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Dynamic nonlinear dielectric response of relaxor ferroelectric
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The dynamic nonlinear dielectric response of relaxor ferroelectric (RNIp503) g 65 (PBTIO;)( 30 thin
films was qualitatively analyzed. The dielectric response of epitaxial thin-film heterostructures deposited on
Lagy sS1h sC00;/(001)MgO was measured as a function of the amplitude of the ac drive. In thin films, the
temperature and frequency dependences of dynamic linear, third-order nonlinear and scaled third-order non-
linear, dielectric permittivities £, ,e5,a3) were reconstructed from the measured dielectric response of the
heterostructures. The behavior of, 3, anda; was in qualitative and quantitative agreement with that
experimentally observed in single-crystal relaxor ferroelectrics. The peaksande s, and the increase iaz
with decreasing temperature below that of the dielectric maximum corresponded to the recent modeling and
could indicate a glassy state in the films.
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The high potential of relaxor ferroelectri¢RFE) for ap-  temperaturd; .>6A steep increase iB with decreasing tem-
plications in modern microdevices has stimulated studies gperature below that of the dielectric maximum has been ex-
RFE in thin-film form. However, the superb performance ofperimentally observed in single-crystal Pbjijb,;05.°
single-crystal RFE has not been reproduced in RFE thin-filnPeaks iny5 aroundT; and the frequency dispersion gf at
heterostructures.in part, this can be ascribed to the influ- low temperatures have been found in bulk RFEin agree-
ence of interface layers, i.e., thin, low-permittivity dielectric ment with modeling. The experimental observatioffs®
layers near film-electrode interface®esides this factor, in suggest the glassy state in bulk RFE.

RFE thin films, relatively low processing temperatures and The purpose of this paper is to identify the RFE state in
growth strains can result in distortion of the relaxor statePMNT thin films by analyzing the dynamic nonlinear re-

itself (e.g., due to a reduced degree of chemical orderingSPOnse of the films. To study experimentally the dynamic
strain-induced onset of long-range ferroelectric order).etc. "onlinear response of ceramic or single-crystal bulk RFE, the

Thus the peculiarities of the relaxor state in thin films be-'€@l and imaginary parts of the first and third harmonics of
come of special interest the dielectric permittivity and/or of polarization are usually

: : . i measured as a function df and f using an ac field with
of CR):rEr?;(E?\zstul\tljzlofg|()3Iect2|;§_|[1igrar;al|ez:|>r|:/l?\|p_||_t)a>r<]§sl f:lgjs amplitudeE, that should be small enough to probe the true
vealed that tygi/gal ?gatfjr()éggof bulk R%*’é can be preserved ir:fFE state:®?In thin films, due to the interface contribution,
thin films. In PMNT films, deviation from Curie-Weiss be- either polarization, dielectric permittivity, nor actual electric

havior. the Vael-Fulch lationship. t i luti field can be determined directly from those measured in the
avior, the V@el-ruicher relationsnip, temperaturé evolulion oo gstrycturd319Thus the methods used for studies of the
of the glasslike local order parameter, and temperature ev

Fielectric nonlinearities in bulk RFE cannot be applied to
lution of the relaxation time spectrum have been found to b PP

. o LA hin films.
essentially similar to those in single-crystal PMNT. How-q n ms

: : As shown recently;* the real part of the dielectric per-
ever, according to the latest modeling of RFE,the key mittivity of the film, e;, and actual electric field across the

characteristics of the relaxor state can be obtained by analyﬁ—Im E, can be reconstructed from the correspondifg
ing the dynamic nonlinear dielectric response of RFE. b

. . 8 andE,, in the heterostructure using a trivial model of a series
In particular, the dynamic spherical random-bond— h g

random-field SRBRP modef predicts frequency-dependent connection of film and interface layer.

peaks in the third-order dynamic nonlinear susceptibility

x3(T) and in the scaled third-order nonlinear susceptibility 1 1 1 L
x5(F) x5 (3F ) x1(f )3, wherey, is the dynamic linear sus- er en en @
ceptibility, T is the temperature, arfds the frequency of the
sinusoidal oscillating electric fielE. Here y, and y; are
defined in terms of the expansion of polarizatien P EfsEh<l—ﬂ). 2
=(x1E+x3E3+- ). x1 andy; are the real parts of, and i

