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The electronic structures of single-crystal and ceramic samples of the electron-doped superconductor
Nd2-„Ce Cu04-~ with x 0 and 0.15 have been studied using resonant photoemission spectroscopy.
Comparing these spectra with previous results for La2-„Sr„Cu04 shows that for both electron and hole

doping the Fermi level lies at nearly the same energy, in states that fi11 in the x 0 insulator gap. We
point out that this would occur if the states at the Fermi level obey a Luttinger-type sum rule, i.e., ac-
cording to standard theory, if the metallic state is a normal Fermi liquid.

PACS numbers: 74.70.Vy, 71.28.+d, 79.60.—i

Negative Hall and Seebeck coefficients obtained from
measurements on the Nd2 —„Ce„Cu04—~ system suggest
that superconductivity in the L2 —„M„Cu04—~ systems
(L Pr, Nd, Sm, Eu; M Ce,Th; x 0.15)' involves

electron carriers produced by the doping. Ce 3d x-ray
photoemission spectroscopy (XPS) shows that this
occurs because formally tetravalent Ce replaces formally
trivalent Nd. Because the states at the Fermi energy EF
have been observed only in one XPS study, and not in

any resonant photoemission spectroscopy (RPES) stud-
ies, detailed spectroscopic information about the EF
states has been lacking, and a unified description that in-

cludes the important comparison to the EF states of the
hole-doped material La2 — Sr„Cu04 —~ has not been
given.

In this paper we report angle-integrated valence-band
RPES results for both single-crystal and ceramic sam-

ples of Nd2-„Ce„Cu04 —
y with x 0 and 0.15. The EF

emission in the metallic x 0.15 sample is clearly ob-
served. We use the well-known Fano-like resonances '

which occur in the Cu 3d and Nd 4f photoemission cross
sections for photon energies near the Cu 3p and Nd 4d
absorption edges, respectively, to find that the EF emis-
sion has Cu 3d but not Nd 4f character. Comparing our
results to spectra for hole-doped La2 „Sr„Cu04 yields
the important result that for the metallic state produced
by both hole and electron doping, EF lies at nearly the
same position, in new states that Pll in the x =0 insula
tor gap. As discussed below, we reason that these gap-
filling states must be derived by transfer of weight from
both the valence and conduction bands of the insulator.

This result leads us to suggest, with others, ' that the
EF position and the Fermi surface of the metals are
governed by a Luttinger-type" sum rule. This sum rule
is central to the usual Fermi-liquid theory of metals, and
states that the volume enclosed by the Fermi surface is

unchanged as Coulomb interactions are turned on, so
long as the symmetry of the ground state remains the
same. Paraphrased for the present situation, its validity
would mean that when the gap fills in for sufficiently
large doping, the number of holes or electrons corre-
sponds to the Fermi surface calculated in a band theory.
The Fermi level of such a theory must have nearly the
same energy for either hole or electron doping. Al-
though not required by the sum rule, it is plausible that
the band-theory EF occurs in the energy range of the
insulator's correlation gap, because the theory does not
reproduce the gap.

The samples studied in this work are ceramic samples
of N12-„Ce„Cu04,, (x 0 and 0.15) and a single crys-
tal of N12-„Ce„Cu04-y (x 0.15), prepared at the
University of California at San Diego as described in

Refs. 4 and 12. X-ray diA'raction measurements show
the so-called T'-phase structure for all samples. The
x 0.15 samples are superconducting. The oxygen
stoichiometry was verified using an iodometric-titration
technique, with an uncertainty in the oxygen deficiency
of less than hy 0.02.

The photoemission measurements were performed at
the Synchrotron Radiation Center (SRC) at Stoughton,
Wisconsin, using monochromatized synchrotron radia-
tion obtained from the grasshopper monochromator on
beam line Mark II. A commercial double-pass
cylindrical-mirror analyzer (CMA) was used to analyze
the kinetic energies of the emitted photoelectrons. The
ceramic samples and single crystals were cooled to,
cleaved, and measured at —100 and -20 K, respective-
ly, in situ in a vacuum better than 5X10 '' Torr. The
overall instrumental resolution for spectra presented in

this paper is about 0.35 eV. The beam flux was mea-
sured from the yield of a nickel mesh, which was first
calibrated against a gold diode having a known photon
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FIG. 3. h v dependence of the emission induced by Ce
doping, 0.3 eU below EF for a ceramic sample of
Ndl &5Ceo l5Cu04-, Insets: Spectra of states induced by dop-
ing for hv near the Cu and Nd resonance energies.

Curves a and b of Fig. 2 show, respectively, the EDC's
from a ceramic and a single-crystal sample of
Nd ) 8gCep ) 5Cu04 —y at 72 eV. It is important that the
data from the two samples, while not perfectly identical,
are sufficiently similar, especially in the important region
near EF, to give us confidence in the data from the
ceramic samples. These were studied much more exten-
sively in the EF region than was the single crystal, be-
cause their areas are -20 times greater than that of the
single crystal and hence produce data with much better
signal-to-noise ratio. Curve c shows an EDC at 70 eV,
published previously, for La~ 85Sro ~5Cu04 —y Relative
to the energy of the largest-valence band peak, EF is
essentially the same in both materials.

