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Glass-forming liquid kinetics manifested in a KTN: Cu crystal
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The relaxation processes in pure and copper-doped potassium tantalate (Kdidétevere investigated by
dielectric spectroscopy over a wide frequency and temperature range. In the copper-doped KTN above the
ferroelectric phase transition temperature, a relaxation process was observed to behave according to the Vogel-
Fulcher-Tammann model. This process was not observed in the pure KTN crystal. Following the Adam-Gibbs
theory of glass-forming liquids, this behavior was attributed to a cooperative rearrangement of dipolar clusters
that are formed by off-center niobium ions around the copper impurity ions. This interpretation was substan-
tiated by the observed difference in the configurational entropy between Cu-doped KTN and pure KTN crystals
derived from differential scanning calorimetry measurements.
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The natg(e of the gla_ss state and the mechanism of the 7= 19 eXd Eyer/ke(T = Tyep) 1, (2)
glass transition are considered one of the “deepest and most ) ) )
interesting unsolved problems in solid state thedry”. whereEyer is the VFT energd! and Tyr is the ideal glass

The material systems in which glass-forming kinetics{ransition temperaturévogel temperatuneat which the re-
were observed require supercooling below the melting point@xation time becomes infinite. It is regarded as the charac-
where the relaxation processes of the supercooled liquid afg"istic temperature of the dynamic glass transitioH. The
much slower than the cooling rate. This leads eventually t@refactorr, here is not identical ta of Egs.(1). As pro-
the glassy transition where the material is frozen in an amorP0s€d by Adam and G'bb%(AG)*_'” glass-forming liquids
phous rather than crystalline state. Glass-forming phenomen4scous flow occurs by cooperative rearrangements of clus-
have been observed and investigated in a variety of liuidsers of particles. Each cluster is supposed to be acting inde-
We henceforth present glass-forming kinetics manifested ipéndently of other similar clusters in the system, but it is
the cooperative behavior of copper impurities embedded in #5Sumed that the minimum size of such an independent clus-
potassium tantalate niobat§TN) crystal. ter is temperature dependent. This leads to

KTN crystals(KTa;_Nb,O5) are ferroelectric perovskites -
that display both displacive-like and order-disorder-like ™= 70 XHATS), @
propertiesi-6 It was found that forx>0.2 the ferroelectric where A is a constant andS. is the configurational
phase transition is first order occurring Bt=682+33.2 entropy. If S, goes to zero at a finite temperatuf@.e.,
(Ref. 7. It was also found that at the ferroelectric phaseS.=a[(T—Ty)/T], where T, is the Kauzmann temperature
transition the crystal structure is transformed from cubic torepresenting the minimum in configurational entropy of the
tetragonal. Further cooling incurs two additional structuralsystem under investigatip@ the VFT equation is obtained
transitions: tetragonal to orthorhombic and orthorhombic towith Tyer=T,. Hence VFT relaxation is an indication of
rhombohedral. Copper-doped KTN crystals have been glass-forming behavior. It has been observed in different ma-
shown to exhibit a strong photorefractive effédh particu- terial system&!°and was also observed in relaxor ferroelec-
lar it was shown that at the paraelectric phase of KTN:Curics, such as potassium lithium tantalate and lead scandium
the photorefractive gratings are voltage controfledaking tantalate 314
this material a suitable medium for electroholographic In this paper we present results of the investigation of the
applications’ dielectric relaxation in pure and copper-doped KTN crystals.

For several decades dielectric spectroscopy methods wekle shall focus in particular on a relaxation process that oc-
found to be an effective tool for the study of relaxation pro-curs exclusively in the copper-doped KTN at the paraelectric
cesses in glass-forming liquid®.In general, the relaxation phase. Two KTN crystals were investigated by both dielec-
time of the simplest relaxation process incurred by the trantric spectroscopy and differential scanning calorimetry
sition between two states separated by an energy bé&isr (DSC). The crystals were grown by us using the top-seeded
given by the Arrhenius law solution growth method® The Ta/Nb ratio in both crystals

was estimated by electron microprobe analysis and was

7= 70 eXpEa/ksT), @ tound to be appro&imately 62/38 pgr mole. Th)é first crystal
wherekg is the Boltzman constant, is the temperature, and (crystal No. 3 was doped with copper. The doping level was
7o is a prefactor corresponding to the minimum lifetime of 2% in the flux yielding approximately 156104 per mole in
the process at the high-temperature limit. The temperaturthe grown crystal. The second crystatystal No. 3 was a
dependence of the relaxation times of glass-forming systempgure KTN crystal. Samples of>X11x 2 mm?® were cut from
was found to deviate from the Arrhenius behavior and tothe grown bole along the crystallograpHi@01] axes. The
follow the Vogel-Fulcher-Tamman(VFT) equation x-y faces of the samplegerpendicular to the growth direc-
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FIG. 1. The dielectric permittivity measured at 12 Hz; crys- «
e‘aw\'e\

tal No. 1(Cu-doped KTN; A, crystal No. 2(pure KTN). The ferro- 10 s 2 er®
electric phase transition is at 295.6 K for both crystals, whereas the

second structural phase transition is at 235 K for crystal No. 2, FIG. 2. The dielectric losse§im(¢")] of crystal No. 1
compared to 291.1 K for crystal No. 1. (Cu-doped KTN.

