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Structure of the growth interface of Y-Ba-Cu-0 analogs on SrTi03 (001) substrates
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The interface structures of c-axis-oriented ultrathin Gd-Ba-Cu-0 and Eu-Ba-Cu-0 films on SrTi03
(001) substrates have been determined using x-ray standing waves. Rare-earth fluorescence profiles ob-
served near the 001 Bragg condition of SrTi03 show a dip without a marked peak, which can only be ex-
plained by either a BaO layer interfacing the TiO, plane of SrTi03 or the CuO or Cu02 layer interfacing
the SrO plane. Calculations of x-ray field intensities using a simple rigid-sphere-ion model show that for
both Gd-Ba-Cu-0 and Eu-Ba-Cu-0 neither the CuO layer nor the Cu02 layer can be the first grown lay-
er on the TiOz surface of SrTi03. Similarly, neither the BaO layer nor the rare-earth layer can be the
first layer on the SrO surface.

I. INTRODUCTION

Current interest in the device application of high-T,
thin-film superconductors is focused on heterostructures
of Y-Ba-Cu-0 (YBCO) on perovskite-type substrates.
Widely used are SrTi03 (001) substrates, on which epitax-
ial YBCO crystals grow with the a, b, or c axis normal to
the surface. The quality of thin-film crystals depends on
the atomic structure at the growth interface, which is
influenced by the substrate structure. Cubic SrTi03 has a

0
lattice constant of a =3.905 A, which is closely matched
to a =3.8591, b =3.9195, and one-third of c =11.8431 A
of bulk YBa2Cu307 „at 623 C. ' The surface layer of
SrTi03 (001) can be one of a SrO layer or a TiOz layer.
The structural and chemical properties of these layers are
similar to those of the M-0 layer and the M'-Oz layer
present in the crystal structure of YBa2Cu307, where
M and M' are metals. These explain, even partly, why
SrTi03 (001) is used for the growth of high-quality YBCO
films.

Angle-resolved photoelectron-spectroscopy measure-
ments indicate a Ti02 plane for the surface layer ter-
minating a SrTi03 (001) crystal. ' Combining this infor-
mation with high-resolution transmission-electron mi-
croscopy (HRTEM) images, Daitoh et al. proposed a
model indicating a BaO layer of YBCO facing a substrate
Ti02 plane at the interface of a c-axis-oriented YBCO
film on SrTi03 (001) (Ref. 4). This model was questioned
by another HRTEM study which claimed that the near-
interface lattice images were better explained by a Cu02
layer of YBCO on a substrate SrO plane. The issue con-
cerns the interpretation of image contrasts at the
heteroepitaxial interfaces, which is only qualitative. Ac-
tually, the two models become identical if the interface
CuOz layer in the latter model is identified not as a first

overlayer, but as a topmost TiOz plane of SrTi03.
We present here x-ray standing-wave (XSW) studies of

the interface structure of Eu-Ba-Cu-0 (EuBCO) and Gd-
Ba-Cu-0 (GdBCO) grown on SrTi03 (001) substrates.
These compounds are analogs of YBCO with Eu or Gd
atoms occupying the Y positions in the layered crystal
structure of YBazCu307 „. For the both materials, ul-
trathin superconducting films can be prepared on SrTi03
substrates using the techniques previously described. '

The XSW method can determine the location of specific
atoms above the substrate surface in the direction of the
reciprocal-lattice vector, with reference to substrate lat-
tice. ' This is done by monitoring secondary emissions
in the form of x-ray Auorescence or other radiations from
overlayer atoms. At a synchrotron source, soft x-rays
can be used to generate standing waves which excite the
core levels of high-Z atoms that are convenient for mea-
surement of fluorescent x-rays. Another advantage of
soft x rays is a broad diffraction width, which relaxes the
requirement for a high-crystalline perfection in the
standing-wave producing substrate crystal. "'