X3. respectively. Earlier, in the phenomenological maode!,

coefficient 8 analogous to the scaled third-order nonlinearHere &;, characterizes the interface contributiorg;,
susceptibility was introduced. A freezing transition into a=(g;/d;)d;, whereeg; andd; are the dielectric permittivity
glasslike state can be indicated by a peak in the scaled thirégnd thickness of the interface layer, ahds the thickness of
order nonlinear susceptibility and/or gharound the freezing the film (d¢>d;). Here ¢;,, can be evaluated as;,

n
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FIG. 1. Dielectric response of Pt/PMNT/§.s5r, C0o0;/MgO
heterostructure. The real part of the dielectric permittivity of the
heterostructuregy,: (a, b as a function of temperaturé mea-
sured(a) at frequencies =3, 10, and 30 kHz from the upper curve
down and using the amplitude of the applied ac fiel,=4
X 10* V/m, and measuretb) at f=10 kHz andE,=0.4, 1, and 2
X 10° V/m from the lower curve up(c) as a function of amplitude
of applied ac fieldE,, measured aT =310 K andf=0.5, 2, 10,
and 50 kHz from the upper curve dowstraight solid lines show
the linear fite,cEy,). Arrows show direction of increasinfgor E,, .

=gmn/ @, wheree,,, is the maximum ine,(T) and « is a
fitting parameter, 0.7 «<0.993
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FIG. 2. Reconstructed dielectric response of the PMNT thin
film. (a) The real part of the dielectric permittivity of the filna;,
as a function of the square of the amplitudg)¢, of the ac field
seen by the film determined &t=310 K andf=0.5, 1, 3, 10, 30,
and 100 kHz from the upper curve down. Solid lines show the
linear fitse; (E;)?. (b)—(d) The frequency dependence (& dy-

The nonlinear dielectric response of RFE thin films can be,amic linear dielectric permittivity, , (c) dynamic third-order non-

studied by measuring, as a function of the amplitude of the
applied ac field at differerftandT. The field dependence of
g+ can be reconstructed using E¢b). and(2). Following the

linear dielectric permittivitys 3, and(c) scaled third-order nonlinear
dielectric permittivity a; extracted from the linear fits ;o (E¢)?
in (a).

phenomenological approach, the RFE behavior of the film

should be indicated by a square dependence;obn the
amplitude of the ac field seen by the filig;, i.e.,

4 83Ef2,

)

gi=¢eqt

whereeg, andej refer to the dynamic linear permittivity and
to the third-order dynamic nonlinear permittivity, respec-
tively, and bothe; ande5 depend on frequency and tempera-
ture. By the analogy to the scaled third-order nonlinear su
ceptibility of the SRBRF model, the coefficieat or scaled
dynamic third-order nonlinear dielectric permittivity can be
defined as

e3(f)

8= o (1) TPex(31) @

S_

where g1(f), £,1(3f), and e3(f) can be found from the
linear fits ofef(E]?) determined at different frequencies and
temperatures.

The proposed procedure was used for a qualitative analy-
sis of the dynamic nonlinear dielectric response of PMNT
films. Epitaxial heterostructures ¢001)-oriented thin(250
nm) films of PMNT with bottom Lg 5Sr sCoO; and top Pt
electrodes were deposited bysitu pulsed laser ablation on
MgO (001) single-crystal substrates. Details of the deposi-
tion and the epitaxial quality of the films can be found
elsewheré! Dielectric properties of the heterostructures
were studied as a function of amplitude of applied ac field,
En=10"~1C° V/m, in a range off=10°-1F Hz and T
=295-600 K, using an HP4284 IACR meter.

A typical behavior ofe,, directly measured in the hetero-
structures is represented in Fig. 1. The small-signéf,T)
exhibited[Fig. 1(a)] a broad peak around,,=425 K and a

132101-2



BRIEF REPORTS

(a)
t 4/
=
- 3///4
T=325K
0 20 40
12| ®)
k= /
u;- 8/
T=375K
0 4
 0l©
®
T=425K
0 0I1

(E,¥ (10°Vm®)

PHYSICAL REVIEW B 65 132101

B=6=p==h
o 100f ()
2
= 10t
8
e T
o 01 =
300 400
T(K)

FIG. 4. Temperature evolution of the dynamic nonlinear dielec-
tric response of the PMNT film(@) Linear dielectric permittivity
g1, (b) third-order nonlinear dielectric permittivitg;, and (c)

FIG. 3. Reconstructed dielectric response of the PMNT thingcaled third-order nonlinear dielectric permittivily as a function

film. The real part of the dielectric permittivity of the film,, as a
function of square of amplitudeE¢)?, of ac field seen by the film

determined af=1, 3, 10, and 30 kHz from upper curves down, at

temperaturesa) 325 K, (b) 375 K, and(c) 425 K.

