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Surface and interface study on MBE-grown Nd1.85Ce0.15CuO4 thin films
by photoemission spectroscopy and tunnel spectroscopy

H. Yamamoto, M. Naito, and H. Sato
NTT Basic Research Laboratories, 3-1 Morinosato-Wakamiya, Atsugi-shi, Kanagawa, 243-01, Japan

~Received 12 August 1996; revised manuscript received 18 February 1997!

Nd1.85Ce0.15CuO4 ~NCCO! surfaces and metal~Au, Ag, and Pb!/NCCO interfaces have been extensively
investigated by x-ray and ultraviolet photoelectron spectroscopies using films grown by molecular beam
epitaxy~MBE!. The photoelectron spectra obtainedin situ on the surfaces of MBE-grown NCCO films are free
from any dirt peak and show a fine structure with a Fermi edge in the valence region. Experiments were
performed on the prepared clean surfaces, focusing on the evolution of the surface or interface electronic
structure with oxygen nonstoichiometry at the surface or interface regions. The results show~1! a systematic
spectral change due to the oxygen content at the surface, and~2! a redox phenomena at the metal/NCCO
interface. In oxygenated surfaces or insufficiently reduced surfaces, excess oxygens seem to occupy the inter-
stitial ~apical! oxygen sites, which compensates Ce doping, eventually leading to a nonmetallic surface. In
excessively reduced surfaces, oxygen deficiencies seem to occur at regular oxygen sites, leading to a metallic
but not a superconducting surface. The photoelectron spectroscopy data are discussed in comparison with
complementary tunnel spectroscopy data. Both sets of data indicate that precise control of oxygen stoichiom-
etry at NCCO surface is essential to obtain an intrinsic~i.e., superconducting! NCCO surface, which is
indispensable in obtaining reliable data using surface sensitive experiments and in fabricating tunnel junctions
and superlattices with desirable characteristics.@S0163-1829~97!01629-9#
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I. INTRODUCTION

Since the discovery of high-transition-temperature sup
conductors~HTSC’s!, their electronic structures have bee
widely studied using surface-sensitive methods such as x
photoelectron spectroscopy~XPS!, ultraviolet photoelectron
spectroscopy~UPS!, and electron-energy-loss spectrosco
~EELS!. In fact, several review works concerned with HTS
surfaces have already been published.1–7 However, the im-
portance of the surface study of HTSC’s has not been dim
ished. First, for most HTSC’s the standard photoelect
spectra of the ‘‘intrinsic’’ surface have not been establish
This is mainly because of special difficulty in obtaining bul
representative surfaces for superconducting cuprates, w
generally have the feature that oxygen atoms are loo
bound to the lattice and thereby easily evaporate from
surface. Second, accurate information on the surface an
terface seems to be needed to build HTSC-based tunnel j
tions, the attempts at which have been unsuccessful in s
of tremendous efforts since the discovery of HTSC’s.8

NCCO has been extensively investigated by photoem
sion spectroscopies6,7,9–27 because its surface is relative
stable among cuprates and also because it belongs to a
family of n-type HTSC’s.28,29 A comparison of these with
those in thep-type family should shed light on the superco
ducting mechanism of HTSC’s. Many experiments on
NCCO surface have been reported, including works
single crystals and single-crystalline films. However, the
sults are controversial, especially those on the Cu 2p spectra,
which represent the valence of Cu, namely Cu21 or Cu11 or
intermediate between them, and those on the valence-b
spectra. We believe, this is mainly because of imperfect
face preparation in the previous works; most of the NCC
560163-1829/97/56~5!/2852~8!/$10.00
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surfaces were prepared by filing, fracture, and cleavage.
problems involved in these surface preparation methods w
reviewed in a work by Vasquez.6

In order to prepare clean surfaces of NCCO, we us
molecular beam epitaxy~MBE! in this work. We can grow
NCCO superconducting films with a smooth surface, hav
good electrical and superconducting properties by the pre
stoichiometry control of the constituent cations in MBE.30–32

The photoemission spectra obtainedin situ on the surface of
MBE-grown NCCO films are free from any dirt peaks, an
show a fine structure and a Fermi edge in the valence-b
region. Furthermore, it has been established that the spe
obtained using these films are reproducible. Extensive m
surements of XPS and UPS have been performed on
thusly prepared clean surfaces. Some tunnel spectros
measurements have also been made to support and com
ment the photoemission data. Our experiments have focu
on the following points:~1! the evolution of the surface elec
tronic structure with oxygen nonstoichiometry at the surfa
and the identification of the photoemission spectra of
bulk-representative~i.e., superconducting! NCCO surface;
and ~2! the effect of oxygen transfer~redox reaction! at
metal/NCCO interfaces.

