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Atomically Resolved Mapping of Polarization and Electric
Fields Across Ferroelectric/Oxide Interfaces by Z-contrast

Imaging

Hye Jung Chang, Sergei V. Kalinin, Anna N. Morozovska, Mark Huijben, Ying-Hao Chu,
Pu Yu, Ramamoorthy Ramesh, Evgeny A. Eliseev, George S. Svechnikov,
Stephen J. Pennycook, and Albina Y. Borisevich*

Polarization dynamics at the ferroelectric-metal interfaces is
the dominant factor underpinning the functionality of ferro-
electric devices including capacitors,"? direct probe-based data
storage,’! field-effect transistors,**! and tunneling barriers.[-]
In particular, multiple theoretical studies have addressed the role
of mesoscopic space-charge layers,'! non-uniform polarization
distributions,'] and chemical bonding.'? Gerra et al.'¥l have
shown theoretically that the planar corrugations responsible for
the dipole moment can propagate from the ferroelectric to the
oxide component, effectively smearing the distribution of polar-
ization bound charge. Tsymbal et al.'*15 have demonstrated the
role of interface bonding on dipole formation, painting a com-
plex picture of multiple charge and polarization driven inter-
actions even at nominally simple interfaces. Pruneda et al.l*®l
have also demonstrated that ferrodistortive cation off-centering
can arise near the surfaces of metallic oxides.

However, despite the multitude of mesoscopic studies based
on Landau-Ginsburg-Devonshire (LGD) theory!'”!®l and density
functional calculations,*?% experimental studies of the polari-
zation and field behavior at ferroelectric-metal interfaces have
been much more limited. Jia et al.?"??l demonstrated the direct
mapping of polarization fields in the vicinity of domain walls
and interfaces using phase contrast imaging (parallel electron
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beam) in the aberration-corrected transmission electron micro-
scope. On the nanometer scales, electron holography has been
used to extract potential and charge distributions.”’ In this
work, we utilize Z-contrast imaging in aberration-corrected
scanning transmission electron microscopy (STEM, using con-
vergent electron beam) to map the atomic structure and polari-
zation across the interface at the atomic level. We compare
two polarization orientations of BiFeO;/(La,Sr;_,)MnO; inter-
faces, which, through LGD analysis, allows us to separate the
contributions of interface charge from polarization charge at
the interface, and extract a complete description of the electro-
static field distribution across the heterostructure with atomic
resolution.

For our studies, we use multiferroic BiFeO; (BFO) that offers
the advantage of relatively large atomic displacements that can
be directly detected by Z-contrast STEM. Films were grown on
a (100) SrTiO; (STO) substrate with a 5 nm-thick ferromagnetic
Lay;S1y3MnO; (LSMO) electrode, as described previously.?+2°!
Figure 1a shows a high angle annular dark field (HAADF) image
of a 4.8 nm BFO/LSMO/STO thin film in [100] pseudocubic
orientation. The image shows clear contrast of the LSMO and
BFO components suggesting that the interface is sharp. There
is no detectable change in the lattice parameter parallel to the
interface. No defects such as misfit dislocations were observed
anywhere in the sample. Atomic-resolution electron energy loss
spectroscopy (EELS) line scans are presented in Figure 1b. The
intensity profiles for La, Mn, Fe and Ti show well-defined tran-
sitions with a width of about two unit cells at each interface,
confirming that the interface is indeed sharp. The small finite
width can be attributed to beam spreading through the thick-
ness of the sample.

We observe the polarization down the [110] pseudocubic
axis, as it affords the best alignment between the polarization
direction and image plane. Figure 2a demonstrates the quanti-
fication process schematically. The positions of Bi and Fe ions
in the unit cell are determined from the raw image by statis-
tical methods; the difference in the z and y positions of the Fe
cations from the midpoint between Bi cations is interpreted
as ferroelectric displacement. The associated error can be esti-
mated from the changes in extracted polarization parallel to the
interface in the absence of defects. In the original quantifica-
tion method developed by Jia et al.,?12% it is required to map
all three sublattices, including oxygen, to calculate the value of
polarization. However, it has been shown theoretically that in
bismuth ferrite (unlike Pb(Zr,Ti)O; examined by Jia et al.), the
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high resolution TEM. For thinner samples,
we have also studied oxygen positions in
the vicinity of the interface, but found that
those were not correlated to sample thickness
or polarization direction. Those results are
reported elsewhere.[?’]

