PHYSICAL REVIEW B 79, 024101 (2009)

Unusual static and dynamical characteristics of domain evolution in ferroelectric superlattices
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The evolution from nanostripes to monodomains is explored in ferroelectric BaTiO3/SrTiO; (BT/ST) su-
perlattices under dc and ac electric fields via the use of a first-principles-based technique. Such evolution
involves original states that result in the decoupling of (static and dynamical) properties between BT versus ST
layers. For instance, domain walls of nanostripes move at a different speed inside BT versus ST layers, and one
intermediate state consists of three-dimensional nanobubbles inside BT layers coexisting with a monodomain
inside ST layers. Moreover, velocities of domain walls of nanostripes and nanobubbles are determined as a
function of the magnitude and frequency of the applied electric field. The domain-wall motion in BT and ST
layers is found to follow a previously determined equation at small fields. On the other hand, velocities of
domain walls of nanostripes and nanobubbles are found to obey a different empirical law at higher fields.

DOI: 10.1103/PhysRevB.79.024101

I. INTRODUCTION

Ferroelectric nanostructures are currently receiving a lot
of attention because of their potential in leading toward min-
iaturized devices' and in exhibiting striking new
phenomena.’>~* For instance, stripes of “up” and “down” di-
poles with exceptionally small periodicity (on the order of a
few nanometers) have been recently discovered in ferroelec-
tric ultrathin films.>® Recent studies further predicted an un-
usual evolution of such nanostripes when these films are
placed under static electric field.”® Similarly, different nanos-
tripe domain structures have also been very recently
discovered’ in another type of ferroelectric nanostructures,
namely, superlattices (SLs), which are heterostructures con-
sisting of alternating layers of two or more materials.'” Su-
perlattices have recently generated a flurry of theoretical and
experimental works>°~1% but we are not aware of any study
devoted to evolution of nanostripes in ferroelectric superlat-
tices under electric fields. It is worth realizing that such latter
findings in thin films and superlattices all concern static
properties. This implies that important dynamical informa-
tion (such as the domain-wall velocity and nanostripe and
nanobubble morphology under ac electric fields) are com-
pletely unknown in ferroelectric nanostructures despite their
obvious fundamental importance and technological relevance
(for instance, the motion of domain walls is critical to fast
high-density nonvolatile random access memory'®). One
may also wonder if electric fields can decouple static and/or
dynamical properties of different kinds of layers in superlat-
tice, which would contrast with the common belief that dif-
ferent layers should behave in a similar fashion due to elec-
trostatic reasons.!”

Motivated to resolve the issues aforementioned, we used a
first-principles-based scheme to investigate the evolution of
nanostripe domains in BaTiO;/SrTiO; superlattice under
both dc and ac electric fields (note that such systems are
likely the most studied and promising ferroelectric superlat-
tices to date, partly due to the success in growing high-
quality samples'®!8). The aim of this paper is to report (i)
original “decoupled” static and dynamical features (such as
coexistence of different phases inside BaTiO; and SrTiOj
layers, or domain walls moving with different speeds in the
BaTiO; and SrTiOj; layers), and (ii) different empirical laws
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governing the velocity associated with domain-wall motion
of stripes and bubbles at high fields. We also discuss the
microscopic reasons for such features and laws.

II. METHOD

Here, we consider a [BaTiOs],/[SrTiOs], (BT/ST) super-
lattice with a period of n=10, epitaxially grown on a SrTiO3
substrate, and subject to an electric field, E, applied along the
SL growth direction (that is, the z axis which is chosen to be
along the pseudocubic [001] direction). Such a system is
modeled by a 24 X24X20 periodic supercell (57 600 at-
oms). Its total energy is given by the sum of the first-
principles-based effective Hamiltonian energy'® and an addi-
tional term representing the coupling with electric field.?°
The epitaxial situations are mimicked by freezing some
strain variables so that each layer in the superlattice has the
in-plane lattice constant of the chosen substrate.” The total
energy of this effective Hamiltonian is used with a Monte
Carlo (MC) technique?®! to simulate dc electric field and with
a molecular-dynamics (MD) technique to simulate ac electric
field. The latter one is given by Ej sin(27rvr), where E; and v
are the amplitude and frequency of the field, respectively,
while ¢ is the time. In MD simulations, Newton’s equations
of motion are solved for all the degrees of freedom included
in the effective Hamiltonian approach. Note that using the
effective Hamiltonian approach of Ref. 19 has been proven
to yield static and dynamical properties in good agreement
with experiment and direct first-principles data for disor-
dered Ba,_,Sr,TiO5 systems and BT/ST superlattices.”!%-?>23
More details about the energetic terms included in this effec-
tive Hamiltonian approach and its parameters can be found
in Ref. 19.