tion z) were polished and coated with gold electrodes. Sepaghe Arrhenius curve(l) with an activation energy of

rate samples from the same bole were prepared without elegA=0 94+0.01 eV and the high-temperature limit of the re-

trodes for DSC measurements. . laxation time 7§=1.7+0.4X107%s. At the high-
The complex dielectric permittivity £ (w)=¢'(w)  temperatures region processwas found to be correlated

-ie"(w) was measured in the frequency range ofwith well-pronounced dc conductivity. The dc conductivity
102-10° Hz and the temperature interval 133—-473 K. Thegy was found to follow Arrhenius behavior—namely,

estimated accuracy in temperature stabilization is better thag=g, exp-E,/ksT), with an activation energy of
0.1 K and in the range of frequencies measured the error iE(,=0.910.01 eV and the high-temperature limit of conduc-
tan(d) of the dielectric values is less than"tQRef. 16. The tivity 0o=42+7 s m. The fact that both process and the
crystals were cooled from 297 K to 190 K with a tempera-dc conductivity are Arrhenius in form with similar activation
ture step of 4 K. In the region of the phase transition,energies suggests that both processes originate from the same
292-297 K, the temperature step was reduced to 0.5 K. Rghysical mechanism. Since the Nb-O bond is covalent in
heating from 190 K to 440 K was done with a step of 5 K. nature with bond energy of 12.10 gRef. 18, the dc con-
As before, in the region of the ferroelectric phase transitiorductivity is most likely provided by electron mobility. An
the step was reduced to 0.5 K. For the DSC measuremenigiditional procesgrocessB) that transcends through all the
the cooling and heating rates were 5 K/min in an intervalthree phase transitions and was found to be non-Arrhenius
ranging from 373 K to 220 K. was observed in crystal No. 1 and was not observed in crys-
The dielectric permittivity(e) of both samples, measured tal No. 2. The dynamic features of procdssan be extracted
at 12 Hz, is presented in Fig. 1. The three structurafrom the temperature dependence of relaxation tirfieob-
phase transitions typical to KTNRef. 7) are apparent in tained as inverse value of characteristic frequefgyn the
both crystals. In particular, in crystal No. 1 the ferroelectricsame manner as for procesgsee Fig. 3. Note first that the
(cubic-to-tetragonal transition occurs at 295.6 K, whereas three phase transitions are evident in the relaxation time pic-
the tetragonal-to-orthorhombic and orthorhombic-to-ture (see also Fig. Jl and each delineates a change in its
rhombohedral transitions occur at 291.1 K and 230 K,pbehavior. In the high-temperature range, down to 354 K, pro-
respectively. cessB exhibits an Arrhenius behavior with the activation
The three-dimensional landscape of the dielectric lossegnergy EE=0.37+0.01 eV andr§=2.8+0.9x 107%?s. At
as a function of temperature and frequency of crystal No. 1 i, =354 K proces® changes its behavior to a VFT process
presented in Fig. 2. The complex dielectric response of crysin which 78 is given by Eq.(2) with VFT temperature
tal No. 1 can be described in terms of a number of distributed’, ;=228 K andE,r=0.02 eV.
dynamic processes separated by different frequency and tem- Following the onset of the ferroelectric phase transition
perature ranges. In the paraelectric phase, above 295.6 KB decreases until it reaches a minimum at 264 K, exhibiting
there is a thermally activated procggsocessA) starting in - a small cusp at the secondetragonal-to-orthorhombjc
the low frequencies at the phase transition and shifting tophase transition. Upon further cooling® increases until it
wards higher frequencies as the temperature increasesaches a maximum at the thiforthorhombic to rhombohe-
The quantitative nature of procegs was established by dral) transition at 230 K.
examining the temperature dependence 7df, obtained As process3 was observed only in crystal No.(see Fig.
as the inverse value of the characteristic frequefighT) 4 it must be attributed to the presence of the Cu impurities
along the crest representing proceésin the ¢'(T,f)  embedded at random in the KTN crystal. The Arrhenius na-
landscapé’/ Quantitative examination of the temperatureture of the process at elevated temperature above 354 K in-
dependence of-* for processA revealed that it follows dicates normal relaxation of the independent @ums. These
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FIG. 3. The relaxation tim¢rg) versus inverse temperature for 250 260 270 260 290 300 310 320
processB in the paralectric phase of crystal No. 1. The symbols Temperature [K]

correspond to the experimental data, the solid line represents the

Arrhenius law(1), and the dash-dotted line represents the VFT law ~ FIG. 5. The entropy as a function of temperature for crystals No.
Q). 1 and No. 2, as they pass through the ferroelectric phase transition.

