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Surface and interface study on MBE-grown Nd gCe, 1:CuQO, thin films
by photoemission spectroscopy and tunnel spectroscopy
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Nd; g=Cey 15CuUQ, (NCCO) surfaces and metdAu, Ag, and PWNCCO interfaces have been extensively
investigated by x-ray and ultraviolet photoelectron spectroscopies using films grown by molecular beam
epitaxy(MBE). The photoelectron spectra obtairiagitu 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 result$13resystematic
spectral change due to the oxygen content at the surface(2arad redox phenomena at the metal/NCCO
interface. In oxygenated surfaces or insufficiently reduced surfaces, excess oxygens seem to occupy the inter-
stitial (apica) 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 intringie., superconductingNCCO surface, which is
indispensable in obtaining reliable data using surface sensitive experiments and in fabricating tunnel junctions
and superlattices with desirable characteris{i€9163-1827)01629-9

[. INTRODUCTION surfaces were prepared by filing, fracture, and cleavage. The
problems involved in these surface preparation methods were
Since the discovery of high-transition-temperature superreviewed in a work by Vasquéz.
conductors(HTSC's), their electronic structures have been In order to prepare clean surfaces of NCCO, we used
widely studied using surface-sensitive methods such as x-rajiolecular beam epitaxyMBE) in this work. We can grow
photoelectron spectrosco)PS), ultraviolet photoelectron NCCO superconducting films with a smooth surface, having
spectroscopy(UPS), and electron-energy-loss spectroscoprOOd electrical and superconducting properties by the precise

(EELS). In fact, several review works concerned with HTSC Stoichiometry control of the constituent cations in MEE??
surfaces have already been publishedHowever, the im- The photoemission spectra obtainadsitu on the surface of

portance of the surface study of HTSC'’s has not been diminMBE-grown NCCO films are free from any dirt peaks, and

ished. First, for most HTSC'’s the standard photoelectror§hOW a fine structure and a Fermi edge in the valence-band

spectra of the “intrinsic” surface have not been established <9'°": Furthermore, it has been established that the spectra

. . L ke . . obtained using these films are reproducible. Extensive mea-
This is mainly because of special difficulty in obtaining bulk- urements of XPS and UPS have been performed on the
representative surfaces for superconducting cuprates, whict

usly prepared clean surfaces. Some tunnel spectroscopy
generally have the feature that oxygen atoms are loose%easurements have also been made to support and comple-

bound to the lattice and thereby easily evaporate from th@,eny the photoemission data. Our experiments have focused
surface. Second, accurate mformgﬂon on the surface anq iBn the following points(1) the evolution of the surface elec-
terface seems to be needed to build HTSC-based tunnel jungpnic structure with oxygen nonstoichiometry at the surface
tions, the attempts at which have been unsuccessful in spitghd the identification of the photoemission spectra of the
of tremendous efforts since the discovery of HTSE's. bulk-representative(i.e., superconductiggNCCO surface;
NCCO has been extensively investigated by photoemisand (2) the effect of oxygen transfefredox reaction at
sion spectroscopi€$®-2" because its surface is relatively metal/NCCO interfaces.
stable among cuprates and also because it belongs to a smallThe results indicate the surface and interface electronic
family of n-type HTSC's?®% A comparison of these with structures of NCCO are strongly influenced by oxygen non-
those in thep-type family should shed light on the supercon- stoichiometry, and that the precise control of oxygen content
ducting mechanism of HTSC’s. Many experiments on theat the surfacg(interface region is essential to obtain the
NCCO surface have been reported, including works orbulk-representative surfadgnterface. This is because the
single crystals and single-crystalline films. However, the ressurface or interface region is directly exposed to the environ-
sults are controversial, especially those on the @sf@ectra, ment, and hence oxygen non-stoichiometry can be produced
which represent the valence of Cu, namely’Cor Cu'* or  more easily than inside the bulk. These consequences mean
intermediate between them, and those on the valence-banee should exercise extreme caution in investigating HTSC's
spectra. We believe, this is mainly because of imperfect sunising surface-sensitive spectroscopies such as angle-resolved
face preparation in the previous works; most of the NCCOphotoemission spectroscopy and scanning tunnelling spec-
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troscopy, and in fabricating HTSC-based tunnel junctionshoted by the oxygen flow, which givesl302=3.5

and superlattices. , _ X 107° Torr per 1 sccm Qflow. For the purpose of com-
This paper is organized as follows. Section Il descnbe%arison’ we also made a few oxygenated films, which were

the experimental aspects of this work, including MBE . 51ed down with the same amount of ozone gas supply as
growth of NCCO films, XPS and UPS measurements, an uring growth.

