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Evidence of chemical-potential shift with hole doping in Bi2Sr2CaCu20g+tt
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We have performed photoemission studies on high-quality Bi2Sr2CaCu208+& samples with various B.

Our results show a clear chemical-potential shift (0.15-0.2 eV) as a function of doping. This result

and the existing angle-resolved-photoemission data give a rather standard doping behavior of this com-

pound in its highly doped regime.

Among the many interesting physical properties of the
high-temperature superconductors is their doping mecha-
nism: the superconductors are made by doping antiferro-
magnetic Mott insulators. ' Much theoretical and experi-
tnental work has been carried out to understand this prob-
lem. ' This includes recent spectroscopic experiments
which suggest that diAerent states develop inside the
charge-transfer gap when the material is doped from an
insulator to a metal. In a conventional material where
the one-electron picture works well, an important aspect
of doping is a chemical-potential shift. For the high-
temperature superconductors where the simple one-elec-
tron band theory is thought to have serious di%culties, it
is not obvious whether one should see a chemical-potential
shift as a function of doping. Experimentally, no clear evi-
dence has been found that suggests a chemical-potential
shift as a function of doping.

In this paper, we present results of our recent angle-
integrated- and angle-resolved-photoemission studies of
Bi2Sr2CaCu208+~ crystals with diN'erent oxygen content.
Referenced to the Fermi level, both the valence band and
the shallow core levels shift about 0.15-0.2 eV with the
oxygen content change. Except for this shift, the line
shape of the valence band, the shallow core levels, and
even the background were remarkably similar. This result
can be best interpreted as a chemical-potential shift of
about 0.15-0.2 eV with doping. If this interpretation is
true, then this result is the first clear evidence for a
chemical-potential shift in the cuprate superconductors as
a function of doping.

A series of high-quality single crystals of Bi2Sr~Ca-
Cu26q+~ were prepared for the photoemission experi-
ments. The uniform hole doping of the sample is achieved
by annealing the sample at diAerent oxygen partial pres-
sures. The high quality of the doping process is reAected
by the fact that neither the width nor the strength of the
Meissner transition was adversely aA'ected (2 K for
10%-90%).' The samples which yield the data in Fig. 1

were annealed in Ar atmosphere (T, =89 K) and 12 atm
02 (T„=77 K), while the samples which yield the data in

Fig. 2 were as-grown (T, =89 K) and annealed in 12 atm
O, (7„=81K).

The photoemission experiments were performed at the
Stanford Synchrotron Radiation Laboratory (SSRL) and
the Synchrotron Radiation Center (SRC). The angle-
integrated-photoemission experiments were performed on
the new 4 grasshopper beamline at SSRL in a Varian
chamber with a cylindrical mirror analyzer (CMA). The
base pressure of the chamber was 1X10 ' torr, and
total-energy resolution of the setup was about 350 meV at
120-eV photon energy. The single crystals were cleaved
and kept at 80 K for the experiment. The angle-resolved-
photoemission experimental setup was the same as those
reported elsewhere. ' The total system resolution was 100
meV for the full valence-band scans. The crystals were
cleaved at low temperature (20 K) at a base pressure of
5x10 '' torr. Samples were warmed up to —100 K in

order to do the experiments in the normal state. The Fer-
mi level of the spectrometer was periodically determined
by the Pt metal reference spectra.

Figure 1 presents 120-eV photon energy distribution
curves of the valence band and some shallow core levels
for two Bi2Sr2CaCu2O&+b samples with diff'erent oxygen
contents. The spectra taken from the two samples are al-
most identical except for a —0.15-0.2 eV shift. Refer-
enced to the Fermi level, the valence-band and core-level
features of the high oxygen (hole) content sample shift to
lower binding energy with respect to the low oxygen con-
tent sample. The Fermi levels of the two samples are the
same since they are grounded to the photoelectron spec-
trometer. The best explanation for this observation is that
the chemical potential of the more hole doped sample is

