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The multidomain structure evolution in Pb(Zr,Ti)O; ultrathin films subject to an
electric field applied along the pseudo-cubic [111] direction is investigated via the use
of an effective Hamiltonian. Varying the magnitude of this electric field (that possesses
both in-plane and out-of-plane components) leads to the formation of five different
states, whose microstructures and properties are revealed here. Such variation also
makes the polarization changing not only in magnitude but also in direction. The field-
induced correlation between the polar distortions and the oxygen octahedral tilting is
also discussed as an important factor affecting the polarization.

PACS numbers: 68.55.—a, 77.22.Ej, 77.55.fg

I. INTRODUCTION

Ferroelectric (FE) materials retain their popularity with theoretical and experimental
research as new features on a nanoscale level are continuously discovered inspiring
the design and further miniaturization of electronic devices (see, e.g., Refs. 1-12 and
references therein). For instance, a remarkable property of epitaxial FE ultrathin films,
the formation of 180° stripe domains,'*™'* has recently received a new development in
the study of Pb(Zr,,Ti\)O; (PZT) solid solution — one of the most promising
ferroelectrics.'®'® In such a system, varying misfit strain causes vital transformations
of laminar nanodomains leading to novel structural phases.lg’zo Additionally, the
oxygen octahedral tilting, which is also termed the antiferrodistortive (AFD)
motion,”'’ is able to significantly affect the configuration of dipolar nanostripes.'® It
happens because of the competing nature® of the coupling between FE and AFD
degrees of freedom, with the magnitude of latter being dependent on the Zr content in
the alloy.'” Therefore, the aforementioned factors — the misfit strain and Zr content —
may be employed to alter the properties of a multidomain structure. Understandably,
these factors are inherent properties of an epitaxial film and cannot be changed once
the fabrication of the film is complete. For that reason, continuous adjustments of
nanodevice features should be based on external factors that are able to modify the
dipoles’ configuration in domains to strengthen their particular properties on demand.
Such an influence on a ferroelectric film, as a part of an electronic device, can be
delivered by a homogenous electric field. Indeed, an electric field integrated into
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domain environment, strong enough to distort the depolarizing field responsible for
the stripe domains presence, will change the overall picture of a multidomain setting,
eventually transforming it into a single monodomain arrangement. Clearly, the impact
on the film features will depend on the magnitude but also direction of the external
field. For instance, it was shown that such a field progressing along the out-of-plane
[001] direction overpowers the misfit-strain-induced depolarizing field and eventually
completely rearranges the dipoles configuration into a monodomain (via the formation
of electric bubbles) when reaching a certain critical value.”

Surprisingly, to the best of our knowledge, nothing is known about the application
of an electric field deviating from the out-of-plane direction on the properties of FE
thin films possessing nanostripe domains. This contrasts with the case of magnetic
films for which the application of a magnetic field having both in-plane and out-of-
plane components has been demonstrated to induce novel features.*"'

The aim of this study is twofold: (1) to reveal the influence of an external field
applied along the high-symmetry [111] direction on a (001) PZT film’s morphology;
(2) to investigate the possibility of managing the macroscopic properties (such as
polarization) of this system using an external electric field. As a consequence of
structural alterations, we were able to observe the system’s transition through several
different states with specific and peculiar dipoles’ arrangements — the configuration
phases. During this evolution, change in the dipoles’ alignment leads to
transformation of the net polarization from a zero value initially to a strong nonzero
assertion in the final state, presenting the vulnerability of polarization to an external
field influence. The development and mutual correlation of both polar and non-polar
(AFD motion) degrees of freedom are also analyzed in this report as a significant
factor able to affect the polarization.

The manuscript is organized in the following way. In Section II, we discussed the
effective Hamiltonian used in Monte Carlo simulations for this study. The analysis of
obtained results leading to various predictions is presented in Section III. At this point,
we revealed the evolution of the system through different states supplemented by the
changes in polarization, and also exposed how the external field affects the
relationship between the system’s FE and AFD degrees of freedom. The results of the
present investigation are summarized in Section IV.

