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CeO2 compatibility with YBa 2Cu3O72d in superconducting-film multilayers
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High-quality superconducting~Tc'90 K, j c.106 A/cm2 at 77 K! epitaxial~001! YBa2Cu3O72d films were
grown by laser ablation on~001! CeO2 /(11I02) Al2O3. An interaction between YBa2Cu3O72d and CeO2 would
influence the structure and the superconducting parameters. A marked degradation of the superconducting
transition temperature (Tc574 K) was observed when twenty 2-nm-thick CeO2 layers were inserted equidis-
tantly into a~001! YBa2Cu3O72d film ~200 nm!. BaCeO3 crystalline inclusions were detected by x-ray diffrac-
tion. X-ray-absorption fine-structure investigations at the Cu-K edge indicate that Ce substitutes for Y in
YBa2Cu3O72d. Near-edge x-ray-absorption studies indicate that the valence of Ce incorporated into the
YBa2Cu3O72d regions of the multilayer structure is also14. @S0163-1829~97!04541-4#
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I. INTRODUCTION

Sapphire is a desired substrate for high-transition te
perature (Tc) superconductor structures due to its availabil
and its low losses at microwave frequencies. Josephson j
tions, as with biepitaxial grain boundary devices, may op
ate at such frequencies and it is therefore desirable to de
them on sapphire. A problem, however, is the possible
fusion of Al into the high-Tc superconductor, particularly
into the junction region, strongly suppressing supercond
tivity. Thin epitaxial CeO2 layers have been successful
used as buffers for yttrium1 and thallium based2 high-Tc su-
perconducting films on~11I02! Al2O3 ~R-cut sapphire!. They
suppressed a chemical interaction between an YBa2Cu3O72d

~YBCO! film and Al2O3 but traces of Ce that had diffuse
into YBCO were detected up to a distance of a fewc-axis
lattice parameters from the interface.3 The interface between
an epitaxial,c axis oriented~c axis normal to the substrat
plane! YBCO film and a CeO2 buffer film was sharp when
the superconductor was deposited at a moderately high
strate temperature (Ts'750 °C), but a high density of de
fects was detected in the YBCO film close to the bounda4

A pronounced chemical interaction between epitaxia
grown CeO2 buffer and YBCO film layers has bee
observed5 if Ts was increased up to 800 °C. BaCeO3 was
one of the reaction products.

Thin CeO2 intermediate epitaxial layers have also be
used in different types of biepitaxial heterostructures.6,7 A
biepitaxial 45° crystallographic boundary~in which the a
axes of YBCO on either side of the boundary are at 4!
should be an effective channel for ion diffusion from YBC
to the substrate and vice versa. It is not yet clear to w
extent the parameters of a biepitaxial Josephson barrier
be influenced by stoichiometric deviations in the region
the crystallographic boundary.

In contrast to most rare earths, Ce does not readily s
stitute into the YBCO lattice. A significant decrease ofTc
560163-1829/97/56~17!/11312~8!/$10.00
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was observed, however, in bulk YBCO doped with Ce
Ref. 8. The degradation of the superconducting paramete
Y1.2CexBa2.1Cu3.1Oy ~x50.1– 0.4;Tc580– 54 K! was attrib-
uted to an incorporation of Ce in the YBCO unit cell.8 The
samples were calcined at a temperature of about 900
YBCO grains with orthorhombic and tetragonal structur
as well as inclusions of Y2BaCuO5 and BaCeO3 were iden-
tified by x-ray diffraction.8 X-ray diffraction data ~u/2u
scans! were also used in Refs. 9 and 10 to study any inc
poration of Ce in the YBCO unit cell for bulk alloys. CeO2

and YBCO were considered to be mutually insoluble in bu
processing.9,10 While solid-state synthesis typically require
a temperature of 950 °C, the deposition of thin films can ta
place at a substrate temperature of 650–800 °C. The lo
temperature may be a cause of considerably lower diffusi
and hinder phase separation. Fincher and Blanchet11 obtained
a solubility of up to 30% of Ce in laser ablated films
Y12xCexBa2Cu3O72d with only very weak diffraction peaks
belonging to undesired BaCeO3 and with a depression inTc

