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Evidence for Suppressed Screening on the Surface of High Temperature La, ,Sr,CuQ,
and Nd,_,Ce,CuQ, Superconductors
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Hard x-ray photoemission spectroscopy (PES) of Cu core electronic states, with a probing depth of
~60 A, is used to show that the Zhang-Rice singlet feature is present in La,CuQ, but is absent in
Nd,CuOQy. Hole and electron doping in La, . Sr,CuO, (LSCO) and Nd, _,Ce,CuO4 (NCCO) result in new
well-screened features which are missing in soft x-ray PES. Impurity Anderson model calculations
establish screening from doped states as its origin, which is strongly suppressed within 15 A of the
surface. Complemented with x-ray absorption spectroscopy, the small chemical-potential shift in core
levels ( ~ 0.2 eV) are shown to be consistent with modifications of valence and conduction band states
spanning the band gap ( ~ 1 eV) upon hole and electron doping in LSCO and NCCO.
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Hole (#) and electron (e¢) doping by chemical substitu-
tions in single layer copper-oxides (as in La, A CuQOy,
A = Ba, Sr, and Nd,_ ,Ce,CuQ,) transforms an antiferro-
magnetic insulator to an exotic metal with superconduc-
tivity [1]. The properties of & and e doped high-T',. cuprates
are determined by electronic states near the chemical po-
tential (CP) [1], accompanied with characteristic features
in core levels [2]. Soft x-ray (SX, hAv ~ 1000-1500 eV)
core level photoemission spectroscopy (PES) with a prob-
ing depth of ~10-15 A is valuable in studying valence
change, CP shift, and screening effects in solids [3].
Combinations of core level PES with model calculations
have been used to describe the parent insulating cuprates
La,CuQ, (LCO) and Nd,CuO, (NCO) as charge-transfer
insulators in the Zaanen-Sawatzky-Allen -classification
scheme [4], with the on-site Coulomb energy (=8 eV),
being much larger than the charge transfer energy (=2 eV)
between the O 2p and Cu 3d states [5—8].

La].gs Sr(). 15CUO4 (LSCO) and Ndl.gsceo' 15CUO4
(NCCO) are prototypical of 4 and e doped cuprates and
exhibit a d»_» superconducting gap. The normal phase
resistivity (p o T?) is like a Fermi liquid for NCCO [9], but
non-Fermi-liquid-like (p « T) for LSCO [10]. The strong
correlations lead to special spectral behavior such as non-
local screening effects [11,12], and anomalous spectral
weight transfer upon doping [13]. While valency and CP
changes in the high-7,. cuprates can be probed with SX-
PES, in spite of several core level and valence band (VB)
PES studies, there remains a seemingly simple and yet
unresolved puzzle about the doping dependent electronic
structure of the high-T,. cuprates [5—8,12—16]. The puzzle
involves distinguishing between the “midgap pinning” or
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“crossing the gap” scenario to simultaneously explain
changes in core levels and VBs. The midgap pinning
scenario [5,6,15,16] involves formation of new states
within the band gap on & and e doping. It explains the
small CP shift of —0.2 eV (or +0.2 eV) in O 1s core level
PES of LSCO (or NCCO) compared to undoped LCO (or
NCO), but is inconsistent with the large optical gap onset
(~1.0 eV) of the insulating parents [17]. In an alternative
picture, the CP moves to the top of the VB by 4 doping and
the bottom of the conduction band on e doping. Using
resonant PES [14], it was shown that e and /# doping leads
to a crossing of the gap (~1.0 eV) from NCCO to LSCO.
However, the small CP shift in O 1s core levels cannot be
explained by this scenario.

