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Microscopic origin of polarity in quasiamorphous BaTiO3
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The recent observation of pyroelectricity in quasiamorphous thin films of Baifit®oduced a previously
unreported type of polar ionic solid where the appearance of a macroscopic dipole moment is not accompanied
by long-range crystal-like order. This poses a question regarding the mechanism of polarity in noncrystalline
ionic systems and the nature of their local dipoles. By combining x-ray diffraction and x-ray-absorption
fine-structure spectroscopy techniques we have identified the local dipoles as stable but distgytectd-iO
hedra. The magnitude of the off-center displacement of the Ti ion and the concomitant dipole moment in both
qguasiamorphouépolar and amorphougnonpolaj BaTiO; were found to be nearly twice as large as those in
bulk BaTiO;. We propose that the mechanism of macroscopic polarity in quasiamorphousBaTi@G weak
orientational ordering of the Ti©bonding units. In this view, one may expect that other amorphous ionic
oxides containing stable local bonding units, for example jBI@Og, or VOg, may also form noncrystalline
polar phases.
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It has been reported recentiynat amorphous BaTigthin  fectively function as dipoles, as well as the degree of their
films on Si(100 prepared by radio frequendfRF) magne-  ordering remain uncertain.
tron sputtering do not crystallize if pulled through a tempera-  Elucidating the microscopic origin of polarity in qua-
ture gradient. According to x-ray and electron diffraction Siamorphous BaTi@requires direct measurement of the lo-
these films remain noncrystalline below 700 °C, which is thec@l bonding geometry of the Ti atom. Therefore x-ray-
temperature that normally leads to rapid crystallization of2PSorption fine-structur€XAFS) spectroscopy was chosen
BaTiO;. These films nevertheless exhibit significét15 % 25 the most appropriate technique for this purpose. The
of bulk BaTiOy) pyroelectric and piezoelectric effects, indi- *AFS téchnique is sensitive to short-range order only and is
cating that the phase is polar. This noncrystalline but polafhus particularly valuable for structural determination when
phase was named quasiamorphous, in contrast to the a ng-range periodicity is absent. For BaBIOXAFS mea-

. . . . urements directly confirmed previous experiméfitgland
deposited amorphous phase that is neither pyroelectric NQheoretical® results that Ti atoms are displaced in f141]
piezoelectric and therefore nonpotérThis paper investi-

. o > e ~direction of the TiQ octahedral bonding units within a very
gates the nature of this surprising effect in disordered films,; ;e range of temperaturEsand grain size&® Similar be-

The origin of polarity in ionic solids is generally associ- pavior of the Nb[111] displacement in KNb@was demon-
ated with crystallinity* Nevertheless, quasiamorphous films gtrated by XAFS as a function of presstife.
with no crystallites at all are pyroelectric, whereas partially  For the current studies, 100—-180-nm-thick quasiamor-
crystallized films(amorphous matrix containing nanocrystal- phous BaTiQ films were prepared by pulling as-deposited
lites) are not. This agrees with the fact that nanocrystallineamorphous RF sputtered films through a temperature gradi-
BaTiO; with grains smaller than=30 nm is usually not ent with peak temperature of 600 °C. A compressive stress of
ferroelectrié-°with the exception of some special case¥  ¢=2.0-2.2 GPa developed in the films which were passed
This also implies that the quasiamorphous phase is not through the temperature gradient. The details of the experi-
transient state between the amorphous and the crystallimeental procedure are given in Ref. 1. For comparison, three
phases and that the origin of polarity in quasiamorphousther types of samples were measured as well: as-deposited
films remains to be determined. Polarity in quasiamorphousmorphous films; polycrystalline films prepared by annealing
films is particularly surprising because amorphous BglifO as-deposited films under isothermal conditions at 600 °C;
not expected to form a stable network of covalent balitds  and partially crystallized films(amorphous matrix with
>85% ionic®) and must be viewed as a dense random packelearly detectable nanocrystallijesThe presence of the
ing of hard spheredwhich is kinetically stabilized. It is thus nanocrystallites in the partially crystallized samples was de-
expected to be neither polar nor thermally stable. It has beetected by electron diffraction performed in the transmission
suggested that the steep temperature gradient employed delectron microscop€TEM Phillips CM-120. No indication
ing formation of the quasiamorphous films generates a graef crystallites as small as three to five unit cells was found in
dient of mechanical strain. The latter causes orientationathe quasiamorphous films either by electron diffrac{ibig.
ordering of hypothetical crystal motif¢the regions with  1(a)] or by using different x-ray-diffractiofiXRD) scanning
short-range order on the scale of one of two unit cells, i.e.protocols including 2 scans at fixed), and pole figure mea-
below the detection limit by TEMand, consequently, the surements. The XRD patterg-26 scans, Rigaku D-Max/B
macroscopic polarity of the quasiamorphous pHabw-  diffractometey of the quasiamorphous fiims and the as-
ever, the nature of these hypothetical crystal motifs that efdeposited films were indistinguishatleig. 1(b)]. Scanning
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FIG. 1. (Color onling (a) Electron-diffraction pattern of quasiamorphous BaFith) XRD patterns(6-26 scan$ of BaTiO; films: (i)
guasiamorphous, Sddentical to the as-deposited amorphpu#) partially crystallized sample containing nanocrystallites, @6); poly-
crystalline sample, S&c) SEM image(secondary electron mode, cross sedtioha 180-nm-thick quasiamorphous BaTEifim.