tunneling measurements. Section Ill presents and discusses
the results. In Sec. lll A, the surfaces of as-grown NCCO
films, which are reduced in various conditions or oxygen-
ated, are compared, and it is argued from the results with an
aid of resistivity data and tunnel spectra which surface will  Forin situ surface analysis by XPS and UPS, grown films
be “intrinsic.” In Sec. Il B metal/NCCO interfaces are in- were transferreth vacuoto an analysis chamber with a base
vestigated by photoemission and tunnel spectroscopies. Waressure of~3x 10 1° Torr. Unmonochromatized M «
examine metals such as Au, Ag, and Pb, which are widelyand AlKa (VG XR3E2 and He I, He lII(VG UVL-HI) were
used as counter electrodes of SIN tunnel junctions and conssed as x-ray and ultraviolet sources, and CLAN®) was
tact electrodes. For Pb, evidence of formation ofused as an electron energy analyzer.

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

PbQ/oxygen-depleted NCCO complexesimsitu junction For characterization ofh situ metal/NCCO interfaces, a
by interface reaction is presented and the way to prevent it i$.0-nm-thick metal(Au, Ag, Pb was deposited on an as-
proposed. Section IV is a brief summary. grown NCCO surface at a substrate temperature of 100—

150 °C in the growth chamber. Judging by RHEED, streaky
diffraction patterns from NCCO fade away completely with
this metal deposition, indicating that the entire surface of
A. MBE growth of NCCO films NCCO was covered with the metal. The prepared metal/
. : ; NCCO specimens were transferredvacuoto the analysis
The films were grown in a custom-designed UHV cham- . S . :
ber (chamber base pressure10 ° Torr) equipped with ;g?ﬁgggqr XF;S and l#]PS |g\t/)est|ga(;|oﬁs< .S'tgfabrlllcggg
multiple electron gun evaporators, whose details were def— f Inter acej, woege W?S Epg)?'“? on | sur-
scribed elsewher®. Substrates used for surface analysesaces.ater exposed to 0.2 atm of purg @ air, were also
were (001) Nb(0.5%-doped SrTiQ (conductive and those exa}mlned to elucidate the difference in tunnel spectra de-
used for electrical and tunnel measurements were undopes§rlbecj below.
SrTiO; (insulating.®* The substrate temperature measured o o
by an infrared pyrometer was 7300 °C. As oxidation gas, C. Tunnel junction fabrication
1-1.5 sccm of ozone gdsot distilled, 5-10 % ozone con-  Two types of tunnel junctions were fabricatéd situ and
centration was supplied through an alumina tube directed afex situ In in situ junction fabrication, metal counter elec-
the substrate at a distance of 1-2 cm. The total depositioftodes (50 nm) were deposited on as-grown NCCO film at
rate was~0.15 nm/sec, and the film thickness was 100 nma substrate temperature of 100—-150 °C in the growth cham-
It was confirmed by x-ray diffraction and reflection high- ber. Junctions were fabricated by an ordinary photolitho-
energy electron diffractiofRHEED) that all of the NCCO  graphic process. The junction area is typically between
films were single phased anztaxis oriented. The doping 0.1 mmx0.1 mm and 0.4 mm0.4 mm. Inex situjunction
concentration of Ce was optimized, i.e., the film compositionfabrication, films were taken out of the growth chamber, and
was assumed to be roughly NgCe, 1:CuQ,. These films, if  10-20 days later they were coated with polystyrene
they are properly reduced, typically sh0W§”d: 22-23  Q-dope except for a narrow strip 0.2—0.5 mm in width. Then
K, p(300 K)=150-200u) cm, and p(30K)=30-40 counter electrode$Pb, Au, etc. of ~0.2 mm wide cross
1 cm. These values are better than the best reported fatrips were evaporated in a bell jar.
single crystals®