While many Cu 2p core level SX-PES of LSCO and
NCCO have been performed, the spectra show very little
change upon doping [5-8,16]. This leads to another sig-
nificant issue: the presence of the predicted Zhang-
Rice singlet (ZRS) in Cu 2p PES of the insulating cup-
rates [11,12], which is considered very important for
superconductivity but has not been observed to date by
core level PES. However, recent spin-polarized resonant
VB-PES studies distinguish between LSCO and NCCO:
the ZRS survives in LSCO [18] but is absent in NCCO
[19]. These puzzles bring into question the role of the
depth sensitivity of PES, which has often led to contro-
versies regarding surface versus bulk electronic struc-
ture. Pioneering core level PES with a photon energy of
8 keV (probing depth ~80 A) was reported 30 years
ago [20], but its importance for separating the surface
and bulk electronic structure was recognized only recently
[21].
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In an attempt to describe all the spectroscopic physics
correctly, we carry out core level hard x-ray (HX) PES
[22,23] of single-crystal e doped NCCO, h doped LSCO,
and undoped NCO and LCO. The kinetic energy of the Cu
2p level corresponds to a probing depth of ~60 A as
determined by the inelastic mean free path [3]. Single
crystals of NCO, NCCO, LCO, and LSCO are grown by
the traveling solvent floating zone method. NCCO and
LSCO show a superconducting T, of 22 K and 36 K,
respectively. HX-PES is performed using a photon energy
hv = 5.95 keV, at a vacuum of 1 X 10719 Torr. The mea-
surements are carried out at undulator beam line BL29XU,
SPring-8 [22]. The HX-PES instrumentation details are
described in Ref. [24]. SX-PES (hv = 1.5 keV) is per-
formed at BL17SU, with AE ~ 0.3 eV. All measurements
use a normal emission geometry to maximize depth sensi-
tivity. All samples are fractured in situ. NCCO and LSCO
are measured at 35 K while LCO and NCO were measured
at room temperature. Gold 4f levels are measured to
calibrate the energy scale.

Figure 1(a) shows Cu 2ps3,, HX-PES spectra and SX-
PES (hv = 1.5 keV) of NCCO, LCO, and LSCO.
Figure 1(b) shows the Cu 2p3,, HX-PES spectra of un-
doped NCO, LCO, and i doped LSCO. The NCO Cu 2p3/,
spectrum consists of a main peak at 933.5 eV (2p°3d'°L
state: L represents the ligand hole) and a broad satellite
centered at 943 eV (2p33d° state), and is very similar to
earlier SX-PES [7,8]. The HX-PES spectra of NCCO,
LCO, and LSCO [Figs. 1(a) and 1(b)] are clearly different
and provide new results:

(i) The LCO HX-PES spectrum [Fig. 1(b)] shows a main
peak at ~932 eV and a shoulder at ~933.5 eV. Using a
multisite cluster model (MSCM) [11,12,25], it was shown
that even for the insulating parent, the Cu 2p3,, spectrum
has a low binding energy (BE) ZRS feature due to nonlocal
screening, while the 2p°3d'°L state occurs at higher BE.
But earlier SX-PES showed only a single peak at 933.5 eV
due to the 2p°3d'°L state. HX-PES clearly shows that, in
LCO, the peak at 933.5 eV is the 2p33d'°L and the new
feature at ~932 eV is the ZRS peak. This is the first
observation of the ZRS feature in Cu 2p PES of LCO.
The ZRS feature is missing in the NCO HX-PES
[Fig. 1(b)]. In Sr,CuO,Cl,, a model insulating compound
of the cuprates, the well-screened main peak consists of
multiple components, and theory including local screening
and nonlocal screening underestimates the width of the
main peak [8,26].

(i1) The LSCO spectrum [Fig. 1(b)] shows clear changes
compared to LCO. The ZRS feature is retained on A
doping, but is weakened compared to LCO, and additional
spectral weight is seen at higher BE (feature (3). Since the
main peak width (nearly 4 eV) is very large in LSCO, it
consists of more than a single state (2p°3d'°L and B
features). While the doping is supposed to cause a valency
change (Cu®* content due to & doping), it is impossible to
separate out the Cu®* and retained ZRS features, from the
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FIG. 1 (color). (a) Comparison between experimental Cu 2p
HX-PES (solid line) and SX-PES (line with symbols) for e
doped NCCO, undoped LCO, and & doped LSCO. Shaded
regions highlight the differences in HX-PES. (b) Experimental
Cu 2p HX-PES comparison of NCO, LCO, and LSCO.
(c) Calculated spectra with 3d° + 3d'°L (dotted line, represents
the NCO spectrum) and with 34'° (dashed line).

2p°3d'°L feature. Within experimental accuracy, the
2p°3d'°L feature in all the materials occurs at the same
position (£0.1 eV) as in the SX-PES data [5-8].

