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Temperature and doping dependence of the Bi-Sr-Ca-Cu-O electronic structure
and fluctuation effects
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Angle-resolved photoemission data from bulk Bi2Sr2CaCu2O81d show changes in the excitation gap and line
shape versus both doping and temperature. We employ two different quantitative analyses; one to search for a
gap closing temperatureT!, and the other to further characterize its relation to the superconducting transition
temperatureTc . We present observations of the sharp feature near crystal momentumk5(1,0) in supercon-
ducting spectra, and its temperature and doping dependence. This temperature dependence is analyzed together
with the shift in the spectral weight’s lowest binding energy~leading edge!. Finally, we find evidence for
persistence of this sharp peak at temperatures slightly aboveTc . @S0163-1829~97!06442-4#
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Recent angle-resolved photoemission experiments re
evidence for an excitation gap in the normal state of und
doped high-temperature superconductors~HTS!.1,2 This gap
is similar in magnitude and momentum dependence to
superconducting gap, implying that the two have a comm
origin. These results are in concert with observations o
pseudogap by other experimental techniques, and are co
tent with theories of electronic pairing well above the sup
conducting transition temperatureTc .3 In this picture, phase
fluctuations play a critical role in the temperature interv
between the mean-field pairing temperatureT!, and the glo-
bal superconducting transition temperatureTc . This suggests
that strong fluctuation effects are an important hallmark t
distinguish the HTS from the conventional superconducto

In this paper, we report results of an angle-resolved p
toemission~ARPES! study of Bi2Sr2CaCu2O81d ~Bi2212!,
focusing on the doping and temperature dependence o
spectral line shape. In the superconducting state, we obs
a resolution limited peak near~p,0!. This persists to a tem
perature very close to, but slightly aboveTc , indicating that
feature is related to the superconducting state. As the t
perature approachesTc from below, this peak moves slightl
towards lower binding energies, consistent with a reduct
in the superconducting gap. On the other hand, this reduc
is far smaller than what one would expect from the compl
gap closure indicated by the BCS theory; this is consis
with the earlier report of an excitation gap in the norm
state. At temperatures aboveTc , although the sharp peak i
absent, the spectra’s low energy~leading! edge nearEF show
a significant energy shift, implying the presence of an ene
gap. The difference in leading edge energy position betw
the (1,0)→(1,1) cut ~near maximumd-wave gap! and the
(0,0)→(1,1) one~no d-wave gap! is detectable up to a tem
perature roughly twice the superconductingTc . ~We write
crystal momenta in units ofp/a, wherea is the lattice con-
stant.! We will also discuss the doping dependence of
spectral line shape, and the persistence of the sharp
slightly aboveTc .
560163-1829/97/56~21!/14185~5!/$10.00
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We measured bulk single crystals of Bi2212, annealed
achieve the desired carrier doping.4 These samples wer
comparable in quality to typical Bi2212 crystals; all sho
strong dispersion along the (0,0)→(1,1) direction, and all
have superconducting transition widths of 2 K or less as
measured by superconducting quantum interference de
magnetometry. The samples were optically flat, and show
clean Laue patterns. The data were collected with a Scie
SES-200 analyzer, mounted on a UHV system with a heli
lamp light source. The total energy resolution was 20 me
with an angular acceptance of61°, and base pressur
4310211 torr. Fermi levels and resolution were determin
by measuring a gold reference in electrical contact with
sample.

Figure 1 shows the temperature dependent ARPES da
~1,0! from an underdoped Bi2212 sample (Tc579 K).5 This
crystal momentum does not correspond to a Fermi surf
crossing, but the dispersive feature is close to the Fe
level, and it is the point at which adx22y2 gap has its maxi-
mum. At low temperature, the feature has two distinct co
ponents: a broad, incoherent structure at around 150 m
binding energy, and a sharp, resolution limited peak at
meV, which disappears in the normal state. Unlike the ot
ARPES features seen in Bi2212, this sharp peak’s damp
is small enough that it can be identified as a quasiparticle.
such, one might expect its energy to shift as the gap ma
tude changes. Strikingly, however, the sharp peak’s mo
ment with temperature is very small. This lack of moveme
implies that the excitation gap does not close atTc .

