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Atomic control of layer-by-layer epitaxial growth on SrTiO 3„001…:
Molecular-dynamics simulations
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Molecular-dynamics simulations were performed to clarify the structures of SrO and BaO layers on a
SrTiO3~001! substrate at the atomic level, and to predict an appropriate buffer layer for YBa2Cu3O72x /SrTiO3

heterojunction. The atomic structure of these layers grown on a SrTiO3~001! substrate terminated on the TiO2

atomic plane was investigated. From the analysis of the angle distribution of Sr-O-Sr and the radial distribution
between Sr and O, the first single SrO layer on the SrTiO3~001! substrate was found to keep a perfect
NaCl-type structure. However, the structure of the second SrO layer deviated from a NaCl-type structure. This
result suggests that only a single SrO layer is able to grow epitaxially and uniformly on the SrTiO3~001!
substrate terminated on the TiO2 atomic plane. Since a BaO layer is one component of the YBa2Cu3O72x

layered structure, a detailed understanding of the BaO/SrTiO3~001! heterojunction has been desired. Here, the
stress induced by the lattice mismatch of the BaO/SrTiO3~001! and BaO/SrO/SrTiO3~001! heterojunction was
evaluated. The BaO/SrTiO3~001! gained 1.2 GPa stress, while surprisingly the BaO/SrO/SrTiO3~001! did not
have any stress. Moreover, the BaO layer was found to grow epitaxially and uniformly on the
SrO/SrTiO3~001!. Note that YBa2Cu3O72x is expected to grow epitaxially on a BaO layer since the BaO layer
is a part of the YBa2Cu3O72x layered structure. Hence, we suggest that BaO/SrO is a suitable buffer layer for
the YBa2Cu3O72x /SrTiO3 heterojunction.@S0163-1829~97!03343-2#
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I. INTRODUCTION

Technology on the artificial construction of atomically d
fined metal oxide layers has been desired in relation to e
tronic, magnetic, and optical devices as well as other
vanced materials such as supported metal oxide catalyst1–7

Specifically, a two-dimensional and epitaxial ultrathin oxi
layer with atomically flat surface is essential for the dev
opment of oxide-based heterojunction devices such as
sephson tunnel junctions. SrTiO3~001! has attracted much
attention among metal oxide crystals, due to its significa
as a lattice-matched substrate suitable for the epita
growth of high-Tc superconducting films. Hence, the epita
ial growth process and atomic surface structure of SrT3

have been extensively investigated using various experim
tal techniques, such as laser molecular beam epitaxy~laser
MBE!, Auger electron spectroscopy, reflection high-ene
electron diffraction~RHEED!, low-energy electron diffrac-
tion, x-ray photoelectron spectroscopy, x-ray photoelect
diffraction, coaxial impact collision ion-scattering spectro
copy~CAICISS!, atomic force microscopy~AFM!, and scan-
ning tunneling microscopy.8–14

Recently, Kawasaki and co-workers14 succeeded in fabri-
cating an atomically flat and smooth SrTiO3~001! surface
completely terminated on the TiO2 atomic plane by
NH4F-HF treatment. The SrTiO3~001! surface treated by the
above technique is expected to enable atomically regul
epitaxy of oxides comparable to that of semiconductors,
to realize the Josephson tunnel junction. Moreover, those
and smooth SrTiO3~001! substrates enable us the atomis
560163-1829/97/56~20!/13535~8!/$10.00
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design of high-Tc superconducting film/SrTiO3~001! hetero-
junction. Especially since SrTiO3 has a structure similar to
YBa2Cu3O72x ~YBCO!, and the lattice mismatch is less tha
2%, SrTiO3 is expected to serve as insulator thin films a
substrates for the Josephson tunnel junction based on YB
Although the epitaxial growth process of YBCO on
SrTiO3~001! surface has been investigated,1–3 the fabrication
of the Josephson tunnel junction has not been achie
Hence, the detailed understanding of the interface struc
between YBCO and SrTiO3 substrate, and the design of
suitable buffer layer for a YBCO/SrTiO3~001! heterojunction
on an atomic level are desired. Particularly, the interfa
structure as well as the epitaxial growth process of BaO t
film on SrTiO3 surfaces are interesting, since the BaO lay
is one component of the YBCO layered structure. On
other hand, the structure of a BaO/SrTiO3~001! heterojunc-
tion gained much recent attention, because Tabata and
workers recently reported that the BaTiO3/SrTiO3 superlat-
tice has tremendous dielectric properties.15,16