Il. EXPERIMENT

After deposition, in order to avoid phase decomposition ll. RESULTS AND DISCUSSION
of film surface, ozone gas was supplied until the films cooled _
down to~630 °C. The ozone gas supply was then cut, and A. Surface of as-grown NCCO films

the films were cooled down to ambient temperature
(~200 °C) in various reducing conditions. This reduction ] .
cooldown process has so far been made not along the iso- Figure 1 shows the temperature dependence of the resis-
Composition |ine(c0nstant5 of Ndl.85CQ).l5cuo4*§)136 but t|V|ty of NCCO films that were reduced under VarIdB§2 or

under constant partial pressurédz) of molecular oxygen. oxygenated in @+Os. In the reduced films, the overall be-
The reason is mainly the experimental limitation that thehavior of resistivity does not change witho, very much,
diffusion of oxygen is too slow at low temperatures for oneexcept that the low-temperature resistivity increases &nd

to follow the isocomposition line exactff:*® Specifically,  decreases slightly with increasiiﬁgjz. On the other hand, as
under constanPo,, films were kept at-630 °C for 600 sec  shown below, the surface structure and surface electronic
and cooled down to ambient temperature at the rate oftructure change significantly witﬁoz. This fact indicates
~20°C/min. The Po, in reduction was varied from that the surface structure and surface electronic structure of
<10 8 Torr to 3x 10~ ° Torr by controlling the flow of mo-  the films do not represent inner structure and inner electronic
lecular oxygen introduced into the chamber from 0 sccm to Jstructure of the films. This problem seems to be due to our
scem? In this work, for conveniencel?oz, is mostly de- reduction process, which does not follow the isocomposition

1. p-T characteristics of the NCCO films
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FIG. 2. In situ Cu 2p XP spectra of NCCO films reduced in
FIG. 1. Resistivityp vs temperaturel’ for NCCO reduced in (8) 0, (b) 0.1, () 1 sccm @, and () oxygenated in &+ Os.

Parameters related to the position, width, and intensity of the peaks

variousP_ or oxygenated. Insep vs T around the superconduct- . )
NG Y9 p P are summarized in Table I.

ing transition.

change inl¢/1,, corresponds to a change in the valence of

causes an inhomogeneous oxygen concentration to develop™ !\lamely, the valence of Cu at a surface, Wh'c.h IS Inter-
in the depth direction. In insufficient reduction, the oxygen Ed'a_‘te betweer 1 ar_1d+2, comes closer ta-2 with n-
concentration should be higher toward surface, whereas ifreasingPo, . For the film reducednia 0 sccm Q@ s/l is
excessive reduction, the oxygen concentration should b¥ery small, indicating that Cu at the surface is close to
lower toward surface. Fairly homogeneous oxygen concenmonovalent. The FWHM of the main peak also increases
tration can be obtained only when optimal reduction is madeWwith increasingPo, . The I/l ratio is enlarged further in
The resistivity of an oxygenated film, which is also shown inthe oxygenated film. The FWHM of the main peak of the
Fig. 1, is 3 orders of magnitude higher at room temperatur@xygenated film is nearly equal to that of the film reduced in
and exhibits semiconducting behavior. 1 sccm Q, although the detailed shape is different. The peak
energy of the main peak also has a higher binding energy in
the oxygenated film.

