. The sur-
face quality was checked by both optical
reflectivity and low-energy electron diffrac-
tion (LEED). The LEED provided a sensi-
tive measure of surface order, an important
point in retaining a well-defined photoelec-
tron wave vector. If we obtained a well-
ordered electron diffraction pattern at a
kinetic energy of 25 eV or less, then the
surface was considered to be of high quality.
Angle-resolved photoemission spectrosco-
py was performed at the Wisconsin Synchro-
tron Radiation Center in Stoughton, Wiscon-
sin, with the 4-m normal incidence mono-
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Fig. 1. A series of angle-resolved photoemission
spectra of an overdoped sample (annealed in ox-
ygen) for different azimuthal angles 6 along the I'-X
direction (resolution, 50 meV; sample tempera-
ture, 20 K; photon energy, 21 eV). Arrows indicate
the location of the dispersing quasi-particle state,
referenced to the Fermi energy at O eV. The state
disperses through the Fermi energy at an angle of
14°. (Inset) Fermi surface calculated by Massida
et al. (21). Open circles illustrate locations in the
Brillouin zone at which spectra were taken; the
closed circle marks the Fermi surface crossing.
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chrometer. The combined Gaussian energy
resolution of the analyzer and the beamline
was 15 to 25 meV as determined on a gold
reference film. Fresh gold was periodically
evaporated so that frequent calibrations of the
Fermi energy E; and resolution could be
made. The angular resolution was =1°.

Samples were transferred into the analysis
vacuum chamber by way of a load lock cham-
ber. This ensured that the samples were never
baked, to avoid a loss of oxygen. The base
pressure of the load lock chamber was 5 X
107 torr, and that of the main analysis cham-
ber was 5 X 107! to 8 X 107! torr. Samples
were loaded onto a cold finger and cleaved in
situ at less than 40 K. We then performed
LEED to test surface quality and orient the
samples, which could be rotated about their
surface normal in situ at low temperature.
Orientations of *1° were obtained. Temper-
ature stability of +1 K was obtained with a
cryogenic temperature controller.

To determine the location of the Fermi
surface, we used the criterion that the state
has crossed the Fermi energy when a sudden
decrease follows an intensity maximum. In
data from an overdoped sample at 20 K (Fig.
1), a peak rapidly disperses between 8° and
14°, where it reaches a maximum. At 16° the
peak is much reduced in intensity. In the
superconducting state, this piling up of quasi-
particle density of states persists past the
Fermi level. A reduced feature can still be
seéen at 18° and even appears to be pulled back
slightly from Ep.. Here the Fermi level is be-
tween 14° and 16°. Use of a different angle

would give an anomalous shift to the leading
edge of the spectra, which could be mistaken
for a larger gap value at say 18°.

Figure 2 shows data taken at the Fermi
level crossing along the high-symmetry direc-
tions for an argon-annealed (underdoped)
sample. The sizes of the gap, Ay(k, =k ) =0
+ 2 meV and Ay = 17 £ 2 meV, were
determined from the shift in the leading edge
of spectra from the gold Fermi edge. This
measurement is the most straightforward way
to obtain a value for the gap. Other methods
have been derived to fit a model function to
the data. Values for the gap obtained by dif-
ferent methods were equally consistent (2).
We adopted this method because we are pri-
marily concerned with relative anisotropy
changes rather than in absolute gap values.
The results are consistent with previous pho-
toemission results (10), which indicate a van-
ishing gap along the I'-X direction (Fig. 2B).
Photoemission resolution does not allow us to
say that the gap along I'-X is zero: The data
indicate that Ay = 2 meV. This low value has
been interpreted as evidence for adz_ > sym-
metry superconductor (10). A

The corresponding data for an oxygen-
annealed (overdoped) sample (Fig. 3) indi-
cate gap sizes of Ay = 10 £ 2 meV and Ay,
= 22 = 2 meV. The value along the I'-X
direction is dramatically different from
that of the underdoped sample (Fig. 3B).
Note that for both Figs. 2A and 3A the
gap along the I'-M direction remains large
(17 = 2 and 22 * 2 meV, respectively).
The data indicate that overdoped samples

exhibit an increase in the size of the gap
along the I'-X direction without signifi-
cantly affecting the size of the gap along
the I'-M direction. The anisotropy be-
tween the I'-X and I'-M direction decreas-
es with oxygen doping from A, /Ay = 20
for underdoped samples to A/Ay = 2.2
for the oxygen-annealed crystal.

