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The strong interaction at an interface between a substrate and thin film leads to epitaxy and provides a
means of inducing structural changes in the epitaxial film. These induced material phases often exhibit
technologically relevant electronic, magnetic, and functional properties. The 2 × 1 surface of a Ge(001)
substrate applies a unique type of epitaxial constraint on thin films of the perovskite oxide BaTiO3 where a
change in bonding and symmetry at the interface leads to a non-bulk-like crystal structure of the BaTiO3.
While the complex crystal structure is predicted using first-principles theory, it is further shown that the
details of the structure are a consequence of hidden phases found in the bulk elastic response of the BaTiO3

induced by the symmetry of forces exerted by the germanium substrate.
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Strain coupling in perovskite-perovskite systems has led
to the control and enhancement of a wide range of physical
properties including metal-insulator transitions in the rare-
earth nickelates [1–4], ferroelectricity and ferromagnetism in
the titanates [5–7], and improper ferroelectricity in titanate
multilayers [8]. Epitaxial constraints are particularly impor-
tant in controlling the physical properties of most perovskite
transition metal oxides whose properties are strongly
coupled to local and long-range structural distortions of
the oxygen octahedral sublattice [9,10]. These properties can
be continuously tuned by modifying the amplitudes of the
lattice distortions. However, by coupling to more complex
interfacial degrees of freedom that go beyond simple elastic
strain, electronic and magnetic effects can potentially be
coupled in order to give rise to multiferroic effects and
complex orderings of electronic charge and spin [11–13].
Recent advances in the epitaxial growth of perovskite oxides
on semiconductors such as Si [14–17], Ge [18–20], and
GaAs [21–23] allow for structural coupling to even more
complex symmetry degrees of freedom that are not acces-
sible in standard perovskite-perovskite epitaxy [24].
Separately, in a more technological vein, the growth com-
patibility of complex oxides with semiconductors has
allowed the monolithic integration of the functional proper-
ties of oxides with well-established complementary metal-
oxide-semiconductor technologies [25].
In this Letter, we demonstrate the design of a nonbulk

structural phase of the transition metal ferroelectric BaTiO3

(BTO) using an interfacial structural motif that strongly
couples to symmetry-lowering structural distortions in the
BTO. Bulk BTO has a tetragonal P4mm structure at room
temperature with an in-plane lattice constant of 3.99 Å
and a ferroelectric polar distortion along its c axis [26].

We report on lattice distortions in thin BTO films grown on
the reconstructed Ge(001) surface with a lower Pm planar
symmetry arising from asymmetric Ge surface dimer rows
[27,28]. The net result is a strong interfacial coupling to in-
plane symmetry-breaking distortions in the BTO that
stabilize a nonbulk and distorted BTO interfacial phase.
The nonbulk features of this structure include breathing-
mode distortions of the oxygen octahedra and cation
rumpling. This phase leads to an in-plane component of
the polarization in the BTO in addition to significant
oxygen octahedral distortions: in other complex transition
metal perovskite oxide systems, such distortions are asso-
ciated with charge, spin, and orbital ordering [29–31].
While the in-plane polarization can be related to the room-
temperature stabilization of the bulk low-temperature
orthorhombic BTO phase, the period-doubling octahedral
distortions that we observe are unique to the BTO=Ge
interface and are associated with stiff bulk modes that are
stabilized by the forces exerted by the reconstructed Ge
surface. Using a combination of synchrotron x-ray dif-
fraction, transmission electron microscopy, and density
functional theory calculations, we show that the observed
distortions can be parametrized by considering the lattice
distortion modes excited by the symmetry of the imposed
epitaxial constraint.
Thin films of BTO with thicknesses of 2.5 and 5.5 unit

cell (uc) are grown on single crystalline Ge(001) substrates
using reactive molecular beam epitaxy [17,19,32–34]. A
0.5 monolayer of Ba is deposited at 440 °C on the Ge
surface to passivate the surface and prevent the oxidation of
the Ge surface. The wafer is then cooled to room temper-
ature where an additional 0.5 monolayer of Ba is deposited,
followed by codeposition of two monolayers each of BaO