In an effort to explore the relation betweenTc and T!

quantitatively, we use the following technique. As shown
Fig. 2, we decompose the~1,0! line shape into the two com
ponents discussed above, and fit the sharp peak. The
binding energy slope of the broad piece is visible betwe
the sharp and broad peaks, and again near the backgr
level; these two regions are fit to a second order polynom
interpolating the broad feature’s leading edge and thus
lowing isolation of the sharp feature. The sharp peak
14 185 © 1997 The American Physical Society
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14 186 56A. G. LOESERet al.
tracted in this way fits very closely to a resolution broaden
Lorentzian feature, shown in Fig. 2~B!. We use this method
to provide a systematic, quantitative measure of the sh
feature’s position and width.

We measured two samples withTc579 K ~underdoped!
and 86 K~overdoped! over a broad range of~superconduct-
ing! temperatures, and characterized the sharp feature. I
estingly, the full width at half maximum was fairly consta
in both cases, with 1661 meV for the underdoped sampl
and 1861 meV for the overdoped one. Both widths in
creased roughly 4 meV in the last 10 K belowTc . Details of
these and other measurements will be available elsewh6

As mentioned above, the peak position in Fig. 2~C! moves
only slightly over the range of superconducting tempe
tures.

Under the assumption that this peak is a Bogoliub
excitation,7 one can infer the gap magnitudeDk from the
peak positionAek

21Dk
2 whereek is the kinetic energy of the

quasiparticle. The low-temperature value ofDk can be deter-
mined by examining the (1,0)→(1,1) Fermi surface cross
ing. While thedx22y2 gap changes by less than 4% betwe
~1,0! and the crossing,ek reaches zero when the quasipartic
crosses the Fermi energy. The minimum binding energy
the sharp peak along this cut is roughly equal toDk ; in the
case of the underdoped sample at low temperature, th
just over 40 meV. Plugging this number into the equation
the peak position implies anek between 10 and 15 meV fo
momentum~1,0!.

Figure 2~C! shows the experimental peak position fro
the two samples. At first glance, this peak energy appear
be temperature independent. A more detailed inspec
shows that its energy decreases slightly as one approachTc
from below. A possible interpretation is that the gap will
closed at a temperature far aboveTc , and the superconduct

FIG. 1. Temperature dependence of raw data, taken at~p,0!.
The inset shows the position of the measurement in the Brillo
zone.
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ing transition temperature itself is determined by other f
tors. With the reasoning from the previous paragraph, we
obtain information aboutT! from the temperature depen
dence of the Bogoliubov excitation energy. The temperat
dependence of the gap in weak coupling theory8 is superim-
posed on Fig. 2~C!, after adjustment for a nonzeroek , with
an assumed zero temperature gap of 40 meV, and a cri
temperatureTc . The model energy curves are drawn
match ek of the underdoped sample, indicated by the da
squares. Clearly, the curve is not close to the experime
data. In this model, the trouble with the curve is that it co
responds to a gap closing atTc ; by analogy to weak cou-
pling theory, this is further evidence that the gap actua
closes at aT! which is significantly higher.

Of course, the measurement of a superconducting s
feature will be insufficient to determine the value ofT!, but
we show a curve withT!52.0Tc just for comparison—it has
a much better fit with the underdoped data. The point of t
method is not to identify a pairing mechanism, but rather
show what parameters are consistent given a common
sumption. Interestingly, the overdoped data points also im
a gap function which persists well aboveTc ; we will return
to this issue later.