electron microscopy images of the amorphous and quaclose to that in CaTi@and rutile polymorph Ti@; thus the

siamorphous films appeared to be identical and did not revealbsolute value of energy for feature A must also be similar.
voids and/or crackfFig. 1(c)]. The patterns of both the poly- This permits direct superposition of our data with the data
crystalline and the partially crystallized films were consistenfrom Ref. 20(Fig. 3). Excellent agreement between our data
with those of cubidor tetragonal BaTiO,. The intensities of and TiVI) data, with respect to both the positions and
the diffraction peaks for the partially crystallized samplesheights of peak A, indicates that in all our samples, ordered
were significantly lower(Fig. 1) because part of the film @and disordered alike, the majority of Ti atoms are octahe-
remained in the amorphous phase. The discrimination pedrally coordinated. According to Fargesal,? it is difficult

tween cubic and tetragonal phases of Bai@s not pos- to discriminate, based on XANES measurements only, be-
sible due to grain-size related broadening of the peaks. ~Ween the homogeneous system ofV) octahedral units

Ti K-edge x-rav-absorotion spectra of the BaTitin 2nd @ heterogeneous system where a small fraction
films and o? the co);rse poF\)/vder rgference samplesa—of B@Tio(<20%) of f|_v efqld goqrdmated Ti may also be preséft.
However, this discrimination can be made with extended

and EuTiQ, with grain size of 1-1qum, were measured at x-ray-absorption fine-structure spectroscdBXAFS) data
g@gau?gm Skyﬁ]nchrotlilor:_ ngﬂ_ SbourcEdNSLﬁ], beam _Ilne EXAFS data and their Fourier transform magnitudes
~» at brooxhaven fNational Laboratory. 'he expen_mental(EXAFS radial distribution functions, or ERDRF’performed
detf';uls were s_|m|llglr to those used previously for the investiy, the k range between 2 and 7.5 Afor amorphous, qua-
gation of BaTiQ. _ siamorphous, and crystalline samples are shown in Faj. 4
According to the x-ray-absorption near-edge structureproximity of the Ba L3-edge5247 eV to the Ti K-edge
(XANES) data, two groups of samples can be distinguishedjimits our EXAFS analysis to a qualitative comparison of all
in excellent agreement with XRD daté) the crystalline- the data sets. The spectra of the as-deposited amorphous and
like, S6-S8[Fig. 2@)], the amorphous-like, S1-SEFig.  the quasiamorphous samples are very similar, which implies
2(b)]. For all the samples from the crystalline-like group, that the local environment of Tiion does not undergo de-
peak A (4967 eV}, shoulder B(4979 eV}, and the $4p  tectable changes during the transformation of the amorphous
resonance @4984 e\j are well pronounceflFig. 2@]. For  (nonpolaj phase into the quasiamorphai®lar phasd Fig.
the group S1-S5 only the peak A is pronoun¢€dy. 2(b)].  4(b)]. As expected, these spectra do not contain higher shell
XANES spectral features for different titanium oxide com- EXAFS contributiongFig. 4(a)], which are observed for the
pounds were investigated both experimentally and theoretierystal-like samples, confirming that the former samples are
cally, by Fargeset al?®-24 and Wu?® The feature A[Figs.  strongly disordered. Accordingly, the ERDF’s of these two
2(a)—2(c) insetq is located in the region corresponding to the groups of samples differ significantly in the regian
1s-3d transition. This transition is dipole forbidden in the >2.3 A, i.e., beyond the distances corresponding to the first
atom by theAL=1 selection rul€® In order to contribute nearest neighboi$ig. 4(b)]. However, ERDF’s in the region
significantly to XANES in this range of energies, the final r <2 A are very similar forall samplegFig. 4(b)] [note that
state of the photoelectron must have soplike character the ERDF’s in Fig. 4b) are not corrected for the photoelec-
in the solid, via hybridization between Tid3and O 2  tron phase shift and are therefore shifted to the left from the
orbitals2” This may occur only if the Ti atom is displaced true interatomic distances by0.7 A]. Sample to sample
away from the center of inversion symmets.g., off center deviations of the amplitude, peak position, and peak width
of the Ti(\VI)Og octahedron, TiV)O, tetrahedron, or for the first nearest-neighbor peak of the ERDF are within
[Ti(V)O] O, square pyramid Both the height and position 4%. This is possible only if the coordination number and the
of the pre-edge feature A are directly related to the degree dfistributions of distances between the titanium ion and the
p-d mixing,2%25 and therefore to the coordination geometry nearest-neighboring oxygen ions are the same in all samples.
and oxidation state of Ti. Farges al2® complied a table of Therefore both XANES and EXAFS clearly indicate that the
peak heights and positions of reference compounds with Tliocal bonding unit of Ti in amorphous-like and crystal-like
in tetrahedral, pyramidal, and octahedral coordination. Thesamples is octahedral and identical to that in reference
octahedral environment of Ti in our reference BaJi®very  BaTiOs.
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FIG. 2. (Color online XANES spectra of crystalline-likéa) and amorphous-likéb) samples(c) shows the superimposed spectra for the
as-deposited amorphous, the quasiamorphous, and the polycrystalline single phase films. The data for bgiknBa €&ample of EuTi9
are given for comparison. Insets: the area of feature A is proportional to the square of the Ti atom off-center displacement and therefore to
the strength of local dipole moment.