The results indicate the surface and interface electro
structures of NCCO are strongly influenced by oxygen n
stoichiometry, and that the precise control of oxygen cont
at the surface~interface! region is essential to obtain th
bulk-representative surface~interface!. This is because the
surface or interface region is directly exposed to the envir
ment, and hence oxygen non-stoichiometry can be produ
more easily than inside the bulk. These consequences m
we should exercise extreme caution in investigating HTS
using surface-sensitive spectroscopies such as angle-res
photoemission spectroscopy and scanning tunnelling s
2852 © 1997 The American Physical Society
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56 2853SURFACE AND INTERFACE STUDY ON MBE-GROWN . . .
troscopy, and in fabricating HTSC-based tunnel junctio
and superlattices.

This paper is organized as follows. Section II describ
the experimental aspects of this work, including MB
growth of NCCO films, XPS and UPS measurements,
tunneling measurements. Section III presents and discu
the results. In Sec. III A, the surfaces of as-grown NCC
films, which are reduced in various conditions or oxyge
ated, are compared, and it is argued from the results with
aid of resistivity data and tunnel spectra which surface w
be ‘‘intrinsic.’’ In Sec. III B metal/NCCO interfaces are in
vestigated by photoemission and tunnel spectroscopies.
examine metals such as Au, Ag, and Pb, which are wid
used as counter electrodes of SIN tunnel junctions and c
tact electrodes. For Pb, evidence of formation
PbOx/oxygen-depleted NCCO complexes inin situ junction
by interface reaction is presented and the way to prevent
proposed. Section IV is a brief summary.

II. EXPERIMENT

A. MBE growth of NCCO films

The films were grown in a custom-designed UHV cha
ber ~chamber base pressure;1029 Torr! equipped with
multiple electron gun evaporators, whose details were
scribed elsewhere.33 Substrates used for surface analys
were ~001! Nb~0.5%!-doped SrTiO3 ~conductive! and those
used for electrical and tunnel measurements were undo
SrTiO3 ~insulating!.34 The substrate temperature measu
by an infrared pyrometer was 730610 °C. As oxidation gas
1–1.5 sccm of ozone gas~not distilled, 5–10 % ozone con
centration! was supplied through an alumina tube directed
the substrate at a distance of 1–2 cm. The total depos
rate was;0.15 nm/sec, and the film thickness was 100 n
It was confirmed by x-ray diffraction and reflection hig
energy electron diffraction~RHEED! that all of the NCCO
films were single phased andc-axis oriented. The doping
concentration of Ce was optimized, i.e., the film composit
was assumed to be roughly Nd1.85Ce0.15CuO4. These films, if
they are properly reduced, typically showTc

end522– 23
K, r(300 K)5150– 200mV cm, and r(30 K)530– 40
mV cm. These values are better than the best reported
single crystals.35

After deposition, in order to avoid phase decomposit
of film surface, ozone gas was supplied until the films coo
down to;630 °C. The ozone gas supply was then cut, a
the films were cooled down to ambient temperatu
(;200 °C) in various reducing conditions. This reducti
cooldown process has so far been made not along the
composition line~constantd of Nd1.85Ce0.15CuO42d!,

36 but
under constant partial pressure (PO2

) of molecular oxygen.
The reason is mainly the experimental limitation that t
diffusion of oxygen is too slow at low temperatures for o
to follow the isocomposition line exactly.37,38 Specifically,
under constantPO2

, films were kept at;630 °C for 600 sec
and cooled down to ambient temperature at the rate
;20 °C/min. The PO2

in reduction was varied from

<1028 Torr to 331025 Torr by controlling the flow of mo-
lecular oxygen introduced into the chamber from 0 sccm t
sccm.39 In this work, for convenience,PO2

, is mostly de-
s
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31025 Torr per 1 sccm O2 flow. For the purpose of com
parison, we also made a few oxygenated films, which w
cooled down with the same amount of ozone gas supply
during growth.