Although much information has been experimentally o
tained for the homojunctions and heterojunctions on
SrTiO3 substrate, theoretical approaches, such as molec
dynamics~MD!, quantum chemistry, Monte Carlo simula
tion, and computer graphics~CG! would be also desirable
Interesting theoretical and computational studies have b
done to elucidate details of the surface reconstruction, e
tronic structure, dielectric property, ferroelectricity, phon
frequencies, band structure, and energetics of SrTiO3.

17–24

However, few works were devoted to the interface struct
of the oxide/SrTiO3 heterojunction.25 The effect of the ter-
13 535 © 1997 The American Physical Society
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mination of the atomic plane of the SrTiO3~001! surface on
the above heterojunction structures should be clarified, s
two different surface terminations, with either SrO or TiO2,
are possible. We applied MD technique to investigate
atomic structure of the SrO/SrTiO3~001! and
BaO/SrTiO3~001! heterointerfaces as well as the effect
surface termination of the SrTiO3~001! substrate on the
above interface structure. Furthermore, an adequate b
layer for the fabrication of the ideal BaO/SrTiO3~001! het-
erojunction is suggested to realize the YBCO/SrTiO3~001!
Josephson tunnel junction.

II. METHOD

MD simulations were carried out with theMXDORTO pro-
gram developed by Kawamura.26 The Verlet algorithm27 was
used for the calculation of the atomic motions, while t
Ewald method28 was applied for the calculation of the ele
trostatic interactions. We used periodic boundary conditio
Temperature was controlled by means of scaling the a
velocities. The calculations were performed for 10 000 st
with a time step of 2.0310215 s. The two-body, centra
force, interatomic potential, shown in Eq.~1!, was used for
all calculations. In Eq.~1!, the first and second terms refer
Coulomb and exchange repulsion interactions, respectiv

u~r i j !5ZiZje
2/r i j 1 f 0~bi1bj !exp@~ai1aj2r i j !/~bi1bj !#.

~1!

Zi is the atomic charge,e the elementary electric charge,r i j
the interatomic distance, andf 0 a constant. The parametersa
and b represent the size and stiffness, respectively, in
exchange repulsion interaction.

In order to simulate the epitaxial growth process of a S
layer on a SrTiO3~001! substrate, we employed our cryst
growth MD simulator.29,30 We note that the homoepitaxia
growth process of MgO~001! has been successfully simu
lated using the above MD code.29 The detailed algorithm of
the MD code is described in Refs. 29 and 30.

Calculations were performed on Hewlett Packard Apo
9000 Model 712/60 workstation, while the CG visualizati

TABLE I. The potential parameters of Sr, Ba, Ti, and O atom

Atom Zi ai ~Å! bi ~Å!

Sr 11.2 1.506 0.070
Ba 11.2 1.666 0.070
Ti 12.4 1.109 0.070
O 21.2 1.503 0.075

TABLE II. Lattice constants of SrTiO3, SrO, BaO, and BaTiO3
crystals derived from the MD simulations.

MD simulation
~Å!

Experimental result
~Å!