II. EXPERIMENTAL DETAILS

Ten layers of EuBCO were grown on the (001) surface
of SrTi03 at 600 C in a magnetron sputtering facility us-
ing a stoichiometric oxide target. The deposition rate
was 38 A/min in an Ar+8% Oz atmosphere at 7 Pa.
The previous work shows that the epitaxial crystal has
the YBCO structure with the c axis normal to the sur-
face. GdBCO thin films were grown by depositing Gd,
Ba, and Cu metals from individual evaporation sources
onto SrTi03 (001) substrates at 680 C in an oxygen atmo-
sphere of 1 Pa. Two and ten layers of GdBCO were
grown on separate substrates at a deposition rate of 30
A/min. The overlayer thickness was controlled by moni-
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toring the reAection high-energy electron diffraction
(RHEED) intensity oscillation. For both EuBCO and
GdBCO, an X-layer-thick film denotes a film including X
complete units of the YBCO structure in the surface nor-
mal direction.

X-ray measurements were performed on beamline 1A
of the Photon Factory, a synchrotron radiation facility in
Tsukuba, Japan. Beamline 1A provided soft x-ray pho-
tons of variable energy from a double InSb (111) mono-
chromator. A sample was mounted on a vacuum
diffractometer. ' We generated an XSW field with an in-
tensity modulation along the normal to the sample sur-
face by exciting the 001 Bragg reAection of SrTi03 with
2.0 keV photons. The photon energy was so chosen that
it produced electron holes in the M shells of Eu and Gd
atoms, and the L shell of Sr atoms as well. This allowed
us to measure 1.13-keU EuMo, and 1.19-keV GdMa
fluorescences from the EuBCO and GdBCO films, respec-
tively, and a 1.81-keV SrLa emission from the SrTi03
substrate. The energy resolution of a Si(Li) detector
resolved the films and substrate emissions. The detector
was placed outside the vacuum chamber at a 90' scatter-
ing angle in the horizontal plane, which contributed to a
reduced background. A typical net count rate integrated
over the energy range of the rare-earth line was 7/s for
the ten-layer-thick GdBCO sample. The Bragg-rejected
Aux at 2I9~ =105.1 was monitored with the use of a pho-
tocurrent Aowing through an in-vacuum metal grid. '

Data were collected by scanning the sample 0 angle for
the fixed incoming photon energy.

III. RESULTS AND DISCUSSIGN

Eu Auorescence signals from the EuBCO sample were
noisy, but 0-scan profiles showed a broad, shallow dip at
the SrTi03 Bragg peak position. The data were normal-
ized with the use of the Aux monitor outputs, but the base
line inclination was not removed from both the rocking
curve and the emission profiles for reasons unknown.

Less noisy signals on a somewhat inclined base line
were observed from ten-layer-thick GdBCO sample (Fig.
1). GdM fluorescence yields show an asymmetric dip of
-0.26 in signal modulation at 0 & Oz, while the substrate
001 Bragg peak is located at 0=0&. The near-Gaussian
profile of the rocking curve has a 580-prad full width at
half maximum, which is dominated by the instrument
resolution. The dip in the Sr emission profile at 0-Oz is
due to the extinction effect in the bulk SrTi03 crystal. '

To determine the atomic structure at the film-substrate
interface, we calculate the XSW field intensity at the
rare-earth atom (R) position in a model c-axis-oriented
epitaxial RBCO film with one of the CuO(1), BaO(2),
Cu02(3), R(4), Cu02(5), and BaO(6) layers on the sub-
strate top layer atom plane. Both the Ti02 plane and the
SrO plane are considered for the SrTi03 (001) surface.
The substrate atom planes are assumed to be planar, but
for RBCO we employ the z coordinates of individual met-
als and oxygens for the YBCO crystal. ' The two distinct
0 heights in the CuO2 layer are averaged. Our calcula-
tion is based on a simple rigid-sphere-ion model. We use
Pauling's ionic radii, but modify the Ti +, O, and Cu
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FIG. 1. Gd M fluorescence yields observed from a ten-layer-
thick GdBCO film on a SrTi03 (001) substrate near the 001
Bragg peak of SrTi03 with incident 2.0 keV x rays. The average
x-ray counts for 300 s are 2100 for the Gd M line and 210000
for the Sr L line. The rocking curve is on an arbitrary scale.
The synchrotron light source was injected with a 300 mA posi-
tron beam at 2.5 GeV.

