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Coexistence of ferroelectric and relaxor properties in epitaxial films of Bg,Sr,TiO5
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Dielectric response of epitaxial thin films of perovskite;B&r,TiO3,x=0, 0.2, 0.6, was experimentally
studied as a function of temperature, frequency, and amplitude of ac electric field. Decrease of temperatures of
dielectric maximaT,, with respect to those in bulk, Curie-Weiss behavior abdyg and ferroelectriclike
behavior aroundr,,, were found to coexist with relaxorlike behavior bel@y,. The results are discussed in
terms of the frustrated transition between two ferroelectric phases in the films.
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Barium titanate BaTiQis known to be a perovskite ferro- existence of such nanodomains has been experimentally evi-
electric undergoing a cubic-to-tetragonal structural phaselenced using the high-resolution near-field and confocal
transition at the Curie temperatuff. The ferroelectric ~scanning optical microscopi:* Existence of nanodomains,
transition is generally considered to be the first-orderor polar nanoregions, has been suggested to explain the pe-
displacive type. Respectively, the phase diagram of BaTiOculiarities of the Raman spectra @a, SHTiO3 thin films,
can be described in the frame of the phenomenologicaﬂOO-ZO The absence of the low-temperature structural phase
Landau-Ginzburg-Devonshire thedryHowever, the first transitions has been found in BaTi@ms.?! Both the frus-
principles calculatiorfshave shown that although the typi- tration of the structural transitions and the existence of polar
cally assumed potentigkixth-order expansion in polariza- nanoregions are features typical for relaxors rather than for
tion) can properly reproduce the behavior of the system, iferroelectrics. Based on the recent findings(Ba, SHTiO;
requires a nontrivial temperature dependence for all the cdilms and doped BaTi©ceramics, it would be possible to
efficients in the expansion. Simultaneously, recent NMRexpect a coexistence of ferroelectric and relaxor features in
studie$ and Raman scattering studidsave experimentally the dielectric behavior ofBa, S)TiOj; films. An experimen-
evidenced the coexistence of the displacive character of thi@l evidence of such a coexistence is presented here.

TO soft mode with the order-disorder dynamics of Tiions, in  Epitaxial heterostructures of 400 nm thick Bg&r, TiO3
agreement with the earlier detected disorder in Bafi@  (BSTO) films, withx=0, 0.2, and 0.6, were grown by pulsed
model combining the order-disorder and displacive featuretaser deposition on MgQ001) single-crystal substrates
of the phase transition in BaTiis currently under using 250 nm thick layers of lgaSr, sCoO; (LSCO) as a
development. bottom electrode. The room-temperature x-ray diffrac-

A crossover from ferroelectric to relaxor behavior hastion analysis showed that BSTO films were pseudocubic
been observed in doped BaTi©@eramics with the substitu- perovskite, with(001) planes parallel to thg001) sub-
tion beyond a certain levét? High-pressure Raman studies strate surface, and with an in-plane epitaxial relationship
of such ceramicshave revealed the features typical for fer- BSTQ100]||LSCO[100]|MgO[100]. The out-of-plane lattice
roelectrics rather than for a model relaxgsuch as parameters were 4.007, 3.986, and 3.945 Axfe0, 0.2, and
PbMg;sNb,503), indicating a kind of possible coexistence 0.6, respectively. The dielectric response of the heterostruc-
of ferroelectric and relaxor properties. Despite the lack of thdures with Pt top electrodes was measured as a function of
proper model of BaTiQ such a coexistence of ferroelectric temperaturel =100-650 K, frequency=10>-10° Hz, and
and relaxor behavior might be supposedly related to the coamplitude of the probing ac electric field,.=(0.25-50
existence of order-disorder and displacive features inx10° V/m using an HP4824A CR meter.

BaTiOs. In heterostructures, the real part of the small-signal di-

In the last years, thin films of BaTiOand (Ba,S)TiO;  electric permittivitye’(f,T) exhibited broad, frequency de-
have been under intensive studies due to their potentigdendent peakfFigs. Xa) and Xb)]. The temperatures§,, of
for various applications in microelectronics. The Landau-maxima in &’ were lower than those of the cubic-to-
Ginzburg-Devonshire-type approach has been used to calctetragonal transition€T ) in BSTO ceramic® and depended
late the temperature-strain phase diagrams for epitaxian frequency. In BaTi@ heterostructure, besides the main
(Ba, SHTiO; films'®?4and to analyze the dielectric proper- higher-temperature peak ia’, another lower-temperature
ties of the films!3-15 Although the predicted diagrams can peak was preseniFig. 1(a)]. Although less expressed, a
satisfactorily explain the most of the experimental observasimilar lower-temperature peak ik’ was detected in
tions, some unusual features have been detected, too. In p&8a, ¢S, ,TiO5 [Fig. 1(b)]. Respectively, two peaks were
ticular, indications of a non-Debye dielectric relaxation havepresent in tard [Figs. Xa) and Xb)]. The lower-temperature
been found in ferroelectric thin films of BgSr, sTiO3.1°* A peaks in tars in BaTiO; and Ba gSr, ,TiO5 [Figs. Xa) and
model considering a distribution of the domain sizes at thel(b)] and a peak in taf in Bay ,Sip ¢TiO5 [Fig. 1(c)] exhib-
nanometer scale and, respectively, a distribution of the relaxited relaxorlike shifts of maxima towards high&rwith in-
ation times, has been propos€dn (Ba,S)TiOj; films, the  creasing frequency.
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Straight lines show linear fits.
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whereT;, fg, andT, are the parameters. Fgr0, 0.2, and
0.6, respectively, the freezing temperatufesvere 170, 130,
0.05 and 145 K. Foix=0.6, possible overlapping of two peaks in
¢” could prevent correct estimation @f, and result in a
nonmonotonic dependence ©f on X.