B. Characterization of NCCO surface and metal/NCCO
interface by XPS and UPS

For in situ surface analysis by XPS and UPS, grown film
were transferredin vacuoto an analysis chamber with a bas
pressure of;3310210 Torr. Unmonochromatized MgKa
and Al Ka ~VG XR3E2! and He I, He II~VG UVL-HI ! were
used as x-ray and ultraviolet sources, and CLAM2~VG! was
used as an electron energy analyzer.

For characterization ofin situ metal/NCCO interfaces, a
1.0-nm-thick metal~Au, Ag, Pb! was deposited on an as
grown NCCO surface at a substrate temperature of 10
150 °C in the growth chamber. Judging by RHEED, strea
diffraction patterns from NCCO fade away completely wi
this metal deposition, indicating that the entire surface
NCCO was covered with the metal. The prepared me
NCCO specimens were transferredin vacuo to the analysis
chamber for XPS and UPS investigations.Ex situ fabricated
Pb/NCCO interfaces, where Pb was deposited on NCCO
faces after exposed to 0.2 atm of pure O2 or air, were also
examined to elucidate the difference in tunnel spectra
scribed below.

C. Tunnel junction fabrication

Two types of tunnel junctions were fabricated:in situ and
ex situ. In in situ junction fabrication, metal counter elec
trodes (;50 nm) were deposited on as-grown NCCO film
a substrate temperature of 100–150 °C in the growth ch
ber. Junctions were fabricated by an ordinary photolith
graphic process. The junction area is typically betwe
0.1 mm30.1 mm and 0.4 mm30.4 mm. Inex situ junction
fabrication, films were taken out of the growth chamber, a
10–20 days later they were coated with polystyre
Q-dope except for a narrow strip 0.2–0.5 mm in width. Th
counter electrodes~Pb, Au, etc.! of ;0.2 mm wide cross
strips were evaporated in a bell jar.

III. RESULTS AND DISCUSSION

A. Surface of as-grown NCCO films

1. r-T characteristics of the NCCO films

Figure 1 shows the temperature dependence of the re
tivity of NCCO films that were reduced under variousPO2

or

oxygenated in O21O3. In the reduced films, the overall be
havior of resistivity does not change withPO2

very much,

except that the low-temperature resistivity increases andTc
decreases slightly with increasingPO2

. On the other hand, a
shown below, the surface structure and surface electro
structure change significantly withPO2

. This fact indicates
that the surface structure and surface electronic structur
the films do not represent inner structure and inner electro
structure of the films. This problem seems to be due to
reduction process, which does not follow the isocomposit
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2854 56H. YAMAMOTO, M. NAITO, AND H. SATO
line.36 Sluggish oxygen diffusion at low temperatures37,38

causes an inhomogeneous oxygen concentration to dev
in the depth direction. In insufficient reduction, the oxyg
concentration should be higher toward surface, wherea
excessive reduction, the oxygen concentration should
lower toward surface. Fairly homogeneous oxygen conc
tration can be obtained only when optimal reduction is ma
The resistivity of an oxygenated film, which is also shown
Fig. 1, is 3 orders of magnitude higher at room temperat
and exhibits semiconducting behavior.

2. Results of Cu 2p XPS and valence UPS

Figure 2 shows thein situ Cu 2p XP spectra of the above
NCCO films. These spectra are raw data without subtrac
of components from MgKa8, Ka3 , etc. The conventiona
notation such as2p3/23d10LI @L; ligand ~oxygen!#, 2p3/23d9

is given to each peak. For convenience, we call2p3d10LI the
main peak and2p3d9 the satellite peak, and the notation
I s /I m is used to express the intensity ratio of these pe
hereafter. Table I summarizes the binding energies~BE’s!
and the full widths at half maximum~FWHM’s! of the
peaks, the energy separations~W’s! between the main pea
and the satellite peak, and theI s /I m ratios. ForI s /I m , we
used the ratio of the Cu 2p1/2 satellite peak to the Cu 2p1/2
main peak because this minimizes the influence ofKa8,
Ka3 , etc., which have higher photon energies thanKa and
give spurious intensity at the position of Cu2p3/23d9. The
energy separationW is related to the Coulomb repulsive e
ergy between a Cu 2p electron and a Cu 3d electron. The
I s /I m ratio increases with increasingPO2

in reduction. This

FIG. 1. Resistivityr vs temperatureT for NCCO reduced in
variousPO2

or oxygenated. Inset:r vs T around the superconduc
ing transition.
lop

in
e

n-
e.