radii so that the Ti02, CuO, and CuO2 square lattices
have an edge length consistent with the lattice constant
of SrTi03 (3.905 A). This leads to r(Ti)=0.638 and r(O)
=1.314 A for the TiOz plane, r(Cu)=0. 794 and r(O)
=1.158 A for the CuO and CuOz layers. Other ionic
radii used are r(O ) = 1.40, r(Sr +)= 1.13, r(Ba +)= 1.35,
r(Eu ) = 1.03, and r(Gd +)= 1.02 A (Ref. 16). The verti-
cal distance of the RBCO crystal from the substrate
SrTi03 is determined on the assumption of contacting
and noninterpenetrating ions at the interface. This dis-
tance depends on the atomic configurations in the inter-
face planes and their relative position. On the Ti02
plane, for example, the CuO2 layer can take three posi-
tions with the Cu ions lying on top of the Ti, 0, and
face-centered positions of the Ti02 square lattice. Other
positions are not favored due to symmetry considera-
tions. Geometry reveals that for the first and last posi-
tions, the interplanar distance dz is determined by the
0-0 contact, while the Cu-0 contact determines dz for
the second position, although the 0-O contact would be
unfavorable when we consider the electronic interaction.
Table I summarizes the results of such investigations for
the six distinct atom layers of GdBCO on the Ti02 plane.
In general, an on-top anion contact leads to a larger dp
than a cation-anion contact. An ion in a high-symmetry
position can touch more than one underlying ions simul-
taneously.

Once d~ is calculated, it is easy to evaluate the vertical
distance, d&, of the first Gd layer from the interface TiOz
plane. We employ 11.746 A for the c-axis length of the
GdBCO film, ' and assume no lattice relaxation in the
film and the substrate for the first approximation. The
sixth column of Table I lists the normalized height
h, (=d, /doo, ) of the first Gd plane, where dooi is the
(001) lattice spacing of SrTiO3. Note that the majority of
h, values fall into two groups which are near integer and
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TABLE I. Vertical positions of the Gd layer above a Ti02 surface, calculated from a rigid-ion contact model. Ten layers of
GdBCO lie above the SrTi03 (001) surface with either a CuO(1), BaO(2), CuOz(3), Gd(4), Cu02(5), or BaO(6) layer as the first layer.

dP is the interplanar distance at the film-substrate interface, d& and h
&

are the height of the first Gd layer and its normalized value,

and ZGd is the mean Gd height in a ten-layer-thick GdBCO film. See Fig. 2(a) for the definition of the distances.

No.

1

2
3
4
5

6
7
8
9

10
11
12
13
14
15

First
layer

CuO(1)
CuO(1)
BaO(2)
Bao(2)
Bao(2)
CUO (3)
Cu0~(3)
Gd(4)
Gd(4)
Gd(4)
Cu02(5)
Cuo, (5)
BaO(6)
BaO(6)
8aO(6)

Contact
ions

CU-0
0-0
0-Ti
Ba-Ti
O-O
CU-0
0-0
Gd-0
Gd-04
Gd-Ti
Cu-0
0-0
0-Ti
Ba-Ti
0-0

P

(A)

2.108
2.472
2.038
1.988
2.714
2.108
2.472
2.334
1.279
1.658
2.108
2.472
2.038
1.988
2.714

(A)