In this view one can interpret the intensity of feature A of 10Fggg————————————T——————— .
XANES spectra as a measure of the displacement of the 7 DE
ion from the center of the TiQoctahedron. For polycrystal- _5
line perovskites, the off-center displacemen(static and/or § [4]
dynamig of the Ti atom is related to the are® under the ) (] g0
corresponding peak in thes:Bd transition regiort®2° 38 o B
v § | © [5]
A=gd (1) 3 0.5 oo -
. o . 2 ® amorphous . r-Tio,
wherei denotes a specific perovskite system gndire ex- = ! & \
perimentally measured constants for various perovskites o A qua.S|-amorph01.Js De v
(Ygario,=11.2 VIR, yey1i0,=13.6 eVIB), and dero, N v partially crystallized o [G]D‘ o
=0.103 A at 300 K. The strength of the local dipole moment E € crystalline _ l:_l__—":'
is proportional tod; and can be directly related to the arga 5 % bulk BaTiO3 a-Tio; —|:| CaTi
under this XANES peak. Centrosymmetric perovskites suct Z 0.0 49'70 49'71 3

as EuTiQ also have a small peak in the energy region cor-
responding to the €3d transitiort”-?°due to vibrational dis-
order within the TiQ octahedra. Prior to calculating the av- kG, 3. (Color onling Superposition of the intensity and posi-
erage Ti atom displacemeftq. (1)] in BaTiO; samples, the  tion of XANES feature Axi) The domaing[4], [5], and[6]: hollow
peak area for EuTiQwas subtracted in order to correct for squaresfor four-, five-, and sixfold coordinated Ti in different ref-
thermal motion. Remarkably, the values of the Ti displace-erence compound@s in Ref. 20, aligned in absolute energgii)
ment in all samples exceeded that in bulk Baji@hered Data for all samples and bulk BaTiOThe data were aligned with
=0.23 A (Table ). It is also noteworthy that the sample S8, data reported in Ref. 20 using bulk BaTi®r calibration.

Energy (eV)
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FIG. 4. (Color onling k?>-weightedy(k) EXAFS data(a) and the EXAFS radial distribution functiotis) of amorphous, quasiamorphous,
crystalline, and bulk BaTi@samples. The arrows if@) indicate high-frequency spectral components in both crystalline Bada@ples due
to the second- and higher-order nearest neighbors around Ti.