Figure 3 shows the corresponding valence UP spectra.
he ultraviolet source was He (21.2 e\) for spectra
a)—(d) and He 11(40.8 eV for spectra&’)—(d’). The UP

; 10 i 9  spectra show negligible intensity for the so-called 9-eV dirt
IHOt?t'on such a8p33d™L [L: I|ga.nd (oxygen], 2_23’23(1 peak?4%*!reconfirming that the surface of our sample is free
is given to each peak. For convenience, we 2aBd™L the  fom contaminants. Furthermore, the UP spectra show a
main peak an@p3d® the satellite peak, and the notation of Fermi edge for the reduced filniga)—(c),(a’)—(c’)] and
Is/lm is used to express the intensity ratio of these peaksiso a fine structure in the valence-band region around 2—7
hereafter. Table | summarizes the binding energ@g's)  eV. Suzukiet al® pointed out that, for the cleaved surface
and the full widths at half maximumfFWHM's) of the  of an NCCO polycrystalline pellet, the Fermi edge can be
peaks, the energy separatio’s) between the main peak observed in XPS but not in UPS despite the advantage of
and the satellite peak, and thg/l, ratios. Forl¢/l,,, we  UPS in imaging photoionization cross sectidhgnd ex-
used the ratio of the Cui,, satellite peak to the Cu®,,  plained that this is because XPS has a more probing depth
main peak because this minimizes the influenceKaf’,  than UPS and therefore is able to detect a deeper and more
Kajs, etc., which have higher photon energies tifam and  intrinsic region inside specimens even if a few top layers are
give spurious intensity at the position of @p4,3d°. The  degraded. In addition, only a few groups have succeeded in
energy separatiow is related to the Coulomb repulsive en- observing the Fermi edge of NCCO using photons with
ergy between a Cu@electron and a CudBelectron. The =35-75eV(Refs. 17, 18, 24, and 2%r hv=17 eV (Ref.
I/1,, ratio increases with increasin@]o2 in reduction. This 25 prepared by synchrotron radiation. In one cake,

line3® Sluggish oxygen diffusion at low temperatute®

2. Results of Cu 2p XPS and valence UPS

Figure 2 shows thé situ Cu 20 XP spectra of the above
NCCO films. These spectra are raw data without subtractio
of components from MK a’, Kag, etc. The conventional
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TABLE I. Position (Eg), full width at half maximum(FWHM), energy separationy), and intensity ratiol/1,,) of Cu 2p,,, obtained
from the Cu D XPS spectraW is defined as the difference betwelp of satellite and that of main.

Cu 25, main Cu D), sat. Cu D4, main Cu 2y sat. I{(CUu 204)
Im(CU 20172

Oxygen Eg FWHM Eg FWHM w Eg FWHM Eg FWHM w
supply (eV) (ev) (eV) (eV) (ev) (eV) (ev) (ev) (ev) (ev)
Vacuum 932.8 15 943.7 21 109 952.6 1.6 — — — ~0
0, 0.1 sccm 932.7 1.6 943.3 2.2 10.6 9524 1.9 962.7 (1.9 10.3 0.14
0O, 1 sccm 932.8 2.2 942.7 2.3 9.9 9527 2.2 962.4 (2.2 9.7 0.36
0,+0, 933.7 2.0 942.2 33 85 9534 2.0 962.0 (2.0 8.6 0.55

af the Cu 24, satellite peak in Fig. 2d) consists of a single component.

=16.8 eV by Ne P® Our MBE-grown films show the Fermi Spectra is labeled by a letter with a prime. P&land peak
edge in conventional HB and Hell) UPS, presenting more 7y’ seem to have different origins for reasons described be-
evidence of the high quality of the surfaces and that the film$ow, although their position is the same. The peak positions
are metallic up to the surface. In the valence-band region, thare summarized in Table II.

spectrum shapes of the spectra withhland with Hell) are
different. The peaks observed in HeUP spectra are not

always observed in H#) UP spectrae.g., peak®, 8), and
vice versae.g., peakd\’, §"). Here, each peak in Ki¢) UP The above results are discussed here in connection with

the role of oxygen nonstoichiometry at the surface. First, the
Cu 2p spectra will be discussed. Parmigiatial > pointed

out that the main Cuj,, XPS core line in NdCuQ,, where

the C#* ions are coordinated by four?0 ions in a square
planar configuration, is narrower than that in,CaO, with

the C#* coordinated by six & ions in an octahedral con-
figuration. We confirmed this by comparing our NCCO and
preliminary LSCO spectra. Parmigiaat al. explained that
the difference in the g5, line width between these two con-
figurations is caused by a difference in the charge transfer
mechanism; in the square planar configuration, only the
O pyy—Cud,2_,2 charge-transfer mechanism can take
place, whereas in the octahedral configuration,
O p,—~Cud,2 as well as Op, ,—Cu d,2_,2 is allowed, and
hence these two different configurations will produce differ-
ent ionization potentials for the Cuwpg), core level.

