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Frequency and temperature dependence of the relative permittivity
in ferroelectrics: Monte-Carlo simulation study
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In this article, the domain wall densities calculated from simulated domain configurations are used
to estimate the domain wall contributions to the dielectric permittivity of a ferroelectric material.
The configurations were calculated using a Monte-Carlo model proposed by B. G. ®atdr].

Appl. Phys.87, 4415(2000]. The temperature and frequency dependence of the contributions are
analyzed and compared to experimental results obtained on RbZO; thin films. © 2003
American Institute of Physics[DOI: 10.1063/1.1544649

I. INTRODUCTION and its implementation can be found in Ref. 15 In order to
extract the domain wall densities, an algorithm was imple-

It has long been known that the dielectric permittivity . . .
S : : o mented into the simulation program that decomposed the do-
of a ferroelectric increases considerably during switching by " : L .
o —4 L main configuration into individual domains and subsequently
an external electric fieldsquare pulse forpn—* A similar

) . Lo . ._classified the domain walls and calculated their ler{§h a
increase is also observed when the switching field varlei . . . .

. . . . . . . -D simulation volume the domain wall area had the unit of
slowly with time in a sinusoidal fashioke.g., during the

measurement of the small-signal capacitar@e) curve. a length). The domain wall density was obtained by division

o . PR o . with the simulation volume. The domains were classified
This increase in permittivity is traditionally attributed to do- . L o :

. L . i S . into c-domains(i.e., the spontaneous polarizatidh, ori-
main wall contributions in addition to the intrinsic lattice

response. The domain wall contributions change when thgnted parallel or antiparallel to thedirection, the direction

domain wall configuration is changed by applying a biasOf the external electric fiejdand a-domains P parallel or

field and a typical double-peakC—V” curve results. While antiparallel to thex-direction. As a result, three different

numerous experimental and theoretical work has been det)_/pes of domain walls occurred: 180° walls between adjacent

; - ¢c-domains, 90° walls betweetr and a-domains and 180°
voted to the study of the domain wall contributions to the . . .
) ) g . . .~walls between adjacerdg-domains. The domain wall con-
dielectric and piezoelectric properties of ferroelectric

materials— only few efforts have been made to model thef|gurat|ons _calc_ulated during a hystere5|_s S|mulat|on ‘were
. o . . processed in this way to obtain the domain wall densities as
small-signal permittivity as a function of external fiefd.

According to the accepted theory, the domain wall con-a function of external field. An example domain configura-

Lo ) : . tion of a 100< 100 lattice is shown in Fig. 1. The simulation
tributions are directly proportional to the domain wall area . . .
) ’ : o . . started with a completely random configuration that was al-
present in the material. This quantity is almost impossible t

. € Qowed to evolve for 400 Monte-Carlo steps per sihCS/
extract from experimental data and only the volume fractlonsS in. Free boundary conditions were employed
of, for example, 90° or 180° domains can be obtained from pin. y ployed.
x-ray diffraction experiment§® Monte-Carlo simulation pro-
vides a reliable way to estimate this quantity since the simug, Experimental procedure
lation calculates the domain configurations for each point of ] ) ) )
a hysteresis curve. This data can then be analyzed regardir&g To compare the simulation results with experimental
the domain wall area of the different domain wall typesdat@ PbZfTi; Oz films (PZT) of composition 30/70 and
present. By assigning extrinsic contributions to each domai>/°> Were prepared. The PZT films were deposited by a
wall type, the domain wall contributions to the permittivity 2-Putoxyethanol-based chemical solution deposition spin
can be calculated and compared with experiment. coating process. The butoxy(_ethanol—based precursor solution
was synthesized by a modified meth8d’ The films were
deposited on standard commercial platinized Si-wafers
Il. EXPERIMENTAL METHODOLOGY [Si/SiO, /TiO,/Pt(100nm) from aixACCT Laboratories,
A. Model description Aachen, Germany. After each layer deposition, the films
) ) ) ) were pyrolized at 200 and 400 °C in air for 2 min each. The
The two-dimensional(2-D) Monte-Carlo simulation  ickness of the film was varied by the number of deposition/
used to calculate the d&mam patterns was based on a modgl, |y sis cycles. After depositing the last layer the final crys-
published by Potteet al.™* The model takes into account the i jiization was performed at 700 °C in,Gvith a rapid ther-
dipole—dipole interaction, the gradient energy, and the eng5 annealing process. Pt top electrodes of 100 nm were
ergy of the dipoles in an external field. Details on the mOdeLsputtered at room temperature and structured with a
photolithography/lift-off process. A post-anneal was per-
dElectronic mail: bolten@iwe.rwth-aachen.de formed at 700 °C in Qto recover sputter-induced damages.
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FIG. 2. Evolution of domain wall densities during a hysteresis simulation
(150x 150 lattice kgT=1).