III. RESULTS
A. dc electric fields

We first investigate the evolution of the nanostripe do-
main structure in epitaxially strained BT/ST superlattices
with relatively large periods® under dc electric field at 10 K.
As shown in Ref. 9, such structure possesses both 180° pe-
riodic nanostripes, for the z component of its dipoles, alter-
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FIG. 1. (Color online) (001) cross sections of
dipole patterns in a BT layer (left column) and ST
layer (right column), at 7=10 K, in the
[BaTiO3];¢/[SrTiOs]; SL for different dc elec-
tric fields: (a) E=0.0 MV/cm (ground state), (b)
E=2.65 MV/cm (region 1), (c) E=3.0 MV/cm
(region II), (d) E=4.5 MV/cm (region III), and
(e) E=5.8 MV/cm (region IV). The color re-
flects the out-of-plane (p,) component of the
electric-dipole moment.

nating along the [110] direction in the BT and ST layers with in the BT versus ST epitaxial layers. If all the dipoles would
a periodicity of 33 A [see Fig. 1(a)], and a spontaneous po-  have pointed along the (up or down) z direction, a large
larization along the [110] direction that originates from the  depolarizing field would thus have existed inside the BT and
ST layers.” The formation of such nanostripes is governed by ~ ST layers. To avoid that, our (long-period) superlattice de-
the different absolute value of the z component of the dipoles  cides to exhibit domains, as in films under open-circuit-like
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FIG. 2. (Color online) (a) out-of-plane {p.) and (b) in-plane (p;,)
components of the average electric-dipole moment as a function of
the magnitude of the dc field at 10 K. The red and blue colors
correspond to increasing and decreasing fields, respectively. Re-
gions -1V are discussed in the text, and correspond to the different
dipole configurations found when increasing the field.

conditions.> (Note that depolarizing field effects are natu-
rally included in our used effective Hamiltonian? because
this latter technique contains long-range dipolar interactions
and because it takes into account the difference in size be-
tween Ba and Sr atoms that results in a different magnitude
of the dipoles between the BT and ST layers.) Moreover, the
fact that there is a spontaneous polarization inside the ST
layers can be seen as a precursor effect of the dipoles (inside

both ST and BT layers) being all oriented along the [110]
direction when the superlattice is under strong enough tensile
strain.?*

Under increasing dc field, four different regions (to be
denoted as regions I-IV, respectively) can be distinguished.
Figures 1(b)-1(e) and Fig. 2 provide atomistic and macro-
scopic details, respectively, about these regions. For instance,
they indicate that most of region I is characterized by the
field-induced motions of domain walls in SrTiO; layers,
leading to the shrinking of the down domains and expanding
of the up domains (here, down and up refer to directions of
the dipoles that are antiparallel and parallel, respectively, to
the applied field) while domain walls do not move in BaTiOj
layers [see Fig. 1(b)]. The motion of the domain walls in the
ST layers results in the increasing of the out-of-plane mac-
roscopic dipole moment while the in-plane dipole moment
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remains nearly unchanged in region I [see Fig. 2]. At the
extreme end of region I, some down stripes become pinched
in the ST layers, yielding the formation of three-dimensional
(3D) bubbles in these layers, and domain walls begin to
move in the BT layers. These bubbles facilitate the first-order
phase transition that occurs from regions I to II at a critical
field of 2.8 MV/cm at 10 K, which results in the disappear-
ance of the nanostripe domains and bubbles in the ST layers
while the nanostripe domains still continue to exist inside the
BT layers [see Fig. 1(c)]. However, the down stripes in the
BT layers have a smaller width and are further apart from
each other in region II than in region I, and further shrink as
the magnitude of the dc field is increased in region II. The
formation of a monodomain inside the ST layers (region II)
makes the in-plane dipole moment relatively small while the
out-of-plane dipole moment becomes large and increases
with the field’s magnitude (see Fig. 2). At around 3.3 MV/
cm, region II transforms into region III, in which
nanobubbles begin to form from the pinching of the down
stripes in the BT layers while the ST layers maintain their
monodomains [see Fig. 1(d)]. Interestingly, the in-plane di-
pole moment, originating from the ST layers, still exists at
the beginning of region III but progressively disappears
when further slightly increasing the dc electric field (see Fig.
2). Finally, electric fields larger than 5.1 MV/cm at 10 K lead
to the vanishing of the bubbles in favor of monodomains
with large polarization along the growth direction in both BT
and ST layers in region IV [Fig. 1(e)].?