SrTiO3 3.90560.002 3.905
SrO 5.16060.004 5.160
BaO 5.52360.004 5.523
BaTiO3 3.98260.002 4.012
ce
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was made with an Insight II software of MSI~Ref. 31! on a
Silicon Graphics IRIS-Indigo2 workstation. Dynamic fe
tures of the atoms were also investigated by using real-t
visualization with theMOMOVIE code andRYUGA ~Ref. 32!
code developed in our laboratory on OMRON LUNA-88
workstation and Hewlett Packard Apollo 9000 Model 715/
workstation, respectively.

III. RESULTS AND DISCUSSION

A. Development of force field for SrTiO3, SrO, and BaO

The accurate force field for the SrTiO3 substrate is re-
quired for the present purpose. The potential parameters
SrTiO3 in Eq. ~1! were determined by using MD simulation
as they reproduce various properties of SrTiO3 crystal. The
determined potential parameters of Sr, Ti, and O atoms
presented in Table I. The calculated lattice constant and
pansion coefficient of SrTiO3 crystal, shown in Tables II and
III, respectively, are in good agreement with the experim
tal results.33,34 The trajectories of Sr, Ti, and O atoms in th
SrTiO3 crystal were also close to the average positions of
ions determined by the x-ray diffraction~XRD! technique.33

Moreover, the mean-square displacements~MSD! of Sr, Ti,
and O atoms from the positions derived by the XRD we
0.014, 0.004, and 0.012 Å2, respectively. These MSD value
are not significant in comparison of the temperature facto
the XRD analysis. The calculated lattice constant and exp
sion coefficient of SrO crystal, shown in Tables II and I
respectively, also agree with the experimental results.33,35

The MSD of Sr and O atoms in bulk SrO during 10 000 tim
steps in MD simulations at several temperatures were ca
lated ~Table IV!. Although the MSD value increased grad
ally with increasing temperature below 2400 K, noticeab
large MSD values were suddenly observed at 2500 K. T
indicates that the simulated SrO crystal melted at aro
2500 K. This agrees with the experimental melting point
2703 K.36

TABLE III. Expansion coefficients of SrTiO3, SrO, BaO, and
BaTiO3 crystals derived from the MD simulations.

MD simulation Experimental result

SrTiO3 1.0431025/K 1.0431025/K
SrO 1.3931025/K 1.5231025/K
BaO 1.9331025/K 1.8631025/K
BaTiO3 1.2231025/K 1.2 31025/K

TABLE IV. The mean square displacements~MSD! of atoms in
SrO bulk during 10 000 time steps with increasing temperature

Temperature~K! MSD~Sr! (Å 2) MSD~O! (Å 2)

300 0.016 0.017
1000 0.069 0.070
1500 0.118 0.120
2000 0.193 0.193
2400 0.233 0.615
2500 106.078 87.526
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The force field for BaO was constructed for the simu
tion of the BaO/SrTiO3~001! heterointerface structure. Th
determined potential parameters of the Ba atom are prese
in Table I. The same potential parameters of O as for SrT3
and SrO were employed for the BaO force field. The cal
lated lattice constant and expansion coefficient of BaO c
tal, shown in Tables II and III, respectively, are in goo
agreement with the experimental results.33 The positions of
the ions in the BaO crystal determined by the XRD were a
reproduced by the MD simulations.33 The MSD of Ba and O
atoms in bulk BaO during 10 000 time steps in MD simu
tions at several temperatures are shown in Table V, indi
ing that the simulated BaO crystal melted at around 2200
This agrees with the experimental melting point of 2191 K36

The calculated lattice constant and expansion coefficient
BaTiO3 crystal, also shown in Tables II and III, respective
are also found to be in good agreement with the experime
results.33,37

