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Nonlinear electrostriction in the mixed ferroelectric KTa;_,Nb,O;
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The dielectric resonance previously reported in the paraelectric phase of the mixed ferroelectric
KTa; _,Nb,O; is studied quantitatively. A theoretical model is developed that incorporates a field-induced
electrostrictive coupling mediated by polar nanoregions appearing above the transition, and their orientational
relaxation. Theoretical expressions for the dielectric dispersion and absorption are calculated, fitted to the
experimental data, and values are obtained for the electrostriction coefficient and the relaxation time of the
polar regions. Starting approximateb K above the transition, and upon repetitive excitation, a remarkable
growth in the resonance is observed, ending in a singular behavior where the resonance splits into two very
sharp spikes. This observation is described in the framework of the model as a nonlinear electrostrictive effect.
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I. INTRODUCTION KTN exhibit field-induced dielectric resonances above the
transition? These, in KTN, are the subject of the present

Mixed ferroelectrics have been the focus of much fundafaper. 10-12 ] o
mental and applied research for several years. These are AS is well known;"™*“a coupling between polarization
highly polarizable systems in which one of the lattice sites in@nd strain can give rise to dielectric resonances in crystals,

the unit cell is occupied by either one of two different atomic he frequency of which is determined by the mechanical
species, which, in addition, can be displacedf centey modes of vibrations of a particular sample. In a recent study,

from the normal site. If displaced, the unit cell produces a€ Showed that the dielectric resonance observed in'K&.T
dipolar field around it and, because of the strong polarizabilfjue o an electrostrictive coupling between polarization and

ity of the lattice, surrounding host cells can also be polarizedstraln mediated by the polar nanoregions that appear well

above the transition. In that study, we calculated the dielec-

The combined effects of several off-center ions eventuallxric dispersion and absorption, incorporating  this

leads to the formation of polar nanoregions that can Considsg|arization-strain coupling. Based on experimental mea-
erably modify the physical properties of mixed ferroelectric g rements and theoretical calculations, we showed that, as
crystals, making them attractive for a variety of applicationsipe | i+ relaxation frequency approaches the resonance fre-

and in particular, their electrostrictive properties for the de-quency of the sample, the resonance becomes heavily
sign of efficient transducers and actuators.chd and damped and evolves into a relaxation.

Vugmeistef have reviewed experimental and theoretical re- The two systems, KLT and KTN, differ in an essential
sults on the subject. way: in KLT, the Li* relaxation falls in the kHz to MHz
Two systems are particularly useful as models for underrange, i.e., in the frequency range of the observed resonance,
standing the structural origin and fundamental mechanism ofvhile, in KTN, all indications are that the Nb relaxation
the collective effects in mixed ferroelectrics: they arelies in the GHz range, or well above the resonance frequen-
K,_4Li,TaO; (KLT) and KTg_,Nb,O; (KTN). These two cies in usual dielectric experiments. Application of the pre-
systems are derived from the same incipient ferroelectrizious model to the present KTN results confirms these in-
KTaO;,, which remains cubic at all temperatures. The origindications. In the present paper, we also report quite an
of the peculiar collective behavior of these two systems lieginexpected phenomenon observed in KTN. Close to but
in the fact that the Nb atom substituted for Ta, or Li substi-above the transition temperature, the loss tangent measured
tuted for K, is shifted away from the center of the unit dell In repetitive frequency sweeps increases progressively and
and exhibits a relaxational motion between equivalent site€Ventually, with time, splits into two extremely sharp spikes
with a characteristic time that is temperature depentiént. corresponding to a resonance and its antiresonance.

The off-center occupancy has the effect of polarizing and 1 N€ Paper |séorgan|zed as follows. We first review the
distorting the surrounding host cells and leads to the formatieoretical mF’d Igsed to calculate the ‘?Omp'ex d|glec§r|c
onstant, which includes an electrostrictive polarization-

tion of polar nanoregions giving rise to new and unexpecte(‘f ; i his is foll db fth .
collective effects. For instance, first-order Raman scattering>@n coupling. This is followed by a report of the experi-

forbidden by symmetry in the paraelectric phase, is alread ental die!ectric-resonance results in KTN., applic.ation pf
active above the phase transition in both KTN and KLT he theoretical model to these results and, finally, discussion

clearly signaling the appearance of local precursor distorOf the results.