I1. METHOD

We model, at T = 10 K, epitaxial (001) 4.8-nm-thick films made of disordered PZT
solid solutions possessing a Ti content of 48%. Such composition corresponds to the
middle of the morphotropic phase boundary in PZT bulk.'*'"*! We use a 12x12x12
supercell that is periodic along the x and y axis (that coincide with the [100] and [010]
pseudocubic directions, respectively) and that is finite along the nonperiodic z axis
(which lies along the [001] pseudocubic direction), in order to address surface effects
existing in a real film. This system is mimicked to be under open-circuit (OC)
electrical boundary conditions and under an applied misfit compressive strain of —2%.
When placed under such conditions, ferroelectric films are known to have stripe
domains.'* The E,,; total energy of the studied system is provided by the first-
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principles-derived effective Hamiltonian, Ep.g; of Ref. 32 with the exceptions of using
OC (rather than short-circuit) electrical boundary conditions®® and applying an electric
field, E, being oriented along [111] and ranging in magnitude from 10° V/m to 10"
V/m. Practically, such energy is given by:

Eror ((ui}, (v, (i} {03, {0}) = Eners ((wi} v}, (nu} (w3, {}})
+ 28 SkBaep) + 2w~ SE-Z'u;, (1)

where the variable u; is the local soft-mode for each unit cell i, and produces an
electric dipole Z*u; localized on the Ti (or Zr) site in the unit cell i after being
multiplied by the Z* Born effective charge associated with the local soft-mode.** The
v; ’s are the inhomogeneous strain-related variables,”* 7, is the homogeneous strain
tensor,”* and w; is a pseudo-vector (also localized on Ti or Zr sites) that characterizes
the direction and magnitude of AFD motion in the unit cell i. For instance, w; = 0.1z
corresponds to an oxygen octahedral rotation of the cell i by 0.1 radians about the z
axis with z being the unit vector along [001]. Finally, o; = +1 (respectively, —1)
symbolizes the presence of a Zr (respectively, a Ti) atom at the site j of the supercell.
The second term in the right side of Eq. (1) represents the depolarizing energy> and
involves the screening parameter [ that controls the magnitude of the residual
depolarizing field; that is, § = 0 corresponds to ideal OC conditions with maximum
magnitude of the (Eg4,) depolarizing field (employed in our investigation), and an
increase in screening parameter reduces the residual depolarizing field value. Lastly,
the third term in Eq. (1) imitates the effect of the external homogeneous E electric
field on properties of the system.”

The couplings between all the listed above variables are included in the effective
Hamiltonian®' that is employed in Monte Carlo simulations with a number of sweeps
being up to 10°. More detailed information about the numerical method presently used
can be found in Refs. 18,19,21,34.

III. RESULTS AND DISCUSSION
A. Domain phase transformation

As was pointed out in the methodology section above, the investigation was
performed for the system placed in the ground state, that is, at 10 K, instead of a
room-temperature setting. Such “ideal conditions” let us get the most comprehensive
picture of the physics of stripe domains evolution stimulated by the external field.
First of all, cooling down the sample allowed avoiding the influence of thermal
motion on the dipoles’ behavior that can be substantial, making the stripe domains less
well defined. The latter means that some details of phase transitions and the evolution
of domains’ morphology would be masked by the thermal deviations.

In addition, in the ground state, the system possesses both degrees of freedom —
AFD motion and polar distortion. Although being an intrinsic property of such a
system as PZT, the long-range-ordered AFD motions do not exist at room
temperature and the polarization is the only order parameter. For the PZT composition
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used in our investigation, the AFD condensation takes place at a temperature just
below 200 K in the bulk.*' Since the oxygen octahedral rotation is able to compete
with the dipoles’ behavior,” impact their collective arrangement and, finally, the
polarization of the system, the insertion of AFD motions into the computational
scheme becomes imperative.

Clearly, both of the listed above reasons made the cooling down of the film in this
study crucial. The obtained low-temperature results may be used to qualitatively
foresee the behavior of the system at the room temperature.

Figure 1 provides the absolute value (averaged over all the sites) of the Cartesian
components of the individual dipole moments as a function of magnitude of the
external electric field applied along the [111] direction. Figure 1 also reports the
corresponding average value of the magnitude of the local dipoles. The analysis of
dipoles’ behavior allows an introduction of five phases through which the system
evolves while transitioning from the initial multidomain state to a monodomain state
as its final destination: (1) the stripe domains (SD) phase that lasts up to the field of
~10° V/m and progresses into (2) dipolar waves (DW) phase ending for an electric
field of ~5x10° V/m, (3) a bubbles phase (BP) that extends up to the field of 7.4x10°
V/m leading the system into (4) a transitional phase (TP), which has an upper
boundary for a critical field slightly above 2x70° V/m, and the (5) monodomain (MD)
phase — the last one in evolution of the system. Note that the identification of each
phase is based on the assessment of the averaged magnitude and direction of dipoles,
correlated with their collective arrangement in the supercell — as illustrated by the
diagrams and atomistic images presented in this report.