which is the most crystalline according to XRD, showed thedreds or thousandd.Taking into account that the magnitude
smallest value ofl, i.e., the closest to the reference BaTiO of the local dipole momentproportional to the off-center
This agrees well with earlier data on other XANES featuresdisplacement of Ti in Ti@octahedrain the quasiamorphous
and XRD spectra of fine-crystalline BaTi®?1° phase is nearly twice as large as that in bulk BaT#ndd
One of the key results from our experimental data is thagssuming that the dipole contribution to the pyroelectric ef-
the XANES and EXAFS spectra of as-deposited amorphoutect is proportional to the dipole moment, our estimates show
and quasiamorphous samples are nearly identical with regattiat the alignment of just 5% of the local dipoles in the
to their local bonding environmehfig. 4(b)], which implies  quasiamorphous phase will be sufficient to produce a pyro-
that no nucleation has taken place. This finding complementslectric effect of the experimentally observed magnitude
those of ED, XRD, and Ref. 1 that no detectable long-rang¢5-15% of bulk BaTiQ (Ref. 1)]. The latter estimate was
or medium-range structural changes occur during the pullingonfirmed experimentally by performing polarized XANES
of the films through the temperature gradient. Preservation aheasurements in quasiamorphous films oriented at different
the local bonding unit in amorphous BaTi(Qrovides a angles with respect to the incident synchrotron x-ray beam.
simple explanation for the fact that according to the differ-The anisotropy in Ti atom displacements as measured in the
ential scanning calorimetry d&faRF sputtered amorphous plane of the film and in the perpendicular direction was
BaTiO; has a very low crystallization enthalpy,(7-9 kJ/  found to be less than 5%.
mole. The titanium ion creates one of the strongest effective Our results provide insight into the origin of polarity in
electric fields due to its small radius and large effectivequasiamorphous BaTifilms. It is caused by(i) the exis-
charget® This implies that most of the electrostatic binding tence of large off-center displacements of the Ti atoms within
energy in BaTiQ originates from Ti-O bonding. Once the relatively stable Ti@ local bonding units, andi) their par-
TiOg bonding unit is assembled the enthalpy of crystalliza-tial alignment. In crystalline BaTiQall TiOg octahedra are
tion is strongly reduced. Nearly complete preservation of theconnected via the apices, and the off-center displacement of
Ti local bonding unit is also observed in amorphdgkasses  the Ti ion is a result of a long-range correlation mediated by
and in crystalline fresnoite®a, TiGe,0g and BaTiSi,0g),?>  a lattice vibration(soft phonon modge In the absence of this
where Ti is tetrahedral and there is pyramidal coordinatiorinteraction, Ti ions generally reside in the center of the oc-
(i.e., off-centrosymmetric tahedra, a tendency that is observed in a large variety of
Remarkably, the dielectric constant shows only a modercompounds containingTiOg] local bonding units. Only a
ate increaséfrom 9 to 30 during the transformation of the very minor fraction of these compounds is pdaf.This is
amorphous phase into the quasiamorphous’chiee latter in perfect agreement with a number of theoretical w&rR3
value is significantly lower than that in crystalline BaEjO and with the fact that BaTi@ grains with size below
where the magnitude of the dielectric constant reaches hur=30 nm are generally not poff8-1with the exception of

TABLE I. Ti atom off-center displacementsas obtained by XANES.

Amorphous like Crystal like
Amorphous Quasiamorphous Partially crystallized Crystalline
(nonpolay (polan (nonpolay (ferroelectrig
XRD characteristics Without peaks Without peaks Weak diffraction peaks Strong diffraction peaks
Sample ID S1 S2 S3 S4 S5 S6 S7 S8 bulk
d, A (+0.01 A 045 043 0.43 0.44 0.44 0.37 0.39 0.33 0.23
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some special casés!? This is also confirmed by the fact crystal, where polar molecule@igid polar unit3 have a

that the partially crystallized films are not polar, whereas theveak orientational order but lack translational order. One
quasiamorphous films are. In the absence of long-rangshould note that the macroscopic polarization of the qua-
translational order, the origin of the off-center Ti displace-siamorphous films may in fact be strongly enhanced by the
ment is likely to be in the asymmetry of the local octahedraliarge in-plane compressive stress, similar to the case of
environment and therefore is different from that operating instress-induced polarization in crystalline piezoelectrics.
crystalline BaTiQ. In disordered films, both amorpho(&s-  However, the influence of the strain gradient and the influ-
depositesiand quasiamorphoupulled through the tempera- gnce of the macroscopic stress cannot be separated here be-
ture gradient such asymmetry may be caused by SOmeayse in-plane compressive stress is a necessary condition
neighboring octahedra being connected via edges and facqgy the existence of the quasiamorphous state. Finally, the
and some via apices. Therefore the two types of films argpqye findings suggest that under similar conditions other
structurally indistinguishablfFig. 4b)], and the magnitudes oncrystalline polar phases containing stable local bonding

of their Ti** off-center displacements are the same. Howeven,its for example TiQ TiOg, NbO,;, NbOs, VOg, may also
in the amorphougnonpolay films the displacement direc- gyict. ’ ’ ’ ’

tions are not correlated between neighboring octahedra. In
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the electric field resulting from the flexoelectric efféct. DOE. The members of the group from the Weizmann Insti-

Therefore, despite the structural similarity with the amor-tute wish to acknowledge the Israel Science Foundation and
phous films, the quasiamorphous films are polar and can beS-Israel Binational Science Foundation for funding this
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