(within a-domaing present in the simulation volume of a
150x 150 lattice during a hysteresis simulation. The corre-
sponding simulated hysteresis curve is also shown in the
graph. The 180° domain walls withia-domains(i.e., do-
Most hysteresis curves presented in this work were meamains that were uniformly polarized parallel to the
sured with the aixACCT TF analyzer 2000, a computer based-direction of the simulation volumavere treated separately
measurement tool to characterize ferroelectric thin films. Thérom other 180° domain walls because they did not contrib-
signal generation, amplification, A/D conversion, calculation,ute to the permittivity for an electric field applied in the
and graphical representation were all performed with a desky-direction (as will be later assumgdsince no force was
top computer. The system allowed hysteresis measuremerasting on them.
in the dynamical range between 1 Hz to 1 kHz, with a maxi-  Interestingly, only the maxima of the “regular” 180°
mal amplitude of 10 V. domain wall density coincided with the coercive field of the
The capacitance—voltage dependence was measurégsteresis curve, while the 90° and 188-domain$ do-
with a HP 4284A LCR-bridge. The equipment used allowedmain wall concentrations reached their maxima before the
the variation of the amplitud® 5 of the small-signal mea- coercive field was established. The usage of the free bound-
suring signal between 5 mV up to 10 V. By using the biasary condition implicitly penalized the simulation for building
feature of the bridge, a dc voltage could be superimposed oup polarization charges on the boundary of the simulation
the small measuring signal, thus allowing to measure th@olume!***As a consequence, the domains at the boundary
permittivity at different polarization statéahich correspond had their polarization vector pointing mostly parallel to the
to different points of the ferroelectric hysteresiBy chang- boundary, as can be seen in Fig. 1. This implies that back-
ing the dc-bias in a step-like fashion, a compléteV curve  switching mainly occurs by 90° switching processes at the
was measured. Since this measurement was controlled vioint of remanent polarization. Thegedomains can act as
the IEEE488 bus with a computer, the dc-bias could only bewucleation sites. When the external field was increased to-
changed slowly, resulting in a large-signal frequency of apwards the coercive field, tha-domains started growing,
proximately 100 mHz. while at the same time new c-domains with P parallel E
For higher frequencies of the large signal, a differentnucleated. At first sight, it appears counterintuitive that the
method had to be used. Here, the slowly varying large signa-domains also grew since the parallel orientation had the
was generated with an arbitrary wave form generatotowest energy density. However, no nuclei fardomains
(Wavetek 395. On this signal, a small-signal measuring volt- had to be formed since they were already present at the point
age (the reference channel of a PerkinElmer DSP Modelof remanent polarization and their growth also reduced the
7280 lock-in amplifier was superimposed electronically and total energy of the system. The increase of the 180°
then fed to the sample. The answer of the sample was thef@-domair) domain wall concentration and subsequently the
applied to the input of the lock-in amplifier. With this setup, increase of the 90° concentration was due to the dipole—
a dynamic range of the large signal excitation between a fewlipole interaction. In this early switching state, the creation

FIG. 1. Domain configuration of a 160100 lattice after 400 MCS/spin.

mHz up to 10 Hz was possible. of 90° domain walls reduced the number of situations with
head-to-head or tail-to-tail configurations. Often a newly cre-
IIl. RESULTS AND DISCUSSION ated 90° wall also entailed the simultaneous creation of 180°

wall within an a-domain. Once the parallel c-domains had
grown through the sample and expanded laterally, the num-

Figure 2 displays an example of the evolution of theber of 90° walls and 180° wallsatfdomain$ started to de-
domain densities for 180°, 90°, and 180° domain wallscrease rapidly.

A. Temperature dependence
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This argument illustrates that the creation of 90° walls 0.7
can also be energetically favorable just due to electrostatic
interactions alone. Whether such domain walls are actually 1 0.6-
created in real materials depends on the mechanical energie_," ¢ 5]
necessary to create 90° domain walls and whether the energ o
gain is not consumed by the mechanical energies used fo ~o, 0.41
their creation. 03]

To arrive ate — E curves, the domain wall contributions )
to the permittivity have to be taken into account. To this end, 0.2-
the following model is used. If an electric field is applied
parallel to a 180° wall that separates two antiparallel polar-
ized regions, the domain wall will move as a whole a dis- 0.04
tancex favoring the domain polarized parallel to the direc-
tion of the external field. Assuming that the domain wall -3 -2 -1 0 1 2
moves in a harmonic potentigkx? with force constank, Electric Field [a.u.] —
the domain wall's deflection can be calculated when the pres- . - L .