We took several precautions to avoid
experimental artifacts. We reproduced the
entire data set of Figs. 2 and 3 four times on
different samples. We also checked parts of
the data set (Fig. 2 or 3) an additional 11
times. Furthermore, we determined that the
Fermi surface crossing in the I'-X direction
was the same, within 0.5°, for the two types
of samples.

There was the possibility that the gap
could have become more isotropic as a result
of increased scattering. We performed sever-
al measurements on the two types of samples,
including ab-plane and c-axis resistivity,
transmission electron microscopy, c-axis su-
percurrent in applied magnetic field, and
normal state angle-resolved photoemission.
Some of these results have already been re-
ported elsewhere (18). Earlier reports (18)
indicate that the extrapolated residual ab-
plane resistivity was lower for the samples
with more oxygen. The results indicate that
there is less scattering from overdoped sam-
ples and that the larger gap observed in the
['-X direction for overdoped samples is not
caused by increased scattering (19).

Ding et al. (14) suggested that their ob-
servation of a nonzero gap in the I'-X di-

AT g T e AT g T T e e
-y 1z 1T : 1 Y z Y iz
L S r-Mm A LY Z i L L I S

: : - Oxygen :
I M . Argon 1 r M : r-X 1 r ve L M Oxygen |
L : . . Argon L _

: r : b r -
- i 1 L X i LT X [ X 1

Intensity (arbitrary units)

FENSTIN RYAEVEVEN A A RTEraS AR

PR

PENEEVI BYRVETErS ETAETETE VAT A

Intensity (arbitrary units)

-0.10 -0.05 0.00 0.05
Binding energy (eV)

Fig. 2. Superconducting state angle-resolved photoemission spectra of an opti-
mally doped (annealed in argon) sample with T, = 92 K (sample temperature, 30
K; photon energy, 21 eV). (A) Spectrum taken at the Fermi surface along the I'-M
symmetry direction (solid line), and gold Fermi edge reference spectrum (dashed
line). (B) Spectrum taken at the Fermi surface along the I'-X symmetry direction
(solid line), and gold Fermi edge reference spectrum (dashed line). (Inset) Fermi
surface calculated by Massida et al. (27). The closed circle illustrates the location
at which the superconducting state spectrum was taken.
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Fig. 3. Superconducting state angle-resolved photoemission spectra of an
overdoped sample (annealed in oxygen) with 7, = 83 K (photon energy, 21
eV). (A) Spectrum taken at the Fermi surface along the I'-M symmetry direc-
tion (solid line), and gold Fermi edge reference spectrum (dashed line). (B)
Spectrum taken at the Fermi surface along the I'-X symmetry direction (solid
line), and gold Fermi edge reference spectrum (dashed line). (Inset) Fermi
surface calculated by Massida et al. (27). The closed circle illustrates the
location at which the superconducting state spectrum was taken.



rection was the result of the purely odd
light-polarization symmetry of the normal
state in this direction for their samples. As
we reported earlier (20), and confirmed in
this study, our normal state for overdoped
samples is of mixed symmetry. Our observa-
tion of a nonzero gap along the I'-X direc-
tion for overdoped samples thus seems an
intrinsic effect attributable to doping.

Several important conclusions stem di-
rectly from our data. Because the gap along
the I'-X direction is nonzero for the over-
doped samples, such samples cannot possess
a pure d,:__: superconducting order-parame-
ter symmetry. However, the optimally doped
and underdoped samples exhibit a very small
gap in the I'-X direction, small enough to be
consistent with pure d:_ : symmetry.