e
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change inI s /I m corresponds to a change in the valence
Cu. Namely, the valence of Cu at a surface, which is int
mediate between11 and12, comes closer to12 with in-
creasingPO2

. For the film reduced in a 0 sccm O2, I s /I m is
very small, indicating that Cu at the surface is close
monovalent. The FWHM of the main peak also increas
with increasingPO2

. The I s /I m ratio is enlarged further in
the oxygenated film. The FWHM of the main peak of th
oxygenated film is nearly equal to that of the film reduced
1 sccm O2, although the detailed shape is different. The pe
energy of the main peak also has a higher binding energ
the oxygenated film.

Figure 3 shows the corresponding valence UP spec
The ultraviolet source was He I~21.2 eV! for spectra
(a) – (d) and He II~40.8 eV! for spectra (a8) – (d8). The UP
spectra show negligible intensity for the so-called 9-eV d
peak,2,40,41reconfirming that the surface of our sample is fr
from contaminants. Furthermore, the UP spectra show
Fermi edge for the reduced films@(a) – (c),(a8) – (c8)# and
also a fine structure in the valence-band region around
eV. Suzukiet al.16 pointed out that, for the cleaved surfac
of an NCCO polycrystalline pellet, the Fermi edge can
observed in XPS but not in UPS despite the advantage
UPS in imaging photoionization cross sections,42 and ex-
plained that this is because XPS has a more probing d
than UPS and therefore is able to detect a deeper and m
intrinsic region inside specimens even if a few top layers
degraded. In addition, only a few groups have succeede
observing the Fermi edge of NCCO using photons withhn
535– 75 eV~Refs. 17, 18, 24, and 25! or hn517 eV ~Ref.
25! prepared by synchrotron radiation. In one case,hn

FIG. 2. In situ Cu 2p XP spectra of NCCO films reduced in
(a) 0, (b) 0.1, (c) 1 sccm O2, and (d) oxygenated in O21O3.
Parameters related to the position, width, and intensity of the pe
are summarized in Table I.
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TABLE I. Position (EB), full width at half maximum~FWHM!, energy separation (W), and intensity ratio (I s /I m) of Cu 2p1/2 obtained
from the Cu 2p XPS spectra.W is defined as the difference betweenEB of satellite and that of main.

Cu 2p3/2 main Cu 2p3/2 sat. Cu 2p1/2 main Cu 2p1/2 sat. Is~Cu 2p1/2!

I m~Cu 2p1/2!

Oxygen
supply

EB

~eV!
FWHM

~eV!
EB

~eV!
FWHM

~eV!
W

~eV!
EB

~eV!
FWHM

~eV!
EB

~eV!
FWHM

~eV!
W

~eV!

Vacuum 932.8 1.5 943.7 2.1 10.9 952.6 1.6 — — — ;0
O2 0.1 sccm 932.7 1.6 943.3 2.2 10.6 952.4 1.9 962.7 ~1.9! 10.3 0.14
O2 1 sccm 932.8 2.2 942.7 2.3 9.9 952.7 2.2 962.4 ~2.2! 9.7 0.36
O21O3 933.7 2.0 942.2 3.3a 8.5 953.4 2.0 962.0 ~2.0! 8.6 0.55

aIf the Cu 2p3/2 satellite peak in Fig. 2~d! consists of a single component.
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516.8 eV by Ne I.26 Our MBE-grown films show the Ferm
edge in conventional He~I! and He~II ! UPS, presenting more
evidence of the high quality of the surfaces and that the fi
are metallic up to the surface. In the valence-band region,
spectrum shapes of the spectra with He~I! and with He~II ! are
different. The peaks observed in He~I! UP spectra are no
always observed in He~II ! UP spectra~e.g., peaksB,b!, and
vice versa~e.g., peaksA8, d8!. Here, each peak in He~II ! UP