. . . . FIG. 3. Domain wall contributions to the permittivity as function of tem-
sure P¢E is actlng O_n the wall. Wlth_the_ relation~D perature. Calculated with Eqél) and (2) from the domain wall densities
=goeE, the contributions to the permittivity by 180° do- extracted from hysteresis simulations.
main walls can be shown to be

(gole3

4P2n180°
180° s DW A . .
gole™ ~ ——, (1) PZT thin film of thickness 200 nm measured using the
lock-in technique as a function of temperaturd =1 Hz,
while for 90° domain walls the corresponding contribution foc=10 kHz, E5c=5 kV/cm). Fig. 4b) shows the domain

reads as wall contributions to the permittivity derived from

k180°

2,.90°
V2Psnpy
2Koge

90°

)

golAe
wherent3y, n2ly, Kigos, andkege denote the domain wall
concentrations and force constants for 180° and 90° domair I 500 ]
walls, respectively, an® is the magnitude of the spontane- 2 8004
ous polarization. The different numerical factors in these for- °S
mulas reflect the different geometries. ,E

Using these equations and the domain wall densities ex: E 600+
tracted from the domain configurations calculated during &j
hysteresis simulations, the domain wall contributions to the

permittivity were calculated. The resulting contributions for 4001

three different temperatures are depicted in FigA8.was 300

normalized with the spontaneous polarizat®yto eliminate 200 et
the dependence oR from the calculated permittivity. A -300-250-200-150-100-50 0 50 100 150 200 250 300
direct comparison of Monte-Carlo simulation data to experi- Electric Field [kV/cm] —
mental data is difficult due to the small simulation volume. 700 -

Thus, only qualitative properties of the simulated depen- ig?gﬁ

dence could be compared with experiment. It was further 600 —— 473K

assumed thakgg-=kig0-=1. In reality, the force constants 5004

for 180° and 90° domain wall motion will surely be differ-
ent. However, only few estimates of these constants have
been published in the literature. Furthermore, to study the 4
qualitative behavior, an assumption like the one made above
appears to be valid. A drawback of the simulation approach 200
used was that no temperature dependence of the spontaneo
polarization was taken into account during the simulation.
However, while the magnitude of the spontaneous polariza- 0
tion decreases with increasing temperature, the magnitude c T T T T T T T T T T T T T T
the force constants decreases. By inspection of Hgsand '300'250'200'150'100,'50 ,0 50 100 150200 250 300
(2) it becomes apparent that these changes will partially can: Electric Field [kV/cm]—

cel each other, so that the overall qualitative behavior is WG, 4. (@) Relative permittivity of a 200-nm-thick 30/70 PZT thin filnf (

proximately preserved. =1Hz, foc=10kHz, Epc=5 kV/cm). (b) Domain wall contributions to
Figure 4a) displays the relative permittivity of a 30/70 the permittivity.

8
e
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Fig. 4@ by assuming that in the point of saturati@re., at a

maximal applied fiellall domain walls are driven out of the —a—175x10% 1/MCS
sample and the intrinsic contributions dominate. With in- —o— 125 % 107 1/MCS
cireasmg temperature th.e maxima are shifted towa_rdfthe 625 % 107 L/MCS
=0 axis, while the maxima increase at the same time. The 5
same trend can clearly be seen in Fig. 3, which shows the™v—3.125x 107 I/MCS
domain wall contributions of 180° and 90° walls to the per- ——2.08x 10° 1/MCS