The validity of the Vogel-Fulcher relationshiig. 1(c)]
could indicate the relaxor nature of the dielectric response of
BSTO films atT<T,, At higher temperature€T >T,,), the
analysis of the temperature dependence of the inverse dielec-
tric permittivity 1/¢’ revealed the Curie-Weiss behavior
=c/(T-0), wherec is the Curie constant arf@ is the Curie
temperaturégFig. 2). In BSTO heterostructures, the relatively
small c=(1.0-1.3 X 10° K and the Curie-Weiss behavior
just 30-50 K above,, were in contrast to the observations
in typical relaxor$* and agreed with those in normal ferro-
electrics.

Further analysis of such a coexistence of both ferroelec-
triclike and relaxorlike behavior was based on the difference
in the dynamic nonlinear dielectric responses of normal fer-
roelectrics and relaxors. In normal ferroelectrics at the am-

=0.5-100 kHz from the uppeior lowen curves down(or up) for pIituQe of ac elec_tric fieldE,¢ bglow th_e coercive field, th(_a
&' (or loss factoy. The temperatur@c of the corresponding ceram- ryonhnear dlelectrlc. response is do.mmated by the contribu-
ics is shown by dashed linesl) Relationship between the tempera- 110N fr(?m .the dOmaln Wall motion witl’ « (E,o.%° In relax-
ture T, (see text and the frequency in thin-film heterostructures ~ OrS, with increasing,. in the range below a certain thresh-
of Ba,,SKTiOs Straight lines show fits to the Vogel-Fulcher old, the permittivitys’ increases followings’ o (E,)?, and
relationship. the temperature3,, shift to lower T.?6 In BSTO thin-film
heterostructures, the dielectric nonlinearity was studied using

In ferroelectric thin-film heterostructures, the presence Oboth C00|ing at diﬁerenEaC and VaryingEaC at differentT.
the film-electrode interfaces can resulkih which is smaller With increasing amplitudd,, from 2.5x 10 V/m to 5
than that of the bulk prototyp®. Respectively, the peak in x 10° \//m, a strong increase i/ around and below,, was
&'(T) may broaden. Also a frequency dispersioretfin the  opserved[Figs. 3a)-3(c)]. The temperatured,, shifted to
whole range ofl can be connected with the presence of suchower T by more than 50 KFig. 3]. The Vogel-Fulcher re-
an interface® However, the peculiar behavior of BSTO thin- lationship betweeri and positiond/, of the low-temperature
film heterostructuregFigs. Xa)-1(c)] cannot be explained peaks ine” was preserved, indicating relaxorlike behavior.
by the interface contribution solely. For example, an inter-Also a decrease ifi; was detected, in agreement with that in
face related frequency dispersionsdfwould be similar both  relaxors at largéE, .26 Applying biasing dc electric fieldEg
above and belowl,, in contrast to the observatiofiBigs.  =5x 10 V/m resulted in a decrease of and disappearance
1(a-1(c)]. of the frequency dispersiofdashed lines in Fig.)3

To clarify the nature of the dielectric relaxation in BSTO  |n BaTiO;, film exhibiting the most pronounced separation
films, the imaginary part of the dielectric permittivity between the two peaks iV, the dependence af on E,.
g"(f, T)=¢'(f,T) tans(f,T) was analyzed. For the lower- was analyzed in more detalffig. 4). AroundT=T,, changes
temperature peaks ef (f,T), a frequency dependence of the in ¢’ were minor. AtT few degrees below,,, the permittiv-
positionsT,, of maxima ing” was found to satisfy the Vogel- ity &’ increased with increasing,, tending to saturation at
Fulcher relationship[Fig. 1(d)]: f=feexd-Ta/(T,,;-Ty)l,  high E,. The initial part ofs'(E,) could be satisfactorily
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FIG. 1. (a—(c) The real part of the dielectric permittiviy’ and
loss factor tard as a function of temperaturé and frequencyf
measured in Ba,SrTiO5 thin-film heterostructures on cooling.
Amplitude of ac electric fieldE,=2.5x 10* V/m. Frequencyf
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FIG. 3. The real part of the dielectric permittivigy as a func-
tion of temperaturel measured in Ba,Sr,TiO3 thin-film hetero-
structures on cooling at frequenéy 1 kHz and at the amplitude of
ac electric fieldE, (@) 0.025-3 MV/m,(b) 0.025-2.5 MV/m, and
(c) 0.025-1.75 MV/m(from the lower curves up as shown by ar-
rows). Dashed curves correspond Eg.=2.5x 10* V/m and bias-
ing dc electric fieldEg=5 MV/m. Open symbols iria) correspond
to the measurements performed at fixed temperdfuaad varying
the amplitudeE,.

