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Crossing the Gap from p- to n-Type Doping: Nature of the States near the Chemical Potential
in Laz_xerCuO4 and Ndz_xCexCuO4_5
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We report on an x-ray absorption and resonant photoemission study on single crystals of the high-T,
cuprates La,_,Sr,CuO, and Nd,_,Ce,CuO,_s. Using an intrinsic energy reference, we find that the
chemical potential of La,_,Sr,CuO, lies near the top of the La,CuO, valence band whereas in
Nd,_,Ce,Cu0,_; it is situated near the bottom of the Nd,CuO, conduction band. The data clearly
establish that the introduction of Ce in Nd,CuQ, results in electrons being doped into the CuO, planes.
We infer that the states closest to the chemical potential have a Cu 34! singlet origin in
Nd,_,Ce,CuO,_; and a 3d°L singlet origin in La,_,Sr,CuOy,.
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One of the long-standing puzzles in the field of high-T,
superconductivity concerns the nature of the charge car-
riers in doped high-T, cuprates [1]. Several photoemission
studies [2—4] have revealed very little difference between
the valence band spectra of the Nd,_,Ce,CuO,_s and
La,_,Sr,CuO, systems. In particular, the position of the
chemical potential in the two different systems seems to
be quite similar and is located in the gap of the parent
compounds, while one would expect that the chemical
potential should shift from the top of the valence band to
the bottom of the conduction band by changing from
p-type to n-type doping. From this unexpected behavior
it was concluded that both hole and electron doping result
in new states that fill the band gap. Several explanations
have been proposed for this midgap pinning of the chemi-
cal potential [2,5-7], with perhaps the scenario involving
the occurrence of phase separation to be currently the
most discussed [5,7,8]. In addition, for Nd,_,Ce, CuO,4_5
it has even become an issue whether it can be regarded
as a really electron doped system [9-11], since trans-
port measurements have revealed a positive Hall coeffi-
cient [12,13]. This has led to propositions that the
charge carriers relevant for the superconductivity in
Nd,_,Ce,CuQ,_; are holelike.

In this paper we present a comparative x-ray absorption
(XAS) and resonant photoemission (RESPES) study on
Nd,_,Ce,CuO,_s and La,_,Sr,CuQ, single crystals. To
ensure that the spectra collected are representative for the
bulk material, we rely on the bulk sensitivity of the x-ray
absorption technique as well as of valence band photo-
emission measurements using high photon energies [14].
In addition, we use an intrinsic energy reference within
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the CuO, planes as proposed earlier [5], in order to ensure
a reliable measurement of the position of the chemical
potential relative to the valence band. We find unambigu-
ously that the chemical potential u of La,_,Sr,CuO, lies
near the top of the La,CuQ, valence band and u of
Nd,_,Ce,CuO,_s lies near the bottom of the Nd,CuO,
conduction band, and that the introduction of Ce results in
electrons being doped into the CuO, planes. Resonance
data suggest that the charge carriers in Nd,_,Ce,CuO,_4
are different in nature than in La,_  Sr,CuQy,, in the sense
that they are singlets of Cu 3d'® character rather than of
3d°L, where L denotes an oxygen ligand hole [15].
In addition we find that the presence of Nd 4f states
and a different O 2p to Cu 3d charge transfer energy
cause Nd,_,Ce,CuQO,_5 to have an apparently similar
chemical potential position as La,_,Sr,CuQ, if the lead-
ing edge of the main valence band structure is used as
reference.

Single crystals of Nd,CuO,, Nd;g5;Cen5CuO,_5,
La,CuQ,, and La,;g5Sry;5CuO, were grown by the
traveling solvent floating zone method [16]. From ac-
susceptibility measurements the onset of the supercon-
ducting transition in the La; g5S1ry 15CuO4 sample is T, =
35 K. The Nd,; g5Ce( 15CuO4_5 crystals show a critical
temperature of 21 K after reducing them in flowing N,
gas at 900 °C for 30 h. XAS and RESPES experiments
were performed at the ID12B beam line of the ESRE The
overall energy resolution was set to 0.3 eV for the XAS
and 0.5 eV for the RESPES. The samples were both
cleaved and measured at 20 K in a chamber with a base
pressure below 5 X 10~ !! mbar. Core level x-ray photo-
emission (XPS) was carried out in Groningen.
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FIG. 1. Room temperature Cu 2p XPS spectra of

(a) Nd1'85Ceo_l5CuO4,5 and (b) Nd2CuO4.

Figure 1 shows the Cu 2p core level XPS of Nd,CuO,
and Nd, g;Ce 15CuO,_s where we have used the standard
labeling for the structures [4,17]. We clearly observe that
the 2p3d® “satellites” decrease in intensity with Ce dop-
ing, and that also new structures, labeled as 2p3d'?, start
to appear on the low binding energy side of the 2p3d'°L
“main lines,” with 2p denoting a 2p core hole. These
spectra imply that Ce doping results in a decrease of the
Cu’" content with the 3d° and 3d'°L configurations, and
simultaneously in an increase of the Cu!™ with the 3d'°
configuration. In other words, electrons are indeed intro-
duced into the CuO, planes.

