PHYSICAL REVIEW B 66, 094102 (2002

Ferroelectric, conductive, and dielectric properties of KTIOPQ, at low temperature

Q. Jiang, M. N. Womersley, and P. A. Thomas
Department of Physics, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, United Kingdom

J. P. Rourke
Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry CV4 7AL, United Kingdom

K. B. Hutton and R. C. C. Ward
Clarendon Laboratory, Parks Rd, Oxford OX1 3PU, United Kingdom

(Received 2 October 2001; published 6 September 2002

This paper reports the low-temperature dielectric, conducting, and ferroelectric properties of potassium
titanyl phosphate, KTIOPD(KTP). The change of the dielectric relaxation characteristics as well as the
dielectric and conducting properties are related to the decrease of ion hopping frequency with temperature.
Between room temperature and 100 K, there are four changes in the behavior ofiKa@iRincrease of K
activation energy from 0.260.02 eV to 0.46-0.02 eV at 295 K{ii) a superionic phase transition-atl70 K,
accompanied by an increasing thermal absorption and an abnormal change of the thermal ex@iansion;
phase transition at 140 K associated with the increase of thermal absorption and spontaneous polévigation;

a transition from ionic conduction to electronic conduction, which occurs at a frequency-dependent tempera-
ture T,= — 0.39442+ 12.558 + 198.59(f in MHz). The conductivity of KTP shows a strong dependence on

the electric field and, as a result of this, ideal ferroelectric hysteresis loops cannot be observed. Despite this, the
ionic conductivity decreases with temperature sufficiently to allow KTP to be ferroelectrically switched below
250 K. The coercive field is found to take values from 4.4 to 7.0 kV/mm between 250 K to 180 K, respectively.

DOI: 10.1103/PhysRevB.66.094102 PACS nuni®er66.30.Dn
[. INTRODUCTION domain inversion is a two-step process that requires careful
operation to avoid thermal cracking of the crystal. Further-
Potassium titanyl phosphat&TiOPO4, KTB is well-  more, the ion-exchange method is prone to the production of

established as a standard nonlinear optibilO) crystal for  optically inhomogeneous crystals because Rb can enter the
low- and high-power second-harmonic generati@HG) crystal more rapidly and to a greater depth along the easy
and optical parametric oscillatig©PO because of its large diffusion routes formed, for example, by pre-existing defects.
NLO coefficients, its use in a noncritical type Il phase- To avoid this, in a recent development, an Rb-doped low-
matching configuration, its thermal conductivityy~0.03  conductivity variant of the KTP structure was produééd.
Wcem t°C™?) and tolerably high damage threshdldo ex-  Rb:KTP crystals, with up to 2% Rb substituted for K, were
tend the utility of KTP and, in particular, to utilize its largest grown from an RpO-containing flux. Conventional ferro-
NLO coefficient,ds3, for frequency conversion into the blue electric switching, as well as periodic poling, was success-
and infrared regions of the spectrum, considerable effort hakilly achieved at room temperature without damage to the
been put into the fabrication of periodically-poled KTP crys- crystals®’ Using an alternative approach, low-temperature
tals for quasiphase matche@PM) nonlinear optical poling of KTP was demonstrated by Rosenman at relatively
interaction~® In order to enable a ferroelectric switching lower fields® than that of LiNbQ.

process that does not damage the crystal, one must avoid or The ionic conductivity of KTP decreases with tempera-
eliminate the effects of the ionic conductivity. The latter re-ture, as reported by NodaRosenmafi,and Kalesinska&
sults from the combination of quasi-one-dimensional tunnel§he latter suspected that there was a superionic phase tran-
for potassium migration in the crystal structure and the pressition at 280 K since a rather low broad dielectric loss peak
ence of potassium vacancies in flux-grown KTP crystals.was observed at this temperatdfeOn the contrary,
There are currently three methods that enable ferroelectriRosenmah considered that the superionic phase transition
switching: ion-exchang& Rb-doping of the material during occurs at 140 K, which is consistent with the abnormal in-
crystal growth*’ and low-temperature polintyin the ion-  crease of the spontaneous polarizatiBy, registered in the
exchange technique, a thin insulating layer is fabricated apyroelectric coefficient measured by MandirHowever, P

the surface of a crystal by replacing Kvith Rb™. When an as a function of temperature as measured by Shéafdin,
electric field is applied, there is initially a strong electric field shows an increase over a wide temperature rg6ge-150

in the near-surface region and a relatively small field in thek). Pisarev® shows that the birefringencés,,, An,,, and
bulk. Ferroelectrically switched domains are nucleated in the\n,, decrease unusually with temperature below 200 K and
insulating dielectric layer under the periodic electrodesa minimum inAn,, was observed at 140 K. Sheléghows
These domains on bothC and —C sides grow along the  that the thermal expansion coefficients in fa&0] and[001]
direction towards the middle of the crystal, and a periodicdirections reach a maximum at200 K, whereas the coeffi-
pattern of inverted domains resuft¥his method of periodic  cient in the[100] direction has a minimum at this tempera-
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ture. Recent investigations into tH&P nuclear-magnetic- the probability of finding configuratiom at timet is p,(t),
relaxation of KTP have revealed two phase transitions at 20the time evolution of the system is governed by the master
K and 300 K¢ equation,