7.981
8 ~ 345
6.052
5.697
6.728
3.803
3.898
2.334
1.279
1.658

12.159
12.792
9.771

10.026
10.446

h,

2.044
2.137
1.550
1.459
1.723
0.974
0.998
0.598
0.328
0.425
3.114
3.276
2.502
2.568
2.675

ZGd

0.193
0.286
0.699
0.608
0.872
0.123
0.147
0.747
0.477
0.574
0.263
0.425
0.651
0.717
0.824

near half-integer. This arises from the interatomic dis-
tances at the interface similar to those in the SrTi03 crys-
tal, and the fact that the c-axis length of the overlayer is
only slightly mismatched to an integral multiple of doo&.

X-ray field intensity at an atom plane depends on the
phase of the standing wave on that plane. The XSW
phase is easily calculated using the concept of Bragg
planes. The Bragg planes are located at the peaks in the
Fourier component of the electron-density distribution.
In the case of SrTi03 of ideal perovskite structure, the
001 component peaks between the Ti02 planes and the
SrO planes. If we take the unit-cell origin on a Ti02
plane, for example, the 001 peaks are displaced from the
TiOz planes by [gz/(2m. )]dz», where rlz is the phase of
the complex crystal structure factor FI, =FI,„+iF&,.
= ~Fz ~exp(ill, ). It can be shown that the XSW phase at
the chosen origin is —

gz (Ref. 18). Clearly, the Bragg
plane location, and hence the standing-wave phase, is in-
dependent of the origin definition for structure factor cal-
culation. For the 001 reflection of SrTi03 with 2.0 keV x
rays, gI, /(2') = —0. 113 with the origin on a Ti02 plane.
This large inward shift of the Bragg planes from the Ti02
planes is due to the high-absorption factor of the Sr
atoms at this energy, which makes FI„negative while F&„
is positive. ' A further complication with the lattice-
mismatched system is that each Gd atom plane in an N-
layer GdBCO film is excited by a slightly diff'erent phase
of the 001 standing wave. This leads to a shift of the
mean position, zzd, of the N Gd atom planes from h, by
(3/2)(N —1)[(doL/dao& ) —1], where doL is one-third the
c-axis length of the overlayer GdBCO crystal. ' The
shift only amounts to 0.036 for N = 10 in the present case.
The mean position of the Gd planes with respect to the
Bragg planes is thus given by

zod =h
&

—
gl, /(2')+(3/2)(N —1)[(doL/doo& ) —1] .

The XSW phase at this position is 2mzzd. The calculated
zzd values are listed in the last column of Table I for the
Ti02 interface plane. Figure 2 depicts various distances
in units of doo, . Similar results are obtained for GdBCO
on the SrO plane of SrTi03 (Table II). It should be noted
here that h

&
denotes the normalized height of the first Gd

atom plane above the SrO plane, and that if we keep the
unit-cell origin on a TiOz plane, an additional 0.5 should
be added to the right-hand side of the above formula to
give zod for the SrO interface tcf. Fig. 2(b)]. In these
tables arbitrary integer values were subtracted from z~d
so that O~zGd &1.0. Such subtractions correspond to
shifting the XSW phase by 2n ~, and have no e6'ect on the
local-field intensity.

Figure 3 shows the Gd fluorescence profiles for hy-
pothetical ten-layer-thick GdBCO films on SrTi03 (001)
with Gd layers occupying mean positions zzd =0.0 to 0.8
without disorder, calculated using formulae in Ref. 18.
The curves take into account a 556-prad angular diver-
gence assumed for primary 2.0 keV x rays. Figure 3 also
shows a rocking curve which is a convolution of the in-
trinsic curve with the Gaussian smearing function. The
rocking curve shows a quite low peak reflectivity of
0.069, which is primarily due to the high absorption of
the soft x rays in SrTiO3. A direct consequence of this is
a moderate intensity modulation of the standing-wave
field, which is reflected in the fluorescence profiles. It is
seen that 0.6&zzd &0.8 produces an emission profile
with an asymmetric dip at 0 & Oz without a marked peak.
With this kept in mind, an examination of Table I reveals
that only BaO(2), Gd(4), and BaO(6) layers on the sub-
strate TiO2 plane can explain the observed Gd fluores-
cence profile. Similarly, Table II for the SrO interface
shows that z&d values in the 0.6—0.8 range are only asso-
ciated with the CuO(1), Cu02(3), and Cu02(5) layers at
the interface.
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TABLE II. Same as Table I but for a SrO plane at the SrTi03 (001) surface. See Fig. 2(b) for the definition of the distances.