Figure 2 depicts the Cu L3 XAS spectrum of Nd,CuQOy,
and Nd, gsCe( ;5CuO,4_s normalized to the Nd M5 absorp-
tion line as shown in the inset. The Cu white line is given
by the transition 3d° + hv — 2p3d'?. One can clearly see
that the Cu white line intensity has decreased appreciably
when Ce is introduced into the system, consistent with the
results from earlier electron energy loss studies on poly-
crystalline samples [18]. This directly indicates again that
the Cu®>" content in the CuO, plane is reduced, i.e., Ce
doping indeed means electron doping.

Having established that Nd,_,Ce,CuO4_s is an
electron doped material, we now shift our focus to the
issue of the position of the chemical potential in
Nd,_,Ce,CuO,_; relative to that in La,_,Sr,CuO, and
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FIG. 2. Cu L3 XAS spectra of Nd,_,Ce,CuO,_s normalized
on the Nd M5 absorption intensity as shown in the inset.
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their parent materials. Figure 3 shows the on- and off-
resonance photoemission spectra of Nd; gsCeq 15CuO,_g,
Nd,CuO,4, La,CuO,4, and LajgsSry5CuO,4. The on-
resonance spectra are taken with the photon energy tuned
at the maximum of the Cu L; XAS white line, and the
off-resonance spectra with a photon energy which is
5.0%0.1eV lower. It has been demonstrated earlier
[19,20] that the Cu L3 resonant photoemission spectrum
of Cu?" oxides is dominated by the autoionization pro-
cess of the type 3d° + hv — 2p3d'® — 34®, thereby en-
hancing the spectral weight of the 3d® final states
considerably. Indeed, the spectra depicted in the top panel
contain the characteristic 'G and 3F structures of a 3d®.

We now will use the 3d® ' G peak to set the energy scale
for all the photoemission spectra [5], since this will give
us an energy zero that refers directly to the electronic
structure of the CuO, plane, which is at the heart of the
current discussion. Such an intrinsic energy reference is
much more reliable than using the leading edge of the
main peak of the off-resonance valence band spectrum
[2,3], since in comparing the Nd,_,Ce,CuQO,_s with the
La,_,Sr,CuO, system one can suffer from differences
due to the presence of different chemical species and
charge transfer energies, as we will show later. It is also
better to use the intrinsic energy reference rather than the
Fermi level of the spectrometer [6], since the chemical
potential of the undoped Nd,CuO, and La,CuQ, is not
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FIG. 3 (color). Upper panel: resonant photoemission
of Nd]A85CCOA15CUO4,5, NdzCU.O4, La2CuO4, and

La; g5Srg,15CuOy at the Cu L3 edge. The energies of the spectra
are aligned on the Cu 34® !G final states. Lower panel: off-
resonance spectra at a photon energy 5 eV below the resonance.
Arrows indicate the valence band onset of Nd,CuO, and the
Fermi level of Nd1'85Ce0_15CuO4,5.
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well defined and in fact can even be pinned by impurities
or defects of unknown nature and quantities.

With the 'G peak position set to zero, we can clearly
observe in the lower panel of Fig. 3 that the first ionization
state of Nd, g5Ceq 15Cu0,_5 is about 1.0 eV further away
than that of the undoped Nd,CuQO,. Recalling that the
onset of the optical gap in Nd,CuQ, is approximately
1.0 eV (with the first peak in the optical spectrum at
1.5 eV) [21,22], one can immediately conclude that the
chemical potential of the Ce doped system lies near the
bottom of the conduction band of the undoped Nd,CuOy,.
We thus conclude that the chemical potential for the
doped material is not pinned in the middle of the gap of
the undoped material. A similar conclusion has also
been reached recently from doping dependent angle-
resolved photoemission experiments [23], although there
one needs to assume that one can align the spectrum of
the undoped Nd,CuO, with respect to that of the
Nd,_,Ce,CuO,_s by using the leading edge of the va-
lence band for small doping levels.

In comparing La,_, Sr,CuO, with La,CuO, using the
!G intrinsic reference, we can also clearly see from the
lower panel of Fig. 3 that the chemical potential in
La, g5Srg 15CuQy, resides in the vicinity of the top of the
valence band of La,CuQ,, contrary to earlier reports in
which the chemical potential was concluded to be pinned
in the middle of the insulator gap [3,6]. We suspect that
this discrepancy is caused by the different method for the
energy referencing, which can lead to hidden energy
shifts, as we have explained above. Our finding connects
well with very recent studies indicating that in hole
doped oxychloride cuprates the chemical potential is
also near the top of the valence band [24,25].