~90–54 K forx50 – 0.3!, very similar to Pr-doped YBCO.
We will report on results related to the structure and

perconductivity of two different heteroepitaxial structur
grown on sapphire that involve YBCO films and CeO2 inter-
mediate layers:~i! 200-nm-thick YBCO films on CeO2 buff-
ers at differentTs in order to optimize deposition tempera
ture and~ii ! a multilayer of 2-nm-thick CeO2 layers between
10-nm-thick YBCO layers deposited atTs5750 °C to en-
hance the inter diffusion between the two constituents. T
phase composition is determined by x-ray diffraction wh
the local structure around the Cu atoms is probed by x-r
absorption fine structure~XAFS!. Superconducting param
eters are determined by standard resistance and suscept
measurements. We will compare with transport measu
ments on a biepitaxial Josephson junction, that was grown
a CeO2 buffer layer and a BaZrO3 template and was hea
treated at elevated temperature in order to promote additi
diffusion along the grain boundary.
11 312 © 1997 The American Physical Society
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56 11 313CeO2 COMPATIBILITY WITH YBa 2Cu3O72d IN . . .
II. SAMPLE PREPARATION
AND CHARACTERIZATION TECHNIQUE

Laser ablation~KrF, l5248 nm, t530 ns! was used to
grow the YBCO and CeO2 layers grown on~11I02! Al2O3
buffered by 10 nm~001! CeO2. The substrate temperatureTs
during the growth of the CeO2 layers was 750 °C. The
YBCO films ~total thickness of 200 nm! were grown at the
surface of the ~001! CeO2i(11I02) Al2O3 at Ts
5750– 790 °C. Ceramic targets were ablated with an ene
density Q52 J/cm2 for YBCO and Q51 J/cm2 for CeO2,
both in an oxygen atmospherep050.2 mbar.

To enhance the inter diffusion at the CeO2-YBCO inter-
face and study its influence on the structure and super
ductivity of YBCO, a multilayer sample consisting of twen
bilayers of 2-nm-thick CeO2 and 10-nm-thick YBCO layers
were deposited to give a total thickness of 240 nm. T
forms an YBCO/CeO2 multilayer, see Fig. 1.

Philips PW 1710 (u/2u) and Siemens D 5000~f scan!
x-ray diffractometers were used for structure and ph
analysis of the heterostructures. A thicker CeO2 film was
used in thef scan,~200 nm! YBCO/~50 nm! CeO2. The
surface morphology of the multilayers was studied by atom
force microscopy~AFM!.

The superconducting transition temperatureTc for the
YBCO in the heterostructures was determined from the te
perature dependence of the resistanceR(T) and from ‘‘ac’’
magnetic susceptibility measurements where the influenc
the superconductor on the mutual inductance between
coaxial coils was determined. Critical current densityj c was
measured in microbridges~4-mm wide and 50-mm long!
formed in the YBCO film by photolithography and Ar io
milling.

III. STRUCTURE AND SUPERCONDUCTIVITY RESULTS

The ~001! CeO2 buffer layer was grown epitaxially on th
sapphire substrate as verified by x-rayu/2u and f scans
shown in Figs. 2 and 3. To suppress the formation of~111!
CeO2 grains in the buffer layer12 @instead of the desired~100!

FIG. 1. A multilayer with twenty 2-nm-thick CeO2 layers in-
serted equidistantly into an YBCO~200 nm! film grown on ~001!
CeO2i(11I02) Al2O3.
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epitaxial film#, the CeO2 target was ablated at a relative
low-energy densityQ'1 J/cm2.

High-quality ~001! YBCO ~200-nm-thick! films were
grown epitaxially at the surface of~001! CeO2/(11I02)

FIG. 2. X-ray diffractograms (u/2u,Cu Ka) for: ~a! a ~001!
YBCO film ~200 nm! grown on~001! CeO2 (10 nmi11I02) Al2O3

substrate and~b! a YBCO/CeO2 multilayer on the same substrate
l: x-ray peaks for BaCeO3.

