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Giant Permittivity in Epitaxial Ferroelectric Heterostructures
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A giant permittivity associated with the motion of domain walls is reported in epitaxial hetero-
structures having alternating layers of ferroelectric and nonferroelectric oxides. At low frequencies,
permittivities as high as 420000 are found. Real and imaginary parts of the dielectric constant show
large dispersion at high frequencies. In dc measurements, a nonlinear resistance is observed with
a well-defined threshold field correlated with the dc bias-field dependence of ac permittivities. We
interpret the observations as a result of the motion of a pinned domain wall lattice at low electric fields
and sliding-mode motion at high electric fields. [S0031-9007(96)00938-6]

PACS numbers: 77.84.Lf, 77.22.Ch, 77.55.+f, 77.80.Dj

Under epitaxial strain, a single crystal ferroelectric thinof the deposition process have been reported previously
film has an equilibrium structure with a periodic array of [L0]. We have studied in detail three superlattices of
domain walls [1,2]. Theoretical [3—6] and experimentalPbTiO;/Pb;_,La, TiO; with periodicities of 10 nm
[1,2,7] studies show that, in ferroelectric thin films, (sample S-40), 40 nm (sample S-10), and 200 nm (sample
the formation of a periodic domain pattern limits the S-2). In each superlattice, the PbLiéndPb;—,La,TiO3
extension of the interfacial strain field—thus minimizing layers had equal thicknesses, and the total thickness was
the total energy of the heterostructure. This is in contras#00 nm. The first and last layers deposited were PRTIO
to an unclamped single crystal system, for which a singl@ndPb,_,La,TiO; respectively.
domain is the equilibrium state. It is found that the X-ray diffraction, pole figure, and ion channeling exper-
nature of the domain pattern depends very strongly on thenents were performed to determine the epitaxial quality
epitaxial mismatch, the film thickness, and measuremertf the superlattice. Secondary ion mass spectroscopy was
temperature. utilized to examine the compositional modulation. An in-

In a system without defects, we would expect a do-+erdigital gold electrode pattern with 50 fingers was de-
main wall to move freely under an external driving force posited by using photolithography on the sample surface
in the host material in the continuum limit. In a domain for impedance measurements. Each finger @&g.m
wall lattice, this property is expected to lead to low en-wide and 2 mm long, and the oppositely biased neighbor-
ergy excitation modes, called dyadons, corresponding ting fingers were spaced center to cente5SByum.
the acoustic waves in the domain wall lattice [5]. Arigid The #-26 x-ray diffraction patterns of the samples S-2
translation of the domain wall lattice can take place with-and S-10 show the coexistenceabéndc domains as ex-
out having an energy barrier. However, the nucleation opected for the ferroelectric state. With decreasing period,
a domain wall, the presence of defects, including dislocathe spontaneous strains become smaller consistent with
tions, surface steps, compositional variation, etc., can leaithe earlier observations [1]. The sample S-40 exhibits
to the pinning of the domain walls. For an external fielda single peak, providing evidence that the superlattice is
below a certain threshold field, the domain walls can osparaelectric for a period of 10 nm. The broad widths for
cillate in the pinned state and its motion is bound. Abovethe peaks of S-10 and S-2 suggest that different ferroelec-
the threshold field, the domain wall lattice can slide conric layers in the superlattices have different spontaneous
tinuously to contribute to the dc conductivity, by creat- strain values depending on their locations. This would
ing domain walls at one electrode and annihilating at théead to a distribution of parameters for the equilibrium
other. The phenomenon is reminiscent of the Frohlickand dynamical states. Since the ferroelectric superlattices
sliding-mode conductivity in charge-density waves [8],show qualitatively similar behaviors, in this Letter only
and phase-slip resistivity in Josephson junctions in supetthe data for S-10 are presented and discussed in detail.
conductors [9]. Figure 1(a) shows a d&-V curve taken at room tem-