Figure 2b and f show the portions of the
HAADF STEM images of (thin) 50 nm and
(ultrathin) 3.2 nm BFO films, respectively,
which were analyzed using the approach
illustrated in Figure 2a. Figure 2g and h show
two-dimensional maps of Fe displacement in
both z (normal to the interface, Figure 2g) and
y (along the interface, Figure 2h) directions
measured for the ultrathin film (Figure 2f).
The graph averaging the displacements over
12 rows parallel to the interface is given in
Figure 2i. We can see that there is no measur-
able y displacement in this case, implying the
[001] rthombohedral orientation of BFO (with
in-plane polarization collinear with electron
beam) or possibly tetragonal structure as
suggested by Bea et al.’®! The polarization
behavior at the interface (apparently) follows
the model predicted by Tagantsevl'? - ie., a
virtually uniform polarization distribution
within the ferroelectric component, an abrupt
polarization change at the BFO/LSMO inter-
face, and a gradual decay of induced polariza-
tion inside the oxide metal (of the same sign
as in the ferroelectric), such that Mn atoms in
the 6 rows nearest the interface also exhibit
small off-center negative displacements.

A similar plot for the thicker (50 nm)
film (Figure 2b), averaging the displace-
ments over six atomic rows, is presented in
Figure 2e, with the 2D displacement maps
given in Figure 2c (z, component normal to
the interface) and 2d (y, component along
the interface). Note that the z displacement is
positive, while the y displacement is negative.
We can see that magnitudes of the two dis-

Distance /nm

Figure 1. (a) HAADF STEM image of the 3.2 nm BFO/5 nm LSMO/STO multilayer structure in
100. orientation; (b) intensities calculated from EELS line scan for La (black solid), Mn (black
dash), Fe (gray solid), and Ti (gray dash) across the interface. Note periodic peaks on the
profiles corresponding to atomic columns. Profile transition widths at the interfaces are about

2 unit cells (see text).

Fe displacement relative to Bi is the dominant manifestation of
ferroelectric polarization and stays dominant under epitaxial
strain.?%2% Ag a result, bright field STEM imaging for mapping
oxygen positions is not required in this case, allowing the use
of relatively thick (up to 50-100 nm) samples. The use of thick
samples offers the additional advantage of avoiding depolariza-
tion field effects on ferroelectric phase stability, which can be
significant for thicknesses less than 5 nm as often reported for

Adv. Mater. 2011, 23, 2474-2479
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placements are comparable, with the direc-
tion normal to the interface (in this case,
towards it) slightly larger. This displacement
pattern implies that the BFO must be in the
[101] rhombohedral orientation. Unlike the
thin film, the polarization decays gradually
over the last four BFO atomic layers toward
the interface; the decline is gradual for both
in-plane and out-of-plane components of
polarization. Here, we focus on the out-of-plane (z) displace-
ment component, since it is the polarization projection on the
interface normal that results in bound charge. It can be seen
from Figure 2e that after crossing the interface into LSMO,
the z displacement briefly switches sign, which implies that
Mn atoms in the first few rows are slightly displaced towards
the interface from the other side. Hence, this behavior does
not follow the Tagantsevl'?! prediction. The polarization in the
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independent of film thickness, whereas the
bulk contribution is linear in film thickness.
This consideration rationalizes the preferen-
tial formation of a stable interface in the thin
film, where the film has switched polarization
to minimize interfacial energy. In contrast,
in the thick film the bulk polarization state
is controlled by the built-in field in the ferro-
electric, and the interfacial region is wider.
Next we quantify the electrostatic behavior
of the interface as a function of polarization by
employing the mesoscopic model based on solu-
tionofthe Landau-Ginzburg—Devonshire (LGD)
equation for semiconductor—ferroelectric
junction. While it can be expected that
studies of the electric field distribution on the
atomic level require density-functional theory
based models, recent analysis of polariza-

tion dynamics in ferroelectric multilayers(?*!
illustrates that for thicknesses of several unit
cells mesoscopic models yield results close
to density-functional theory. Combined with
the fact that the observed displacement pat-

0.4/ ™ dz normalto the interfa 0.4 = dz, normal to the interface
e dy, parallel to the |nte a| e e dy, parallel to the interface
- . =<
= -
= = 0.2¢
5 @
£ E
i 800
o o
) 2
(] [ ] & o
0 .,
0.2 Pee 070 0 -0.2
e

terns are relatively smooth on the level of sev-
eral unit cells, this suggests that mesoscopic
theory will be applicable here.

0 5 10 15 20 25 30
Atomic row

Figure 2. HAADF STEM studies of STO-LSMO-BFO multilayers. (a) Schematic of the dis-
placement quantification in (110). oriented bismuth ferrite; (b) HAADF STEM image of the
STO/5 nm LSMO/50 nm BFO thin film; (c,d) the corresponding 2D displacement maps for z
and y directions, respectively; (e) line plots obtained by averaging the data in (c,d) along the
interface; (f) HAADF STEM image of the STO/5 nm LSMO/3.2 nm BFO thin film; (g,h) the
corresponding 2D displacement maps for z and y directions, respectively; (i) line plots obtained

by averaging the data in (g,h) along the interface.