PRL 116, 106101 (2016) P HY S I CA L R EV I EW LE T T ER S
week ending

11 MARCH 2016

0031-9007=16=116(10)=106101(6) 106101-1 © 2016 American Physical Society

http://dx.doi.org/10.1103/PhysRevLett.116.106101
http://dx.doi.org/10.1103/PhysRevLett.116.106101
http://dx.doi.org/10.1103/PhysRevLett.116.106101
http://dx.doi.org/10.1103/PhysRevLett.116.106101


and TiO2. The low-temperature deposition leads to the
formation of amorphous BTO as evidenced by a diffuse
RHEED pattern. Thewafer is then heated to 500 °C in UHV
whence the amorphous BaO and TiO2 react to form
crystalline BaTiO3. To create the 5.5-uc sample, three
additional monolayers of BaO and TiO2 are codeposited at
a substrate temperature of 570 °C. We note that the higher-
temperature deposition of the three additional layers for
the 5.5-uc sample may lead to changes in the stoichiometry
and interfacial structure as discussed below. Finally, for the
2.5-uc sample, a 7-nm-thick capping layer of amorphous
Ge is deposited at room temperature to protect the ultrathin
BaTiO3 film.
To characterize the structure of the BTO films, trans-

mission electron microscopy measurements are carried out
at Brookhaven National Laboratory. Figures 1(a) and 1(b)
show high angle annular dark field images obtained along
Ge[110] and Ge[100] zone axes, respectively, for the 2.5-uc
BTO=Ge sample. The images indicate an abrupt interface
with coherent atomic registry between the BTO film and
the Ge. As explained below, the reduced contrast for the
interfacial Ge layer is attributed to a Ge reconstruction and
not to structural disorder in agreement with Fredrickson
et al. where the interface is prepared starting with a Zintl
phase consisting of half a ML of Sr on Ge(001) [20].
To confirm the ordered nature of the interface and the

effect of the coupling across the interface, we use synchro-
tron x-ray diffraction measurements to determine the
atomic structure of the system: atomic-scale structure of
the samples are determined from the analysis of crystal
truncation rods (CTRs) [35]. In addition to integer-order
rods observed for both the 2.5- and 5.5-uc samples, for the
2.5-uc sample, superstructure reflections consistent with a
2 × 1 symmetry with respect to the bulk Ge are observed.
From the periodicity of the superstructure reflections in the
direction in reciprocal space perpendicular to the film-
substrate interface, the 2 × 1 symmetry is determined to
extend from the interface into the BTO film.
Atomic positions are derived from the measured CTRs

and superstructure reflections by fitting using a chi-square

minimization genetic fitting algorithm program, GENX
[36]. For this analysis, we consider the coherent average
of two 90° rotational domains that arise due to atomic layer
steps on the Ge(001) surface. Figures 2(a) and 2(b) show
measured diffraction intensities along integer and half-
order rods, respectively, and their associated fits for the
converged 2.5-uc sample. The XRD-determined structure
of the 2.5-uc sample is shown superimposed on the TEM
image of the same sample in Fig. 1(b). The main features of
the XRD structure are well reproduced in the TEM image:
i.e., the rumpling of a full monolayer of Ba at the interface
and the displacement of Ti along the BTO [100] direction.
The O positions, which are not resolved in the TEM image,
are determined from the x-ray CTR analysis.
For the 2.5-uc sample, the interfacial Ge atoms are

displaced in plane from their bulk positions forming dimer
rows along the [010] direction. A monolayer of BaO is in
direct contact with the topmost Ge layer. Rumpling of the
interfacial BaO occurs in response to the Ge interface
dimerization doubling the size of the BTO unit cell in the
[100] direction. The BaO displacements couple to displace-
ments of the Ti and O ions resulting in distortion of the
entire film relative to the expected tetragonal structure.
Along [100], the alternate contraction and expansion of the
TiO6 octahedra is consistent with a breathing-mode dis-
tortion, absent in the bulk phase diagram of BTO. The
distortions are observed to decay in the direction of the film
growth.
The stability of the observed structure for the 2.5-uc

sample is confirmed from first-principles density functional
theory (DFT) calculations (see the Supplemental Material
[37] for full details). The ground-state relaxed atomic
coordinates of the BTO=Ge system are determined theo-
retically and are found to be in agreement with the
experimentally measured structure [Fig. 1(c)].
In contrast to the 2.5-uc film, for the thicker 5.5-uc

sample the CTR analysis and the absence of superstructure
Bragg reflections show that the entire system of BTO and
interfacial Ge have a 1 × 1 symmetry. The 5.5-uc BTO film
has lattice constants a ¼ b ¼ 3.99 Å and c ¼ 4.12 Å in
agreement with those of bulk tetragonal BTO. Fits to the

FIG. 1. (a) High angle annular dark field image of 2.5-uc
BTO=Ge along the Ge[100] zone axis. (b) Superimposed on the
TEM image taken along the Ge[110] zone axis is a model
structure of the system determined from surface x-ray diffraction
measurements. The red arrows indicate the rumpling of the
interfacial Ba along the [001] axis. (c) DFT-predicted ground-
state structure of the 2.5-uc BTO=Ge system.