lower, just as one would intuitively expect. If this inter-
pretation of the data is correct, then the result in Fig. 1 is
the first clear evidence for a chemical-potential shift in the
cuprate superconductors as a function of doping. The fact
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FIG. l. Angle-integrated-photoemission data from an Ar-annealed sample (dots) and a 12 atm 02-annealed sample (line) at pho-
ton energy of 120 eV. Referenced to the Fermi level, the core levels, the valence band, and even the background of the two samples
were remarkably well reproduced except an approximately 0.15-0.2 eV shift. These data clearly indicate a chemical-potential shift as
a function of doping: for the oxygen-annealed (hole doped) sample, the chemical potential is lowered.
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FIG. 2. Angle-resolved-photoemission data from an as-grown
(light line) and a 12 atm 02-annealed Bi2Sr2CaCu20s+b single
crystal at different parts of the Brillouin zone. The photon ener-

gy used here is 19 eV.

that the spectra from the two samples are so similar and
the shift is seen in all the features gives us confidence
about our interpretation. From these data, we estimate
that the chemical potentials of the two samples are shifted
by approximately 0.15-0.2 eV as is seen more clearly in
the inset of Fig. 1. Although the shift of the valence band
might be larger than that of the core level by a very small
amount, it is fair to say that the core-level and the
valence-band data give the same amount of Fermi-level
shift (—0.15-0.2 eV) within our experimental uncertain-
ty.

%e have also observed similar results in our angle-
resolved-photoemission data. Figure 2 shows results of
our angle-resolved-photoemission spectra for the as-grown
(thin line) and 12 atm 02-annealed (thick line) samples.
The four sets of data spectra are taken at different parts of
the Brillouin zone: normal emission, near where the first
band (with the lowest binding energy) crosses EF along
I -Y, near where the first band crosses EF along I -X, and
near where the first band crosses EF along I -M. Besides
some small line-shape changes, the main valence-band
features of the 12 atm oxygen-annealed sample shift
about 0.2 eV towards the Fermi level. The fact that the
shift shows up for all directions sampled is important, as
we cannot resolve individual bands in the mixture of
bands which comprise the main valence band. Such
changes for any particular direction may be explained by
matrix element effects or energy dispersion. However, the
fact we see such a shift in all sampled directions and the
fact that the line shapes of the spectra of the two samples
are so similar makes the chemical-potential shift the only
sensible explanation of the experimental data. Further-
more, the fact we can reproduce the same result in
different experimental setups is also very suggestive that
the chemical-potential shift is the correct interpretation of
our data.
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This amount of chemical-potential shift with doping by
annealing our samples in oxygen is also consistent with the
estimations from the oxygen content change. The change
of oxygen content from as-grown Ar-annealed samples to
12 atm oxygen-annealed samples is about 0.06 per cell. '

Assuming the oxygen has a valence of 2 —and using 2.88
eV 'cell total density of states at the Fermi level from
a band calculation, we anticipate about O. l-eV chem-
ical-potential shift. If we use the density of states, which
is at most half the value of the band calculation as mea-
sured by angle-integrated photoemission, ' we expect at
least a 0.2-eV chemical-potential shift. On the other
hand, if we use the density of states which is two times the
value of the band calculation as indicated by the
magnetic-susceptibility measurement or the effective band
mass from angle-resolved photoemission, ' ' we antici-
pate a 0.05-eV chemical-potential shift. Given the crude-
ness of these estimations, we think the results of these es-
timations are consistent with the observed of about
0.15-0.2-eV chemical-potential shift.

In addition to the chemical-potential shift, the Bi2Sr2-
CaCu208+q compound also exhibits other interesting be-
havior with doping. First of all, we notice in Fig. 2 that
the spectral intensity near EF increases as the hole doping
increases (02 partial pressure increases). However, one
should be cautious in drawing conclusions about the densi-
ty of states from angle-resolved-photoemission data. In
the angle-integrated-photoemission data, we do not see
such a spectral weight increase near EF with hole doping.
The problem with our angle-integrated-photoemission
data might be the relatively poor energy resolution so that
we do not really know what happens very close to the Fer-
mi level. It is also possible that the photon energy we used
for the angle-integrated data has a very small photoion-
ization cross section for the states affected by doping.
Therefore, our photoemission data do not provide
definitive information about the density of states near EF
as a function of doping. From other measurements, there
are reasons to believe that the density of states near EF in-
creases as a function of hole doping in this system: (i)
From Pauli susceptibility and Hall-eff'ect measurements
on the samples (see Table I), we found that the density of
states at EF increases with doping; ' (ii) from earlier
angle-integrated-photoemission and x-ray-absorption
work on the Bi2Sr2Cat —„Y„Cu20&+& system where the
doping range is larger, it was found that states develop at
EF with an increase of hole-doping. (iii) A similar trend
was also observed in other hole-doped cuprates. '"