The difference is attributed to the contribution made to configura-
tional entropy by the presence of Cu ions in the crystal lattice.
ions are significantly smaller than the' site in which they

I’eSide.(The radii of the Ctiand the K are given by 0.71 A AG model. Adop“ng the formalism of AqRef 13 the

and 1.53 A, respectivelyThe CU ions can therefore hop minimum cluster sizez is related to the rate of relaxation
between the eight symmetrical minima of their potentialp(T z) by

well. Indeed, the energy of activation BE=0.37 eV corre-

sponds to activation energies for the hopping of transition Ap

metal ion impurities in KTa@ (Ref. 19. P(T,2) « exp(— Zﬁ) (4)
As pointed out above, the VFT relaxation that occurs here B

as the crystal is cooled down towards the phase transition igg pointed out above, the Kauzmann temperafyrand the
characteristic to glass-forming liquids. According to the AG nemical potential . can be equated t@yer and Eyer,
theory, this behavior originates from the cooperative rearespectively.

rangement of some clusters. It is well established that in | ot ys define the VFT region of proceBsas the tempera-
KTN at the paraelectric phase the Nkons are displaced ture region spanned between the temperature at wi¢H)
from the center of inversion of the unit célThese displace- deviates from the Arrhenius model—namely=354 K and

ments form a dipolar cluster with a correlation length thatthe ferroelectric phase transition temperatiiie295.6 K.
increases as the system is cooled towards the ferroelectqfitting the VFT model to the experimental results ot in

phase transition. We propose that the cooperative relaxatiofq /e region yields =228 andA 2 =0.02 eV. Identifying
that is observed af <354 K is produced by the interaction i, temperature at which® deviates from the Arrhenius

between such dipolar clusters that are formed around thg,gqe| with the onset of cooperativity yields a minimum
relaxing CU ions and act as the rearranging clusters in they ster size given by

-
10°1 A z=——=28. (5)
a Ty — Tk
] N This coincides well with an estimation of the minimum size
@, N of the dipolar cluster formed around the nearest-neighbor
"o %, s Nb°* ion given by
& [Nb*]1=[0.3¢ L ~ 2.63.
AMAAAAMA M "ooo% ) At elevated temperaturdd > 354 K), the NB* ions hop at
10° et random between equivalent minima of their potential within
0 16.1 ' 1(')1 ' 1‘03 ' 155 ' 167 their site in the unit cell. As the phase transition is ap-
Frequency [Hz] proached these ions form a dipolar cluster around th& Cu

ions that are randomly distributed far apart from each other.
FIG. 4. A comparison of the dielectric losses measured atfhese clusters are at first with a minimum size containing
T=250 K: A, crystal No. 1(KTN doped with Cu iong O, crystal  only the NB* ions that are closest to the Cion. As the
No. 2 (pure KTN). phase transition is approached further, the crystal softens and
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the cluster size around the Cion grows accordingly. These
are the rearranging clusters of the AG theory.

PHYSICAL REVIEW B0, 132104(2004)

At the onset of the ferroelectric phase transition th€ Cu
ions are frozen and no longer constitute the seed of the re-

An independent assessment of the validity of the AG in-laxation process. In this respect the ferroelectric phase tran-

terpretation to the Cuinduced relaxation(processB) was

sition “quenches” the glass-forming liquid.

provided by direct estimation of the configurational entropy. Below the phase transition the dipolar clusters surround-
The latter was derived from DSC measurements in thdnd the NB* ions merge to yield the spontaneous polariza-

vicinity of the ferroelectric phase transition. It is well known

tion of the (now ferroelectrig crystal, and due to the strong

that the configurational entropy can be evaluated from th&'ystal field, the off-center potential minima of the ‘Qons

heat capacitance of the crystal by the integral

In T,
S(AT) :f [Cp(In T) — Cp(base ling]d(In T), (6)

In Ty
whereT, is the onset and, is the completion of the phase
transition, andCp(base ling is the extrapolated base line
heat capacitance in the temperature intef¢dlhe results for
the pure KTN crystalNo. 2) and the copper-doped KTN
crystal (No. 1) are presented in Fig. 5. The resulting differ-
ence was found to bAS=0.79x 1073 J g 1. Normalized to
the Cu ion content we have per Cu iohS;,=2.068

are no longer symmetrical.

Thus, in conclusion one may summarize the physical pic-
ture of the relaxation dynamics in KTN crystal doped with
Cu ions in the following way: In the paraelectric phase as the
ferroelectric phase transition is approached, thé*Nbns
form dipolar clusters around the randomly distributed® Cu
impurity ions. The interaction between these clusters gives
rise to a cooperative behavior according to the AG theory of
glass-forming liquids. At the ferroelectric phase transition
the cooperative relaxation of the Cions is effectively “fro-
zen.”
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