B. Epitaxial growth process of a SrO layer on SrTiO3„001…
terminated by TiO2 atomic plane

Our crystal growth MD simulator and new force fie
were applied to the investigation of the epitaxial growth p
cess of a SrO thin layer on a SrTiO3~001! surface. Since the
SrTiO3 crystal has a structure stacked alternately by nonp
SrO and TiO2 atomic plane@Fig. 1~a!#, two different surface
terminations by either SrO or TiO2 at the~001! top layer are
possible@Figs. 1~b! and 1~c!#. Yoshimoto and co-workers13

determined the structure of the topmost plane of SrTiO3~001!
surface by means of CAICISS measurements. They reve
that the SrTiO3~001! surface of as-supplied substrates as w
as O2-annealed substrates was predominantly terminated
the TiO2 atomic planes. To be able to compare with t

TABLE V. The mean square displacements~MSD! of atoms in
BaO bulk during 10 000 time steps with increasing temperature

Temperature~K! MSD~Ba! (Å 2) MSD~O! (Å 2)

300 0.024 0.024
1000 0.081 0.078
1500 0.167 0.161
2000 0.229 0.225
2100 0.261 0.254
2200 72.404 85.220
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experimental results,14,38 we examined the SrTiO3~001! sur-
face terminated on the TiO2 in our MD simulations.

In the epitaxial growth simulation, a total of 32 SrO mo
ecules are emitted one by one at regular time intervals
1000 time steps with constant velocity of 900 m/s. T
amount of SrO molecules is equal to the number of Sr an
atoms which make a single SrO layer on the SrTiO3, in the
MD unit cell. Figure 2 shows results at 700 K. SrTiO3 sub-
strate is represented by atomic bonds, while deposited
molecules are represented by spheres. Surprisingly, a
50 000 time steps, a two-dimensional~2D! epitaxial SrO thin
layer without any defects was observed. The deposited
molecules continued the perovskite structure and~001! ori-
ented configuration during the MD simulation.

Kawasaki and co-workers38 applied laser MBE to fabri-
cate a SrO layer on the SrTiO3~001! substrate. They used a
atomically flat and smooth SrTiO3~001! substrate terminated
on the TiO2 obtained by a buffered NH4F-HF treatment.14

They achieved the epitaxial and 2D growth of a single S
layer at around 700 K, in good agreement with our simu
tion results. Specifically, at around 700 K they observe38 a
RHEED oscillation when a single SrO layer grew on t
atomically flat SrTiO3~001! surface terminated on the TiO2.
Moreover, they confirmed atomic flatness of the grown S
layer on the substrate with an AFM.

C. Atomic structure of a topmost single SrO layer
of SrO/SrTiO3„001… and SrO/SrO/SrTiO3„001…

Given the results above, in the present section we
sumed that two-dimensionally flat and smooth SrO layers
constructed on the SrTiO3~001! substrate terminated on th
TiO2 atomic plane. We employed two different models
analyze the atomic structure of the grown SrO layers on
SrTiO3~001! substrate. In model~a!, a single SrO layer is
stacked on the SrTiO3~001! substrate, and the structure o
this SrO layer was examined. In model~b!, two SrO layers
are stacked on the SrTiO3~001! substrate, and the structure o
the topmost single SrO layer was investigated. We focu
on the difference between the atomic structure of the fi
SrO layer@model~a!# and the second SrO layer@model~b!#.
The structure in model~a! is identical to that of the
SrTiO3~001! substrate terminated on the SrO atomic pla
while the structure in model~b! is identical to that of a single
FIG. 1. Computer graphics pictures of~a! SrTiO3 crystal,~b! SrO atomic plane of SrTiO3, and~c! TiO2 atomic plane of SrTiO3.
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FIG. 2. Epitaxial growth process of a single SrO layer on SrTiO3(001) terminated on the TiO2 atomic layer at 700 K.
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SrO layer on the SrTiO3~001! substrate terminated on th
SrO atomic plane. In the present section, all MD calculatio
were carried out at 300 K.