We considered several possible models in
light of our data. The extended s-wave model
proposed by Varma and co-workers (15) indi-
cates that the gap nodes would appear at
different Brillouin zone locations as the size of
the Fermi surface changes. We observed no
change in the Fermi wave vector in the I'-X
direction between the two types of samples,
indicating that this part of the Fermi surface
did not appreciably change its size. Given that
the change in Fermi surface might be smaller
than our experimental uncertainty, however,
we can neither rule out nor explicitly support
an extended s-wave model.

Our present data are consistent with an
anisotropic s-wave order parameter. Howev-
er, the gap must become more anisotropic
for underdoped samples; this experimental
result will constrain such theoretical models.
The data are also consistent with a two-
component order parameter (2), with the
relative weights of the two components
changing with stoichiometry (3-5). Such
models (3-5) predict that the gap minima
(or nodes) change location as the relative
weight of the two components changes.
There is the possibility that the nodes in the
gap function shift with doping (13, 14).
Because we measured the gap only along the
high-symmetry directions, we can neither
confirm nor exclude this possibility.

In summary, we have reproducibly and
reversibly changed the superconducting gap
anisotropy from ~20:1 to ~2:1 by chang-
ing the oxygen doping. The data distinguish
among some theoretical models and con-
strain other models. Our data provide a
solution for the apparent conflict between
carlier photoemission reports as to whether
there is a zero in the gap along the I'-X
direction in the Brillouin zone.
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Model Estimations Biased by Truncated Expansions:
Possible Artifacts in Seismic Tomography

Jeannot Trampert® and Roel Snieder

In most linear imaging problems, where the model to be sought is expanded in a set of
basis functions, it is common practice to truncate the set at a certain (arbitrary) level. The
solution then depends on the chosen parameterization, and neglected basis functions
may leak into the solution to produce artifacts in the retrieved model. An unbiased estimate
of the coefficients of the true model may be obtained in the chosen finite basis set; here,
amethod to suppress leakage is illustrated on an example of global seismic tomography.

A linear inverse problem is defined as one
in which the data are linear functionals of
the model. Specifically, a datum, d;, is re-
lated to the unknown model m(r) by

d; = G(r)m(r)dr (1)

where G,(r) represents the known data ker-
nels derived from theory. There are many
ways of inferring models from data (I, 2).
We have restricted our discussion here to
the convenient case where the model to be
sought is expanded in a complete set of
basis functions B; such that

m(r) = zg,Bj(r) (2)

j=1

Such an approach applies to a large class of
interpolation, spectral analysis, and imaging
problems in astronomy, geophysics, and
medicine. Many different parameterizations
(choices of basis functions) are possible, but
as long as the chosen set is complete, they
are all equivalent. To describe the model
fully, the set of basis functions must be
complete, and hence the summation in Eq.
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2 has to be carried out to infinity. This
would lead to an ill-posed inverse problem.
In practice, we are limited by the finite
resolution of the data, so that we have to
choose an upper limit, L, for the expansion.
This leads to a classical linear inverse prob-
lem for L coefficients, < which may be
represented by the matrix equation

d = Ac (3)

where the matrix A is defined by A, =
fG,(r)Bi(r)dr. The truncation of the expan-
sion leads to a smoothed estimation of the
true model, regardless of the real smooth-
ness properties of the true model. General-
ly, we have no precise a priori knowledge of
the unknown function m(r), and our choice
of L is guided by technical questions, such
as the size of the inverse problem. Any real
structure unrepresented by the finite num-
ber of basis functions fixed by L may pro-
duce a bias in our estimate of the low-order
expansion of the true model.

We will show here that lealkage may
occur from neglected basis functions to
the finite number of estimated coefficients
and that inhomogeneous model sampling
is responsible for this bias (3, 4). We are
thus confronted with the undesirable prop-
erty that the model depends on the way it is
sampled. We present here a mathematical
formulation that takes the complete un-
known model structure into account and
suppresses leakage with the use of a weighted
least-squares algorithm. The weighting ma-
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