FIG. 3. In situ valence UP spectra of NCCO films reduced
(a),(a8) 0 sccm, (b),(b8) 0.1 sccm, (c),(c8) 1 sccm O2, and
(d),(d8) oxygenated. The ultraviolet source was He~I! for the spec-
tra (a) – (d) or He~II ! for the spectra (a8) – (d8). Each peak in the
He~II ! UP spectra is labeled by a letter with a prime. The pe
B–F and A8, C8, E8 F8 are due to the intrinsic energy band
whereas the peaksa, b, anda8, g8, d8 are due to extrinsic orbitals
~see text!. Their peak positions are summarized in Table II. A Fer
edge is observed except in (d),(d8). Fine structures around 2–7 e
are observed for all the films. The so-called 9 eV structure w
extrinsic origin~Refs. 2, 40, 41! has negligible intensity in all spec
tra.
s
he

spectra is labeled by a letter with a prime. PeakD and peak
g8 seem to have different origins for reasons described
low, although their position is the same. The peak positio
are summarized in Table II.

3. Discussion

The above results are discussed here in connection
the role of oxygen nonstoichiometry at the surface. First,
Cu 2p spectra will be discussed. Parmigianiet al.23 pointed
out that the main Cu 2p3/2 XPS core line in Nd2CuO4, where
the Cu21 ions are coordinated by four O22 ions in a square
planar configuration, is narrower than that in La2CuO4 with
the Cu21 coordinated by six O22 ions in an octahedral con
figuration. We confirmed this by comparing our NCCO a
preliminary LSCO spectra. Parmigianiet al. explained that
the difference in the 2p3/2 line width between these two con
figurations is caused by a difference in the charge tran
mechanism; in the square planar configuration, only
O px,y→Cu dx22y2 charge-transfer mechanism can ta
place, whereas in the octahedral configuratio
O pz→Cu dz2 as well as Opx,y→Cu dx22y2 is allowed, and
hence these two different configurations will produce diffe
ent ionization potentials for the Cu 2p3/2 core level.

The Cu 2p spectrum of the oxygenated NCCO film
close to our preliminary Cu 2p spectrum of an LSCO film in
that both show a largeI s /I m ratio and a wide 2p3/2 main line.
This indicates that a fair amount of excess oxygen ato
probably occupy interstitial sites@O~3!#, which correspond to
the apical sites of the relatedT structure.43 The semiconduct-
ing behavior of the resistivity of the oxygenated film su
gests that oxygen atoms also occupy apical sites well in
the film, at least partially. This picture seems to be consis
with the recent neutron-diffraction results,44,45 the EXAFS
results,46 and also the early TGA results47 on Nd2CuO41d
and Nd22xCexCuO41d. The surface of NCCO reduced in
sccm O2 also shows a similar tendency, to a less pronoun
degree, in the Cu 2p spectrum, indicating the reduction i
insufficient. The occupancy of the apical sites at the surf
in this film will be somewhat lower than in the oxygenate
film. Moreover, this occupancy seems to occur mainly in
limited region near the surface, with an extremely small p
centage inside the film, as suggested from the resistivity d

It is not easy to decide which of those reduced in 0 or
0.1 sccm O2 is an intrinsic ~i.e., superconducting! surface
since the films reduced in 0 and 0.1 sccm O2 show a differ-
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TABLE II. Position of the peaks observed in UP spectra in Fig. 3.

Intrinsic Extrinsic

He I
Peak A B C D E F a b g d

Position
~eV!

- 3.1 3.7 4.8 5.5 6.9 1.0 2.8 - -

He II
Peak A8 B8 C8 D8 E8 F8 a8 b8 g8 d8

Position
~eV!

2.0 - 3.3
;3.7

- 5.8 6.9 1.0 - 4.8 7.5
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ence only in theI s /I m ratio. The results are essentially ide
tical for the rest, including the valence-band spectrum,
resistivity, and the RHEED pattern.48 Nevertheless, we adop
the surface reduced in 0.1 sccm O2 as representing the ‘‘in-
trinsic’’ surface of NCCO. This conclusion is based on o
preliminary tunnel experiments indicating that the Cu11 sur-
face is metallic, but not superconducting. The reduction i
sccm O2 seems to be excessive. Several neutron-diffrac
experiments have indicated deficiencies of both O~1! in the
CuO2 plane and O~2! in the Nd2O2 plane in excessively re
duced Nd2CuO42d ~Refs. 44 and 49! and
Nd1.85Ce0.15CuO42d.