We should point out that this method of gap determin
tion is different from that which we have used in the pa
Here, we rely on the assumption that the sharp peak is ind
due to a Bogoliubov excitation, with behavior analogous
the weak coupling case. This technique has the disadvan
that it cannot measure the gap aboveTc , making direct mea-
surement ofT! impossible. Another method of gap determ

FIG. 2. Analysis of the sharp feature as a Bogoliubov excitati
~A! The superconducting line shape at~p,0!. ~B! The fitting
procedure—a broad, sloping leading edge is subtracted from
data, and the difference is fit with a resolution-broadened Lore
ian peak.~C! Comparison of measured peak position, and the po
tion expected for the underdoped sample, for two gap closing t
peratures.
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56 14 187TEMPERATURE AND DOPING DEPENDENCE OF THE . . .
nation is to find the shift in the leading edge between spe
taken for crystal momenta where the gap is expected to
large, and small.1 Here, large qualitative changes in the lin
shape will confuse the technique, since the leading edge
ergy is simply a heuristic measurement. Fortunately, ther
no such change aboveTc , especially in the underdope
samples, so we can use the leading edge measureme
obtain information aboutT!.

To find the temperature dependence of the normal s
gap’s magnitude we measured samples in the tempera
range from 60 to 300 K, from the superconducting state
the highest temperature at which the dispersive features
still clearly evident. At each temperature, a pair of crys
momentum cuts were taken which cross the apparent lo
density approximation Fermi surface along the (0,0)→(1,1)
direction, where adx22y2 gap has its node, and along th
(1,0)→(1,1) direction near~1,0!, where the gap is large. Fo
each cut, we measured the minimum binding energy of
ARPES spectra’s leading edge~LE!. This allows us to char-
acterize the gap through the shift in LEs at the twok values,
a heuristic described in an earlier paper,1 where we argue
that a leading edge shift is evidence for the existence o
anisotropic excitation gap.

Figure 3 shows LE data from two underdoped samp
Panel 3~A! shows, for a single sample (Tc584 K), the LE
binding energies from the two momentum cuts, as a func
of temperature. Some of the movement in the LE points
due simply to the changing line shape. As the tempera
increases, the Fermi function broadens, changing the bin
energy of the LE regardless of the gap value. Also,
broadening Fermi cutoff and decrease in intensity leads
higher uncertainty in the determination of the edge midpo
a trend which is reflected in the error bars. At higher te
peratures, the LE movement towards negative binding
ergy may be due to the changing ratio between the width
the dispersive feature and the Fermi function. We measu
the gold reference at each temperature, to catch any dri
the Fermi level. It is possible that the dispersive featur
linewidths start to differ at higher temperatures, leading
the slight separation of LE values. Due to the low intens
as the temperature increases above 250 K, it is unclea
what extent this effect exists. Still, at lower temperatures,
difference in LEs will be a robust indicator of the anisotrop
gap.

In measuring this gap, it is important to note that we a
measuring the difference in the LE of spectra from two m
menta. Here, the LE is indicative of the lowest energy ex
tation available at that momentum, but not equal. Its ac
position is also determined by the ratio of net linewidth~in-
cluding dispersion! to Fermi function width, and by the in
strument resolution. Every good Bi2212 sample will yie
spectra from the (0,0)→(1,1) direction in which the LE
binding energy is negative by several meV. Clearly this
different from the~strictly non-negative! excitation gap, so
the LE binding energy is at least offset from that value. He
we take the shift between spectra from twok values where
the dispersive feature has a similar linewidth. In this case,
offset from the gap value should cancel to within one or t
meV, and yield a measurement of the anisotropic compon
in the gap function. In the context~largely accepted in the
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e

n-
is

t to

te
re

o
re
l
l-

e

n

s.

n
is
re
ng
e
to
t,
-
n-
of
ed
in
’

o
y
to
e

e
-
i-
al

s

,

e

nt

community! of a gap with mostlydx22y2 symmetry, the LE
shift is indeed indicative of the maximum excitation ga
magnitude.