Interestingly, the formation of bubbles has been previously predicted also for
ferroelectric thin films under an electric field applied along the “traditional” [001]
direction” unlike the DW and TP states. These latter phases are thus specific to cases
for which the applied electric field possesses both in-plane and out-of-plane
components.

Let us now provide more details about the five phases and their field-induced
evolution. When no external electric field is applied, the PZT ultrathin film exhibits
180 degrees, out-of-plane nanostripe domains that alternate along the y axis [see Fig.
2(a)]. As consistent with the nanodomains’ morphology,*'* the largest dipole’s
component is along the z axis, and the averaged values of the magnitude of the x- and
y-components of dipoles are much smaller. Note, however, that the average magnitude
of the y-component of dipoles is larger than that of the x-component (such a
relationship between them is very noticeable in Fig. 1 while the external field is
relatively weak) — because the domains are closure domains, with the dipolar flux
closing along the direction of the domains’ alternation, i.e., along the y axis. Predicted
in FE ultrathin films by direct first-principles calculations,”® this local dipoles
arrangement into flux-closure structures was recently experimentally established in
PZT films.*” Such an ideal domain system is illustrated in Fig. 2(a). Its stability is
secured by the strong depolarizing field, and only a prevailing external field is able to
distort the dipoles’ configuration. The analysis given below traces the influence of the
emerging applied field on dipoles’ behavior.



1. Stripe domains phase

In the SD phase, the multidomain structure is almost intact [see image in Fig. 2(b)].
One can easily see from the diagram in Fig. 1 that, for fields up to /0° V/m, the x- and
y-components of the dipole moments increase with different rate (x-components
progress faster) while the z-components slightly decrease — with the total magnitude of
the dipole moments remaining almost unchanged. The latter feature helps understand
the character of the field influence inside this phase: a rofation of the individual
dipoles away from the out-of-plane direction is induced with no substantial increase in
the polar distortion. The diagram in Fig. 3(a) shows the extent to which the orientation
of dipoles is affected: the averaged dipoles’ direction (evaluated for the sites in the
interior layers 5 to 8 to avoid the surface influence) with respect to the x-y plane is
changing from 83.1° to 67.8° as the electric field gradually increases within the SD
phase. Note that this angle with respect to the x-y plane is thereafter referred as to ¢.
Figure 3(b) reports the number of local dipoles having positive or negative x-, y-, and
z-Cartesian components as a function of the field’s magnitude. Such a diagram assists
in getting a more comprehensive understanding of how the electric field influences the
dipolar rotation, that is, causes a decline in the number of negative x- and y-
components of the local dipole moments.

Remarkably, a 50% balance between the positive and negative z-components is
preserved by the system within the SD phase — an imperative criterion®®'>!* of a
multidomain ‘up’ and ‘down’ environment having a vanishing out-of-plane
macroscopic polarization [Fig. 4(a)]. Such a constancy of a multidomain structure
illuminates the fact that depolarizing field (responsible for the domains existence) is
still more superior to the external field. That is why we do not see any alteration in the
average dipoles’ z-component value (which is controlled by the depolarizing field) and
no change in the average y-component value (which is responsible for the morphology
of closure domains) until the field of 70" V/m is reached (see Fig. 1). Only with the
applied field progressing beyond the /0" V/m, not vital deviations in the dipoles’
components take place, more visible initially for the x-components. Indeed, images of
dipoles’ configuration in the field of 70" V/m (panel b) and in the field of 10°V/m
(panel ¢) presented in Fig. 2 confirm that in the field range up to 10° V/m the system
has a strongly expressed multidomain structure. However, it also becomes apparent
that an advancing electric field is producing a certain distortion in the dipoles
arrangement. In particular, a formation of cylindrical bubbles'? is underway (panel c)
in the vicinity of domain walls — which is a region where the dipole moments are
weaker in magnitude."

Although the system in the SD phase does not possess any out-of-plane
polarization, the overall polarization is not equal to zero [see Fig. 4(b)] thanks to the
in-plane dipoles’ components. In particular, the x-component of the polarization
significantly increases with the applied electric field, which leads to an overall
polarization being nearly oriented along the [100] direction (i.e., perpendicular to both
the normal of the film and the domain wall propagation direction) as the y-component
of polarization is close to zero.