Interestingly, the field-induced evolution of the dipole pat-
terns inside the BT layers in the superlattice somewhat re-
sembles the predicted change in dipole patterns in BaTiO;
thin films under open-circuit-like conditions and dc electric
field® (since they both result from depolarizing field effects).
However, the associated evolution of the dipole pattern in-
side the ST layers makes configurations depicted in Fig. 1
completely original. In particular, the overall pattern of Re-
gion II, in which periodic nanostripes in one kind of layers
(BT layers, here) coexist with monodomains in the other
kind of layers (ST layers, here), is an original feature. Simi-
larly, the unusual pattern associated with Region III, in
which nanobubbles form in one part of the superlattice (BT
layers, here) while monodomains exist in the other part of
the superlattice (ST layers, here), is original too. In other
words, a dc field leads to different static characteristics of BT
vs ST layers inside the same SL material. This predicted
decoupling can be rationalized based on simple electrostat-
ics. In the absence of any applied electric field, both BT and
ST layers do not exhibit any depolarizing field due to the
overall domain structure (the number of up dipoles is equal
to the number of down dipoles). If a small applied electric
field E causes one dipole to change its direction from down
to up, then there is an associated energy gain g,~-2Ep_ /V
(where V is the unit-cell volume) due to the interaction be-
tween this dipole moment (p,) and the electric field as well
as an energy penalty of g,~ ﬂ'pf/ V2 as a result of the cre-
ation of a depolarizing field. Consequently, such jump in
direction is only possible (at low temperature) if |sg| >g, or
equivalently if E> mp_/2V. Moreover, our simulations indi-
cate that the average dipole moment in ST layers is 2.1
smaller than the corresponding one in BT layers, which
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FIG. 3. (Color online) Velocities vgr and vgr as a function of the ac electric-field magnitude for (a) 50 GHz and (b) 2.5 THz. The solid

lines represent the fit of these velocities by Eq. (2).

therefore explains why domains disappear in ST layers at
much smaller fields than in BT layers.

Note that we also performed computations starting at high
fields (i.e., in region IV), and then decrease the electric field
until it vanishes at 10 K. We found that, in this case, the
superlattice only possesses monodomain states, which are
dipoles all pointing along the z direction in both BT and ST
layers for fields above 2.0 MV/cm, and dipoles also pointing
along an in-plane {110} direction in ST layers in addition to
dipoles aligned along the [001] direction for fields below 2.0
MV/cm. The corresponding evolutions of the components of
the average electric-dipole moment are shown in Fig. 2.

B. ac electric fields

Let us now focus on the dynamics of the domain patterns
depicted in Fig. 1. For that, we apply an ac field to our
superlattice, with a frequency ranging between 50 GHz
(which is associated with our computational time limit) and
3.5 THz (in order to be far away from the resonant frequency
that is numerically found to be around 6 THz for the studied
system at 10 K). Interestingly, we found that the four regions
discovered for a static electric field still exist for any of the
investigated frequencies, provided that the amplitude of the
ac field is large enough. We also numerically determined that
the critical electric fields associated with the phase transition
between two successive regions exponentially increase with
the frequency of the applied ac field. Figures 3(a) and 3(b)
display two dynamical quantities, the vgr and vgr velocities,
for a frequency of 50 GHz and 2.5 THz, respectively, as a
function of the magnitude of the ac field. Technically, vgt

=Ad:l% and vST=A%, where A is a constant and where
dngr/dt and dngy/dt represent the change in up dipoles per
time in the BT and ST layers, respectively. vgr quantifies the
domain-wall velocity in the BT layers in regions I and II, and
also provides a measure of the speed at which the dipoles flip
around the ferroelectric bubbles in region III (note that vgy
vanishes in region IV since this latter region consists of up
monodomains). Information about the speed of domain-wall
and bubble motions in ST layers in region I are contained in
vgr (vgr vanishes in regions II-IV). Figure 3(a) shows that,
for a frequency of 50 GHz, the vgr-versus-field curve is

rather broad, with vgr peaking around the transition from
regions I to II. At high enough frequency, vpy vanishes in
region I and in a large part of region II while peaking close
to the boundary between regions II and III [see Fig. 3(b)].
Such behaviors originate from the fact that the domain-wall
motion is the predominant dynamical effect in BT layers for
frequency of 50-100 GHz while, at higher frequency, dipoles
flipping around the bubbles in the BT layers play bigger role.
Regarding vgr, Figs. 3(a) and 3(b) reveal that it exhibits rwo
distinct peaks for any investigated frequency. We numeri-
cally found that the first peak (the one at smaller fields) is
associated with domain-wall motions for small frequency
while additional flipping of dipoles inside the down nanos-
tripes also contributes to this first peak for larger frequency
in the ST layers. The second peak is found to correspond to
the dynamical evolution of the morphology and size of
bubbles inside the ST layers.