(iii)) The HX-PES for NCCO [Fig. 1(a)] shows a sharp
low BE feature a which is not observed in NCCO SX-PES
as well as NCO HX-PES. Its energy position is different
from the ZRS feature in LCO. More importantly, since the
ZRS feature is missing in undoped NCO, its origin is
different and discussed in the framework of the impurity
Anderson model (IAM) later. For the same sample and
surface preparation (single-crystal cleaved surfaces), SX-
PES shows a peak at ~933.5 eV and a weak shoulder at
~932.0 eV. The SX-PES is very similar to a recent report,
with the 2p>3d'°L state at ~933.5 eV and a weak shoulder
due to the 2p°3d'? state [14]. In terms of the Ce content
(x = 0.15), a maximum of 15% of the spectral intensity
can arise due to the formally Cu'* 34'° state, in contrast to
the observed intensity (~30%). We calculated spectra for
NCO (using 3d° + 3d'°L states) in the IAM [8], and for
NCCO (using a linear combination of 3d° + 3d'°L and
3d'0 states with a relative weight of 85% and 15%),
respectively, [Fig. 1(c)]. A relative energy shift between
3d'0L and 3d'0 states of 1.5 eV is used, as is known from
experiments of CuO (Cu?*) and Cu,O (Cu'*") [27]. While
the calculation for NCO matches the data, the calculated
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intensity of feature « does not match the experimental HX-
PES data for NCCO. This indicates that a simple 3d'° state
due to e doping cannot explain the observed high intensity
of feature a.

(iv) The “ZRS,” “a,” and “B” features in LCO,
NCCO, and LSCO [Fig. 1(a)] are clearly observed in
HX-PES, respectively. While these features are missing
in earlier SX-PES [5-8,16], we find evidence for the
ZRS feature in LCO and broadening in LSCO even in
SX-PES measurements carried out on high-quality single
crystals fractured in situ. Also, the satellite features be-
tween NCCO and NCO show little change with doping,
and so also for LSCO and LCO. The small changes in the
satellite intensity between SX- and HX-PES is consistent
with a modified crystal field splitting on the surface com-
pared to bulk, as discussed by Boske et al. [26]. However,
since the well-screened main peak features correspond to a
fully filled 3d'° state, it has a different origin [26]. A large
shift of nearly 1.5 eV to higher BE is observed for the
NCO/NCCO satellite compared to LCO/LSCO.

While the Cu 2p HX-PES spectra are significantly dif-
ferent compared to SX-PES spectra, the O 1s core level
HX-PES spectra are very similar to the SX-PES spectra
[Fig. 2(a)]. The O 1s levels show a shift in peak position
towards higher BE (+0.25 eV) in the ¢ doped NCCO and
towards lower BE in the & doped LSCO (—0.2 eV), in
accord with earlier SX-PES studies [7,8,16]. Generally, it
is believed that these shifts may reflect the CP shift.

The above described experimental results using HX-
PES for undoped and doped cuprates can be explained by
MSCM with a nonlocal screening effect [11,12]. In par-
ticular, the ZRS state observed in LCO, the & doping-
induced changes in LSCO, and the feature « in e doped
NCCO can be explained by MSCM as shown earlier
[11,12]. In the MSCM, & doping decreases the nonlocal
screening or ZRS with respect to local screening and would
explain the observed line shape and transfer of spectral
weight to higher BE upon 4 doping. However, from the
present work, we find that NCO (the undoped parent for the
e doped system) does not show the ZRS feature [Fig. 1(b)].
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FIG. 2 (color). O 1s HX-PES spectra (a) and O 1s XAS spectra
(b) of NCCO, LCO, and LSCO. The relative position of the UHB
with respect to the O 1s core level in LSCO and NCCO can be
estimated from the O 1s XAS. The O 1s XAS shows a ‘“‘pre-
peak” feature due to the UHB that is brought about by O 2p-Cu
3d hybridization.

Since the IAM calculation works for NCO [Fig. 1(c)], and
the calculations are simpler than MSCM calculations, we
attempted its validity in the present case, although it is
clear that our model cannot reproduce the ZRS feature in
LCO. IAM calculations with the doping-induced state are
performed in the Dy, local symmetry including intra-
atomic multiplets. Here we retain only a single Cu atom
(core-hole site) and allow charge transfer between the Cu
3d state and the O 2p band as well as the Cu 3d state and
doping-induced states. The essential new feature is the
charge transfer from doping-induced states to the upper
Hubbard band (UHB) A* defined as E(34'°C) — E(3d°).
The usual charge transfer energy (from the O 2p band to
UHB), is defined as E(3d'°L) — E(3d°). The 3d'°C repre-
sents the charge transfer between Cu 3d state and the
doping-induced state at Er. The O 2p bands and doping-
induced states g, are approximated by N(= 13) discrete
levels and the k dependence of the hybridization is as-
sumed to be elliptical. The technical details of the calcu-
lation have been reported in Refs. [24,28,29]. It was also
shown that the IAM with doping-induced states mimics the
nonlocal screening of the MSCM, albeit due to an ad hoc
inclusion of doping-induced states [24].