No.

1

2
3
4
5
6
7
8

9
10
11
12
13
14
15
16
17
18

First
layer

CuO(1)
CUO(1)
CuO(1)
Bao(2)
BaO(2)
Bao(2)
Cuo, (3)
Cu02(3)
CuO (3)
Gd(4)
Gd(4)
Gd(4)
Cu02(5)
Cu02(5)
CUO (5)
BaO(6)
BaO(6)
Bao(6)

Contact
ions

Cu-0
O-O
Cu-Sr
Ba-O
0-02
O-O
CU-0
O-O
Cu-Sr
Gd-0
Gd-02
Gd-Sr
CU-0
O-O
Cu-Sr
Ba-0
0-02
O-O

dp
(A)

2.108
2.472
1.924
2.664
1.885
2.714
2.108
2.472
1.924
2.334
1.279
2.150
2.108
2.472
1.924
2.664
1 ~ 885
2.714

1

(A)

7.981
8.345
7.979
6.372
5.899
6.728
3.803
3.898
3.619
2.334
1.279
2.150

12.159
12.792
11.975
10.702
9.618

10.446

hl

2.044
2.137
1.997
1.632
1.511
1.723
0.974
0.998
0.927
0.598
0.328
0.551
3.114
3.276
3.067
2.741
2.463
2.675

ZGd

0.693
0.786
0.646
0.281
0.160
0.372
0.623
0.647
0.576
0.247
0.977
0.200
0.763
0.925
0.716
0.390
0.112
0.324

Gd(4)
)L )k

. --""-.-" —..-""""".— Cu02(3) .—.-"-"""-.—."--".""-.—
h~ zG ZGd

BaO(2)

dp/doo~

TiO2

Cu0(1) )k

dp/doo~

----- ---- -------- ---- SrO
BP

The Gd layer may be removed from the list of the
probable interface layers, since HRTEM pictures of ul-
trathin YBCO films on SrTi03 (001) show lattice images
with very strong contrasts in the interface region, which
are usually not ascribed to an Y layer, known to exhibit a
much weaker contrast.

Figure 4 shows the calculated Gd Auorescence profiles
for ten-layer-thick, perfectly ordered GdBCO films with
zGd values at 0.651, 0.699, and 0.717 for the BaO(6)/TiO2
and BaO(2)/Ti02 interfaces (cf. Table I). These curves
include the effect of the distributed Gd positions around
zod due to the lattice mismatch' (cf. Fig. 2), although
the effect is quite small, only reducing the overall
coherent fraction by 1%. This indicates that our XSW
measurement was well conditioned. ' The experimental
Auorescence profile in Fig. 4 was shifted toward the +0
direction by 233 prad, even though we have no legitimate
explanation for such a shift. A constant offset in the digi-
tal memory is a conceivable origin of the artifact. There
is reasonable agreement between the experimental and
calculated profiles, indicating the validity of our model.
The scattered data do not allow us, however, to judge