FIG. 2. (a) Integer-order (logarithmic vertical scale) and
(b) superstructure (linear vertical scale) crystal truncation rods
measured (blue circles) for a 2.5-uc BTO film grown on Ge(001)
using molecular beam epitaxy. The model structure of the
BTO=Ge interface shown in Fig. 1(b) is derived from the fits
(red lines) to the measured data.
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CTRs for the 5.5-uc film are shown in the Supplemental
Material [37]. This points to a link explored below between
the growth procedure for the thicker film and the mani-
festation or suppression of the interfacial distortions in
the BTO.
Recent results show that a diverse range of interface

structures can be stabilized for interfaces with varying
cation and oxygen stoichiometry. BTO films grown with a
higher alkaline earth metal content show that the Ge dimers
are stable, even for thicker films, using a ½-ML Sr Zintl
template layer on Ge [20]. In addition, prior theoretical
calculations on the similar SrTiO3=Si interface indicate a
strong dependence of the dimerization of the interfacial
semiconductor layer on both the cation and oxygen
stoichiometry, where low oxygen concentrations at the
SrTiO3=Si interface destabilize the Si dimers resulting in a
1 × 1 interface [43]. We have performed systematic theo-
retical calculations (see the Supplemental Material [37] for
full details) to clarify the effects of oxygen stoichiometry
and film thickness on the relative stabilities of 1 × 1 and
2 × 1 BTO=Ge interface structures. In brief, oxygen
deficiency stabilizes the 1 × 1 interfacial structure: this is
linked to electron doping of the interface (due to oxygen
vacancy formation) and concomitant weakening of Ge-Ge
dimers caused by electron occupation of antibonding states
of the dimerized Ge layer. This observation means that
experimentally controlling the interfacial oxygen stoichi-
ometry at oxide-semiconductor interfaces can stabilize
functional structural distortions.
To understand the BTO structural response for the

2.5-uc-thick films, we consider the lattice modes asso-
ciated with bulk BTO [44]. The elastic response of atom l
of the BTO lattice to a force Flα is given by Flα ¼−P

l0β Klα;l0β ul0β, where Klα;l0β is the interatomic force
constant matrix connecting the force along Cartesian
direction α on atom l to the displacement ul0β of atom l0
in direction β. The interatomic force constants are calcu-
lated for a reference bulk phase of BTO using ab initio
density functional perturbation theory calculations [45]. We
then diagonalize the force constant matrix to obtain a set of
static normal modes or eigenmodes. By projecting the
computed BTO lattice distortions in the heterostructure
(relative to the undistorted bulk BTO reference structure)
onto these static eigenmodes, the distortions are described
in the basis of eigenmodes of the bulk force constant matrix
that immediately identifies unstable versus stiff modes. We
have performed this analysis using the eigenmodes of the
cubic high-symmetry phase of bulk BTO. We choose this
reference phase for simplicity. We have explicitly verified
that other choices of reference (e.g., tetragonal phase or
strained bulk phases) yield similar results: the largest
projections are always onto the soft modes at zero wave
vector.
Figure 3 shows eigenmode dispersion curves along

high-symmetry directions in reciprocal space for BTO in

its high-symmetry cubic perovskite structure. An 8 × 8 × 8
q-point mesh is used to sample the Brillouin zone.
Intermediate q points are determined by Fourier interpo-
lation. Modes with imaginary eigenvalues are soft or
unstable. The circles in Fig. 3 indicate the magnitude of
the projections of the atomic displacements in the 2.5-uc-
thick BTO slab onto the eigenmodes. Displacement pat-
terns and projections are calculated for each 1-uc-thick
BTO that can be extracted from the BTO slab. Figure 3(a)
shows the projections for the two atomic layers (BaO and
TiO2), which form the first BTO uc adjacent to the
interface. Each atom is distorted away from a reference