2. Dipolar waves phase



Further increase in magnitude of the applied field leads to a series of truly amazing
changes inside the system. Even though the dipoles’ motion is still constrained by the
depolarizing field, the growing external field takes progressively more control of their
direction and magnitude. Such latter control brings destruction to the domain walls
and leads to formation of dipolar waves (note that such waves have also previously
been predicted to exist as a transitional step in misfit-strain-induced domain
evolution'”). Indeed, the escalating external field, having the in-plane components, is
causing the growing dipoles’ deflection toward the (x-y) plane. Essentially, the
progression of the y-components’ magnitude is the key condition for the cylindrical
bubbles formation (in the domain wall region) around which the dipolar waves are
shapezc(},19 preventing a direct stripe-to-bubble phase transition typical for [001] electric
field.

As follows from Fig. 1, for fields larger than 10° V/m, all three dipole moment
components are changing very fast in both their magnitudes and directions. This
results in: (1) matching in their average x- and y-components magnitude in the field of
~5x10° V/m (point K in Fig. 1), (2) disappearance of negative x- and then negative y-
components [Fig. 3(b), fields 2 x10° V/m and 4x10° V/m, respectively], and (3)
termination of the 50% balance between the positive and negative z-components of the
dipoles — the number of sites with positive z-components now surpasses the number of
sites with negative ones [Fig. 3(b)] and it continues its surge thereafter.

Undoubtedly, the last factor, combined with the parity between the magnitudes of
dipoles’ x- and y-components can be seen as a signal of waning of a closed-flux
multidomain structure (as it was mentioned above, there is no symmetry between the
x- and y-directions in a “healthy” closed-flux multidomain environment, meaning that
one of the dipoles’ in-plane component — along the flux-closure direction — is always
larger than the other, specifying the trend in which the domains propagate).

The dipolar waves become the next step in the structural evolution of the system.
They are exposing a significant dipoles’ rotation toward the x-y plane, explicitly
confirmed by the diagram in Fig. 3(a) — angle is falling from 67.8° for a field of 10°
V/m to 22.5° in the field of 5x10° V/m, followed by a rapid decline in their z-
component values as indicated by Fig. 1. Thus, in the field range between /0° V/m and
5x10° V/m, dipoles are radically reoriented.

This pattern in the collective behavior of electric dipoles is noticeably displayed in
Figs. 2: panel c, for the field of 10° V/m, shows the beginning of the DW phase which
starts with the formation of cylindrical bubbles, the necessary condition for the dipolar
waves existence;'’ panel d, for the field of 2x/ 0° V/m, illustrates the state of the
system when cylindrical bubbles reached the surface; panels e-f, for the field of 5x10°
V/m, — further increase of the electric field results in gradual disappearance of
cylindrical bubbles, the remnants of domain walls, and following penetration of
positive region of the system into negative, indicating the beginning of BP (concurs
with the matching of average magnitudes of dipoles x-, y-components, point K in Fig.

).

The dipoles reorientation toward the x-y plane in growing electric field leads to the
further development of the in-plane macroscopic polarization, rotating from close to
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the [100] direction in the SD phase to the [110] direction in the DW region, as
specified by Fig. 4(b), which is the direction of the in-plane component of the applied
field itself. Thus, the magnitude distinction between two components of the in-plane
polarization disappears at the end of the DW phase [Fig. 4(b)] as the projection along
[110] direction becomes the only one permitted to the in-plane components of dipoles
by the external field (Fig. 1).

Another important tendency in the system development should be mentioned for
the DW state: the total average magnitude of dipole moments now rises with the
field’s strength upsurge — a sign of an amplified polar distortion prompted by the
external electric field and unstoppable from now on (see Fig. 1). Definitely, the DW
phase is a turning point in the domains transformation.

Interestingly, Figure 3(a) also shows that the orientation of dipoles with respect to
the x-y plane can get below 45°, which may appear to be surprising at first when
recalling that the external field that triggers their rotation is along the [111] direction.
The understanding of this fact becomes straightforward once realizing that the
evolution of a multidomain structure takes place in the setting of two interacting
electric fields — the depolarizing field produced by the bound charges accumulated on
the film surfaces and the applied external field. Obviously, their mutual orientation
depends on the domain morphology. The net electric field, as a superposition of these
two fields, is the background and the creating power that transforms the internal
structure of the system.

3. Bubbles phase

As the rotation of dipoles advances, more and more of them are leaving the negative
z-component region of the supercell (former down-domain), which inevitably leads to
a misbalance between the positive and negative polarization charges accumulated on a
given surface. Therefore, the symmetry in the distribution of depolarizing field in the
system will be lost — a net depolarizing field in the negative z-direction will exist in
the sample.