45 The deficiency of either site change
the doping level from optimum to overdoped. Furthermo
the deficiency of O~1! sites disrupts the network in th
CuO2 planes, which may have a more fatal effect on sup
conductivity. At present, we cannot determine whether i
O~1! or O~2! that is dominantly deficient at excessively r
duced~i.e., reduced in 0 sccm O2! surfaces.

Next, the valence-band spectra are discussed on the
of the above picture of oxygen nonstoichiometry at the s
face. The peaksB–F andA8, C8, E8, F8 seem to be due to
the intrinsic energy bands of the bulkT8 crystal structure,
whereas the peaksa, b, anda8, g8, d8 seem to be due to
extrinsic states. It is assumed that, in the film reduced un
high PO2

and in the oxygenated film, oxygen occupancy

apical sites should modify the Cu 3dz2 states to the
Cu 3dz2-O 2pz dps states at the NCCO surface. The extri
sic peaks are considered to be derived from t
Cu 3dz2-O 2pz dps orbital. Therefore, the intensity of a
intrinsic peak should either decrease or not change w
PO2

, whereas the intensity of an extrinsic peak should

crease with increasingPO2
and become maximum in th

oxygenated film. From the intensity change, the peakD and
the peakg8 have a different origin despite their having th
same energy position, i.e., peakD is intrinsic whereas peak
g8 is extrinsic. The intrinsic peaks have some corresp
dence with the spectrum obtained by Sakisakaet al.17 They
measured valence-band photoemission spectra~not in situ! as
a function of the energy of the incident photon~25–90 eV!
for a NCCO film with Tc;12.5 K. Our peaksC, C8, and
D appear to correspond to their 3.6 and 5.0 eV peaks,
spectively, and furthermore our small peaksA8, F, andF8 to
their 1.9 and 7.1 eV peaks. Sakisakaet al.concluded that the
3.6 eV peak is dominated by Cu 3d states and the 5.0 eV
peak by O 2p states from the energy dependence of the sp
trum shape. Our observation also supports their conclus
According to the calculated atomic ionization cross-sect
table,42 the cross-section ratio of atomic Cu 3d and O 2p
e
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r-
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c-
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@s(Cu 3d)/s(O 2p)# is larger for He~II ! than for He~I! by a
factor of roughly 2. PeaksC8 in (a8),(b8) in the He~II ! UP
spectra is more apparent than peakC in (a),(b) in the He~I!
spectra in Fig. 6, whereas peakD is more apparent in the
He~I! spectra. A detailed description of the valence-ba
structures including the Ce-doping dependences will be
ported elsewhere. All that should be emphasized here is
valence-band spectra or the electronic structures change
nificantly with the oxygen content near the surface region

B. Metal/NCCO interface

First, the Cu 2p XP spectra forin situ metal/NCCO inter-
faces will be discussed. Figure 4, (a) – (c), shows the
Cu 2p XP spectra for thein situ surface of the optimally
reduced NCCO film (a), Au (1.0 nm)/NCCO interface
(b), and Pb (1.0 nm)/NCCO interface (c). Both spectra
(b) and (c) were obtained afterin situ deposition of the
corresponding metals on the ‘‘intrinsic’’ NCCO surface. A
though the background shapes in spectra (a), (b), and (c)
are different from one another, it is noticed from the co
parison with spectrum (a) that, the I s /I m ratio does not
change in the Au/NCCO interface, while this ratio apparen
diminishes in the Pb/NCCO interface. This implies that
reduction of NCCO by Pb occurs at the Pb/NCCO interfa
We also examined the interface between Ag and NCCO.
result on Ag is essentially identical to that on Au. The co
responding Au 4f and Pb 4f XP spectra are shown in Figs
5~a! and 5~b!, which provide complementary information o
the metal/NCCO interfaces. In the Au/NCCO interfac
Au 4f 7/2 and 4f 5/2 have single peaks. On the contrary, in t
Pb/NCCO interface, Pb 4f 7/2 and 4f 5/2 have two compo-
nents: one that originates from metallic Pb and another fr
a Pb oxide, indicating the presence of PbOx in the interface
region. These results indicate that the deposition of a m
on NCCO, depending on the reactivity of the metal to ox
gen, causes reduction of the NCCO surface and concom
oxidization of the metal. For Au and Ag, hardly any reacti
occurs with NCCO. On the other hand, even for Pb, which
supposed to have moderate reactivity to oxygen, redox re
tion occurs with NCCO, leading to the formation o
PbOx/oxygen-depleted NCCO interface complexes.