FIG. 3. X-ray f scans (CuKa) for ~117! YBCO and ~113!
CeO2 reflections of a~200 nm! YBCO/~50 nm! CeO2 epitaxial het-
erostructure grown on~11I02! Al2O3.
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11 314 56BOIKOV, CLAESON, ERTS, BRIDGES, AND KVITKY
Al2O3 and the following crystallographic relations were e
tablished from the u/2u and f scans: ~001!@010#
YBCOi(001)@110# CeO2. Theab plane of YBCO is rotated
45° relative to CeO2, see Fig. 3.

The (00n) YBCO and (00h) CeO2 peaks in the x-ray
scans for the YBCO/CeO2 multilayer were broad and non
symmetric. A detail of the scan at the YBCO~005! peak is
shown in Fig. 4. The lattice parameter for the CeO2 film (a
55.393 Å) was about 0.01 Å smaller than for a bulk ceram
sample. Two additional x-ray peaks were observed in
u/2u scan for the YBCO CeO2 multilayer at 2u529.0° and
41.5°, see Fig. 2~b!.

The surface of the YBCO film, grown on CeO2 at Ts
5750 °C was smooth. No spirals were detected in an ato
force microscopy~AFM! study of the YBCO film surface
but a small number ofa-axis particles~c axis parallel to the
substrate surface! were seen. A high density of pin holes wa
observed for YBCO films grown atTs5785 °C. This is il-
lustrated in Fig. 5~a!. The YBCO/CeO2 multilayer surface
was rough with a high density of outgrowths~of lateral ex-
tensiond50.2– 1.5mm! as determined by AFM; an image
shown in Fig. 5~b!.

Resistive values ofTc , which were determined from th
R(T) dependence for YBCO, correlate well with data fro
ac magnetic susceptibility measurements. This is illustra
in Fig. 6 which shows that the superconducting transit
occurs in the range 80–72 K for the YBCO/CeO2 multilayer
~curve 1 for the resistive transition and curveb for the sus-
ceptibility!. The j c for the YBCO/CeO2 multilayer was sup-
pressed in comparison with the value for a single YBCO fi
on the CeO2 buffered sapphire; thej c(T) curve is essentially
shifted to lower temperature in accordance with the shift
Tc , see Fig. 6. An example of anI -V curve, from whichj c

FIG. 4. The (00h) YBCO x-ray peaks were broad and nonsym
metric for the YBCO/CeO2 multilayers. The~005! YBCO (Cu Ka)
peak is shown in the figure. The inset displays anI -V curve for a
microbridge etched into a YBCO/CeO2 multilayer (T557 K). The
rounded onset of voltage indicates that it is in a flux flow regim
-

c
e

ic

d
n

n

is determined, is given in the inset of Fig. 4.
The diffusion of Ce and Ba ions should be much larg

along a grain boundary atT'700 °C than for the case of
singlec-axis oriented YBCO film on a CeO2 buffer. To com-
pare the situations, we have investigated the transport p
erties of biepitaxial Josephson junctions that were form
upon CeO2 and BaZrO3 ~d510– 80 nm, Ts5735 °C, Q
52 J/cm2, p050.2 mbar! layers. @This resulted in a biepi-
taxial, 45° crystallographic boundary between two YBC
grains upon each type of buffer and template materials.
tails of the epitaxial relations for the layers in the~001!
YBCOi(110) BaZrO3i(001) CeO2 heterostructure and th
superconducting film parameters have been discus
separately.13# In order to enhance a stoichiometric distortio
at the grain boundary, the biepitaxial heterostructures w
heat treated in oxygen at 700 °C for 15 min. Current-volta
(I -V) characteristics of the biepitaxial Josephson junctio
were tested before and after the treatment. The transi
width was broadened 3 to 4 K and the normal state resistan
Rn increased about a factor of 2~from 3.3 to 5.3V! while the
critical current I c decreased about the same amount~from
106 to 61mA! after the biepitaxial junction had been a
nealed. The change with a factor of 2 is not very pronounc