Apparently, it happens as soon as the equilibrium between the number of dipoles
with negative z-components and the number of dipoles with positive z-components is
broken. As follows from the diagram in Fig. 3(b), this event takes place in the external
field between 2x10° V/m and 3x10° V/m and corresponds to the average dipoles’
orientation with respect to x-y plane of ~45°, as suggested by the diagram in Fig. 3(a).

This trend should convey two outcomes: (1) the total depolarizing field in the
positive (negative) direction will increase (decrease) producing the net field rotation
toward the x-y plane in both regions, which in its turn triggers the dipoles rotation
toward the in-plane direction; (2) the region in the supercell occupied by the dipoles
with negative z-components will shrink. This predicted development in the structural
evolution of the system was entirely confirmed by the computational data.

Indeed, the diagram in Fig. 3(b) reveals fast reorientation of dipoles beyond the DW
phase in progressing external field: the amount of dipoles with positive projection of
their z-component is growing at a very quick rate. Such an expansion leads to
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modification in the depolarizing field (and the net field) as described above and
translates into (i) a reduction of the average magnitude of the z-component of the
dipoles while increasing the magnitudes of the in-plane components (Fig. 1), (ii)
further weakening of the depolarizing field in the down-domain region as a result of
accelerated dipoles’ rotation away from the out-of-plane direction [Fig. 3(a)]
combined with decline in the number of dipoles with negative z-components [Fig.
3(b)], (iii) an elimination of the previously existing boundaries between the zones of
dipoles with positive and negative z-components via an expansion of the region with
positive dipoles (former up-domain) into the former down-domain neighborhood [as
shown in Figs. 2(e) — front plane image, and 2(f) — 3-d image of the system, field
5x10° V/m], followed by division and further constriction of the areas filled with
negative z-component dipoles — because of the gradual disappearance of the latter
ones [Fig. 2(g) — 3-d image, field of 6x10° V/m]. All of these factors make the
existence of dipolar waves impossible, but secure the system conversion into a new
state — the bubbles phase.

In this state, as the field varies from 5x10° V/m to 1.4 x10° V/m, the bubbles,
steadily shrinking areas of adjacent sites with negative z-dipoles, are the evidence of
depolarizing field transformation, which makes it less dependent on the misfit strain
and more and more the product of the mounting external field. Being 3-d clusters of
dipoles, having z-component orientation opposite to that of the external field, parted
from each other into isolated islands, the bubbles are in fact the remnants of a
multidomain structure — one more step down in the evolution from the multidomain
state.

In the BP state, the (nearly) balance between the average magnitudes of the dipoles’
negative and positive z-components disappears. A significant numerical growth of
dipoles in the positive z-component region of the supercell (at the cost of the dipoles
in the negative region) is transformed into gradual increase in their average
magnitude. Subsequently, the total out-of-plane polarization is evolving [Fig. 4(a)],
and this tendency becomes a permanent attribute of the system in the following
development as the external field rise continues.

4. Transitional phase

With disappearance of the last signs of the down-domains — the bubbles, the system
is shifting into a transitional phase (TP). It happens in the field of 7.4x10° V/m when
the dipoles’ average z-components’ value is at its lowest level (Fig. 1, point L),
implicating that the average orientation of the dipoles is the closest to the in-plane
[110] direction [that is, along the direction of the net field; see Fig. 3(a), angle ¢ =
5.5%.

The depolarizing field in the system has only one direction now — opposite to the z-
component direction of the external field. Further increase in the external field will
rotate the net field away from the x-y plane approaching it to the orientation of the
applied field. It is understandable, that as long as the depolarizing field exists, the net
field will never coincide with the external [111]-field.



The field of 1.4x10° V/m can be considered as a critical field in which the evolution
of the system from the initial multidomain state is accomplished by completely
eliminating the original collective behavior of dipoles. The last reminders of domains,
the bubbles, are destroyed and remaining lone dipoles with negative z-components are
now dispersed throughout the supercell [see Fig. 2(h)]. In this specific transitional
phase of the system, although the multidomain structure is already destroyed, the
monodomain state is not geared up yet — the net electric field is not homogeneous so
far because of those few dipoles with negative z-components still existing throughout
the system [Fig. 3(b)].

In the TP, the averaged magnitude of the z-components of the dipole moments is
finally moving up (very visible in the initial part of the TP section of the phase
diagram in Fig. 1) following the field escalation, the first time since the external field
was introduced to the system. This increase is partially caused by the dipoles rotation
away from the x-y plane, improving the average angle they form with [110] direction
up to 5.8 at the end of TP [Fig. 3(a)]. It becomes an extremely slow development
while the very last ‘negative’ dipoles are converted into ‘positive’ (easy to observe in
the second part of TP segment of the phase diagram in Fig. 1 — the plotted line for the
average magnitude of the z-components of dipoles becomes almost flat).