relaxorlike frequency dispersion df, ande,,. (More de-
tails can be found in Ref. B. Increasing the amplitude of
the ac drive did not result in a noticeable increase: ip,

[Fig. 1(b)], in contrast to the observations in bulk PMNT

(Ref. 12 and in agreement with our recent estimatiohs.
Such a behavior ofe,,, can be understood from Eg.
(2): aroundT,,, the actualE; has a minimum, and an in-
crease irg, is accompanied by an increasedp and, con-
sequently, only a minor change B;. Respectively, weak
changes ire; and ey, are expected. The RFE-type shift of
T, to lower temperatures with increasifg, was, however,
preserved. The dependencesgfon E,, measured at a fixed
temperature below , [Fig. 1(c)] was neither a square nor
linear one, also in agreement with Ref. 10.

The actual dependence of on E; in the film was recon-
structed Fig. 2(a)] using the interface contributios,, evalu-
ated from the data in Fig.(4). A good linear fit of the ob-
tained dependence ef; on (E;)? was found that revealed
the validity of Eq.(3) for the films. From the linear fits of

of temperature determined &:0.5, 1, 3, 10, and 30 kH#rom the
upper curves down

hysteresis with respect 6, was detected fogy,. The cor-
responding reconstructed dependencespfon (E;)? re-
mained linear in a broad temperature rarigay. 3), which
made it possible to evaluatg, €5, andas using Eqs.(3)
and (4). The results are presented in Fig. 4.

Both £4(T) andes(T) exhibited a maximum below .
An increase ire; by almost three orders of magnitude with
decreasing below T, [Fig. 4(b)] was in agreement with the
behavior of xy; experimentally observed in single-crystal
PbMgysNb,,20; using another measurement technigtie.
Also a strong frequency dispersion ©f was in agreement
with that in x5 . The magnitude of ; was in agreement with
that in bulk RFE

Generally, the behavior of{(T) and e5(T) was in a
qualitative agreement with the SRBRF motlélowever, al-
though the exact positions of the maxima én(T) and
£5(T) could not be detected in the present set of measure-
ments, a somewhat higher temperature of the maximugn in
with respect to that ine; was in contrast to model
expectation$.In PMNT films, the previously fountiprox-
imity of T; to T,, and relatively small Curie constant could

e1(E?) determined at different frequencies, the frequency deresult from the compressive in-plane stress. It is not clear,

pendent coefficients,(f) ande;(f) were extractedFigs.
2(a) and 2b)]. The value ofe;(3f) was found from the
dependence of(f), and the scaled nonlinearitg; was
calculated Fig. 2(d)].

To study the temperature evolution of, 5, andas, ey,
was measured as a functionef at differentf and different

however, if the shift of the peak ia,(T) to higherT (by
analogy with the shift of Curie poipmight be attributed to
this stress.

An increase iraz with decreasing below T, [Fig. 4(c)]
was in qualitative agreement with the phenomenological
modeling and experimental observatidria single-crystal

fixed T. It should be noted that neither thermal hysteresis noPbMg;,sNb,,505. Also, the magnitude odi; corresponded to
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the magnitude oB in Ref. 5. The observed;(f,T) followed
the SRBRF modélin part of the obtained increase and fre-
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response of the films. In thin films, temperature and fre-
quency dependences of dynamic linear, third-order nonlinear

quency dispersion. Neither the expected consequent decreadied scaled third-order nonlinear dielectric permittivitigs

of ag with further decreasing nor the low-temperature in-
crease ofi; could be found(Assuming the position of maxi-
mum in g3 about 390 K, a loweml; could be expected at
temperatures from 350 to 240)K Since in the SRBRF
modef the shape of3(f,T) strongly depends on the prob-
ability distribution of relaxation times, such a discrepancy
can be attributed to the difference between the assumed di
tribution and the real one in PMNT films.

In summary, the RFE state of epitaxial PMNT thin films

g3, andas, respectively, were reconstructed from the dielec-
tric response of the thin-film heterostructures measured as a
function of the amplitude of the ac drive. The behavior of
e1, €3, andas was in qualitative and quantitative agreement
with that experimentally observed in single-crystal RFE. The
peaks ine,(T) and e3(T) and the increase ia3(T) with
decreasing below T, corresponded to the recent modeling
and could indicate the glassy state in PMNT films.
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