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Splitting between the field-cooled dielectric constant and the zero-field-cooled dielectric constant
was observed for a diluted system of LiTa@anoparticles(diameter~30 A) embedded in
amorphous Si@. At the applied field frequency of 100 kHz, the real part of the field-cooled
dielectric constant diverged from that of the zero-field-cooled ore3®0 °C. The bifurcation point

of the history-dependent dielectric constant rose freB10 to ~540 °C upon increasing the field
frequency from 10 to 1000 kHz. Bulk LiTaowders showed no splitting in the history-dependent
dielectric constant and the maximum at 645 °C in the real part of the dielectric constant, despite the
variation of frequency. Both the splitting of the history-dependent dielectric constant and the
frequency dependence of the bifurcation point suggest that the LiTeDoparticles with a
single-domain structure were in the superparaelectric state as a consequence of insignificant
cooperative interactions among the nanoparticles in the diluted system. The energy ba@e® of

eV separating two £ p and —p) polarization states corroborated the potential of the LiglaO
nanoparticle for ultrahigh-density recording media applications.2@4 American Institute of
Physics. [DOI: 10.1063/1.1715147

Properties of nanominiaturized ferroelectric materialspowders remained at 615 °C. A rise f, with increasing is
are of fundamental and technological intere$tEfforts to  similar to that reported for dipolar glassésand is an indi-
understand the physical properties of nanoparticles havgation of slow relaxation processes that characterize the
been paralleled by attempts to exploit their beneficial propglassy behaviol?
erties. Nanoparticles with a long-lived remanent polarization  Ferroelectric nanoparticles smaller than the ferroelectric
are promising for development of low-power and nonvolatilegomain size have a single-domain structth& In addition,
memory devices that can be in operation above room teMpere s no long-range ferroelectric order in a diluted system
perature. _ _ of the nanoparticles. All energies as a function of polariza-
We have reported that the maximum temperature in o for nanoparticles with insignificant cooperative interac-
real part of temperature-dependent complex dielectric congong gepend on their size, thus, the energy barrier separating
stantsTy(¢') of BaTiO; (BTO), SrBaTa0, (SBTO), and  ,itermative polarization states-( and — p) of the nanopar-
LiTaO; (LTO) nanoparticles embedded in amorphous ;SiO yioja gecreases as the size decreases, and the polarization

were 60, 180, and 365 ‘;C_:l,orespectively, at the applied fieldaie of the nanoparticle becomes unstable against thermal
frequency(f) of 100 kHz.™"The ferroelectric—paraelectric agitation. As a consequence of random distribution of the

tr_?gsmon (tjemperaturfga(ss)lgf thz %ljrlg %TO’ SBTtO.’ almdF Folarization direction of individual nanoparticles, the system
» powcers were ' » an » FESPECUVElY. FOl5 in the superparaelectric state beloly and exhibits

BTO, SBTO, LTO, theTr, values were lower than thé, paraelectriclike behavior above,,. The dipole moment of

values by 70, 130, and 280 °C, respectively. The nanominiaéach nanoparticle disappearsTat and the system reaches
turization of the ferroelectric materials brought about larger. P PP 2 Y

) L ~lintrinsi raelectri 510 1 dil ms of ferro-
lowering of the characteristic temperature for the materlaf trinsic: paraelectric state diluted systems of ferro

with higherT,. With the increase of from 10 to 1000 kHz, e!ectrlc nanopa-rtlcles, the Ipcal ordenng. is due to electric
. . . . dipoles. The spin representing a magnetic moment of mag-
the maximum temperature in the imaginary part

temperature-dependent complex dielectric consTae") netic _spin glasses tl_Jrns into a pseudospin representing the
for the diluted system of LTO nanoparticles rose from 285 toelectrlc moment of dipolar glasses. Here, we treat the dielec-

420°C1° Despite the variation of T,(s") of the bulk LTO tric c.onst'ant mstgad of magnetic suscept|pll|ty, othervylse,
the situation for diluted systems of ferroelectric nanopatrticles
is similar to that for magnetic spin glasses. A spin glass is

¥Electronic mail: kohiki@che.kyutech.ac.jp ; ; ;
: : -ac. modeled as a system of interacting superparamagnetic
YPermanent address: Advanced Semiconductor Research Center, National Y 9 Perp 9

Institute of Advanced Industrial Science and Technology, TsukubaParticles.” The shift of T, W_'th f for superpara_magnets IS
Ibaraki 305-8569, Japan. much larger than that for spin glassés:or the diluted sys-
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FIG. 1. Synchrotron radiation x-ray diffraction pattern of the diluted system ‘ iameter (A)

of LTO nanoparticles embedded in the amorphous, Si@trix.