The calculated and experimental results are shown in
Fig. 3 for LSCO and NCCO. The calculations reproduce
well the main peaks and satellite structure. It is known that
the intensity ratio of the well-screened peak to the poorly-
screened satellite is determined by the effective A [26].
The sharp peak at low BE in NCCO originates from core-
hole screening by doping-induced states at Ep, the
2p°3d'°C state. The obtained parameter values show small
differences for LSCO and NCCO as summarized in
Table I. The most important parameter is A*, which rep-
resents the energy difference between the UHB and
doping-induced states. The small value of A*(= 0.25 eV)
for NCCO indicates that the doping-induced states lie just
below the UHB, whereas a large A*(= 1.35 eV) of LSCO
describes the situation for doping-induced states lying near
the top of the VB, with the UHB separated by A*. How-
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FIG. 3 (color online). IAM calculations for the Cu 2p core
level PES of NCCO and LSCO (lower panel) compared with
experiments (upper panel). The broad satellite around 944 eV is
due to multiplets of 2p33d°. The O 2p band width broadens the
2p3d'°L peak around 933.5 eV.
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TABLE I. Estimated parameter values for NCCO and LSCO.

A A Uy Use2p) Viey) Vi(ey) T,y Wig Wen

NCCO 3.0 025 80 105 35 1.8 1.0 40 05
LSCO 36 135 80 100 375 125 1.0 40 05

ever, this still does not explain the small CP shift of O 1s
levels (+0.25 to —0.2 eV) from NCCO to LSCO. Using O
1s XAS to probe the unoccupied density of states, it is
known that & doping in LSCO develops a new feature [30]
below the UHB while e doping in NCCO results [31,32] in
effectively enhancing the intensity of the UHB itself
[Fig. 2(b)]. The results indicate that the onset peak position
of the UHB for LSCO is 0.8—1.0 eV higher in energy than
that of NCCO with respect to the O 1s core level [30-32].

Putting the O 1s HX-PES, O 1s XAS, and Cu 2p HX-
PES data together in an energy level diagram, we arrive at
the picture (Fig. 4) describing all the spectroscopic results:
(i) The UHB of LSCO is higher in energy than that of
NCCO, following the O 1s XAS. (ii) The difference in A*
is an approximate measure of the band gap of both NCO
and LCO (~1.0 eV) which is consistent with the resonant
PES [14] and optical gap [17]. (iii) The CP shift between
NCCO and LSCO is rather small compared with the optical
gap, explaining the small peak shift in O 1s spectra com-
pared to a crossing the gap picture. (iv) Fig. 4 clearly shows
that e doping-induced states lie at or near the bottom of the
UHB in NCCO while the h doping-induced states are
situated near the top of the VB, separated by ~1 eV. It is
important to note that, in the midgap pinning scenario, A*
has to be the same value in both e and / doped systems and
would result in the same spectral shape of Cu 2 p for NCCO
and LSCO.

In conclusion, bulk sensitive HX-PES is used to show
that LSCO and NCCO exhibit new bulk character elec-
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FIG. 4 (color). Schematic illustration of the energy levels of
LSCO and NCCO obtained from the IAM analysis. OPG repre-
sents the optical gap in undoped materials. The Fermi level (Ef)
separates the occupied density of states (shaded regions) from
the unoccupied density of states.

tronic states originating in screening from doped states,
which are strongly suppressed within ~15 A of the sur-
face. IAM calculations, complemented with O 1s XAS,
explain the intriguingly small CP shift in core levels
(~ 0.2 eV for h or e doping in LSCO and NCCO) as
well as valence and conduction band modifications span-
ning the band gap (~1 eV). The IAM calculations cannot
reproduce the ZRS feature observed in LCO, but which
was predicted from MSCM with nonlocal screening in the
absence of doping [11,12].
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