5. Monodomain phase

The monodomain (MD) phase manifests itself with unstoppable increase of all the
dipoles components’ magnitudes (Fig. 1). The direction of dipole moments (now
being the same for all the sites in the supercell, except those that are close to the
surface in addition to having smaller magnitudes) tilts more and more away from the
x-y plane toward the direction of the external applied field [see Fig. 3(a)]. Obviously,
their orientation in the supercell is defined by the net field, meaning that they will
never align along the direction of the applied field [see Fig. 3(a) that shows that the
angle formed by the dipoles with respect to the x-y plane is only /0.5° for an applied
field of 5x10° V/m]. Indeed, Fig. 5(a), illustrating the atomistic picture of the dipoles
configuration in this state, explicitly confirms that dipoles alignment is far-off the
[111] direction of the external field. It becomes apparent that the interaction between
the depolarizing field and the external field in the frame of the MD phase presents an
opportunity to control both the direction of polarization and its magnitude by
manipulating only the scale of the applied field.

To assess the action of depolarizing field in the MD phase, a simulation for the
same system under short-circuit-like electrical boundary conditions (98% screening of
depolarizing field) was performed (for an applied field of 5x/0° V/m). In such
conditions, when no polarization charges can accrue on the film surfaces, the dipoles
are all aligned along the [111] direction — the direction of the applied field [Fig. 5(b),
dipoles on the surfaces differ in their direction and are larger in magnitude as we
should expect in the absence of polarization charges]. Besides, as one can see in Fig.
5(b), dipoles being freed of the suppressive action of depolarizing field (that has a
direction opposite to the z-component of the dipole moments) become significantly
larger in their magnitude. More precisely, it increases by /.25 times as soon as the
depolarizing field is removed according to computational data. Hence, by varying the
screening parameter we can also modulate the polarization of a nanoferroelectric
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sample in both the direction and magnitude in a rather significant range while keeping
the applied field unchanged.

Overall, the total polarization averaged along the supercell evolves in accord with
the external-field-induced evolution of dipoles’ configuration — from close to zero
initial value in the SD phase to 0./8 C/m’ in the MD phase, for a field of / 0’ V/m,
while rotating away from the in-plane direction [see Fig. 3(a) and Fig. 4(b)].

One can wonder if the ferroelectric order in a PZT film will survive such a
powerful external field. Note that the real critical fields are expected to be smaller than
those predicted here (Laudauer's paradox), because substrate-grown films are likely to
exhibit defects that reduce such fields.***' In addition, the ner field inside the
ferroelectric sample should be considered — the result of superposition of applied and
depolarizing fields, which lessens the strength of the field that is actually affecting the
ferroelectric structure.

B. AFD motion evolution

While discussing the behavior of electric dipoles under the influence of an external
field, we did not focus on the AFD motion that each site of the supercell possesses.
Nevertheless, the well-known coupling that exists between the AFD tilting and polar
distortion®® mutually rearranges the magnitude and direction of both of them to some
extent, and certainly was affecting the dipoles conduct (and, therefore, the
polarization) already examined above.

The diagram in Fig. 6(a) illustrates the evolution that the AFD motion undergoes
when affected by the external field. Note that the AFD distortions in the studied
system have both the in-plane and out-of-plane components as should be expected
since the AFD vectors’ orientation is known to follow to a certain degree the dipole’s
realignment® induced by the external field. Thus, they are neither pure “tilting” nor
pure “rotation” of the oxygen octahedra,*** and rather constitute an intermediate case
between these two possibilities specific for the PZT sample used in this study.

One can easily observe some similarity between the AFD progression in Fig. 6(a)
and the dipoles development in Fig. 1 within a certain field range. Indeed, the diagram
in Fig. 6(a) presents an increase in magnitudes of the in-plane AFD components until
the TP state is reached, to be exact, up to the field of 1.4x10° V/m, which happens
simultaneously with the enhancement of the magnitude of the dipoles’ in-plane
components. But similarity in the dipoles and AFD vectors behavior ends here, since
the z-components of AFD vectors decline unstoppably during the entire range of the
applied electric field.