FIG. 3. Force constant matrix eigenmode dispersion curves in
reciprocal space for bulk cubic BaTiO3. The colors correspond to
the atomic content of each mode: red, green, blue correspond to
amplitudes of motion of Ba, Ti, O atoms, respectively, following
Ghosez et al. [44]. Solid circles superimposed on the dispersion
curves express the decomposition of atomic displacements at the
interface onto modes with Γ and X symmetry. The radii of the
circles are proportional to the magnitude of the projections of
the atomic displacements in the 2.5-uc-thick BTO slab onto the
eigenmodes. (a) The projections of the displacements of the first
BaO and TiO2 layers adjacent to the interface. (b) The projections
for the first TiO2 layer and the second BaO layer above it.
The theoretical ground state of the BTO=Ge system is reproduced
in the inset with the numbering of the atomic layers and the color-
coding of the atom types.
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configuration given by a pair of strained cubic cells (joined
in the x direction to make a 2 × 1 × 1 cell) in which the
atoms are at the high-symmetry locations of the perovskite
structure. The geometric center of this reference cell is
determined such that it coincides with the center of the
atomic positions in the particular 2 × 1 × 1 cell that is taken
from the BTO film. This choice for the center makes the
projections onto the acoustic modes at Γ vanish. (For more
information regarding the choice of reference cell, see the
Supplemental Material [37].) We decompose the displace-
ments in a 2 × 1 × 1 cell into the displacement modes
obtained from a 1 × 1 × 1 cell, which corresponds to the
modes at the Γ and the X points of the 1 × 1 × 1 cell
(30 projections in total). Figure 3(b) shows the projections
for the next 1-uc-thick subset of the slab. Away from
the interface, the projections reduce in amplitude, but the
dominant modes remain the same. As expected, the
unstable modes with displacements normal to the inter-
facial plane account for most of the observed structural
distortions. In Fig. 4, the two leading eigenmodes [two
largest circles at the X point in Fig. 3(a)] for the interfacial
BTO are shown. Figure 4(a) shows the most dominant
displacement mode that involves out-of-plane O and Ti
motion, where the Ti atoms move in the opposite direction
as the O atoms that are on the same (011) plane. Shown in
Fig. 4(b) is a stiff acoustic mode, which is the next leading
mode where the Ti atoms move in the same direction as the
O atoms.
A significant part of the lattice distortion involves zone

center distortions about the Γ point that result in nonzero
polarization in the x and z directions, which corresponds
to the bulk orthorhombic phase stable between 183 and
278 K (see the Supplemental Material [37] for discussion
of projections of BTO bulk orthorhombic displacements).
The ionic polarization ~P of the interfacial layer of the
2.5-uc film is determined from the summation ~P ¼
ðe=ΩÞPiZ

�
i xi where Z�

i and xi are the Born effective
charges computed for a reference strained cubic bulk
BTO, as discussed above, and the displacements from the

reference position of the ith ion, respectively. Ω is the
volume of the 2 × 1 × 1 uc over which the summation is
carried out. The spontaneous ionic polarization of the first
interfacial BTO uc is estimated to be 54 μC=cm2 along
the BTO f101g axis, which is comparable to the bulk
polarization for orthorhombic BTO of 36 μC=cm2 [46].
The large value may be a consequence of strain imposed
by the Ge substrate. The lattice parameter of Ge (3.99 Å)
is smaller than the a and b parameter of o-BaTiO3 and
larger than the c axis of o-BaTiO3, increasing the
orthorhombic distortion and the larger observed polariza-
tion. We note that since an equivalent BTO structure is
obtained by applying a reflection operation to the system
through the yz plane, the in-plane component of the
polarization does not have a preferred direction and,
hence, in principle, may be switched. In practice, how-
ever, the computed energy barrier (using the nudged
elastic bands method [47]) of 0.6 eV per 2 × 1 cell is
on the large side.
In summary, we have shown how the symmetry of an

epitaxial constraint can induce a phase of BaTiO3 not
found in the bulk. The structure of this phase is a
seemingly complex distortion of the perovskite structure
at an interface that is accurately calculated by applying
first-principles theory to a many-atom model of the
interface. We have reduced this complexity by showing
that many of the structural details of the specific structure
are encoded in the bulk force constant matrix of BaTiO3

and expressed when coupled to the 2 × 1 symmetry of the
Ge substrate. This observation suggests an approach to
design materials properties by using a catalog of force
constant matrices to identify materials with specific
structural motifs. Substrates with symmetries that couple
to soft modes of the material can then be chosen that
enhance these motifs. For example, replacing the B-site Ti
ions with other transition ions such as Mn and Ni, where
breathing-mode distortions are associated with charge
ordering, it is likely that interfacial structural distortions
similar to those measured here for BTO on Ge will lead to
charge “stripes,” metal-insulator transitions, or enhanced
coupling with ferroelectric polarization.
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FIG. 4. (a) Atomic motions for force constant matrix eigen-
mode contributing the most to the displacements of the 2.5-uc-
thick BTO slab. The mode is soft at the X point so that it involves
antiparallel displacements of planar O and Ti. (b) Lowest energy
stiff acoustic mode at X where the Ti and O atoms move in the
same direction.
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