The Cu 2 spectrum of the oxygenated NCCO film is
close to our preliminary Cuspectrum of an LSCO film in
that both show a largk, /1, ratio and a wide B3, main line.
This indicates that a fair amount of excess oxygen atoms
probably occupy interstitial sitd€(3)], which correspond to
the apical sites of the relatd@dstructure*® The semiconduct-
ing behavior of the resistivity of the oxygenated film sug-
gests that oxygen atoms also occupy apical sites well inside
the film, at least partially. This picture seems to be consistent
with th‘&3 recent neutron-diffraction resufts?® the EXAFS

FIG,. 3. In situ valenc,e UP spectra of NFCO films reduced in ;?]Sduﬁ cylz_fgg(gts(g;:.eTiaerl)s/u-rrfgé rgfslb\lﬂggg I:I(Séiggé*ifq 1
(a),(a’) 0 sccm, p),(b") 0.1 sccm, €),(c’) 1 sccm Q, and S
(d),(d") oxygenated. The ultraviolet source was(Héor the spec- sccm Q "?"50 shows a similar ter}de_ncy_’ to a less pronoun_ced
tra (a)—(d) or He(ll) for the spectrad’)—(d’). Each peak in the fjegrele., in the Cup? spectrum, |nd|ca_t|ng t.he reduction is
He(ll) UP spectra is labeled by a letter with a prime. The peakg_nsufﬁmgnt. The occupancy of the apical sites at the surface
B—F andA’, C', E' F’ are due to the intrinsic energy bands, I this film will be. somewhat lower than in the oxygeqated
whereas the peaks 3, anda’, ', & are due to extrinsic orbitals film. Moreover, this occupancy seems to occur mainly in the
(see text Their peak positions are summarized in Table II. A Fermilimited region near the surface, with an extremely small per-
edge is observed except id);(d’). Fine structures around 2-7 ev centage inside the film, as suggested from the resistivity data.
are observed for all the films. The so-called 9 eV structure with It is not easy to decide which of those reduced in 0 or in
extrinsic origin(Refs. 2, 40, 4Lhas negligible intensity in all spec- 0.1 sccm Q is an intrinsic (i.e., superconductingsurface
tra. since the films reduced in 0 and 0.1 sccmsbow a differ-

3. Discussion

UPS
Hell

Intensity

1 L 1 . | " 1 P | L
12 10 8 6 4 (|)|
Binding Energy (eV) Ep
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TABLE Il. Position of the peaks observed in UP spectra in Fig. 3.

Intrinsic Extrinsic
He | Peak A B C D E F a B vy )
Position - 3.1 3.7 4.8 5.5 6.9 1.0 2.8 - -
(ev)
He Il Peak A’ B’ Cc’ D’ E’ F’ a’ B’ v' o
Position 2.0 - 3.3 - 5.8 6.9 1.0 - 4.8 7.5
(eV) ~3.7