tions in the crystaf=® Also preceding the transition, the di-
electric response is fouhdo exhibit the characteristic re-
laxor behavior and to depart from a Curie-Weiss law. A
frequency-dependent remnant polarization is also revealed in In the high-temperature paraelectric phase, both KLT and
the hysteresis loop measureméhtSinally, both KLT and  KTN are macroscopically centrosymmetric. It is well known

II. ELECTROSTRICTIVE POLARIZATION-STRAIN
COUPLING
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that, under such conditions, a crystal cannot possess a mawhere k. is the complex wave vector of the longitudinal
roscopic polarization and, hence, cannot exhibit a piezoelesound wave propagating with speg@nd frequency» along
tric response. However, in KLT and KTN, the center of sym-the length of the bar sample. The expressigh2 is given
metry can easily be broken by the application of a dc biaspy*®

field. The preferential alignment of the off-center ions and

polar regions then induces a macroscopic polarizafign kl ol  ne?lsh .

that can electrostrictively couple to the mechanical strain. If 2 Tov 'Tav T —1B, (4)

a small alternating electric field is superposed onto the dc .
bias field, the induced macroscopic polarization will oscillateWhere ¢ and 8 are the abbreviations
about its dc value at the frequency of the small measuring ac

field. The electrostrictive coupling then manifests itself as a 0(w)= ‘”_I Blw)= 7 (5)

resonance in the dielectric response of the sample when the 2V’

appropriate conditions, discussed below, are met. o BN
Let us consider a sample of lengthwidth w, and thick- ~and we have used the relat_|M~’r—(psll)_ ' _

nessd such that the length is much greater than the other two N€Xt, we write the equation for the time evolution of the

dimensions. Let the length be along thexis, and the thick- €€ctric displacemenD including a polarization-strain or

ness along the axis. The long surfaces Xw) are fully electrostrictive coupling term and taking into account the

electroded and all the fields are applied across the thickned@PUrity relaxatiod

d. Since the width and thickness are much smaller than the dD 1 1
length, it is a good approximatidhto neglect the stresses ——+ —D=—[€&(t) +2M 13ET1(X,1)], (6)
across the thickness and width of the sample. With these a7 7

assumptions, Mason and others have shown that, to firsjyhere r is the relaxation time associated with the impurity
order in the small ac field(t), the time-dependent strain can reorientation and is the permittivity of the medium.

be written as The complex permittivity can then be deduced from Eq.

(6) and without going into the details of this deduction,
S1(X,t) =S5 T1(X,1) +2M 13E&(1). (1)  Which are given elsewheraye directly quote the results for

the real part €') and imaginary part{”’) of the complex

Here$S, is the strainT, is the stressst, the elastic compli-  PEMItIVItY

ance at constant electric fielt¥] ;3(=M ;39 is the relevant 2 9 2012 \ 4 _

electrostriction coefficientt, the dc bias electric field in-  ¢r(4)= €t e’ [ 4EGMI5) 17 Yi(w) wTY‘(w),

ducing a polarizationPy= x<E, in which ys is the static w’r?+1 s, 0’ +1

susceptibility of the crystal, anf(t) the small ac measuring (7)

field. The first term on the right of Eq1) corresponds to

Hooke’s law and the second to the electrostrictive effect. The ") (€s— €x)0T 4E§M§3 o= 07Y(w)+Y(w)

) X ) . € (w)= _ .
second term in Eq(l) gives rise to a resonance in the di w2241 351 w2211

electric response of the sample when the frequency of the ®)
exciting fieldEy(t) equals the frequency of the fundamental
longitudinal acoustic mode propagating along the length oHere € and e.. are, respectively, the static and optical per-
the sample. In the recent KLT study referenced abowe,  mittivities. The functionsY, andY; represent the real and
extended the model of Masthand othert-*2to include the  imaginary parts of the electrostrictive strain contribution, av-
contribution of an impurity relaxatiofin the Debye approxi- eraged over the length of the sample. This calculation has
mation and a strain-rate-dependent damping. An overviewbeen carried out in the above cited referéneading to the
of the model is given below, highlighting its main points:  following expressions folf, andY;:

The elastic wave equation for the particle displacement,

u(x,t), in one dimension i$ _ 0sinfcosf+ g sinhs coshps ©
T (621 B7)(co26+ sintE)
Fu(x,t) 1 JPu(xt) d d%u(x,t)
P T S_El P tno Tl 2 Yi(w)= 6 sinhB coshB— B sin cosé 19
(6%+ B?)(cog 6+ sinttB)
wherep is the density and is an effective viscosity respon- \yhere ¢ and 8 defined in Eq(5) are functions ofw.
sible for the damping. Solving Eq(2) with stress-free In the work of Masoi’ and others!*?the relaxation was
boundary conditionsT(+1/2)=0, leads to the following ex-  assumed instantaneous and, therefored®dt term in Eq.
pression for the stress:® (6) was absent. Also note that, f@i,=0, the polarization-

strain coupling terms in Eq7) and Eq.(8) vanish, leading to

the usual expressions for the Debye dielectric dispersion and
l]E(t), (3)  absorption. Finally, note that botfy andY; are responsible

for the resonant dielectric responger the piezoelectric

2E M cosk.x
T(X,t): 0 13{ C

sE, |coskli2
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behavioy of the sample. For smajB, it follows from Egs. 36 F
(5), (9), and (10) that the resonance condition is met when - (a) KIN30%  T=224K
the excitation frequencw equals the frequency of the fun- 30 i T = 186K
damental sound wave along the length of the sample. Fur- o4 | ¢

thermore, the largep is, the broader the resonance width T = 160K )
and the greater the shift of the resonance from the condition/ 18 |- ¢
just mentioned. We may note from E@) that the viscosity ’ i ¥
7 controls the value of3 and, therefore, is an important Q"l i
parameter in the resonance phenomenon. woglk
It is worth adding here a remark on the experimental con- P
ditions which has not been made in our earlier studg OF | | |
KLT. Experimentally, one has the choice of measuring either 120 — 160 — 200 — 40 — 730

the impedancéZ) or the admittancéY) of sample. The ca-
pacitance and the dissipation factor are then derived from the 30

@orY. In th i h i ' 257K
measured” or Y. In the present experiment, the capacitance 25 | (b) KTN 50%
and dissipation factor were measured in the series or |mped-ﬁ |
ance mode, while the above Ed3) and (8) in the model o 20|
. ——10kHz
correspond to the parallel or admittance mode. The real part= -
of the permittivity e.,,, and dissipatiorD (or the loss tan- 15| —— 1MHz
geny for the series mode are related ¢6 and €” for the X 10 B
parallel mode by @ i
12 n2 5 __ 165K 208K i
€ “+ € .-t oo e —0-0-0-0
€cer="") (11 0_...|.......|...
140 180 220 260 300
€’ Temperature (K)
le'] FIG. 1. The dielectric constant at 10 kHz and 1 MHz as a func-

tion of temperature(a) KTN 30% and(b) KTN 50%. The peaks at

Far away from resonance, the measurements are insengiz4 K in (a) and 255 K in(b), mark the cubic to tetragonal transi-
tive to the chosen mode of operation. But, near the resotion. Note that dispersive effects are only visible close to the tran-
nance, significantly different values can be obtained from theition.
two distinct modes, particularly when the dissipation factor
is large. paraelectric phase. In Fig. 1, it is important to note that, for

In the KLT paper mentioned previoushEqs.(7) and( 8) both concentrations, the frequency dispersion is negligible
for the permittivity and the dissipation factor were successuntil close to the transition temperature, indicating that the
fully used to fit the resonance data. From the fitting, an estiNb reorientation takes place at a much higher frequency than
mate of the electrostriction parametit;; was obtained, the resonance, which occurs between 500 kHz and 1 MHz.
which was found comparable to ti,5 value reported for In Figs. 2a) and 2b) we show the dielectric resonan@e
PMN by Uchinoet al* In the next section, we present the units of €5) measured on the 30% sample at 260 K and 240
experimental results for KTN and then use a similar fittingK, respectively. We note that the absorption is slightly asym-
procedure to obtain estimates for the electrostriction parammetric at both temperatures and that its width decreases with

eterM 3 and the relaxation time. temperature. More significantly, the strength of the absorp-
tion is seen to increase approximately six times more rapidly
IIl. EXPERIMENTAL RESULTS than the decrease of its width. By contrast, the dielectric

constant does not increase in the same proportion. Figures

Measurements were made on KTN slab samples witl2(c) and 2d) show that the 50% sample exhibits similar
30% and 50% nominal Nb concentrations. The main surfacegends. We have calculated and €” (in the units of ¢)
were (100) surfaces, fully coated with aluminum electrodes using Egs.(11) and (12) to fit the experimental data at all
and the measurements were made upon cooling . The largesimperatures. The solid lines in FiggaRand 2d) are the
dc bias field applied was approximately 400 V/cm and thecalculated values and they agree reasonably well with the
small measuring field did not exceed 250 mV rms. data. The fitting parameters have been provided in Table |