The synchronized improvement in the values of x- and y-components of both the
dipole moments and AFD vectors seems like a contradiction to the well-known
competing behavior between these two constituents of the system. Nevertheless, there
is a simple explanation to this phenomenon. An external field does not directly
influence the AFD vectors, but manages them indirectly by affecting the dipoles in
two ways: inducing their rotation and prompting the polar distortion. The advance in
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dipole moments’ value leads to the overall decrease in the magnitude of AFD tilting —
the consequence of coupling between polar and non-polar degrees of freedom, while
the dipoles’ rotation away from the initial out-of-plane direction will affect the
direction of AFD vectors,” meaning that the AFD motions will deflect toward the in-
plane direction. This causes the decrease of their z-components’ magnitude but an
increase of their x- and y-components.

Note that the correlation between the dipoles’ and AFD vectors’ total magnitudes is
a reproduction of their mutual competing behavior: as seen in Fig. 6(b), a continuous
increase in the dipoles’ magnitude is complemented by a steady decrease in the
magnitude of AFD vectors — because insignificant increase of the in-plane
components of AFD vectors cannot compensate more substantial decrease in their z-
components (in the field range up to 1.4x10° V/m), and therefore the total magnitude
of AFD vectors is constantly falling.

Obviously, such a close-coupling relationship accompanied by a competing conduct
between these two degrees of freedom, has an impact on dipoles’ configuration
already influenced by the external field, subduing the polarization and shifting the
phase transitions to lower values of the applied field than it would be in the absence of
oxygen octahedral rotation.

Once the electric-field-induced dipoles’ rotation toward the in-plane is complete
[angle 5.5° on the diagram in Fig. 3(a), which corresponds to the point L in Fig. 1], all
the AFD vectors’ components decrease in magnitude with increase in the applied field
[see after point N in Fig. 6(a)]. Such a relationship significantly restrains the AFD
motion as the field progresses, and in the field of / 0" V/m its overall magnitude is
only around 7.5° (0.026 rad). Such small non-polar atomic distortions permit in the
case of a huge electric field to disregard the AFD motion altogether and assume that
the system retains one order parameter only — the polarization.

IVv. SUMMARY AND CONCLUSIONS

A strong electric field applied along the [111] direction to a system of nanostripe
ferroelectric domains is able to influence the dipoles’ collective behavior by affecting
their magnitude and direction. Consequently, the induced rearrangement in dipoles’
configuration is leading to phase transitions; in total, 5 states were revealed through
which the system evolves as the external field progresses. These phases are
representing variations of dipoles collective behavior in a ferroelectric ultrathin film
under the OC electrical boundary conditions. Therefore, our investigation allows
predicting the properties of electric-field-influenced multidomain structures, which
may become important in the view of reliability of nanoferroelectric-based electronic
devices operating in the environment of strong electric fields. Such fields should be
avoided if the multidomain configuration needs to be preserved, or can be used to
intentionally modify the structure of the film and, thus, manipulate macroscopic
property such as polarization — in both the magnitude and direction. When coupled
with adjusting the screening parameter (to amend the residual depolarizing field), the
range of regulating the polarization will be even broader. Thus, the results of this
investigation, in addition to widening our knowledge about fundamental properties of
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ultrathin ferroelectric films, may have wide-ranging implications for the application
and development of high-performance electronic devices.
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FIGURE CAPTIONS

FIGURE 1 (Color online): Electric-field-induced evolution of the absolute value of the
Cartesian conponents of the local dipole moments, and their magnitude, in the studied
compressively-strained, 4.8 nm-thick (001) PZT film at 10 K. The vertical dashed
lines delimit the different regions. A logarithmic scale is used for the electric field
(abscissa) axis.

FIGURE 2 (Color online): Examples of microstructures in the investigated 4.8 nm-
thick PZT film at 10 K. Panel a depicts the domains structure in the absence of
external field. Panels b-i correspond to applied electric fields of 710" V/m (SD phase),
10° V/m (beginning of DW phase), 2.0x10° V/m (DW phase, cylindrical bubbles reach
the surface), 5.0x10° V/m (beginning of BP, front plane image in panel e and 3-d
image in panel f), 6.0x10° V/m (BP, 3-d image in panel g), 1.4x10° V/m (beginning of
TP), respectively. The cylindrical bubbles are highlighted by means of ovals in panel
c. Arrows down (red) and up (blue) represent the orientations of dipoles with positive
and negative z-components, respectively. In panels a-e, multiple arrows at each site are
the result of projections in (z-y) plane of all the dipoles that lie in the same line along x
axis, having slightly different orientation at each site.

FIGURE 3 (Color online): 10 K properties related to the dipoles’ rotation in the
studied (001) PZT film as a function of magnitude of the external electric field applied
along the [111] direction. Panel a shows the average angle made by the dipoles with
the (001) plane. Panel b displays the number of dipoles with positive (respectively,
negative) x-, y-, and z-components that are denoted here as X+, Y+, and Z+
(respectively, X-, Y-, and Z-), respectively. A logarithmic scale is used for the electric
field (abscissa) axis.