ence only in thd /1, ratio. The results are essentially iden- [ o-(Cu 3d)/o(O 2p)] is larger for H&ll) than for Hél) by a
tical for the rest, including the valence-band spectrum, théactor of roughly 2. Peak€’ in (a’),(b’) in the Hell) UP
resistivity, and the RHEED patteffiNevertheless, we adopt spectra is more apparent than p&ikn (a),(b) in the Hel)
the surface reduced in 0.1 sccry &5 representing the “in-  spectra in Fig. 6, whereas pe&ik is more apparent in the
trinsic” surface of NCCO. This conclusion is based on ourHe(l) spectra. A detailed description of the valence-band
preliminary tunnel experiments indicating that the'Csur-  structures including the Ce-doping dependences will be re-
face is metallic, but not superconducting. The reduction in Gyorted elsewhere. All that should be emphasized here is the
sccm Q seems to be excessive. Several neutron-diffractiovalence-band spectra or the electronic structures change sig-
experiments have indicated deficiencies of bot1)0n the nificantly with the oxygen content near the surface region.
CuG, plane and @) in the Nd,O, plane in excessively re-
duced NgCuQ, ;, (Refs. 44 and 49 and B. Metal/NCCO interface
Nd; g<Cey 1:CUO,_ 5% The deficiency of either site changes . _
the doping level from optimum to overdoped. Furthermore, First, the Cu @ XP spectra foin situ metal/NCCO inter-
the deficiency of QL) sites disrupts the network in the faces Wwill be discussed. Figure 4a)¢-(c), shows the
CuO, planes, which may have a more fatal effect on superCU 22 XP spectra for then situ surface of the optimally
conductivity. At present, we cannot determine whether it is'€duced NCCO film &), Au (1.0 nm)/NCCO interface
O(1) or O(2) that is dominantly deficient at excessively re- (P), and Pb (1.0 nm)/NCCO interfacec); Both spectra
duced(i.e., reduced in 0 sccm Dsurfaces. (b) and (c)' were obtained aﬁern s@u deposition of the
Next, the valence-band spectra are discussed on the ba§@responding metals on the “intrinsic” NCCO surface. Al-
of the above picture of oxygen nonstoichiometry at the surfhough the background shapes in spectrp (b), and €)
face. The peakB—F andA’, C', E', F' seem to be due to are_d|ffere_nt from one another, it is noticed 'from the com-
the intrinsic energy bands of the bulK crystal structure, Parison with spectruma) that, thel/I, ratio does not
whereas the peaks, 8, anda’, ', &' seem to be due to change in the Au/NCCO interface, while this ratio apparently

extrinsic states. It is assumed that, in the film reduced undéfiminishes in the Pb/NCCO interface. This implies that a
ireduction of NCCO by Pb occurs at the Pb/NCCO interface.

high Po_ and in the oxygenated film, oxygen occupancy a ) !

apical Zsites should modify the Cu3 states to the We also examlned the_lnter'face 'between Ag and NCCO. The
Cu &,2-O 2p, dpo states at the NCCO surface. The extrin- result on Ag is essentially identical to that on Au. The_cor-
sic pzeaks Zare considered to be derived from thi responding Au ﬂ. and Pb.4 XP spectra are ;hown n Figs.

CU 3O 2. d bital. Theref the intensitv of (a) and §b), which provide complementary information on
U 72 plz( ﬁa %r ! .ah‘ dere ore, thein ensrl]y Of N ihe metal/NCCO interfaces. In the Au/NCCO interface,
|ntr|n3|ch pea Sh ou e't. er f ecrease or not IS ahngei W'ﬂ'Au 4f 4, and 4 5, have single peaks. On the contrary, in the
Po, W e_rea;t € m_tensny of an extrinsic pe_za S _OUd "“pp/NCCO interface, Pbf4, and 4f;, have two compo-
crease with increasing’o, and become maximum in the pents: one that originates from metallic Pb and another from
oxygenated film. From the intensity change, the pBaknd  a Pb oxide, indicating the presence of Rl the interface

the peaky’ have a different origin despite their having the region. These results indicate that the deposition of a metal
same energy position, i.e., peBkis intrinsic whereas peak on NCCO, depending on the reactivity of the metal to oxy-
vy' is extrinsic. The intrinsic peaks have some correspongen, causes reduction of the NCCO surface and concomitant
dence with the spectrum obtained by Sakisekall’ They oxidization of the metal. For Au and Ag, hardly any reaction
measured valence-band photoemission spéettin situ) as  occurs with NCCO. On the other hand, even for Pb, which is
a function of the energy of the incident phot@b-90 ey  supposed to have moderate reactivity to oxygen, redox reac-
for a NCCO film with T.~12.5 K. Our peak<, C’, and tion occurs with NCCO, leading to the formation of
D appear to correspond to their 3.6 and 5.0 eV peaks, ré?bQ/oxygen-depleted NCCO interface complexes.
spectively, and furthermore our small pe@d{s F, andF’ to Next, we shall discuss the Pb/NCCO interface prepared in
their 1.9 and 7.1 eV peaks. Sakisakaal. concluded that the various conditions. Spectral) and () in Fig. 4 were ob-