Let us now discuss the general laws governing the dy-
namics of domain walls and bubbles in our investigated su-
perlattices. We numerically found that neither vgr nor vgr
follow Merz’s law?*?7 for any applied field (such law has
been found in bulk systems for dc field, and states that the
domain-wall  velocity should be proportional to
exp(-E,/ E),>**" where E,, is the activation field and E is the
applied field). Such deviation from Merz’s law likely stems
from the fact that nanostructures exhibit stripes with tiny
periodicity (as low as a dozen of angstroms) unlike bulks for
which domains are typically thousand of angstroms wide.?
[Such suggestion is in fact confirmed by additional calcula-
tions we performed on Pb(Zr, Ti)O5 ultrathin films for which
we found that the domain-wall motion also deviate from
Merz’s law.] On the other hand, both domain-wall motions in
ST and BT layers were found to obey a law previously pro-
posed for rather small fields (that is for fields below the
critical field associated with the first peak for vgy, and for
fields below the critical peak associated with the sole peak
for vgy). Such law?” states that

EBT,act(V) )

vpr(v) = Dgr(v)EY? exp(— E_E
—Egrq
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where v is the frequency of the applied field, and where
Dgr(v) and Dgp(v) are fitting parameters. Ept,e. Epr.as
Egr 4c» and Egr 4 all have the dimensions of electric fields.

However, Eq. (1) does not hold anymore at intermediate
or high fields. In particular, they are unable to describe the
dynamics of the nanobubbles. They also do not make vgp(v)
and vgr(v) go to zero for very large values of the electric
fields as it should be since only monodomains exist at these
high fields. In fact, we numerically and empirically found
that vgr and vgr can be rather well fitted for any investigated
field frequency and magnitude by

— ) 12
BT,c\V i
E-E 12
UST(V) =AST’1(V)E2 exp{_ {ﬁﬁgw— }
- 2
s p{ [EEE—(;)] } o)
ST,c2

where E is the value of the applied field, and Ag(v),
Agr.1(v), and Agr,(v) all have m*/V? s as SI units. Eg,(v),
Egr(v), Estp1s Est o1y Est o, and Egt . all have the dimen-
sions of electric fields. The need for the sum of two terms in
vgr(v) originates from the existence of the two distinct peaks
for this dynamical quantity, with the indices 1 and 2 referring
to the peak associated with domain walls (and flipping of
dipoles inside stripes for large frequency) and bubbles in ST

Electric Field (MV/cm)
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layers, respectively. The evolutions of Agr((v) and Agr,(v),
displayed in Fig. 4(a), are such that the maximum of the first
peak of vgr gets closer to the maximum of its second peak as
the frequency increases from 50 GHz to 1 THz, and then
becomes larger than the maximum of the second peak for
frequencies larger than 1.0 THz. Such tendency indicates that
the bubbles become relatively slower in evolving than do-
main walls in moving (and individual dipoles to flip) in ST
layers, as the frequency increases. Moreover, Fig. 4(b) shows
that Fgr,(v) dramatically increases with v, consistent with
the frequency-induced shift of the peak’s position of vgr to-
ward larger electric field [see Figs. 3(a) and 3(b)]. On the
other hand, Epr () is nearly independent of the frequency
[see Fig. 4(c)], reflecting the insensitivity of the width of vgy
with v. Figures 4(b) and 4(c) also reveal that Egr;, Esrq,
Egt o, and Egr ., all quickly increase as the frequency in-
creases, consistent with the increased broadening and shift-
ing toward higher fields of the two peaks of vgr seen in Fig.
3, when the frequency increases.

IV. SUMMARY

In summary, first-principles-based simulations are used to
determine the evolution from nanostripes to monodomains in
[BaTiOs],0/[SrTiOs];, superlattices under dc and ac electric
fields. It is found that several different original dipole con-
figurations can exist depending on the magnitude of the field
and its frequency, including some configurations that exhibit
dramatic differences in morphology between the BT and ST
layers. A striking example is the coexistence of nanobubbles
in BT layers with a monodomain in ST layers. Moreover, for
a given value of the electric field, domain walls and
nanobubbles move at a different speed inside the BT versus
ST layers with these velocities deviating from the usual
Merz’s law.207
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All these results should be qualitatively valid for BT/ST
superlattices with different periods, as long as this period is
long enough, since ultrashort-period superlattices do not ex-
hibit stripe domains (but rather monodomains) for their
ground states.” In fact, we believe that the decoupling of
static and dynamical properties between different layers is a
general feature of ferroelectric superlattices providing that
such superlattices are made up of two (or more) materials
that are sufficiently different (in terms of, e.g., their sponta-
neous polarization) and that the thickness of the individual
layers is large enough. We thus hope that our work leads to a
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broad new knowledge of fundamental and technological im-
portance in ferroelectric superlattices.
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