In this Letter, we demonstrate experimentally thatperature for the sample S-10. This figure shows highly
these effects yield giant dielectric permittivity in epitaxial nonlinear resistance with a well defined threshold volt-
ferroelectric heterostructures. ageVr of about 5 V. Well above the threshold voltage,

Epitaxial ferroelectric PbTi@ and paraelectric the data show Ohmic behavior. The measured dc current
Pb;-,La,TiO3 thin films with x = 0.28 were grown shown in Fig. 1is the time and space averaged current over
on [100]-oriented single-crystal SrTisubstrates using the electrodes. Possible current oscillations due to wall-
metal-organic chemical vapor deposition. The detailsantiwall creation [11] shall be the subject of a future study.
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FIG. 1. (a) The dc/-V curve at room temperature for S . .
the sample S-10. (b) An electronic circuit analog of thef!G: 2. (@) The measured real (solid line) and imaginary
superlattice system. (dotted line) parts of the dielectric constant for the sample

S-10 atV,. = 0 V as a function of frequency on a logarithimic
scale. (b) The calculated real (solid line) and imaginary (dotted

. C . ine) parts of the dielectric constant . = 0 V as a function
Figure 1(b) shows an electronic circuit analog used in th f frequency as a logarithmic scale.

analysis of the system response as described below. The
result of the dielectric constant measurements as a func-
tion of frequency is shown in Fig. 2(a) in semi-log scaleresponse of the superlattice under an electric field is ob-
for the sample S-10. The real pd#’) of the dielectric tained easily from an electronic circuit analog as shown
constant (solid line) for S-10 has giant values approachin Fig. 1(b). In this circuit diagramR represents the
ing 420 000, and Debye-like frequency dispersion [12]. Atresistance for the screening current flow between the
high frequenciesg’ approaches the paraelectric-phase di-electrodes and the domain walls; is the capacitance
electric constant of about 750. As would be expectéd, associated with the polarization due to domain wall mo-
for the sample S-40 is about 750, and has no significartion, andC; is the capacitance of the superlattice in the
frequency dependence in the frequency range of 300 Hzabsence of domain walls. From the impedance measure-
1 MHz. Figure 2(a) also shows the imaginary parf)  ments of the sample, the circuit parameter<;, andC,
of the dielectric constant (dotted line) for S-10. For sam-can be determined. The dielectric constants are obtained
ple S-10, a broad peak fef' is observed in the frequency from the capacitance values by using the approximate for-
range corresponding to the largest dispersiong:for mula of Shiosakiet al.[13]. The expression fo€, can
Figures 3(a) and 4(a) show the measured variations afasily be obtained by following the procedure given ear-
¢ and &’, respectively, as a function of applied dc biaslier [13] by substitution of the appropriate parameters for
at three different ac signal frequencies of 0.5, 10, andhe sample S-10 and the interdigitated electrode pattern.
50 kHz. The excitation ac signal amplitude was kept at To determineC;, we start with the equation of a rigid-
0.01 V for all the frequencies used. The values of bdth body motion for a domain wall lattice in a sinusoidal
ande” are suppressed very strongly at high dc bias fieldspotential. The equation of motion is given by
The most rapid variations in the dielectric constants take dsmeLh . 2
place at or close to the threshold voltage observed in mi + yx + 4= sin~~x — LhP,E = 0. 1)
Fig. 1(a). Even though bots' and&” are monotonically A A
decreasing for most of the frequencies used, we notth Eg. (1), m and v are the mass and the intrinsic
a complicated variation ire” as a function of dc bias damping parameters, respectivelyis the center-of-mass
voltage at low frequencies. coordinate for a domain wall lattice [11}, is the domain
We propose a model based on the rigid-body motion ofvall pinning energy per unit area, aidand h are the
a domain wall lattice to explain the observations describedhteral dimensions of a domain wallA is the period of
above. This model reduces the motion to a single-particléhe pinning potential, anfl, is the value of the permanent
type in a sinusoidal washboard potential [8,11]. Thepolarization. E is the effective average field driving
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FIG. 3. (a) The measured for S-10 as a function of applied dc bias at three different ac signal frequencies of 0.5 kHz (solid
dc bias at three different ac signal frequencies of 0.5 kHz (solidine), 10 kHz (dot-dashed line), and 50 kHz (dotted line). (b)
line), 10 kHz (dot-dashed line), and 50 kHz (dotted line). (b)The calculateds” as a function of applied dc bias at three