FIG. 5. ~a! A high density of pin holes was detected by AFM
traces for a~001! YBCO film grown on~001! CeO2i(11I02) Al2O3

at Ts5785 °C. ~b! A high density of outgrowths was observed b
AFM at the surface of a YBCO/CeO2 multilayer.
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56 11 315CeO2 COMPATIBILITY WITH YBa 2Cu3O72d IN . . .
taking into account any exponential dependence on thickn
in a grain boundary junction~assuming it is characterized a
an insulating barrier!. Roughly the same behavior has be
observed for biepitaxial junctions on a SrTiO3 substrate with
a CeO2 buffer, which speaks against a diffusion of Al from
the sapphire being the cause of the change. The characte
voltage, I cRn , for the biepitaxial junctions did not chang
during the treatment. It remained roughly the same, 325–
mV ~at 36 K!. These results indicate that any possible dif
sion of Ce along the grain boundary did not affect its pro
erties appreciably.

In contrast to the case of biepitaxial junctions, there w
no indications of either dc or ac Josephson effects inI -V
characteristics for microbridges prepared from t
multilayer. A flux flow regime was observed in theI -V curve
if the current through the multilayer bridge exceeded
critical value, see the inset in Fig. 4.

IV. X-RAY-ABSORPTION FINE STRUCTURE

X-ray-absorption fine structure~XAFS! experiments are
well suited to study the local environment around absorb
atoms. The method uses monochromatic photons that
swept in energy around and, in particular, above the abs
tion edge of one of the atoms in the compound of intere
Electrons, that are excited from inner coreK or L shells of
the atom by the absorbed photons, will be backscattered
neighboring atoms and interfere with the outgoing elect
wave, producing fine structure~oscillations! in the x-ray ab-
sorption at energies above the edge energy. The fine s
ture in the absorption vs photon energy can inform on
number of scattering neighbors at different distances,
kind of neighbors~by specific phase shifts in the XAFS func

FIG. 6. Temperature dependencies of the resistance~1! and
critical current density~2! of a YBCO/CeO2 multilayer grown on
~001! CeO2i(11I02) Al2O3. The inset showsx(T) for a YBCO ep-
itaxial film ~a! and a YBCO/CeO2 multilayer ~b! grown on buffered
sapphire as above.
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tions!, and the spread in distances~i.e., disorder expressed a
a Debye-Waller-type broadening!. Shifts in the energy of the
absorption edge, or in the shape of the edge, provides in
mation on the valence state of the absorbing atom.

Fluorescence x-ray-absorption data were collected for
Cu-K and Ce-L III edges on the multilayer sample and for t
Cu-K edge for pure YBCO thin film samples. Full XAFS
scans were obtained for the Cu-K edge, but only near edg
structure data for the Ce-L III edge.~The Ba and Ce edges ar
so close in energy that their XAFS interfere strongly, whi
prevents a meaningful analysis.! A Si ~220! crystal mono-
chromator on beam line 4-3 at the Stanford Synchrotron
diation Laboratory~SSRL! and a 13 element Ge detecto
array were used to collect the fluorescent x-ray photons fr
the sample. The film was placed at a ‘‘magic’’ angle of 5
relative to the incident radiation~the angle was chosen t
minimize any preferential scattering due to the strong po
ization of the synchrotron radiation and the film orientatio!
and cooled to about 50 K in a He flow cryostat. The ene
resolution of the experiment was estimated to be 3 eV.