BFO layer is no longer constant, but rather illustrates a gradual
decay over 3-5 unit cells towards the interface, with essentially
zero polarization at the interface.

Overall, the polarization in the LSMO shows the same sign,
magnitude and spatial extent as in the case of the thin film.
This polarization behavior is consistent with the presence of a
frozen polarization component in the LSMO and/or fixed inter-
face charge or specific chemical bonding at the LSMO/BFO
interface. Similar behavior was recently theoretically predicted
by Tsymbal for ferroelectric interfaces.'*'> The origin of this
behavior is most likely due to the interface charge mismatch,
where the difference in the valence states between the adjacent
layers will give rise to a formal charge of —0.3 e per unit cell
for (Lag;Sry30)/(FeO) termination or +0.3 e per unit cell for
(MnO,)/(BiO) termination. The interface stacking is ambiguous
from Figure 1B, so that both terminations may coexist. In addi-
tion we cannot exclude specific chemical bonding or oxygen
vacancy gradients formed during deposition from contributing
to the interface charge.

For a thin film where the polarization partially compensates
the interfacial charge, a sharp interface is expected, whereas for
antiparallel orientation, a broad “charged” interface is expected,
exactly as we observe. Note that the interface contribution is

Atomic row

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

We determine the polarization and field
distribution in a ferroelectric film of thick-
ness L in contact with a semiconductor elec-
trode, shown schematically in Figure 3a. The
counter electrode is provided by surface states
screening, described as an effective metal
electrode. Hence, the heterostructure con-
sists of metal electrode, ferroelectric-dielectric
film of thickness L that interfaces at z = 0
with the semiconductor at z < 0. The contact
potential difference U, appears at the contact z = 0 (see inset
in Figure 3). External bias is absent. The surface band bending
(or intrinsic field effect) originating in the semiconductor
leads to a depletion (or accumulation) layer of thickness W
with space charge density charge p.3% The interface charge oy
located at z = 0 modifies the Shottky barrier.?13? Subsequently,
we solve Maxwell's equations eyel, (0%p/92%) = dPy/dz (at
-L <z <0)and ges (*@/dZ?) =—p (¢) (at z> 0) for the quasi-
static electric field E=-Vep(z). The boundary conditions at
z=-L,z=0and z =+, are @ (x,y, L) =0, D3y(z< L) =0,
‘p(x’ Y.t 0) —¢ (x’ Y, _0) = Ub7 D3(X, Y, _O) - D3(x7 Y, + 0) = Os,
@(x,y,z—> )= 0.

In the depletion layer approximation analytical expressions
are obtained as follows,

Ps3(2) + pW — og

E3(2) = — ,at0< z< L,
@ €083 £0€3;
+ W
B = PE " 0w, at z< 0. (1)
&)€s

where 6(z) is the Heaviside step-function, £5; is the dielectric
permittivity of the reference state ¥l g5 is the semiconductor
(bare) lattice permittivity, &y is the universal dielectric constant.

Adv. Mater. 2011, 23, 2474-2479
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Figure 3. (a) Schematic band structure for a half-metal-ferroelectric-metal
system with key parameters: P; is ferroelectric polarization, A, is the work
function, @is electrostatic potential, y is electron affinity, & is Fermi level, g
is elementary charge, c.b. is the conduction band, v.b. is the valence band.
(b, c) Atomic displacement distribution inside the LSMO/BFO structure
having a BFO film thickness of (b) 125 l.c. and (c) 8 I.c. Symbols with error
bars represents experimental results, solid curves are calculated from Equa-
tions 1-5 for the following parameters: U, =0.7V, P,=0, (b) L=125 l.c,
W=6.06l.c., 1y =0, A, =5 lc, (P;) =0.24 C/m? and 05 = 0.35 C/m?. (c)
L=8lc,W=6.17lc, Ay =375 l.c., ,=12.5 l.c., { P3) =—0.24 C/m? and
05 = —0.15 C/m?. Other parameters are listed in the Tables 1-2 of the
Supporting Information.
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The polarization distribution P3(z) was then found from the
Euler-Lagrange boundary problem:

oT)P;+ BP}+ yP; — gdzz Py = E;(2),

(Pt )y == Por (P = 22, @
The distance across the interface is z (Figure 3a). Here 4,
are extrapolation lengths, the LGD free energy expansion coef-
ficients B < 0 for the first order ferroelectrics, y > 0 and the
gradient term g > 0. The coefficient a(T) = a1 (T — T'), where
T is the absolute temperature. T, is the Curie temperature
renormalized by the epitaxial misfit strain u,, = (a/c) — 1.