fitted by a linear dependeneé=¢/ +aE,, where the coef-
ficient « was about 1% 10° m/V, close to that of 7.5
X 10°° m/V in ferroelectric PZT filmg’ Such a dielectric
nonlinearity could be considered as a ferroelectriclike TAt
much belowT,, with increasingE,. to about 3x 1¢f V/m,
the permittivity ¢’ followed a square Iaw:’zspﬁ(Eagz,
where the coefficienB was about & 1071° m?/V?, compa-
rable with that in relaxor films af <T,,?8 In the recon-
structed response of the filndetails in Ref. 23 with the
interface contributiong;,,=100-5000, both the linear and

€ (10°)
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FIG. 4. The real part of the dielectric permittivig/ as a func-
tion of amplitude of ac electric fiel&,. measured in BaTi@thin-
film heterostructure at frequency=1 kHz and temperaturél
=338 K (triangleg and T=145 K (circles. Solid lines show linear
fit &’ «E,c and square fit’ < (E,)?, respectively.
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the square field dependencies were preserved, with the coef-
ficients « and 8 changing by factor 2-10.

On cooling from highT, the films could undergo paraelec-
tric to ferroelectric transition, as evidenced by the Curie-
Weiss behavior, lack of frequency dispersionTat T, and
linear field dependence ef aroundT,, The relatively small
Curie constant and validity of the Curie-Weiss law even
close toT,, were different from the behavior of typical relax-
ors. The temperaturél,, were lower thanT¢ in ceramics, in
contrast to the temperature-strain phase diagrams predicted
for both epitaxial monodomairiBa, SHTiO5 films!0:11.13.14
and polydomain BaTi@films.1? According to the mentioned
diagrams afl < T, a structural transition between two polar
phases is possible. However, the corresponding peak i
expected to be rather smidland cannot explain the observed
Ty The shift of T, to lower temperatures with respectTg
could be connected with the influence of the depolarization
field*®3%and surface effects:30

The low-temperaturéat T<T,,) dielectric response of the
BSTO films exhibited relaxorlike features, that could be in-
duced due to disrupted Ti-O bondFhe presence of oxygen
vacancies might be one of the contributing factdrRespec-
tively, a corresponding increase of the unit-cell voldfrend
a high-temperature diffuse dielectric anonfdlyvould be
present. None of them was detected in the studied BSTO
films. Moreover, an oxygen vacancy related mechanism can-
not explain the observed temperature evolution from the fer-
roelectriclike to relaxorlike behavior.

The temperature-strain phase diagrams of epitaxial BSTO
films accounting for both the displacive and order-disorder
features would, probably, explain the origin of the relaxorlike
behavior. Meanwhile neither such diagrams, nor a proper
model for BaTiQ are developed. However qualitatively, the
observed relaxorlike behavior could be ascribed to the frus-
trated transition between two ferroelectric phases in the
films. In particular, the position of the lower-temperature
peak of tans(f, T) in BaTiO; [Fig. 1(a)] was close to that of
280 K, corresponding to the tetragonal-orthorhombic transi-
tion in the crystal BaTi@??> On cooling in pseudocubic
(100) oriented epitaxial films, the 5-10 nm long ch&iref
tetragonal phase with the direction of polarization along

[100] and[100] (and/or[00] and[OOT]) crystal directions
could remain stable and coexist with the chains of ortho-
rhombic phase with the direction of polarization aldfg.0]

and[010] crystal directions resulting in an ensemble of ran-
domly distributed polar clusters with the relaxorlike dielec-
tric response. Such a mechanism of onset of relaxorlike be-
havior in BaTiQ, and (Ba,SyTiO5 films is different from
that suggested for relaxor behavior in doped BaliO
ceramics™®

In summary, the dielectric response of epitaxial thin films
of perovskite Ba,Sr,TiO5,x=0, 0.2, 0.6, was studied as a
function of temperature, frequency, and amplitude of ac elec-
tric field. Decrease of temperatures of dielectric maxifpa
with respect to those in bulk, Curie-Weiss behavior above
T.» and ferroelectriclike behavior arourig, were found to
coexist with relaxorlike behavior below,, The observed
relaxorlike behavior could be ascribed to the frustrated tran-
sition between two ferroelectric phases in the films.
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