Figure panel 3~B! presents the LE shift from the data i
panel 3~A!, along with ~noisier! data from another sampl
with the sameTc . Consistent with more detailed compar
sons between the normal and superconducting state,1 there is
no great change in the LE shift at the superconducting tr
sition. Rather, there is a smooth, decreasing curve wh
reaches zero at roughly 200 K, which we will take as
ARPES data point forT!. Another recent study also derive
values forT!,2 with numbers that interpolate to roughly 70
lower. In this study, however, it is stated that the leadi
edge position was in fact measured relative to the Fe
energy, instead of another leading edge at a different m
mentum point; one would expect that this lowers the infer
gap values, and thereby also lowersT!. Our second sample
is also consistent withT!5200 K. This T! should be re-
garded as the temperature below which the gap is detect
by ARPES. The relatively poor energy resolution of ARPE
makes it difficult to observe small~compared to the maxi-
mum magnitude! gaps; the temperature reported here is
lower bound.

FIG. 3. Leading edge shift vs temperature, for two samples.
top panel shows the leading edge midpoint energies along two
dicated momentum cuts, for a single sample. The bottom pane
leading edge shift from the same sample~dark squares! and noisier
data from the second sample~open circles!.



a
et
t
f
a

ll
tu
en
a
h
s

oa
le

p

in
e
a

a
m
ry
he

y-
a

en
d

er
u
d

v

b
ak
m
n

ov
he
d
od
s
ig
c

,
h
to
A

-
he
ply
ost
t-

col-
le

a
Fig.
s, at
s
u-

ear-
ate
ge

e, as
es.
a
n to
was
the
er-

tion
ay
go
e to

ust

the

f

st
oad

es

14 188 56A. G. LOESERet al.
Here, there are two technical issues which we must
dress. First, the apparent discrepancy in the gap value d
mined by the two methods deserves an explanation; i
rooted in the different criteria used in the two cases. I
Bogoliubov quasiparticle is clearly identifiable, then th
technique may give a result closer to the realD value, pro-
vided e is known. If a Bogoliubov quasiparticle is not we
defined in the spectrum, i.e., one only sees a broad fea
then one must use the LE shift criteria for gap measurem
Although the magnitude of the LE shift is not exactly equ
to the gap, it is a sufficient measurement for identifying t
value ofT!. In the past, the LE shift has been used succe
fully to identify the superconducting gap anisotropy.9 This
result was corroborated by a study in which even the br
features were fit using the Bogoliubov quasipartic
formalism.7

Second, the implication~from Bogoliubov quasiparticle
analysis! that the overdoped (Tc586 K) sample has a ga
well above Tc deserves further attention@see Fig. 2~C!#.
Even though the gap is smaller in magnitude at this dop
~the normal stateek is higher!, one cannot draw a suitabl
curve for a gap closing atTc . In fact, recent tunneling dat
suggests that the gap may not close~in the conventional
sense! regardless of doping, at all.10 In our analysis, the pair-
ing onset does not coincide with superconductivity even
higher carrier dopings; of course, one may also want to co
pare the data with predictions of strong coupling theo
rather than weak coupling theory. Future studies of hig
doping levels are important.

This result is not consistent with that of LE shift anal
sis. From the LE criteria, the 86 K sample has a very sm
gap because of the small LE shift from the (0,0)→(p,p)
cut to the (p,0)→(p,p) cut. There are also results11 from
a further overdoped sample (Tc578 K), in which the
LE gap is zero, but there is a~smaller! Bogoliubov quasi-
particle gap. This discrepancy stems from the differ
methods used, and further studies in this area are nee
Although our methods may not be able to pinpointT!, they
do provide a qualitative picture in which the gap in und
doped samples does not close until a temperature m
higher thanTc , with signs of similar behavior in overdope
samples.