Next, we shall discuss the Pb/NCCO interface prepare
various conditions. Spectra (d) and (e) in Fig. 4 were ob-
tained after Pb deposition on the 0.2-atm pure-O2 exposed
surface (d) and on air-exposed surface (e) of optimally re-
duced NCCO films. Figure 4 also shows the correspond
Cu 2p XP spectra of the 0.2-atm pure-O2 exposed surface
( f ) and air-exposed NCCO surface (g) beforedepositing Pb
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on them. Oxygen exposure distinctly enlarges theI s /I m ratio
and makes the Cu 2p main line broaden and shift to highe
binding energy@( f )#, indicating the adsorption of oxygen a
the surface: a fair amount of excess oxygen occupies in
stitial apical sites@O~3!#. Further exposure to air for a lon
time ~up to 2 weeks! brings about no essential change in t
Cu 2p XP spectrum @(g)#, although some evidence o
H2O/CO2 adsorption is seen in O 1s XP spectra and valenc
spectra. The detailed description of stability of the NCC
surface against air will be given elsewhere.50 For all of the
surfaces shown in (c) – (e), Pb deposition apparently dimin
ishes theI s /I m ratio, indicating the occurrence of redox r
action between Pb and NCCO. The valence of Cu in (c) is
close to11(I s /I m;0), indicating oxygen deficiencies at th
regular sites@O~1! and/or O~2!#. On the other hand, the
Cu 2p1/2 satellite peak has weak but finite intensity in (d)
and (e); i.e., the Cu valence in (d) and (e) is intermediate
between 11 and 12. This suggests that oxygen an
H2O/CO2 adsorption protects, to some extent, NCCO fro
suffering from oxygen deficiencies at the regular site by
deposition.

Complementary results were obtained from the Pb/NC
tunnel spectra. Figure 6 shows thedI/dV characteristics of
Pb/NCCO tunnel junctions fabricated by thein situ

FIG. 4. Cu 2p XP spectra for (a) the in situ surface of the
optimally reduced NCCO film~‘‘intrinsic’’ surface!, (b) the in situ
Au ~1.0 nm!/NCCO interface, (c) the in situ Pb ~1.0 nm!/NCCO
interface, (d) the ex situPb ~1.0 nm!/0.2-atm O2-exposed NCCO
interface, (e) the ex situPb ~1.0 nm!/air-exposed NCCO interface
( f ) the 0.2-atm O2-exposed NCCO surface, and (g) the air-exposed
NCCO surface.
r-

b

O

@(a),(a8)# andex situ@(b),(b8)# processes using optimall
reduced NCCO films. The solid lines@(a) and (b)# represent
the data taken atT59 K, where Pb is normal and the broke
lines@(a8) and (b8)# the data taken atT,1.4 K, where Pb is
superconducting. In either junction, the dominant elect
transport process seems to be elastic tunneling since the
perconducting gap and the phonon structure of Pb are
served clearly atT,1.4 K. However, the superconductin
gap structure of NCCO is hardly observed at all in thein situ
tunnel junction. The superconductivity of NCCO is com
pletely lost in thein situ Pb/NCCO junction due to oxygen
depletion in the interface region. On the other hand, in theex
situ junction the oxygen deficiencies at the regular sites se
to be significantly suppressed. The superconducting
structure of NCCO with a reasonable gap value (;4 meV)
~Ref. 51! can be clearly seen in theex situ junction. How-
ever, the high zero-bias conductance~;20% of the normal
conductance at our best! and the smeared shape ofdI/dV
indicate the presence of a normal-metal region and the
tribution of the magnitude of the superconducting gap. T
seems to be caused by a nonuniform oxygen distribution
the interface.