FIG. 2. Arepresentative TEM image of the LTO nanoparticles dispersed in
the matrix. Inset: Particle size distribution deduced from the image of 600

tem of LTO nanoparticles, the relative variation Bf, per | gqg a2 region.

decade off, (AT,,/Ty)/A(log;of )=~0.1, indicates that the
system was in the superparaelectric state. . cled? H by the dark in th
It is well known that the response of the glassy system tg LTO nanoparticles. As shown by the dark spots in the

an external field depends on the history of the system. Sp _right—fielq image Of. Fig. 2, thg particles were distributed
cifically, if the system has been cooled in an external field,randomly in the matrix. The particles are well separated and

the corresponding field-cooledFC) dielectric constant no aggregation occurred. The average size of the_ particles
erc(T) will differ from the zero-field-cooled(ZFC) one was~§0 A as shobw<n boy t_hed|_nset of F'gh 2. The partchTs are
e7ec(T), which is observed after cooling the sample in zeromonodisperse wit =5% in diameter. The LiK energy-loss

field. As the temperature lowersg(T) andez:c(T) curves spectrum 'and Tal and M x-ray spectra measured by the
diverge from each other at the bifurcation poirt,f). TEM con_flrmed_ that the _darl_< spots correspond to the LTO
e7ec(T) then deviates belowr(T), and shows a maximum nanoparticles dlspe_rsed in S0 .

at T, corresponding to the freezing temperature of the glass In °“?'er to confirm the gla§sy nature of the d!uted LTO
system. An Arrhenius-type behavior of relaxation times pro- an,opgrt,!cles, we examined history depen?encg ¢r,T)
duces a slowing-down of the motions of the dipole moment, ® tle”at temgperaturei from 200 to 7.50 C witff from
even abovel,,. A shift of Ty; with f is a clear indication of 10 to :I:OOO kHZ? Since the vo]tagg applied to a sample 0.5
the glassy nature of dipolar glasses. Splitting betweef™M thick was 10 V, the pr.oblng fielé,, was 0.2 kV:{EI;TSI,
ero(T) and e,.((T) has been observed in many glassysr_naller than the coercive fiel. (160 kV/cm) (/)f LTO. ,'
systems! However, there has been no report on the splitting':'gure 3 shows Ehe temperature dependencg-gndezec

of £.o(T) ande+(T), nor on the frequency dependence of from _200 to 600 °C at of 10, 50, 100, 500, and 1000 kH_z of
Tyir for the diluted ferroelectric nanoparticles. For a dilutedthe diluted system of LTO nanoparticles embedded in the

system of LTO nanoparticles#~30 A), we confirmed both SI02 Matrix. The splitting betweeng ande ¢ has indeed
splitting betweenso(T) andseo(T) and a rise off; with been obsc,)erved at_eacfh Similar to wha_t we h'c_lve a_tlready
increasingf. reported.® the matrix showed gradually increasiagwith T
Since the spontaneous polarization of LTO crystals is so
large (50 uClcnt),***°the LTO nanoparticle is promising for
ultrahigh-density memory device applications. For fabrica-
tion of the diluted system of LTO nanoparticles, we used the
mesopores of the MCM-41 molecular sié¥as a growth
template of the nanoparticles. The MCM-41 was soaked in
0.01 mol/l absolute ethanol solution of lithium chloride and
tantalum chloride, and then calcined at 850 °C. The concen-
tration of LTO determined by energy-dispersive x-ray analy-
sis was approximately 0.8 mol %. We found barely an indi-
cation of the formation of LTO nanoparticles, even in the
x-ray diffraction measurement using synchrotron radiation
(A=0.636 A) at the BL15XU of SPring-8, Japan. A smeared
and rather broad hump was observed at the diffraction angle 200 300 400 500 600
(26~9.75°) corresponding to the LTQ012 reflection Temperature (°C)
(JCPDS No. 29-0836 as shown in Fig. 1. However, it is
hard to manifest the formation of nanoparticles since theFIG. 3. Temperature dependence of history-dependent dielectric constant
hump is buried in an intense background due to the diffuséom 200 to 600 °C at of 10 (M), 50 (L), 100(A), 500(0O), and 1000 kHz
scattering of amorphous SjOThe signal-to-noise ratio was (@) of the diluted system of LTO nanppam;les embedded’m the r’natrlx. At
. .eachf, upper and lower arms of the bifurcation correspondggande 7¢¢,
almost equal to or less than 2. A transmission electron Mirespectively. The dotted line for eathepresents background irf (T) due

croscopg TEM) was used to examine directly the formation to ionic conduction increasing with.
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‘ @) 457 °C, respectively. By usin@,, as T; in the equationT
=U/kgIn(U/rof ), with 70=1x10"1251%1° we obtained
theU/kg values of approximately 0.908, 0.885, 0.883, 0.878,
. . and 0.869 eV at of 10, 50, 100, 500, and 1000 kHz, respec-
() tively. The rise inT lessened the Gibbs free energy density of
‘ the nanopatrticle, however, thé/kg value of ~0.9 eV im-
plies that the dielectric stability of the LTO nanoparticle is
(© sufficient for nonvolatile memory devices to be in operation
above room temperature.
‘ For the diluted system of LTO nanoparticles embedded
in Si0,, we have observed the splitting betweek. and
e7rc below T, of the bulk LiTaG and the rise off; with
increasing’. Such frequency dependence confirms the super-
FIG. 4. Background subtracted and normalizgg (upper am and e~ Paraelectric nature of the LTO nanoparticles dispersed in the
(lower arm at around the bifurcation point of the LTO nanoparticle§at ~ matrix. The dielectric stability sufficient for potential
10_ (@), 100 (b), and 1000(c) kHz. Arrows correspond to the bifurcation ferroelectric-memory applications was observed for the LTO
points. nanoparticle.

(normalized)
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