We have also made efforts to investigate the possible
Fermi-surface changes as a function of doping. Our data
are inconclusive about whether there is a change of Fermi
surface accompanying the chemical-potential shift as a
function of doping. This uncertainty is likely to be caused
by the relatively poor momentum resolution (about 10%).
Earlier high-resolution studies showed that the bands at
EF in various samples have a Fermi surface, which is con-
sistent with the band Fermi surface. ' ' We were able to
provide information about the atomic origins of the bands
at different parts of the Brillouin zone. ' We demonstrat-
ed that, for the 12 atm annealed sample, the band crossing
the Fermi level along I -V has mainly Cu-0 character,

TABLE 1. Results of magnetization and Hall eAects mea-
surements for the samples used in the photoemission experi-
ments (Ref. l5). gp „J' is the Pauli susceptibility (units of l0
cm /g). g(EF) is obtained from gp„„~; by gp, ,~;=pbg(EF) (units
of states per eV Cu site). nH is the carrier density measured by
Hall-eAect measurement.

Sample g(EF) nH (207 K)

No anneal

N atm

12 atm

4.3
4.9

5.2

6.1

6.9
7.2

3.1X10 ' cm

3.7&10 ' cm

4.6x10 ' cm

We thank D. King, D. Marshall, and E. Ratner for ex-
perimental help. We would like to thank Professor W. E.
Spicer, Professor A. Kapitulnik, Professor R. M. Martin,
Professor S. Doniach, and Professor 3. W. Allen for help-
ful discussions. Experiments were performed at SSRL

while the band crossing the Fermi level along I -M has
more Bi-0 character. These findings are consistent with
the Fermi-surface predicted by the band calculation, itn-
plying that the Luttinger theorem is obeyed.

Therefore, we now have the following picture of doping
for metallic BiqSr2CaCu20sqs. (i) The chemical-poten-
tial shifts with hole doping; (ii) the spectral weight at EF
increases with hole doping; (iii) the Fermi-surface obeys
the Luttinger theorem. This rather normal doping behav-
ior in the metallic Bi2Sr2CaCu20g+b can be quite well ac-
counted for by the renormalized band approaches,
and is significantly different from an earlier result nearer
the insulating regime where a very minimal chemical-
potential shift was observed as opposed to what one would
intuitively expect. We are not sure what the mechanism
is that causes the diff'erence between the results of the in-
sulating regime and the metallic regime. However, we
speculate that the following scenarios are possible ex-
planations. First, it is generally accepted that the un-
doped parent compound in the insulating regime is not a
Fermi liquid while the system will eventually become a
Fermi liquid when it is su%ciently doped. The fact that
the superconducting-transition temperature T, drops with
the increase of the hole doping in our samples indicates
that we are in a high-doping regime. The normal doping
behavior from our photoemission data seems to suggest
that the Bi2Sr2CaCu20q+q samples are in a doping regime
where some aspects of the Fermi-liquid description have
been recovered. Second, the earlier result was obtained by
comparing photoemission spectra from La2- Sr„Cu04 (p
type) and Nd2 Ce, Cu04 (n type) materials. The
electronic-structure difference in these two compounds
may not be a necessary equivalent to that of a single com-
pound doped (hypothetically) from p type to n type.

To summarize, we found that the chemical-potential
shifts with doping in metallic Bi2Sr2CaCu20q+~. This re-
sult is very different from the earlier result in the insulat-
ing regime.
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