In Fig. 1 we show the dielectric constard’(ey) for both  and are discussed in the next section. It is important, how-
samples as a function of temperature for 10 kHz and 1MHzever, to mention that, as was decreased, the fits got pro-
The three peaks correspond to the three transitions of thgressively better but also progressively less sensitive to the
crystal structure to lower symmetries. KTN 3(J%ig. 1(@]  particular value of the relaxation time. Consequently, we can
above 225 K and KTN 50%Fig. 1(b)] above 255 K are only quote an upper limit of 10° s for the Nb relaxation
paraelectric and hence macroscopically cubic. All the electime, which is consistent with the very fast relaxation ex-
trostriction measurements reported below were made in thpected and mentioned earlier. The absorption peak for both
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f 14 3 300 Temperature (K)
3.821 | 15 p P
[ 13 r 1200 FIG. 3. Shift of the absorption peak to lower frequencies with
3.820 | . 1141 ] decrease of temperature. Downward shift is consistent with the re-
| L ; 100 ported® softening of the elastic constant in KTN near transition.
3.819 i3 b b o _ . i _
670 672 674 676 678 680 632 634 636 638 640 642 sample, and Fig. @) explicitly confirms that the absorption

does increase as the square of the dc field. The solid line is a
linear fit to the data and the fitting parameters are given in
FIG. 2. Real(left axis and open circl¢sand imaginary(right ~ the plot. Similarly,e” was also experimentally found to in-
axis and open trianglegarts of the dielectric response as a func- crease as the square of the dc field. On the other hand, the

tion of frequency:(a) KTN 30% at 260 K and(b) at 240 K; (c) resonance frequency and the width of the resonance fgak (
KTN 50% at 296 K and(d) at 270 K. Note the increase of the factor did not show any dependence on the applied dc field.
absorption in both samples and also the shift of the absorption peak The most remarkable observation of the present study was
(in the units ofep) to lower frequency as the temperature is de-made upon approaching the transition, when repetitively
creased. Solid line iffia) and(d) is the fit of Egs.(11) and(12 to  sweeping the frequency of the ac field through the resonance.
the data. In the experiment, the time elapsed between sweeps was ap-
proximately 30 s. The result of a measurement made on KTN
samples is also seen to shift to lower frequencies with de30% at 230 K T.+6 K) and with a dc bias field of 360
creasing temperature, as shown explicitly in Fig. 3. A similarV/cm is shown in Fig. 5. Figures(& and %b) show the time
decrease is observed for both concentrations, which is corevolution of the series dielectric constant and dissipation,
sistent with the reported softening of the elastic stiffness conrespectively. Unlike what happens at higher temperatures or
stant in KTN upon approaching the transitfon. for lower dc fields, where the trace of the resonance simply
From Egs.(7) and (8), we note that botke’ and €” in-  repeats itself upon repetitive sweef@xcept for minor fluc-
crease as the square of the external bias field, typical dlations, here its magnitude increases steadily with each
electrostriction. In order to verify this dependence, measuresweep. Moreover, after a certain number of sweeps, the reso-
ments were conducted on both samples at a fixed temperaance suddenly splits into two extremely sharp spikes. In the
ture for different bias fields up to 400 V/cm. The result of aintermediate frequency range between these spikes, the series
typical measurement are shown in Figajfor the 30% capacitance assumes negative valggg. 5a)]. Moreover,

Frequency (kHz)

TABLE I. Calculated parameterigEqgs. (9) and (10)] at different temperatures for the electrostrictive
coefficient, static, and high-frequency dielectric constants, the viscosity parameter.