The lower panel of Fig. 3 also shows that the valence
band spectrum of Nd,CuQy is very different in intensity
and also in energy position as compared to the spectrum
of La,CuQ,. We can identify two reasons for this. The
first is that in the Nd,_ ,Ce,CuQ,_ 4 system the presence of
Nd contributes significantly to the valence band spec-
trum, while this is not the case for La in La,_,Sr,CuO,.
From photoionization cross-section tables [26], one can
estimate that the Nd 4f is responsible for more than 50%
of the signal in Nd,_,Ce, CuQ,_; at the photon energies
used, while in La,_,Sr,CuQ, the spectrum is dominated
by the Cu spectral weight. It is also important to realize
that the Nd 4f signal is present over the entire valence
band energy range. This is demonstrated by Fig. 4, where
we plot the resonant photoemission spectrum of the
Nd,CuO, and Nd, g5Ce;5Cu0O,_5 valence bands, with
the photon energy tuned on the Nd 3d absorption edge.
From these data we could even infer that the top of the
valence band in the undoped Nd,CuO, consists of Nd 4f
states and not of Cu 3d°L. Perhaps this is why it is
difficult to dope holes into the CuO, planes in T’ cuprates,
as they would go into the Nd-O planes.

Another cause for differences in the valence band spec-
trum of Nd,CuQ, as compared to La,CuQ, is laid out in
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the upper panel of Fig. 3. A blowup of the Cu L; on-
resonance photoemission spectra shows that the leading
edge of the valence band in Nd,CuO, and also
Nd, 35Ce( 15CuO,_4 is higher in energy by about 0.6 eV
than in La,CuQ,. This agrees very well with the fact that
the optical gap in Nd,CuQy is about 0.5 eV smaller than in
La,CuQ, (which has its first peak in the optical spectrum
at 2.0 eV) [21,22]. One could infer that this 0.6 eV differ-
ence reflects the difference in the effective O 2p—Cu 3d
charge transfer energy, since this parameter determines
the magnitude of the band gap of the insulating correlated
cuprates. On hindsight, it is perhaps not surprising to find
such differences in view of the fact that Nd,CuO, and
La,CuQO, have different crystal structures and O-Cu
bond lengths, resulting in differences in Madelung po-
tentials and O 2p—Cu 3d hopping integrals. In fact, there
is no compelling reason to believe that a comparative
study of the development of the chemical potential in
Nd,_,Ce,CuQO,_s can be carried out using La,_ Sr,CuO,
as a reference.

Finally, we study the character of the states closest
to the Fermi level (Ef) in the electron doped system.
Figure 5 shows the on- and off-resonance photoemission
spectrum of Nd, g5Ceq 15CuQ,_ 5 in the vicinity of the top
of the valence band and the near Er region. As expected,
the on-resonance intensity is enhanced as compared to
the off-resonance one. However, the enhancement is sub-
stantially smaller than that for the hole doped cuprates, as
one can clearly see from Fig. 5, which also includes the
on- and off-resonance data for La;g5Sry5CuO, and
Bi,Sr,CaCu,Og. Since at the L; resonance the Cu 34®
spectral weight is being measured, the enhancements for
the near E states basically indicate the amount of 34®
character that is mixed into these states. For the undoped
cuprates, cluster calculations have shown that the states
near the top of the valence band consist of Zhang-Rice
singlets having mainly a 3d°L character, and also about
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FIG. 4. On- and off-resonance photoemission spectra at the
Nd M5 absorption edge.
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edges, with perhaps a value of 0.3 eV as an upper limit
judging from our experimental resolution and uncertain-
ties in determining the onset of the optical gap.
Resonance data suggest that the charge carriers in
Nd,_,Ce,CuO,_; are electrons of Cu 3d'° character,
while in La,_, Sr,CuO, and Bi,Sr,CaCu,0Og they are
3d°L-like holes. As far as symmetry is concerned, the
charge carriers in both the electron and hole doped cup-
rates are singlet in nature.
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FIG. 5. On- and off-resonance photoemission spectra at the
Cu L; absorption edge.

8% 3d® admixture due to the direct hybridization be-
tween these two local configurations [27,28]. RESPES
studies, including also hole doped cuprates, have con-
firmed this picture [19,29]. The much smaller resonance
enhancement factor for the near Ep intensity in
Nd, 35sCe( 15CuO,_5 implies a much smaller admixture
of the 3d® states, indicating that these near E states do
not have a direct hybridization with the 3d®. We conclude
that these states are not of local 3d°L character, and we
infer that they are in fact 3d” final states that are reached
by the photoemission process starting from a 34'° initial
state. In this framework, the 3d° state has to hybridize
with a neighboring 3d°L cluster, to acquire the 3d® char-
acter reached in the resonance process. These data thus
support the scenario that the charge carriers in
Nd,_,Ce,CuO,_; are electrons of singlet 3d'* nature.
To conclude, we have measured that the CuO, planes in
the Nd,_,Ce,CuO,_gs high-T. cuprates are electron
doped. Using a reliable intrinsic energy reference we
have established that the chemical potential in
La, ,Sr,CuO, and Nd,_,Ce,CuO4_s is not pinned in
the middle of the gap of the insulating parent compounds.
Instead, it is located in the vicinity of the top of the
valence band for La,_,Sr,CuQ,, and near the bottom of
the conduction band for Nd,_ ,Ce,CuQO,_s. One might say
that it crosses the gap upon going from p- to n-type
doping. It is important to note that the existence of phase
separation [5—8] in the doped materials could involve the
pinning of the chemical potential inside the gap, but that
our results indicate that this pinning could not take the
chemical potential very far away from the band
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