Figure 7 shows the Ce-L III absorption edges of the
multilayer sample as well as of two standards of differe
valence—CeO2 ~of valence Ce41! and CeF3 ~valence Ce31!.
The two standard samples were in powder form, with thic
nesses of the order of an absorption length, and the data
taken in the transmission mode.~A CeF4 standard, which is
not shown here, gave the same double hump structur
CeO2 did.! Both the shape and the energy of the absorpt
edge for the multilayer sample resemble those of the1

standard. There is no clear evidence of a shoulder on
leading edge that would be an indication of a mixture
formally 31 and 41 valences. Simulations, that used comb

FIG. 7. Ce-L III x-ray-absorption edges for a YBCO/CeO2

multilayer and two powder standards having a Ce valence
13 (CeF3) and14 (CeO2).
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11 316 56BOIKOV, CLAESON, ERTS, BRIDGES, AND KVITKY
nations of the 31 and 41 edge standards, showed that t
presence of 10% of Ce in its 31 state should be discernible
Note that there appears to be a small shift in energy of
double peak spectra for the multilayer compared to the p
der CeO2 sample. We had no reference sample~to check for
energy shifts! for the thin film samples as there was no x-r
transmission through the thick substrate. Estimates fr
other traces suggest that drifts of the monochromator ma
of the order of up to 1 eV. This is about the size of t
observed shift.

The energy data of the Cu-K XAFS were con-
verted to k space„with the photoelectron wave vectork
5@(2me /h2)(E2E0)#1/2, whereE0 is theK-edge threshold
energy… and Fourier transformed~FT! to r space using a
procedure described earlier.14 The FT yields peaks inr space
corresponding to different radial distances to neighbors
the excited atoms; the peak positions are slightly shifted
distance (;0.2– 0.4 Å) from the atom-pair spacing due
phase shifts at the scattering and absorbing atoms and
be compared to standard XAFS functions in order to obt
the atom-pair distances.

The FT of the Cu-K XAFS of the multilayer is compared
with the corresponding data for a reference YBCO film~100
nm on a MgO substrate!, taken during the same run, a
shown in Fig. 8. As expected~for the ‘‘magic’’ angle!, the
YBCO film gave essentially the same FT as a pow

FIG. 8. Fourier transforms of the CuK-edge XAFSkx(k) for
~a! a reference YBCO film,~b! the YBCO/CeO2 multilayer, and~c!
the difference between~a! and ~b!. The fast oscillation is the rea
~Re! part of the transform while the envelope is6(Re21Im2)1/2.
The only dramatic changes occur around 3.0 Å, i.e., in the regio
Cu-Y and Cu-Ba bonds in YBCO. The transforms here and in F
9 were taken from 3.5 to 14 Å21, with a 0.3 Å21 Gaussian win-
dow. The dotted curves in~c! depict fits over the range 2.8–3.25 Å
The sample temperature was 50 K.
e
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sample. Note that the main difference between the two fi
FT’s occurs around 3 Å~including phase shifts!, with a de-
pressed peak for the multilayer. This is clearly seen in F
8~c! which displays the difference between the two. Th
difference function has a large amplitude at 3.0 Å, near
position where the Cu-Y peak~3.2 Å! has a maximum and
the Cu-Ba peaks~3.37 and 3.47 Å! are close to a minimum
~See Fig. 9!. In addition, the difference plot has aminimum
at 3.4 Å where the sum of the two Cu-Ba peaks would ha
a maximum. Thus it appears that the Cu-Ba peak is relativ
unchanged. No difference was discernible in the first pe
which is very sensitive to any changes in the positions of
nearest-neighbor O atoms.

In order to extract numerical information on how much
the Ce that might be incorporated at different lattice sites,
of the r space Cu-K XAFS for the multilayer were done
using standards of Cu-Y, Cu-Ba, and Cu-Ce obtained fr
the FEFF6 code.15 Such fits have proven to be ver
successful.16

V. DISCUSSION

During the initial stage of YBCO ablation, there are Y
Ba, and Cu ions, neutral atoms, and different types of oxi
in the plasma plume from the target and in the adsor
phase of YBCO at the substrate surface. The Ba in the nu
ating YBCO reacts with the CeO2 buffer at substrate tem
peratures.700 °C. The main products of the chemical i
teraction between the nucleated YBCO and the CeO2 are
Y2BaCuO5, BaCeO3, and CuO according to Ref. 5. The in
tensity of the reaction depends crucially on the process
temperature. AtTs,750 °C, the contamination of the reac

of
.