Sample Temperatur) 7 (s) M5 (M?/V?) €s 7 (Poisé
KTN 50% 296 0.1610°° 4.97x10 18 3821 76
KTN 50% 270 0.1&10°° 4.1x10°Y7 11520 62.5
KTN 30% 260 0.1&10°° 2.75x10° Y 3301 255
KTN 30% 235 0.1&10°° 7.33x10° Y 9700 148
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with continued sweeping, the two sharp features move apart
from each other, i.e., the frequency separation between them
increases, eventually reaching a steady state value. For con-
ventional piezoelectric crystals, such as quartz, these two sin-
gular responses are identified as a resonance and its antireso-
nance and they are separated by a fixed frequency difference.
The original aspect of this phenomenon in KTN is its time
evolution: starting from a single and broad resonance and
evolving into a pair of very sharp resonance and antireso-
nance. Experimentally, we have also observed that the num-
ber of successive sweeps, required to provoke the splitting,
decreases with increasing strength of the dc bias field and
with decreasing temperature. A set of measurements on the

FIG. 4. (a) dc bias field strength dependence of the absorptior?0% S @lso shown in Figs.(§ and 3d) at 260 K (T
peak.(b) Dependence of the peak absorption on the square of the” > K) with a bias field O_f 230 V/icm. Here the field applle_d
bias field(solid circlg. The solid line is the linear fit, expected from was smaller and, accordingly, more sweeps or a longer time
Egs.(7) and(8).

1

1E-3

was required to reach the splitting.
In order to understand the remarkable phenomenon just

() KTN 30% F (b) 45m
E =360V/cm 10 L 5m
_ T=230K = 55m
VY L
on C
- gL
— E
~ F
Q N 4m
I 0.1
= i FIG. 5. Repetitive frequency
45m 0.01 3 traces of KTN 30% fora) the se-
- : > ries capacitanceCg and (b) the
dissipation factor at 230 K with a
L L 1E-3 . ' bias field of 360 V/cm. Note that
909.0 9093 9096 9099 908.9 909.4 909.9 from the start to 4 min, botiC,
and D increase steadily. In the
- = next trace approximately half a
E (C) Sm | E d minute later, both split and peak at
r ﬁ:{_ L (D) 55m enormously large values, indicat-
[ KTN 50% I 1l g ing a singular behaviofc) and(d)
'E0=l92 V/em A —_ E are similar traces for the KTN
L T=260 gj N 50% but with a smaller dc bias
: = 0.1 field, showing the growth in more
C A — F detail.
- Q
i 7/~ 0.01
1E-3
| I | I | I | I | I | | | I | 1E_4 | I T | I | I | I | I T | I | I |
663 664 665 666 667 663 664 665 666 667
Frequency (kHz)
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F -0 IV. DISCUSSION
0.10 ‘_KTN 30% 1=0s (a)

E T =230K

0.08 F

Q 006
0.04 |
0.02 f

We first provide a qualitative explanation of the results,
then use the model described earlier to illustrate our expla-
nation and, finally, extract quantitative information. As in
KLT, the observation of a dielectric resonance in KTN is
linked to the presence of polar nanoregions. In fact, for all

concentrations, the resonance appears 20-30 K above the
o L L transition, i.e., at a temperature where polar nanoregions
1.6 %01 %02 903 904 have been shown to forfmAs was discussed in two previous
[ KTN 50% (b) paper$’ these polar nanoregions and their associated local
T = 260K t=0s strain fields mediate the coupling between macroscopic po-
A larization and macroscopic strain, giving rise to the dielectric
or electrostrictive resonance. The dielectric resonance results
presented above also reveal the very dynamic character of
the polar nanoregions in KTN. When turning on a dc bias
field and repetitively sweeping the frequency of the small
cer — e o measuring ac field through the resonance, the induced polar-
ization slowly builds up, increasing the strength and e
Frequency (kHz) factor of the resonance. When turning off the dc field, the

- induced polarization and the resonance slowly decay; the
closer toT, the faster the growth or the slower the decay.

Because of the very nature of the resonance, it is obvious
that strain plays an essential role in both the growth and the
decay of the polarization. The large width or l@factor of
the resonance for small dc fields suggests that competing
y | local strain fields initially dampen or clamp the resonance.

0.0 Lottt gpag Sufficiently close toT., and upon repetitive frequency
0 100 200 300 400 500 sweeps, the macroscopic strain from the electrostrictively
Time (s) driven vibration of the sample acts to further align the local
) ) _ strain fields. The metastability of this alignment allows for a