We analyzed the Sr-O-Sr angle distribution function
the topmost single SrO layer of models~a! and ~b!, during
10 000 MD time steps~Fig. 3!. A single strong peak is ob
tained at almost 90° in the angle distribution function f
both cases. This result suggests that the topmost SrO lay
both models~a! and~b! keeps an NaCl-type structure. How
ever, a small difference in the peak shape~i.e., the width or
standard deviation, and the tails! between the two model

FIG. 3. Angle distribution function of Sr-O-Sr in a topmo
single SrO layer of models~a! and ~b!.
s

of

was observed. The Sr-O-Sr angle peak was distributed f
80° to 100° for model~a! and from 70° to 110° for mode
~b!. Consequently, the peak height in model~b! is lower than
that in model~a!.

Furthermore, the radial distribution function between
and O in the topmost single SrO layer of both models~a! and
~b! was investigated during 10 000 time steps~Fig. 4!, in
order to clarify the detailed difference of the topmost S
structure of the two different models. Sharp peaks were
tained at 2.8, 6.2, 8.3, and 9.9 Å for model~a!. A different
radial distribution was observed for model~b!. For example,
the first peak of 2.8 Å in model~a! was replaced by two
separated peaks of 2.6 and 3.8 Å in model~b!. Similarly the
second peak of 6.2 Å in model~a! was replaced by two
separated peaks of 5.9 and 6.9 Å in model~b!. The trend in
the change of the peak position is similar to that of the fi
peak. The third peak was also replaced by two peaks. O
peaks are missing in model~b!. These results indicate tha
the topmost SrO layer of model~a! keeps an NaCl-type
structure, while that of model~b! is slightly deviated from a
perfect NaCl-type structure.

The schematic structure of the topmost single SrO lay
of models~a! and~b! is shown in Figs. 5~a! and 5~b!, respec-
tively, as predicted by the present MD calculations. The o
gin of the above different SrO structures is interpreted
follows. Since the single topmost SrO layer of model~a! is
directly attached to the TiO2 atomic plane, the topmost singl

FIG. 4. Radial distribution function between Sr and O in a to
most single SrO layer of models~a! and ~b!.
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SrO layer was fabricated as a part of a SrTiO3 crystal. On the
other hand, since the second SrO layer of model~b! is di-
rectly attached to the SrO atomic plane, the topmost sec
SrO layer was constructed as part of a SrO crystal instea
a SrTiO3 crystal. Hence, we propose that only the first S
layer inherits the structure of the SrTiO3 crystal, and the
second SrO layer has the nature of the SrO crystal on
SrTiO3(001) substrate terminated on the TiO2 atomic plane.
The lattice mismatch between SrTiO3 (a53.905 Å) and SrO
(1/&a53.649 Å) crystals is responsible for the fluctuat

FIG. 5. Schematic of the structure of a topmost single SrO la
in models~a! and ~b!, predicted by MD.
nd
of

e

structure of the second SrO layer in model~b!, as shown in
Fig. 5~b!. Here, we compared the lattice constant of a SrTi3
crystal and the 1/& lattice constant of a SrO crystal, becau
crystallographically, a SrO layer structure of the SrO crys
is tilted by 45° in comparison with that of the SrTiO3 crystal
as shown in Fig. 6. On the basis of the above discussion,
reason why the peak position of Sr-O radial distributi
function in model~b! was ‘‘divided’’ into two peaks at the
shorter distance and at the longer distance than that in m
~a! is readily understandable~see Fig. 5!. Since the lattice
constant of the topmost SrO layer in model~b! is smaller
than that of the SrO/SrTiO3 substrate, some O atoms mov
slightly to positions closer to their neighbor Sr atoms a
some Sr atoms also take similar movement. Hence, the
tance between the O atom and the neighbor Sr atom
creases, while the distance between the O atom and ano
neighbor Sr atom increases.

We also calculated the atomic structure of the third a
fourth SrO layers grown on the SrTiO3(001) substrate. They
were also different from a perfect NaCl-type structure, sim
larly to that of the second SrO layer. Clearly, in our simu
tions only a single SrO layer can be grown epitaxially a
uniformly on the SrTiO3(001) substrate terminated on th
TiO2 atomic plane.