Figure 3 shows the hv dependence of the emission pro-
duced by Ce doping. It is a plot of the intensity 0.3 eV
below EF in the spectra obtained by subtracting normal-
ized, scaled EDC's for x 0 from those for x 0.15.
The difference spectra, shown in the inset, are free of the
second-order background and show the EF step very
clearly. The error bars represent statistical uncertainty
due to noise in the difference spectra, and do not include
systematic errors of the analysis procedure. The small
maximum around 50 eV and the generally decreasing
shape of the h v dependence is consistent with Cu 31 and
0 2p character, based on atomic photoionization cross
sections. ' The presence of Cu 3d states is shown by the
clear resonance dip in the region of the Cu 3p edge, also
observable in the inset spectra. Around the Nd 4d edge
the EF emission does not resonate, showing that it lacks
a Nd 4f component. For states away from FF, the Nd
resonance is nearly identical to that for Nd metal, so we
conclude that the Nd valence is close to 3+. The Nd 4f
spectrum obtained as the difference of the two upper

normalized spectra of Fig. 1 changes only slightly with x.
As found in other studies, there is a main peak around
—2.4 eV, and a shoulder at —7 eV, very different from
the 4f spectrum for Nd metal.

It is not possible to use RPES to extract the Ce 4f
states hybridized into the valence band. The known en-
ergies' of resonance for the 4f emission of Ce203 and
Ce02 overlap the Nd resonance spectrum. The Ce 3d
x-ray photoemission spectrum implies about 0.5 Ce 4f
electron/(Ce ion), so the ratio of Ce to Nd 4f electrons
in our sample is approximately 0.014. Although the
4d 4f absorption for Ce is larger than for Nd by the
ratio of the number of 4f holes, —",

, , this is not a large
enough effect to offset the small number of Ce electrons,
even for x as great as 0.20. Thus, in this energy range,
the hv dependences of the valence bands for x 0 and
x 0.15 are perfectly identical.

The results reported here clearly show that for the me-
tallic state of electron-doped Nd2-„Ce„Cu04 —y EF lies
in new states created in the insulator gap above the x 0
valence band. Exactly the same is true for the hole-
doped material La2 —,Sr„Cu04 —~. Further, EF has
essentially the same position in the gap for both hole and
electron doping. These experimental facts contrast
sharply with the expectation in many models that for
hole or electron doping, respectively, EF would lie in the
insulator's valence-band or conduction-band states,
which are separated by a gap of about 2 eV.

Because (I) the dopant's bonding orbitals are isoelec-
tronic to those of the replaced atoms and (2) the
stoichiometry is unaltered with doping, it follows that the
new EF states must arise by a transfer of weight from
the states of the insulator. Further, to accomodate both
electron and hole doping, both the conduction-band and
valence-band states of the insulator must be involved in

the transfer. From the spectra of Fig. 2, and x-ray-
absorption and electron-energy-loss spectra, ' we con-
clude that for either hole or electron doping, in the me-
tallic state the entire gap of the insulating x 0 com-
pound is filled in. The fundamental breakdown is prob-
ably in the larger Cu 3d correlation gap, because the
smaller charge-transfer gap' has essentially one-
electron character. Many-body calculations with some
aspects of this gap-filling character have recently been
given 1 8 20

%e now go beyond direct conclusions from the data
and point out that one scenario in which EF has a com-
mon value for both types of doping is that the gap-filling
states of the metal obey at EF a Luttinger-type" sum
rule, i.e., that in the metal, although these states may
have considerably increased masses and reduced spectral
weights due to Coulomb interactions, they nonetheless
"remember" the Fermi surface that would obtain in an
independent-particle picture. This scenario has been
suggested previously, ' and is consistent with the result
that high-resolution angle-resolved photoemission spec-
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tra ' for the metallic states of other high-Tc materials
show Fermi-level crossings at k values that are in sub-
stantial agreement with the predictions of band theory,
although the dispersion of the experimental bands is con-
siderably smaller than the theoretical dispersion. For the
metallic state this picture is similar to that which has
developed for many heavy-fermion materials, but there is

the added richness and difficulty here that for small or
zero doping, the material is an insulator for which the
Luttinger theorem is violated.

In summary, the electronic structure of single-crystal
and ceramic samples of electron-doped Nd2 —,Ce„-
Cu04 ~ with x 0 and 0.15 have been studied using
RPES. We learn from these spectra, and previous re-
sults for La2 —„Sr„Cu04, that the insulator-metal transi-
tion for both hole and electron doping occurs by the
growth of states that fill in the charge-transfer gap, and
that EF is substantially the same for both hole or elec-
tron doping. We point out that this would occur if the
states at the Fermi level obey a Luttinger-type sum rule.
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