The inhomogeneity P, represents the interface polariza-
tion that produces an interface dipole.'*15] More generally, the
translational symmetry breaking that is inevitably present at
any interface gives rise to the inhomogeneity in the boundary
conditions (2).***° Using a modified direct variational method, 3%l
an approximate analytical solution of Equation 2 was derived
as summarized in Appendix A. Estimation for LSMO material
parameters of p = eN, where the carrier concentration N =
(0.5-2) x 10%7 m3,3738 g¢ = 20-30,3°1 BFO polarization (P;) =
0.5-1 C/m?, 833~10 and L 10~° — 107 m leads to W = 1-8 nm.

Equation 2 can be used to describe polarization patterns
in Figure 2 directly, enabling the associated parameters to be
extracted. The atomic displacement u= >_r; — R;, measured
in the inertial reference frame is regarded as related to the
unit cell dipole moment d =PV,,; = >4 ;1; and acquires the
form ul ©%(2) = Py(2) VFE,S/ng,S, where V; is the volume of
the corresponding unit cell, B is the effective Born charge of
the lightest atom “B”, and Zq ;= 0 for a unit cell. The approxi-
mate expression is valid uritil ZBm,, >> ms. The vertical atomic
displacement was fitted to experimental data w1th the help of
a self-consistent procedure, such that os and el 7, were deter-
mined (see Figure 3b,c).

After extracting the interface parameters, we can reconstruct
the polarization P;, field E; and space charge in the LSMO/
BFO heterostructures as shown in Figure 4. It is clear from
Figure 4a,b that the polarization z-distribution is proportional to
atomic displacement shown in Figure 3b and c as anticipated.
We can also calculate the electrical displacement z-distribution
from Equation 1 as Dy = P; + € E;, which is linear inside the
semiconducting LSMO and constant inside the ferroelectric
BFO. The displacement jump at the LSMO/BFO interface z =
0 originates from interface charges with positive density og =
0.35 C/m? (0.33 ¢ per unit cell area) for the 50 nm BFO film
and negative density og =—0.15 C/m? (-0.14 ¢ per unit cell area)
for the 3 nm BFO film. The interface charges also facilitate
spontaneous polarization screening. Hence, the different signs
of the charge o5 correspond to the different polarization orien-
tation for the two cases considered. Note that it was impossible
to fit the experimental data using o5 = 0, even using high P,
values for both films. The absence of surface charge (o5 = 0)
leads to a drastic drop of polarization in thin films due to the
poor screening of spontaneous polarization by the bulk charge
in the semiconductor. The surface charges og provide much
more effective screening of spontaneous polarization and thus
increase the P; value self-consistently. Close values of W = 6 lat-
tice constants (l.c.) for both orientations of polarization is con-
sistent with the appearance of interface charges, since in their
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Figure 4. (a,b) Polarization, (c,d) electric field, and (e,f) space charge (bound and free) z-distributions inside the LSMO/BFO heterostructure (a,c) for
the BFO film of 125 l.c. and (b,d) 8 l.c. for the same parameters as in Figure 2b,c.

absence (og = 0), “bulk” screening would give different values of
W in the different polarization directions. Actually for the case
of purely “bulk” screening the bound charges of different sign
are screened by the minor (n-type) and major (p-type) carriers
with strongly different concentration in the improper semicon-
ductor (p-type LSMO).

The complete potential distribution ¢ inside the LSMO/BFO
heterostructure can also be reconstructed from the fitting of exper-
imental data shown in Figure 3 (see Supporting Information).

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To summarize, we used direct structural imaging using
aberration-corrected STEM to map polarization fields at the
BFO-LSMO interface. In the thicker film, the polarization is
found to decay within the ferroelectric phase over 3-5 unit cells
and is essentially zero at the interface. In the LSMO phase, the
formation of a polarized layer opposite to the BFO polarization
is observed. Hence, the interface forms an effective head-to-head
domain wall. In contrast, in the thin film the polarization in the
ferroelectric phase and LSMO are collinear, and the interface

Adv. Mater. 2011, 23, 2474-2479
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is formed by a stable head-to-tail arrangement. These observa-
tions are consistent with strong interface polarization pinning
at the BFO-LSMO interface. This frozen polarization will sig-
nificantly affect the polarization switching in these systems and
result in the presence of large interfacial fields. In particular,
in thin LSMO the polarization is apparently controlled by the
interface charge, and only weakly affected by the ferroelectric
polarization of the film. Using modified LGD theory, we have
then extracted the numerical values of interface and polarization
charges at the interface from the experimental displacement
profiles. Notably, the modeling results reinforce the sugges-
tion of a pivotal role that interface charge (a.k.a. polar discon-
tinuity) plays in the properties of these interfaces. In a more
general perspective, these results show how electrostatic fields
can be directly mapped in ferroelectric materials on the atomic
level through the detection of associated structural distortions.
This provides an alternative methodology to holography, which
requires a thin film near a region of vacuum to allow interfer-
ence between the transmitted and reference beams.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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