Kawasaki and co-workers applied38 the laser MBE tech-
nique to the formation of the SrO layers on the SrTiO3(001)
substrate. They observed a single RHEED oscillation at fi
as mentioned above; however no more RHEED oscillati
were detected during the formation process of SrO layers
the SrTiO3(001) substrate. It indicates that only a single S
is able to grow epitaxially and uniformly on the SrTiO3(001)
substrate. This experimental result is in surprisingly go
agreement with the present MD calculations.

D. Atomic structure of a topmost single BaO layer
of BaO/SrTiO3„001… and BaO/SrO/SrTiO3„001…

YBCO has attracted much attention because of its hi
temperature superconductivity. Hence, growth, structure,
terface, and superconducting properties of YBCO-based
perlattices have been investigated extensively.1–3 The
fabrication of uniform YBCO/SrTiO3 heterojunctions has
been continuously studied because it is a main candidate
a Josephson tunnel junction material.1–3 All the high-Tc su-

r

FIG. 6. Structure of the SrO atomic layer of~a! SrO crystal and~b! SrTiO3 crystal as well as their lattice constants.
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FIG. 7. @010# direction stress of a topmost single BaO layer in models~c! and~d! due to the lattice mismatch between layer and substr
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perconductors have layered structure composed of alte
ing sequences of CuO2 and other oxide layers. YBCO has
stacked structure of BaO/CuO2/Y/CuO2/BaO/CuO. In the
present study, attention was given to the BaO layer.

We started with the SrTiO3(001) substrate terminated o
the TiO2 atomic plane, and assumed that a tw
dimensionally flat and smooth BaO layer is grown on t
SrTiO3(001) substrate, similarly to Sec. III C. We employe
two different models to investigate the atomistic structure
the topmost single BaO layer on SrTiO3(001) substrate. In
model~c!, a single BaO layer is stacked on the SrTiO3(001)
substrate terminated on the TiO2 atomic plane. In model~d!,
a single BaO layer is stacked on a single SrO layer depos
on the SrTiO3(001) substrate terminated on the TiO2 atomic
plane. The single SrO layer is employed as a buffer layer
a BaO/SrTiO3(001) heterojunction. Since double, triple, an
more SrO layers on the SrTiO3(001) substrate do not grow
epitaxially, only a single SrO layer is employed as a buf
layer. The structure of model~d! is identical to that of a
single BaO layer on the SrTiO3(001) substrate terminated o
a SrO atomic plane. Generally, the fabrication of the hete
junction induces stress at the heterointerface because the
strate and constructed layers have different lattice consta
Thus, we focused on the difference between the stress a
heterointerface of models~c! and ~d!, as well as the atomic
structure of the topmost single BaO layer. In the pres
section, all MD calculations were carried out at 300 K.

The time dependence of the@010# direction stress at the
heterointerface of models~c! and~d! during 10 000 MD time
steps is shown in Fig. 7. Model~c! kept approximately 1.2
GPa at the heterointerface, independent of the time. Sur
ingly, in model~d!, no stress was obtained due to the hete
junction. It is expected that the large stress in model~c!
disturbs the subsequent fabrication of the unifo
YBCO/SrTiO3(001) heterojunction. Hence, we propos
here that only a single SrO layer should be stacked on
SrTiO3(001) substrate terminated by TiO2 atomic plane as a
buffer layer to realize a regulated and uniform BaO/SrTi3
heterojunction.