FIG. 9. Fourier transforms ofkx(k) for Cu K-edge functions
generated theoretically by theFEFF6 code ~Ref. 15! for Cu-Ba,
Cu-Y, and Cu-Ce atom pairs at distances corresponding to YB
Note the difference in the phase of the real part of the transfo
between back scattering from Y and Ce; this gives rise to dest
tive interference. The FT range is the same as in Fig. 8.
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56 11 317CeO2 COMPATIBILITY WITH YBa 2Cu3O72d IN . . .
tion products at the CeO2 surface during the initial stage o
the YBCO film formation is low and it does not interfer
drastically with the YBCO film nucleation.~001! YBCO is
well matched to~001! CeO2 andc-axis oriented YBCO nu-
clei become stable due to the low values of the surface
energy for~001! planes. This low surface energy is the dri
ing force for c-axis YBCO nucleation, as discussed in R
17. The Ce and Ba ion inter diffusion along thec axis in
YBCO epitaxial films is slow atTs,750 °C, as shown in
Ref. 3. Therefore, a thin layer~a few YBCO unit cells! at the
YBCO-CeO2 interface acts as a buffer and inhibits Ce diff
sion into the rest of the superconducting film.

For the YBCO films on CeO2, Tc588– 90 K and j c

.106 A/cm2 ~at 77 K! agree well with the data reported i
Refs. 3 and 6. The sharp drop in the ac magnetic susc
bility signal atT5Tc is an indication of the phase purity, i.e
an absence of macroscopic size inclusions of a low-Tc phase
in the YBCO film volume.

The observed decrease of thec axis of the epitaxial
YBCO film, down to 11.66 Å, see e.g., Fig. 2~a! is an indi-
cation of a high level of tensile strains in the ab-plane due
differences in the thermal expansion coefficients of YBC
and Al2O3.

The high density of pin holes which was detected
AFM on YBCO films, that had been deposited at relative
high temperature on CeO2 (Ts.780 °C), is an indication of
an increased chemical interaction between YBCO and
CeO2 buffer. Second phase inclusions at the surface of
substrate or in the growing film may cause pin-hole nuc
ation. At highTs , the YBCO-CeO2 interaction results in the
formation of inclusions of a second phase (BaCeO3) at the
CeO2 surface. The density of YBCO nuclei formed at th
surface of BaCeO3 is depressed because of a large misma
in lattice parameters between YBCO and BaCeO3 ~cubic, a
54.397 Å, Ref. 18!. This restricts the growth of an YBCO
layer over the BaCeO3 inclusions or over other second pha
precipitates incorporated in the superconducting film v
ume.

YBCO and CeO2 interaction in multilayersThe influence
of the interaction between YBCO and CeO2 on the structure
and properties of the superconducting film became m
more pronounced when the effective area of the YBC
CeO2 interfaces increased, as in the case of the YBCO/C2
multilayer. The x-ray data, Fig. 2~b!, for a YBCO/CeO2
multilayer is a clear indication of a chemical reaction b
tween YBCO and CeO2 at Ts5750 °C. The observed x-ra
peaks at 2u529.0° and 41.5° may be identified as~110! and
~200! reflections of BaCeO3 having an effective lattice pa
rameter of 4.35 Å. The parameter is smaller, about 0.0
0.05 Å, as compared with bulk data,18 possibly due to doping
of the BaCeO3 inclusions by Y from YBCO. Due to the
preferential orientation of the YBCO film, and possibly th
BaCeO3 precipitates, it was not possible to make any s
sible estimate of the amount of BaCeO3 that was included.
The observed high density of outgrowths at the surface of
YBCO/CeO2 multilayer may be the result of a segregation
CuO, YBaCuO5, and possibly, Y2Cu2O5 inclusions.19 For
example CuO particles typically float to the surface of t
film as a YBCO layer is formed beneath.20