FIGURE 4 (Color online): Electric-field-induced evolution of the out-of-plane
components of the polarization in the investigated compressively-strained PZT film at
10 K. Panel «a illustrates the total z-component of polarization as well as the separate
contribution from the dipoles having positive or negative z-components. Panel b
displays the same information that panel a but for the total polarization. A logarithmic
scale is used for the electric field (abscissa) axis.

FIGURE 5 (Color online): Monodomain state seen in a (z-y) plane at 10 K, in the
studied PZT thin film under an external electric field of 5x70° V/m magnitude and
applied along [111]. Panels a and b correspond to open-circuit and short-circuit
electrical boundary conditions, respectively.

FIGURE 6 (Color online): Evolution of the average absolute value of the local AFD
vector components (panel @) and evolution of the averaged magnitude of these local
AFD vectors (panel ») as a function of magnitude of the external electric field in the
studied (001) PZT film at 10 K. Panel b also displays the corresponding evolution of
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the average magnitude of the local dipole moments for comparison. A logarithmic
scale is used for the electric field (abscissa) axis.
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FIGURE 1 (Color online): Electric-field-induced evolution of the absolute value of the Cartesian
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Figure 1 BQ11619 22MAY2012



(a)

()

(e)

(b)

3 '\: C
ifl (z-y) plane of all the dipolej hat

dre the result of projections

(d)

les of microstructures
omains, structure in the|
s of 10, V/m (SD phasg \
ical bubbles reach the surfy
B-d image—npanel f), 6. W\
e), respectively. The cylif
down (red) and up (blug)§
pnents, respectively. In

having slightly different orientation at each site.

Figure 2

BQ11619 22MAY2012



< C ]
g L i
o
o 80 — |
c
© = i
[e%
= L i
K=
T 60 - |
) = i
o
o F 1
el
® L i
<
> 40 — _|
e}
© L i
kel
©
g L i
) L i
jo))
& 20 - ‘ _
@ |- I -
o
© |
] r | 4
>
< L ! 4
I
0 | L L | L L | L L | L L | \ L1 L |
10° 10° 107 108 10° 10"
Electric field magnitude (V/m)
2000 — 4 I R
i} r | | ! | 7
3 L (b) | | [ |
s L coob O O PEOCD MmN @ OOrTT
Q 00 I o ! !
£ - o © | o | ! = R
8 1500 - SD o ! ' BP f : .
= r | [ |
© L o ﬂj\ i
& | o ut W g ]
c | | [PD ! |
'8 r [m) | T | | T
© 1000 — ! ;‘1 : ! =
[} o |
2 - @ - g oooodme B2 ' TP, MD |
‘D r u | =i ! | 7
o
a - l T ! | -
I

£ - R oo 1 1
g 500 |- o o, ! A= .
g I Dq:% | E | b
k<] i o | ‘ R
5 i oL 1B By B 7
> oo 0oy | 1
_g 0 Oy o o OpomDommmn [ Oooom —
2 0 S

I P | [ | ) | L | [ I

10° 108 107 108 10° 10"

Electric field magnitude (V/m)

FIGURE 3 (Color online): 10K properties related to the dipoles’ rotation in the studied (001) PZT film as a function of the magnitude of the
external electric field applied along the [111] direction. Panel a shows the average angle made by the dipoles with the (001) plane. Panel b
displays the number of dipoles with positive (respectively, negative) x-, y- and z-components that are denoted here as X+, Y+ and Z+
(respectively, X-, Y- and Z-), respectively. A logarithmic scale is used for the electric field (abscissa) axis.
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FIGURE 4 (Color online): Electric-field-induced evolution of the out-of-plane components of the polarization in the investigated
compressively-strained PZT film at 10K. Panel « illustrates the total z-component of polarization as well as the separate
contribution from the dipoles having positive or negative z-components. Panel b displays the same information that panel a but
for the total polarization. A logarithmic scale is used for the electric field (abscissa) axis.
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FIGURE 5 (Color online): Monodomain state seen in a (z-y) plane at 10 K, in the studied
PZT thin film under an external electric field of 5x70° V/m magnitude and applied along
[111]. Panels a and b correspond to open-circuit and short-circuit electrical boundary
conditions, respectively
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FIGURE 6 (Color online): Evolution of the average absolute value of the local AFD vector components (panel @) and evolution
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moments for comparison. A logarithmic scale is used for the electric field (abscissa) axis.
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