The calculateds’ as a function of applied dc bias at three different ac signal frequencies of 0.5 kHz (solid line), 10 kHz
different ac signal frequencies of 0.5 kHz (solid line), 10 kHz (dot-dashed line), and 50 kHz (dotted line).
(dot-dashed line), and 50 kHz (dotted line).

fi17w forv <V
-
&l = 1 + M2w? (5)

B el forv > V.,

the motion determined by taking into account the field
distribution on the superlattice [14] due to electrodes. It
is expected thaE is proportional to the applied voltagé l + 7w

between the fingers, with some proportionality conséant wherer = RC; is the relaxation time for the polarization
In Eq. (1), the first and second terms can be ignored, sinC@narge associated with the domain wall motien, =
they will be important only at microwave frequencies. ¢, /C, is the dielectric constant due to domain walls, and
The current due to domain wall motion is givenby ¢, = (,/C, is the dielectric constant in the absence of
dx dx dE domain walls. We define the zero-frequency dielectric

Ir= PSLZ - PSLE dr (@) constant atVge = 0V as ;g = Cjo/Cy. Note that the

In the presence of both an ac signal and a dc bia®/y. domain wall contribution is purely capacitive for voltages

(With Ve << Vq.), the capacitanc€; can be expressed as below V; and purely resistive abovET.. At thrgshold
voltageVr 7 becomes very large, leading to a divergence

C, = Ci(1 = V3. /vH~ 12, (3)  within the approximation made above. This behavior
also leads to a divergent dielectric behavior aas— 0.
where Vy = 2mrey/APsa and Cig = LAP,/27wVy. We

h is the threshold vol dis th However, intrinsic damping and a distribution iy
note thatVy is the threshold voltage and'y Is the 4 65 would eliminate this divergence in real samples.
capacitance due to domain wall motionigt = 0 V.

Th I Hivity s d ined b leulati A distribution in values ofV; is expected since a large
e complex permittivity is determined Dy calculating y,o)yme js sampled during the measurement. Figure 1(a)
the total admittance of the equivalent circuit shown

ts this idea by showi ding at the threshold
in Fig. 1(b) and dividing bywCo. Here, w is the .npPors IS ideaby Showing arounding at tne thresho

ltage.
angular frequency for the applied ac signal angdis the voliage

) . o X We calculates’ and e’ as a function ofw and V4. by
capacitance of the interdigital electrode pattern in Vacuu”\]sing Egs. (4) and (5) with an assumption of a Gaussian
Cy is equal t03.6 X 10713 F for the electrode pattern '

p " , distribution for the values o¥r. In Fig. 2(b), the solid
used. &' and¢" are determined to be line and the dotted line show the calculatedand &”,
, g1 + & + arie? forv < v respectively, as a function of frequency for the sample
€ = 1 + 72w? ! (4)  s-10 atVy. = 0 V. We obtain good agreement with the
€2 forv > v: measurements shown in Fig. 2(a) for the parameter values
and of €10 = 150000, &, = 800, and R = 140 Q). In the
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Gaussian distribution, the values used were 5 and 2 ‘these material systems should open up some new device
for the average thresholdr, and its standard deviation, applications.
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wheregg is the vacuum permittivity. We calculate as

41 = 16 um by usinge;y = 150000, Vo = 5V, and

value of P, = 0.51 C/m2 for the polarization obtained *To whom all correspondence should be addressed.
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