We can compare with another system,~Y,Pr!Ba2Cu3O72d,
e

.
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-

–

-

e
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where Pr also gives a depression ofTc . The Tc’s of
YBCO/~Pr,Y!Ba2Cu3O72d based multilayers21 are about 83
K even if the superconducting layers in the superlattices
as thin as four stacked YBCO unit cells. Thej c’s at 4.2 K are
very close to values typically observed for epitaxial thi
YBCO films on SrTiO3 substrates. In our case, theTc de-
crease of YBCO in the multilayer was about 16 K as det
mined from resistive measurements. The long lo
temperature tail observed for the transition in t
susceptibility vs temperature curve is an indication of a f
ther depression ofTc in a fraction of the YBCO film volume.
A deterioration of the YBCO stoichiometry due to intera
tion with CeO2 may be one of the reasons for theTc and j c
suppressions, particularly an incorporation of Ce in t
YBCO unit cell.

We saw a large change in the FT of the Cu-edge XA
just where the Cu-Y peak is. In Fig. 9~c! we show that the
real part of the FT of a Cu-Ce peak at 3.2 Å is nearly 18
out of phase with that for the Cu-Y peak. Consequently, a
substitution of Ce on the Y site will have a double effect
the Cu-Y peak amplitude. In contrast, the Cu-Ba transfo
@Fig. 9~a!# shows a minimum at the distance where this d
ference is the largest.

We therefore interpret the difference spectrum shown
Fig. 8~c! as arising from a partial replacement of Y by Ce
the YBCO lattice. To test this hypothesis, we fit the pe
region ~2.8–3.3 Å! to a sum of two theoretical standard
~FEFF6code, Ref. 15! with equal~but opposite! amplitudes; a
Cu-Y standard and a~negative! Cu-Ce standard. The ampli
tudes were kept equal in magnitude and the Cu-Y posit
fixed ~within 0.02 Å! in this fit. ~In other fits we also held the
two Debye-Waller factors equal to reduce the number of
parameters.! Good fits were obtained for about 25–35 %
the Y replaced by Ce~the best fit actually gave 29%!. If we
let the Cu-Y and Cu-Ce distances vary, the Cu-Y peak is
3.22 Å and the Cu-Ce peak at 3.24 Å; 0.02, and 0.04
longer, respectively, than for Cu-Y in YBCO. The small in
crease of the Cu-Ce distance is not unexpected since Ce
a larger radius~in either valence state!. An example of one of
these fits is given by the dotted curves of Fig. 8~c!.

We also considered the possibility of Ce substituting in
the Ba site and carried out fits of the difference data to a s
of Cu-Ba and Cu-Ce standards, with Cu-Ba constrained to
close to the Cu-Ba distances in pure YBCO. These attem
gave poor fits with goodness-of-fit parameters roughly t
orders of magnitude worse. Hence, we conclude that little
the Ce went into the Ba site.

The maximum possible number of Cu-Ce distances at
YBCO/CeO2 interfaces is insufficient to explain the larg
concentration of Ce replacing Y. In our multilayer, we ha
nine unit cells of YBCO and then a layer of CeO2 on each
side; the number of Cu-Y pair distances per Cu atom is8

3 in
the unit cell~normalizing for the three Cu layers in the un
cell!. If we assume that the interface occurs with a Ce la
adjacent to a Cu-O plane, then there are4