FIG. 6. Metastable piezoelectric behavior ab8K aboveT.  cymulative buildup of the macroscopic polarization, itself
for (2) KTN 30% and(b) KTN 50%. The traces are taken approxi- |eading to an even greater electrostrictive macroscopic strain,
mately 1 min apart. In both cases the dissipation decreases with ther stapilization of the macroscopic polarization. Pro-
time and the peak shifts to hlgher frequent). Peak dlss_lpatlor_l vided the metastability time of the macroscopic polarization
(solid circles and the corresponding frequency asa function of tlr_neiS longer than the sweep time, the resonance will increase in
from (b) for the KTN 50% sample. The sold line is the hyperbolic - . . .
fit to the dissipation D o~ 11). magmtude and inQ with each successive sweep. After a

certain number of sweeps or, equivalently, once the strain-
induced polarization exceeds a certain level, the resonance
described, it is useful to report another set of results relativgplits in two spikes, a resonance and an antiresonance. As
to the time evolution or metastability of the resonance upowill be shown below, in the intermediate frequency range
removal of the dc bias field but continued repetitive fre-between them, the electrostrictive or strain-induced contribu-
guency sweeps of the small ac measuring field. The dissipdion to the dielectric constant is greater than the dipolar con-
tion factor at successively later times, close to but abhve tribution. Because the two contributions are out of phase,
is shown in Figs. @) and &b) for both concentrations. Sev- they have opposite sign and the net dielectric constant in that
eral significant points can be noted in these figures. Firstiange is, therefore, negative.
after removal of the dc bias field, the magnitude of the reso- In order to verify the validity of the previous qualitative
nance is smaller and its width larger. Second, the resonan&@planation, we have carried out test calculations and then
starts approximately ten times stronger but decays faster ifitéd the formulas given in the theory section to the experi-
the 50% sample than in the 30% sample. In addition to 4nental resonance curves.
reduction in strength, the dissipation peak also shifts to
higher frequency, and more so for the 50% sample. In Fig.
6(c) we present the time evolution of the dissipation maxi-
mum and that of the resonance frequency for the results in From Eq.(7), we note that the total permittivity’ can be
Fig. 6(b). As shown by the fitsolid ling) to the data, the Written as the sum of a dipolar contributieg , and an elec-
dissipation maximum closely follows atltime dependence. trostrictive or strain-induced contributiosy,
The slow decay of the resonance upon removal of the dc bias
field clearly reflects a certain degree of metastability of the ’ ) )
macroscopic polarization. €' (w)=ep(w) —€eg(w), (13

1.2

0.8 |

;. t=7m

—— 6658
.--0--=-0"

e (©)]

665.3

Frequency (kHz)

A Possible Explanation for the Singular Response

024107-6



NONLINEAR ELECTROSTRICTION IN THE MIXED. .. PHYSICAL REVIEW B65 024107

where 0L ] 2F i ]
- 15 : efeg S| S 3™
, €t €, 0T F ol /' <~
eh=——F—, (14) 10 , 3
wT+1 5 : 4 10
0 [ 1 0F " 2
2012 i —
1-Y(w)~o7Yi(w) 4EgM13 P efe, | El
€5~ 2211 ; f=—7F— (19 I 10 ;
B r !
w°T S11 -10 c h 1,
. . . . 15+ N €
Because, in the KTN case, the relaxation time of Nb is | 20 L ’./ (b)

very short,wr~0 andel, can be approximated by its static % e 65 666 667 663 660 665 666 667

value, €5. In contrast, becaus¥, given in Eq.(9) strongly
depends on frequency, the strain-induced or electrostrictive
contribution, €5, exhibits a large dispersion near the reso-
nance frequency. The singular conditie§= €[, then be-
comes possible, for which both the series dielectric constant
and the dissipation factor diverd&gs. (11) and (12)]. In
KLT, es<ep over the whole frequency range of the reso-
nance at all temperatures. In that case, the net dielectric con
stant remains positive throughout and the dielectric reso-
nance does not exhibit any singular behavior. However, in
KTN, the singular condition becomes fulfilled when the reso-

4 100

e'le, (1E3)
)
Juague I, SSOT

nance is swept through repeatedly. We note from @§) — " : -
that the only parameter that can undergo a progressive in 663 06 663 666 667
crease in the process s or more preciselyM 3, since
1/s;;=pV© is directly related to the resonance frequency that ;5 7 the condition for singular response is faste Eq(13)]

Frequency (kHz)

IS not ,Observed to c.h.ange. Physpally, what seems most playen, €s interceptsep : (8) eg<e) and correspondingly the loss
sible is that, repetitively sweeping through the resonancgngentp, does not exhibit any singular behavit) € just inter-
(where the vibration amplitude is maximiinovercomes sectsep, leading to a closely spaced split i (c) approximately
more and more of the mutually competing internal straina 5 min later, the intersecting points have moved apart, leading to a
fields and aligns a greater and greater number of the polagider split.