3.6 eV peak is dominated by Cul3tates and the 5.0 eV tained after Pb deposition on the 0.2-atm puree@posed
peak by O P states from the energy dependence of the specsurface ¢I) and on air-exposed surface)(of optimally re-
trum shape. Our observation also supports their conclusiorduced NCCO films. Figure 4 also shows the corresponding
According to the calculated atomic ionization cross-sectiolCu 2p XP spectra of the 0.2-atm pure;@xposed surface
table?? the cross-section ratio of atomic Cd 3nd O D (f) and air-exposed NCCO surfacg)(beforedepositing Pb
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FIG. 4. Cu2 XP spectra for &) the in situ surface of the
optimally reduced NCCO filnf“intrinsic” surface), (b) thein situ
Au (1.0 nm/NCCO interface, €) the in situ Pb (1.0 nm/NCCO
interface, () the ex situPb (1.0 nm/0.2-atm Q-exposed NCco [(a),(a")] andex situ[(b),(b")] processes using optimally
interface, €) the ex situPb (1.0 nm/air-exposed NCCO interface, reduced NCCO films. The solid lin¢6a) and (b)] represent
(f) the 0.2-atm @-exposed NCCO surface, and)(the air-exposed the data taken af=9 K, where Pb is normal and the broken
NCCO surface. lines[(a’) and (b')] the data taken &t<1.4 K, where Pb is

superconducting. In either junction, the dominant electron
on them. Oxygen exposure distinctly enlargesithé,, ratio  transport process seems to be elastic tunneling since the su-
and makes the Cu®main line broaden and shift to higher perconducting gap and the phonon structure of Pb are ob-
binding energy ()], indicating the adsorption of oxygen at served clearly aff<1.4 K. However, the superconducting
the surface: a fair amount of excess oxygen occupies integap structure of NCCO is hardly observed at all in ithsitu
stitial apical site§O(3)]. Further exposure to air for a long tunnel junction. The superconductivity of NCCO is com-
time (up to 2 weekgbrings about no essential change in thepletely lost in thein situ Pb/NCCO junction due to oxygen
Cu2p XP spectrum[(g)], although some evidence of depletion in the interface region. On the other hand, inethe
H,O/CGO, adsorption is seen in CGs1XP spectra and valence situ junction the oxygen deficiencies at the regular sites seem
spectra. The detailed description of stability of the NCCOto be significantly suppressed. The superconducting gap
surface against air will be given elsewhé?eror all of the  structure of NCCO with a reasonable gap valued(meV)
surfaces shown inc)—(e), Pb deposition apparently dimin- (Ref. 51 can be clearly seen in thex situjunction. How-
ishes thel ;/I1, ratio, indicating the occurrence of redox re- ever, the high zero-bias conductarlee20% of the normal
action between Pb and NCCO. The valence of Cudnié  conductance at our besand the smeared shape of/dV
close to+1(Is/I ,~0), indicating oxygen deficiencies at the indicate the presence of a normal-metal region and the dis-
regular sites[O(1) and/or 2)]. On the other hand, the tribution of the magnitude of the superconducting gap. This
Cu 2p4, satellite peak has weak but finite intensity id)( seems to be caused by a nonuniform oxygen distribution at
and @); i.e., the Cu valence ind) and ) is intermediate the interface.
between +1 and +2. This suggests that oxygen and In connection with the above metal/NCCO reaction at the
H,O/CO, adsorption protects, to some extent, NCCO frominterface, it should be noted that the conventional amorphous
suffering from oxygen deficiencies at the regular site by Pbmetal-oxide barriers for metallic or intermetallic supercon-
deposition. ductors will not work for high¥ . cuprates to fabricate tunnel