In connection with the above metal/NCCO reaction at
interface, it should be noted that the conventional amorph
metal-oxide barriers for metallic or intermetallic superco
ductors will not work for high-Tc cuprates to fabricate tunne
junctions. We have tried CeO2 and Al2O3 barriers on NCCO
by depositing Ce or Al at ambient temperature and sub
quently oxidizing them. The junctions with these barrie

FIG. 5. Au 4f ~a! and Pb 4f ~b! XP spectra obtained from thein
situ Au/NCCO interface and thein situ Pb/NCCO interface, respec
tively. The Au 4f peak consists of a single peak, whereas
Pb 4f consists of two components of metallic Pb and Pb oxide.
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exhibited very high resistance and no superconducting
structure of NCCO, which indicates that a reaction similar
that in the Pb/NCCO interface occurs to a more serious
tent.

IV. SUMMARY

We have extensively investigated NCCO surfaces
metal/NCCO interfaces by x-ray and ultraviolet photoele
tron spectroscopies and tunnel spectroscopy using fi
grown by MBE. The results are summarized as follows.

~1! In situ photoelectron spectroscopies on well-controll
MBE-grown films provide one of the best opportunities f
studying the intrinsic surfaces of high-Tc cuprates. The pho
toelectron spectra obtainedin situ in the present study ar
free from any dirt peaks and show a fine structure with
Fermi edge in the valence-band region.

~2! The intrinsic surface of superconductin
Nd1.85Ce0.15CuO4 was identified. The NCCO surface shows
systematic change in the Cu 2p XP spectrum with changing

FIG. 6. Conductance curves forin situ @(a),(a8)# and ex situ
@(b),(b8)# Pb/native barrier/NCCO tunnel junctions fabricated
using the optimally reduced NCCO films. Spectra (a) and (b) were
measured atT59 K ~i.e., Pb is nonsuperconducting!, whereas spec-
tra (a8) and (b8) were measured atT,1.4 K ~i.e., Pb is supercon-
ducting!. The superconducting gap structure of NCCO is clea
observed in spectrum (b) and (b8), whereas it is hardly observed a
all in (a) and (a8). The additional fine structures observed
(a8) and (b8) are due to the superconducting gap and the pho
structure of Pb. A zero bias peak is also observed in (b8) whose
origin is unknown. It should also be noted that the tunnel cond
tance is significantly higher in thein situ junction than in theex situ
junction.
s

rf

.

p
o
x-

d
-
s

a

oxygen content near the surface. The Cu 2p XPS shows that
Cu at the surface changes from divalentlike for insufficie
reduction (PO2

>1025 Torr) to monovalentlike for excessiv

reduction (PO2
<1028 Torr). The intrinsic surface of super

conducting Nd1.85Ce0.15CuO4 can be obtained only by the
optimum reduction (PO2

51;531026). These spectra can
be used as the indices whether a surface prepared by
searcher is intrinsic or not. With insufficient reduction, e
cess oxygen atoms seem to occupy interstitial apical s
@O~3!#, which compensates the Ce doping, eventually lead
to nonmetallic surface. On the other hand, with excess
reduction, oxygen deficiencies seem to occur at regular s
@O~1! and/or O~2!#, leading to a metallic but not a superco
ducting surface.

~3! The valence-band UP spectrum also changes w
varying reduction conditions. The change is significant w
insufficient reduction, but small with excessive reductio
The spectral change in the valence band of the NCCO
face with insufficient reduction seems to originate from t
modification of the Cu 3dz2 states into the
Cu 3dz2-O 2pz dps states due to oxygen occupying apic
sites.

~4! The metal/NCCO interfaces have been investigated
XPS and tunnel spectroscopy. For Au and Ag, no react
occurs with NCCO. For reactive metals such as Pb, howe
redox reaction occurs, leading to the formation of met
oxide–oxygen-depleted NCCO interface complexes if Pb
depositedin situ on NCCO. This reaction destroys the supe
conductivity of NCCO at the interface region. This proble
may be universal in cuprate and any spectra of high-Tc tun-
nel junctions may suffer from this problem. This redox ph
nomena is considered to be the intrinsic reason why attem
to fabricate high-Tc tunnel junctions have been unsuccessf

These results strongly indicate that precise control of o
gen content of the NCCO surface is essential to obtain
intrinsic ~i.e., superconducting! NCCO surface, which is in-
dispensable in obtaining reliable data in surface-sensitive
periments and also in fabricating tunnel junctions and sup
lattices with desirable characteristics.
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