SrO JL

BP
Ti02 0.3

Ti02
1

SrO

SrO ----'----------------- Ti02

(a) (b)
FIG. 2. Schematic diagrams showing various distances at the

GdBCO/SrTi03 (001) interface for models with the Ti02 plane
(a) and the SrO plane (b) for the substrate top layer. dp is the
distance between the substrate's topmost atom plane and the
first atom plane in GdBCO. h, is the height of the first Gd
plane in GdBCO above the substrate top layer. The range of
the distributed Gd planes due to the film-substrate lattice
mismatch is shown by a shaded band. z&d defines the distance
between the mean Gd atom plane position in a GdBCO thin
film and the topmost (001) Bragg plane (BP) in SrTiO3. gz /2~
indicates the displacement of the Bragg planes from the TiO~
planes on which the origin is placed for the structure factor cal-
culation. All distances are illustrated in the units of doo&, the
(001) lattice spacing of SrTiO3. Drawn for a negative qq.
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FIG. 3. Calculated fluorescence yield (F.Y.) profiles and
rocking curve for ten-layer-thick GdBCO film on SrTi03 in the
001 reAection with 2.0-keV x rays. The F.Y. curves are calcu-
lated for the Gd atom planes occupying positions 0.0, 0.2, 0.4,
0.6, 0.7, and 0.8 between the (001) Bragg planes of SrTiO3 ~ All
curves are convoluted with a Gaussian function of 556 prad
width.
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ic table for a current semiconductor detector to resolve
the fluorescent x rays from the two atom species. This
explains why we studied EuBCO and GdBCO films on a
SrTi03 substrate.

It appears quite possible to discriminate between the
models with the Ti02 plane and the SrO plane at the
growth interface, provided high-quality XSW data are
available. Such data would also provide information on
the registration of overlayer atoms with respect to the
substrate atoms in the direction parallel to the interface,
as well as on disorder in the high-T, thin films.

IV. SUMMARY

FIG. 4. Calculated emission yield profiles (line) for Gd atom
planes at zGd =0.651, 0.699, and 0.717 (see Table I) compared
with data (open circles). The observed rocking curve (closed
circles) is fitted to the calculation at the peak and base levels.

which of the three curves shown best fits the data. Nev-
ertheless, the large gaps in the z~d value between the first
BaO-layer models and the first CuO- or Cu02-layer mod-
els in Table I clearly reject the CuO layer and the Cu02
layers for the interface layer of GdBCO on the Ti02
plane. It is very likely that a BaO layer is the first grown
layer on the substrate Ti02 surface. A similar line of dis-
cussion leads to a conclusion that on the SrO surface of
SrTi03, a CuO layer or a CuOz layer is the likely first epi-
taxial layer.

The almost equal ionic radii of Gd + and Eu + suggest
that the above conclusions also apply to the EuBCO film.

The ionic radius of Y + is -0. 1 A smaller than r(Gd +)
and r(Eu +) (Ref. 16). This will change the zod values in
Tables I and II by 0.025 to give the z~ values for YBCO.
These small changes would be far from changing the con-
clusions if we observe a dipped Y fluorescence profile
from an YBCO film. The experiment is not easy to per-
form, however, since Y and Sr are too close in the period-

Using soft x-ray standing waves, we have determined
the interface structure of c-axis-oriented ultrathin
GdBCO and EuBCO films on SrTi03 (001) substrates.
Rare-earth fluorescence profiles observed near the 001
Bragg peak of SrTi03 show a dip without a marked peak,
which can only be explained by either a BaO layer inter-
facing the Ti02 plane or a CuO or Cu02 layer interfacing
the SrO plane of substrate SrTi03. Model calculations of
x-ray field intensities based on contacting and noninter-
penetrating ions at the interface show that neither the
CuO layer nor the Cu02 layer can be the first epitaxial
layer on the TiO2 surface of SrTi03. Similarly, neither
the BaO layer nor the rare-earth layer can be the first
grown layer on the SrO surface. The quality of our
present data does not permit discriminating between the
models assuming the Ti02 plane and the SrO plane for
the substrate surface, but it does show highly ordered Gd
atoms in a ten-layer-thick GdBCO film.
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