nanoregions. In the present formalism, this appears as an

increase in the electrostriction coefficient. More accuratelyingly, the dissipation factor splits into two spikes, with maxi-
the electrostriction coefficient can be said to depend on straifum values increased by more than three orders of magni-
and the effect observed, described as a nonlinear electrostrigide. In Fig. 7c), f has been increased further, so thamax

tion. The increase ifican then be accounted for by introduc- j5 5150 greater and thel, curve now intersects thel, curve

ing a second-order electrostriction coeffictérin Eq. (1), at two more widely separated frequencies.
0 We have used the above equations to fit the actual experi-
Mig—Magt yATm(D), (16 mental data and to extract estimates for the electrostriction

Wherefy is a second-order Coup”ng term aAd'm(t) is the CoeffiCient, M13, and the relaxation t|meY,' The results of
additional stress that results from modulating the increasinghe fits are shown in Figs.(8), 8(b), and &c) for KTN 50%
strain-induced polarization. In a repetitive sweep, the strainat 260 K (Tc+5 K) and for a dc bias field of 192 V/cm. The
induced polarization increases, which, when modulated bgoupling parameteM 3 increases progressively and is plot-
the ac field, leads to an increase in the electrostrictive strestgd in Fig. &d) as a function of time. It is seen to exhibit the
AT(t), and a further increase in the vibrational amplitudefollowing time dependence:
or macroscopic strain. :

_In what follows, we have used Eqé_ll) and (-12) along Migt)=a+b(l—e 7)), (17)
with Eg. (9), to carry out test calculation8n units of €g)
illustrating the evolution of the dielectric constant and dissi-with ~ a=9.95<10 6 m?v~2 b=3.32x1071® m?v~2
pation factor with time or, equivalently, increasing number ofand =,,=140 s. Equation17) is indeed of the form pro-
frequency sweeps through the resonance. Because repgtiesed earlier in Eq16). We may then associagewith the
tively sweeping through the resonance has the effect dlinear vaIue,M23, and the second term in E(QL7) with the
building up the macroscopic polarization, different times inadditional stress arising from the strain-induced polarization.
the calculation are equivalent to incrementing the valué of In the experimentM ;5 is found to saturate at a value that is
in Eq. (15). In Fig. 7(a), whereeg< €p, , the dissipation factor about 33% higher than the initial valudY;, i.e., b/a
is small and does not exhibit a singular behavior. In Fig.~0.33. Further support for the above interpretation can be
7(b), f has been increased so that the conditidr e/, is  found in the result of a second measurement that was made
now satisfied at two closely spaced frequencies and, accordt the same temperature but with a smaller bias field of 84
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FIG. 8. Calculateda) real dielectric constant an) loss tangenffrom Eqgs.(11) and(12)] compared with experimental resuligpen
circles for the KTN 50% crystal approximately 3 min after the first swegpA similar calculation compared with the experimental results
after the split. This trace was then approximately 7 min after the first swdgfhe electrostrictive coupling parametir;; used in the
calculations(to obtain the best fit to the experimental results in the repetitive s\wéeptotted against timéopen circleg The solid line
is the fit given by Eq(17) in the text.

V/cm, for which the nonlinear contribution was expected toour experiment on KTN. In Table IM,3 is also seen to
be much smaller and for which, indeed, no progressivancrease with temperature but not to display any significant
growth of the resonance was observed. That second measudependence on concentration.
ment yielded a valueM;3=1x10 *° in good agreement We may also compare these values for the electrostriction
with the value ofa or M‘l)3 obtained earlier. coefficient of KTN with that of PMN. For ceramic PMN,
The values obtained for the electrostriction coefficient,Uchino et all* reported a value ofM=1.92(+0.02)
M3, are given in Table I. They are found to be of the samex 1016 m?V~2 (presumably at room temperatirenea-
order of magnitude as those in KLT but approximately 100sured with a driving voltage of 74.7 {s at 7 Hz corre-
times larger than, e.g. those of SrEi@nd BaTiQ. For  sponding to an rms driving electric field of about 200 V/cm
SrTiO; at 243.3 K, M3 was reported by Rupprecht and since their sample was 3.68 mm thick. Comparatively, the
Winter'®to be 1.723-0.002< 10 *® m?V~2and for BaTiQ  value of M in KTN is about ten times smaller. However,
at room temperature, reported by Caspari and Meax be KTN has the advantage that it can be operated at higher
—3.33x10 ' m?V 2. The factor of 100 is consistent with frequencies and with comparable or lower electric fields.
the fact that, in their work, Caspari and Merz had to apply avioreover, the Nb concentration can be adjusted, making
bias field of 30000 V/cm in contrast to 300 V/cm or less in KTN suitable for use as a transducer at lower temperatures.
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Fitting Egs.(11) and (12) to the data also provided, for V. CONCLUSIONS