Complementary results were obtained from the Pb/NCCQunctions. We have tried Cefand ALO; barriers on NCCO
tunnel spectra. Figure 6 shows tH&'dV characteristics of by depositing Ce or Al at ambient temperature and subse-
Pb/NCCO tunnel junctions fabricated by thim situ  quently oxidizing them. The junctions with these barriers
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10 : oxygen content near the surface. The @UXPS shows that
Pb/NCCO/STO(001) Cu at the surface changes from divalentlike for insufficient

o | reduction P> 1075 Torr) to monovalentlike for excessive

1 e reduction Po,<10"° Torr). The intrinsic surface of super-

: _;’\(a)’f’ si OK) conducting Nd gCe, ;4CuQ, can be obtained only by the

L @)in situ (<1.4K) optimum reduction Po,=1~5x10"°). These spectra can

be used as the indices whether a surface prepared by a re-
searcher is intrinsic or not. With insufficient reduction, ex-
situ (9K) cess oxygen atoms seem to occupy interstitial apical sites
' [O(3)], which compensates the Ce doping, eventually leading
to nonmetallic surface. On the other hand, with excessive
reduction, oxygen deficiencies seem to occur at regular sites
°-°°1_20 o 5 10 2 [O(1) and/or @2)], leading to a metallic but not a supercon-
Bias Voltage (mV) ducting surface. .
(3) The valence-band UP spectrum also changes with
FIG. 6. Conductance curves far situ [(a),(a’)] andex situ  varying reduction conditions. The change is significant with
[(b),(b')] Pb/native barrier/NCCO tunnel junctions fabricated by insufficient reduction, but small with excessive reduction.
using the optimally reduced NCCO films. Spectad éand (o) were The spectral Change in the valence band of the NCCO sur-
measured at =9 K (i.e., Pb is nonsuperconductingvhereas spec- face with insufficient reduction seems to originate from the
tra (@’) and (') were measured ai<1.4 K (i.e., Pb is supercon- modification of the Cu8,. states into the
ducting. The superconducting gap structure of NCCO is clearlyCu 3d,2-O 2p, dpo states due to oxygen occupying apical
observed in spectrunbj and (b’), whereas it is hardly observed at sites.
allin (a) and @'). The additional fine structures observed in  (4) The metal/NCCO interfaces have been investigated by
(a’) and (') are due to the superconducting gap and the phonorXPS and tunnel spectroscopy. For Au and Ag, no reaction
structure of Pb. A zero bias peak is also observedbif) (Whose  occurs with NCCO. For reactive metals such as Pb, however,
origin is unknown. It should also be noted that the tunnel conducyedox reaction occurs, leading to the formation of metal-
Fancg is significantly higher in thie situ junction than in thex situ oxide—oxygen-depleted NCCO interface complexes if Pb is
Junction. depositedn situon NCCO. This reaction destroys the super-
. . . , conductivity of NCCO at the interface region. This problem
exhibited very high resistance and no superconducting gag,ay he universal in cuprate and any spectra of Highen-
struc_ture of NCCO, Whlch indicates that a reaction S|mllar t0g| junctions may suffer from this problem. This redox phe-
that in the Pb/NCCO interface occurs to & more Serious €Xaomena is considered to be the intrinsic reason why attempts
tent. to fabricate hight; tunnel junctions have been unsuccessful.
These results strongly indicate that precise control of oxy-
IV. SUMMARY gen content of the NCCO surface is essential to obtain an
éptrinsic (i.e., superconductingNCCO surface, which is in-
dispensable in obtaining reliable data in surface-sensitive ex-
eriments and also in fabricating tunnel junctions and super-
attices with desirable characteristics.

drav (@Y

(" ex situ (<1.4K)

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

(2) In situ photoelectron spectroscopies on well-controlled
MBE-_grown ﬂlm; prowde one of t_he best opportunities for ACKNOWLEDGMENTS
studying the intrinsic surfaces of high- cuprates. The pho-
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