0.67 IP [au]

mittivity derived from simulated domain wall densities. E[au]
The domain wall contributions to the permittivity dis- f —
played in Fig. 4b) do not show any temperature dependence -3 2 3

in the point of saturatioriby construction The relative per-
mittivity [see Fig. 4a)], however, still displays a temperature
dependence due, of course, partly to the increase of the in
trinsic permittivity as the phase transition temperature is ap-
proached. Figure 3, however, suggests that at higher tem
peratures, the permittivity at saturation is not completely due

to intrinsic contributions. Thus, the common practice to esti- 0.54
mate the intrinsic contributions of a ferroelectric at the point
of saturation might not be reliable for high temperatures. I 0.4
N vy
%; 03
B. Frequency dependence ]
The frequency dependence of the simulated domain wall 0.2
contributions is also fairly easily accessible with Monte- ;
Carlo simulations. The frequency dependence of the hyster 0.1-
esis curve was simulated by changing the number of Monte- J
Carlo steps/spin that were performed at each field 0.0-
incrementt* A result of such a frequency variation is shown
in Fig. 5a) for a 150x 150 lattice. The frequency is simply 3 2 -1 0 1 2 '
given by the reciprocal of the total simulation tirfia units Electric Field [a.u.] —

of MCS/spin. The highest frequency resulted for an equili-
bration time of 25 MCS/spin for each field increméot 160 ~ F'C: 5. (@ Frequency dependence of the simulated hysteresis cuives.
- . . . Resulting frequency dependence of the derived domain wall contributions to
total), the lowest for an equilibration time of 300 MCS/spin. e permitivity.
The calculated hysteresis curves exhibited the typical broad-

ening in field direction; that is, an increase in the coercive

field. The simulated frquency dependence is very similar te Unfortunately, the Monte-Carlo simulation technique
the one observed experimentally. Subsequently, the domajfses not allow the simulation of the dependence of the ca-
wall concentrations were derived from the calculated domai'%\acitance on the frequency of the small-signal excitation.

configurations, as previously described, and used to estimaig,e minute changes in domain wall configurations due to an
the domain wall contributions to the permittivity. The results

are displayed in Fig.®). As could be expected, the position
of the maxima was shifted outwards with increasing fre-

guency as a consequence of the increasing coercive field, bt 1200
at the same time the peak height also increased. 12004 1100

While there is abundant experimental data on the ac fre- 1 1000
guency dependence @-V curves(i.e., the small-signal 2 900
frequency dependenkevirtually no information on the fre- :E 9004 gmo

tivity can be found in literaturé® Figure 6 displays the per- 300 250

mittivity of a PZT 45/55 film measured for various gL 600-
frequencies of the slowly varying large sigritile measuring
ac excitation was kept constant at 100 kHz, 50 ) mVhe

guency effect of the slowly varying dc signal on the permit- ’é

PZT 45/55

1-mHz measurement was performed with a bridge, while all 300 :

the others were recorded using the lock-in amplifier tech- —o— 10Hz

nigue. The inset shows a close-up of the maxima. The ex 2000 1000 0.0

perimental data is in complete agreement with the simulation Fl . y )
ectric Field [kV/cm] —

results. For increasing frequency, the peak position was
shifted to higher fields, while the peak height increased Sigig. 6. s —E curves of a PZT 45/55 film measured at different frequencies
multaneously. of the dc bias. The inset displays a close-up of the maxima.
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ac signal with high frequency and small amplitude would beto domain wall contributions. The simulated frequency and
completely masked by the random nature of the simulatioriemperature dependence GV curves were also in good
process itself. It does, however, provide a clue as to the pogtualitative agreement with experiments performed on PZT
sible cause. It was demonstrated that the side-wise motion dfin films. Thus, this approach can be used successfully to
a domain wall proceeds by nucleation and lateral growth ofnodel the permittivity-field dependence of a ferroelectric.
kinks onto the existing wall in the used Monte-Carlo The simulation results also provided a natural explana-
model® The simulation of the switching process showedtion for the dependence of the small-signal capacitance on
that new nuclei are not created instantaneously but that thithe exciting small-signal’'s frequency. Since the motion of
process needsme Therefore, it appears plausible that the domain walls in the simulation proceeds by nucleation and
frequency dependence of the capacitance on the small-signgfowth of new nuclei onto an existing wall, the dependence
frequency is due to the nature of the nucleation process itseléf the small-signal capacitance on frequency might be due to
For low ac frequencies, new kinks can readily form ontothe time needed for new nucleation processes to occur,
existing domain walls, giving a large domain wall contribu- thereby limiting the domain wall contributions to the permit-
tion to the permittivity. As the ac frequency is increased, lesgivity at high frequencies.

time is available for the nucleation process and fewer kinks  Monte-Carlo simulations proved to be a viable tool to
are formed, entailing a decreased domain wall contributiordevelop further insight into the physics of ferroelectrics, and
to the permittivity. Thus, the capacitance decreases with infurther research to incorporate interface effects and piezo-
creasing ac frequency, as is observed experimentally. Thislectric contributions into the current model is underway.
model also explains why the frequency dependence is most
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