The above result is interpreted as follows. Since the t
most single BaO layer in model~c! is directly attached to the
TiO2 atomic plane, and a BaTiO3 crystal has also a stacke
at-

-
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r
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structure of alternating BaO and TiO2 atomic planes, the
BaO layer was fabricated as a part of a BaTiO3 crystal. The
lattice mismatch between the SrTiO3 (a53.905 Å) and
BaTiO3 (a54.012 Å) crystals produces the above lar
stress, shown in Fig. 7. On the other hand, since the topm
single BaO layer in model~d! is directly attached to the SrO
atomic plane, the topmost BaO layer was constructed a
part of a BaO crystal instead of a BaTiO3 crystal. Further-
more, since the lattice constant of SrTiO3 crystal (a
53.905 Å) is the same as that of BaO crystal (1/&a
53.905 Å), model~d! did not gain any stress due to lattic
mismatch, as shown in Fig. 7. Here, we compared the lat
constant of the SrTiO3 crystal and the 1/& lattice constant of
the BaO crystal similarly to Sec. III C, because crystal
graphically a BaO layer structure of a BaO crystal, which h
the same structure as a SrO crystal, is tilted by 45° compa
with that of a SrTiO3 crystal ~see Fig. 6!.

In order to confirm the validity of the single SrO buffe
layer for a BaO/SrTiO3(001) heterojunction, the radial dis
tribution function between Ba and O in the topmost sing
BaO layer of model~d! is compared to that between Sr and

FIG. 8. Radial distribution function between Ba and O in
topmost single BaO layer in model~d!. Radial distribution function
between Sr and O in a topmost single SrO layer in model~a! is
shown for comparison.
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in the topmost single SrO layer of the SrO/SrTiO3(001)
@model~a!#. The result is shown in Fig. 8. For both cases,
peaks were obtained at the same distances of 2.8, 6.2
and 9.9 Å. This result is particularly surprising because
Ba-O distance in a BaO crystal (a55.523 Å) is significantly
different from the Sr-O distance in a SrO crystala
55.160 Å). From the analysis of Ba-O-Ba angle distribut
and CG visualization, the BaO structure was found to ke
perfect NaCl-type structure, confirming that the B
layer inherits the topmost SrO structure of t
SrO/SrTiO3(001), i.e., an epitaxial and uniform single Ba
layer is fabricated on the SrO/SrTiO3(001). Another two
structures, BaO/BaO/SrO/SrTiO3(001) and
BaO/BaO/BaO/SrO/SrTiO3(001), were simulated. The ra
dial distribution function between Ba and O in the seco
and third BaO layers was similar to the that of the first B
layer on the SrO/SrTiO3(001). Hence, we propose here th
a number of BaO layers can be fabricated epitaxially
uniformly on the SrO/SrTiO3(001). This is directly related
to the smaller stress observed at the BaO/SrO/SrTiO3(001)
heterointerface.

Kawasaki and co-workers applied38 laser-MBE to the for-
mation of the BaO layers on the SrTiO3(001) terminated on
the TiO2 atomic plane and SrO/SrTiO3(001). They observe
c

h

e
.3,
e

a

d

d

persistent RHEED oscillations during growth of the Ba
layers on the SrO/SrTiO3(001), but not on the SrTiO3(001).
These experimental results are in surprisingly good agr
ment with our MD calculations.

Finally, on the basis of the present MD simulations, w
anticipated that YBCO, grows epitaxially on the BaO laye
since the BaO layer is part of the YBCO structure, and th
~BaO layers/single SrO layer! are suitable buffer layers for
the YBCO/SrTiO3 heterojunction.

IV. CONCLUSION

The atomic structure of SrO and BaO layers grown
SrTiO3(001) substrate was elucidated via MD simulation
Furthermore, the suitable buffer layer for th
YBCO/SrTiO3(001) heterojunction was predicted on the b
sis of the MD results. The interface structure of YBCO/Ba
should be investigated to confirm our suggestion. If true, o
prediction is certainly helpful for the design of the uniform
and regulated YBCO/SrTiO3 heterojunction. The combina
tion of the present simulation method and experiments pro
ises to aid in the artificial construction of atomically define
metal oxide layers.
.
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