3 Cu-Ce pairs per Cu
atom at the interface. Thus with nine units cells and t
interfaces there are72

3 Cu-Y/Ce pair distances in total, with
64
3 within the YBCO layer and8

3 pair distances at the inter
faces. The ratio would be864 5 1

8 or 12%. To explain part of
the Cu-Ce signal in terms of the interfaces we must a
assume that the interface bonds have essentially the s
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length ~although the Ce-Ce distance in CeO2 is significantly
longer at 3.83 Å! and are not badly distorted. Furthermore,
is not clear that YBCO nucleates with a CuO2 layer closest to
the CeO2 film. One might rather expect a Ba-O layer to b
the matching one. The best fit4 of experimental transmission
electron microscope images to image simulations
YBCO/CeO2 interfaces was obtained when the BaO lay
was chosen to be the first one on top of the CeO2 layer. ~If
the interface bonds are more disordered and/or shifted
position, the Cu-Ce contribution from these bonds would
broadened, the suppression of the Cu-Y peak from the in
face bond contribution would not be so large and the Cu-
should be modeled as two peaks at different distances.
ting the Cu-Ce distribution with one peak works well; th
peak has a narrow width and a slight shift of only 0.02
from the Cu-Y peak position in this film.!

Thus, it appears that a significant fraction of the Ce
going into the YBCO but it is difficult to estimate mor
precisely the fraction. It looks like at least 15–20 % of the
in the YBCO has been replaced by Ce, and possibly 30 %
interfacial Cu-Ce distances are not important. Compar
with the data11 for suppression ofTc due to Ce substitution
in thin films of YBCO, we would expect a solubility of 15–
20 % for aTc of about 70–75 K. In our case, there might b
a complicating gradient in the Ce concentration in the YBC
layer, but the estimated concentrations seem to be consis

The shape and position of the Ce-L III absorption edge
indicate that Ce is primarily in the 41 valence state of CeO2;
10% of the 31 state should have been detected. Since a la
portion of the Ce has diffused into the YBCO, this sugge
that the Ce valence is also14 in YBCO. It may explain why
Ce substitution strongly suppressesTc as Ce would remove a
hole from the~hole conducting! Cu-O plane and localize it.
However, the assumption is not without complications.
and Pr give the largest depression of superconductivity
rare earth substitutions, they are both large~being the lightest
of the rare earths! and 4f electrons may extend far enough
hybridize with O 2p electrons. However, different exper
ments on the Pr compound give different valences, in p
ticular, spectroscopic methods would give13 for Pr. X-ray-
absorption near-edge structure indicated22,23 that Pr is
trivalent in PBCO while the effective valence increased
small concentrations of Pr in YBCO~Lytle et al.24 give
3.251 for 20% Pr in YBCO.! A theory that combines dif-
ferent valences is due to Fehrenbacher and Rice.25 Two elec-
tronic configurations are favored: a Pr31(4 f 2)-O state and an
admixture of Pr41(4 f 1)-O and Pr31(4 f 2LI )-O states, where
LI indicates that the hole does not reside within the elect
it
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structure of Pr but, rather, is within the ligand. The mo
energetically favorable configuration is the state13 but with
the other two configurations present about 30–40 % of
time, causing pair breaking. XAFS measurements26 on Pr-
doped YBCO indicated a broadening of the Pr-O neare
neighbor distances~with some Pr-O distances shorter b
about 0.2 Å!. This would be consistent with a mixture o
Pr31 and the hybridized state involving a ligand hole and
a formal valence slightly above13 for the Pr ion in YBCO.
In our case, the near-edge absorption indicates mainl
41 state for Ce in YBCO.

VI. CONCLUSIONS

High-quality ~001! YBCO epitaxial films were grown on
R-cut sapphire buffered by 10 nm~001! CeO2. Second phase
inclusions, which involve BaCeO3 and other by-products of a
YBCO-CeO2 reaction, provoked a pin-hole formation in th
superconducting film grown on CeO2/Al2O3 at Ts
.780 °C. A pronounced chemical interaction betwe
YBCO ~200 nm! and CeO2 was detected by x-ray diffraction
and XAFS experiments when twenty 2-nm-thick CeO2 layers
were inserted equidistantly into the superconducting fil
Extra diffraction lines showed the occurrence of BaCeO3 and
pronounced changes of the CuK-edge XAFS, in the second
neighbor region corresponding to Y, indicate that Ce sub
tutes for Y. The near-edge results for the CeL III edge
showed that the Ce incorporated into YBCO is primarily
the 14 valence state. Both the change in stoichiometry a
the substitution with Ce affected superconductivity neg
tively.
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