both cpnce_ntratlons, an upper estimate (_)fQL()s for the In the present paper, we have reported experimental and
relaxation t|mer.of .Nb in the polar nanoregions. In terms of theoretical results on the field-induced dielectric resonance in
a frequency, this is more than three orders of magnitudg,e mixed ferroelectric KTN. Such resonances are well
higher than the frequency at which the resonance occurs. Ag,q\n in conventional ferroelectric crystals such as BaTiO
a consequence, Nb and the polar nanoregions can reoriepf\yhich the macroscopic polarization arises from the align-
almost instantaneously in response to the strain-induced ofnent of large domains in the ferroelectric phase and, there-
der, and the Nb relaxation has little influence on the overalfgre, requires large dc bias fields. However, in the case of
character of the resonance. This can be contrasted with KLKTN and KLT, the macroscopic polarization arises from the
in which the Li polar nanoregions reorient at a much loweralignment of polar nanoregions that can be induced, in the
frequency’ paraelectric phase, by very modest bias fieldd.00 smaller

The other parameter that enters into the model is the phehan in conventional ferroelectricsBoth qualitative and
nomenological viscosity parametey,in Eq. (2), which de- quantitative analyses of the resonance concur to show that, in
termines the width of the resonance. Consistent with th&KTN, this resonance is the manifestation of a strong electro-
greater width of the resonance for KTN 3Q%ig. 2), » from  strictive coupling between macroscopic polarization and a
the fit is found to be approximately three and half timesmacroscopic strain mediated by the polar nanoregions. A the-
greater for this concentration than for KTN 50%. In the sameoretical model has been developed and fitting to the experi-
figure, the width of the resonance is also seen to decreadBental results has provided estimates for the essential param-
with temperature, and more so for KTN 30%. This suggest§ters of the problem. For KTN, the electrostriction

that the resistive or viscous drag force responsible for th&o€fficient is found to be approximately 100 times larger
absorption decreases with temperature. The smaller and mo‘i]éan in conventional ferroelectrics and the relaxation time for
rreorientation of the off center Nb ions or of the polar nan-

numerous polar regions, reorienting independently at highe ) b .
temperature, provide a greater viscous drag force on one ag edions shorter than 18 s. Away from the transition, this

other, resulting in the broader width of the absorption. As th%rlesonange 'S brogd_ or damped bY competing local strain
. jelds or internal friction between regions. When approaching
temperature decreases, the elastic constant also decre

3he transition, and upon repetitive frequency sweeps, a re-

indicating a softening of the lattice. The polar regions in- . . ;

crease in size and their mutual interactions grow strongerrnarkab.Ie growth in the _magmtude afmof the single reso )
. : - I nance is observed, ending in an even more remarkable split

weakening the viscous drag force and resulting in a narrower

absorption. The narrower absorption width in the 50%mto a resonance/antiresonance pair of extremely sharp

sample is most likely due to the fact that, for higher concen-s'p'kes' This phenomenon is attributed to a feedback process

: : between macroscopic polarization and macroscopic strain,
trations, the polar regions are larger, behave more cooper

tively and can, therefore, be more easily aligned. Because "f*‘}elped by a certain degree of metastability of the polariza-

. . on. It can be described as nonlinear electrostriction. Similar
a certain degree of metastability, the removal of the externa )
resonances have been observed in other relaxors and may

dc bias field results in a slow decay of the macroscopic po-_ ., . - . e .
R . . xhibit a similar evolution when repetitively excited.
larization and associated resonances, but not in a comple?e

loss of alignment of the polar regions. We gratefully acknowledge L. A. Boatner for providing
Finally, in Table I, the static dielectric constant is seen tothe KLT and KTN single crystals. This work was partly sup-
increase with decreasing temperature, as expected. ported by NSF Grant No. DMR. 9624436.
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