If the gap does not close until temperatures well abo
Tc , but the sharp feature at~p,0! disappears nearTc , then
this feature must not be indicative of a gapped state,
rather of superconductivity. The exact origin of this pe
is not known; to support the model used above, it is i
portant to make a distinction between the sharp a
broad parts of the spectrum; past studies have not pr
ded explicit evidence for their separate origin. After t
original report of the line shape,12 papers have argue
that the features are not due to separate dispersive m
in the excitation spectrum.13,14 While we cannot addres
the origin of the broad part of the spectrum here, F
4~A! provides an important clue, the doping dependen
The figure shows ARPES spectra fromk5(1,0) for an
underdoped (Tc579 K) and an overdoped (Tc586 K)
sample. Since theTc vs doping curve is flat at the top
this represents a large change in carrier concentration. W
the sharp feature shifts very little from one spectrum
the other, the broad peak moves roughly 90 meV.
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discussed in our earlier work,15 the broad dispersive fea
ture’s centroid moves to lower binding energy as t
doping is increased. This can be accomplished sim
by adding spectral weight near the Fermi energy; m
likely it is drawn from higher binding energy. It has recen
ly been suggested that the cause of the weight shift is
lective excitations coupled to a distinct quasipartic
excitation.16

While our previous work1 demonstrated the absence of
sharp feature in an underdoped normal gapped state,
4~B! shows that the feature persists in overdoped sample
temperatures slightly aboveTc . The sample in this figure ha
Tc586 K, so only the 84 K spectrum was taken in the s
perconducting state. Using the criteria established in our
lier work,1 we know that the sample has a small normal st
gap even at 100 K, as there is a few millivolts leading ed
shift between the (0,0)→(1,1) crossing and the (1,0)→(1,1)
one. The 100 K spectrum does not have the sharp featur
in the previous figure, but the 90 K spectrum probably do
At 87 K, although the curve is noisy, there definitely is
peak and a dip greater than the noise level. Care was take
ensure that any error in the temperature measurement
towards the high side; the 84 K spectrum may actually be
normal state, but the 87 K spectrum is definitely not sup
conducting.

Superconducting fluctuations aboveTc in BCS supercon-
ductivity are, of course, well known.8 It is becoming clear,
however, that the transition atTc in HTS has a different
nature from the BCS superconducting one. If our observa
is of superconducting fluctuations, then the explanation m
lie in the local phase coherence of electron pairs. To
further requires a better understanding of the sharp featur
begin with. Since the transition atTc is not determined by
mean-field calculations, the nature of the fluctuations m
be different as well.

In conclusion, we have presented observations of

FIG. 4. Behavior of the sharp peak.~A! Doping dependence o
superconducting spectra at~p,0!. The underdoped~dotted! spec-
trum and the overdoped~bold! one have the sharp feature at almo
the same energy; meanwhile, there is a significant shift in the br
spectral weight.~B! Temperature dependence at~p,0! in an over-
doped sample (Tc586 K). The peak persists at temperatur
slightly aboveTc .
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56 14 189TEMPERATURE AND DOPING DEPENDENCE OF THE . . .
superconducting and gap formation transitions at vari
dopings, in Bi2212. We show that the energy of the sup
conducting state Bogoliubov excitation does not shift app
ciably with temperature, indicating by analogy with we
coupling theory that the gap formation temperature (T!) is
significantly higher. This is corroborated by the temperat
dependence of the LE shift, determiningT! for a doping
below optimal. In addition, we examine the sharp feature
the superconducting spectrum at well separated doping le
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and temperatures. On a finer temperature scale, we find
tuations in the sharp feature existence, aboveTc in an over-
doped sample.

The data presented here were obtained from the Stan
Synchrotron Radiation Laboratory~SSRL!, which is oper-
ated by the U.S. DOE Office of Basic Energy Sciences,
vision of Chemical Sciences. The Office’s Division of Ma
terials Science has provided support for this research.
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