The above-mentioned disparate observations contribute to
the view that there is an important modification in the prop- IP4(1) =S [0 p (1) —T° P(1)] 24
erties of KTP at low temperatures, which has relevance to the at A yer ernn
technological process of periodic poling. Further work is evi- 0 . . 0 .
dently required to clarify these experimental results and tdVherel'., is the transition rate fromy to « andl,, is the
form a consistent picture of the superionic phase transition iffansition rate for the reverse process. Since the transition
KTP. One part of the work involves the investigation of the ffom yto ais Completgd by a VE)OD of an ion in configuration
dielectric relaxation and conducting characteristics at low-2 0 % the functionsI',, andI'), can be considered to be
temperatures, which are directly related to the hopping of K'hopping rates.” For thermally-induced activatio,, is
ions under an alternating electric field. These properties geroportional toe™(Fa’¥sT) (E, the activation energyKg is
high temperature have already been investigatedhe Boltzmann constantTo describe a configuration, the
extensivelyt’ and its isomorpH® Furthermore, since a configuration operatoR can be introduced,
superionic phase transition may often occur over a wide tem-
perature range with accompanying changes in the thermal Rla)=R,|a). (2b)

properties and structural parametets;’ calorimetric, im- By assuming there is an equilibrium state, we have a Her-

pedance, and thermal expansion measurements were undgfitian operatoH, with the symmetric elements &<°
taken in this study. The results of these investigations are

reported here together with the observation of the change of 0 w0 ‘12 0

conducting behavior of KTP from ionic to electronic with Hay=— (T, 15075 a#y= ;{1 e @=v. (20
both temperature and frequency. In addition, the dependence

of the ionic conductivity on the electric field is also shown in The positive eigenvalues,, , and the corresponding eigen-
order to interpret further the results of Rosenmdfinally, ~ functions, ¢,, of H can be calculated by setting ftef,

the switching characteristics of KTP are described and the-g,6,,/]=0. The eigenfunctions are then the combination of
dependence of the coercive electric field on temperature ithe configurations. The representation of complex ionic con-

given. ductivity for one-dimensional ionic hopping is given®By
Il. FUNDAMENTAL THEORY * 1 (297 o —lwe,
: o (w):K—BT' v E}\: (#IR[¢\) Tlote, (3a)
A Cole-Cole plof® is often employed to describe the di-
electric relaxation of a material with the complex permittiv- Equation(3a) can also be written as
ity, £*, in the form, , , )
1 (ze) OREN wey
- *(w)= =" . Rl @y )? =i .
T Es— € ta 0" (w) Kol v ; (#IRley) Tl wltel

et )

whereeg is the static permittivity and .. is the permittivity — The real part of* (w) is the conductivity and the complex
at high frequencyr is the relaxation time, and is the angle  permittivity is given by[Private communication with Dr. T.
of the semicircular arc in the plot of” ande”. Whena  Ishii: The —i appears in Eq(3b) because the relaxation
=0, the equation simply describes a Debye-type resﬁénsefunction et rather thane "', was used in the QQA. This
and, if the dc conductivity is ignored, the ac conductivity of results in Eq(3b) being different from the usual representa-

a material can be written s tion of the complex conductivity.
w’r * =g, —0F /i
o(w)=A ——. (1b) s (w)=e.—0"(w)flw
1 (ze¢ , &\

Equation(1a) is empirically-derived and Ed1b) has limited =ext KeT Vv ; (¢IRle)) w2t o2
application in real solids since it is difficult to observe an »
ideal Debye response. To understand the ion hopping con- 1 (ze)? , W&\
duction in a real ionic conductor, different approaches have T v -2 (¢IRley) Wit el (30

B N w+ey

been used, including the quasi-quantum method of Ishii and

Kimball?®2® and the method of Alexandest al?” Although  In at least two cases, the QQA expressions reduce to the
both of these methods cannot ultimately model the wholaepresentations of the ionic conductivityg) when the hop-
frequency-dispersion of the ionic conductivity in a real ma-ping frequency of all the ions to any vacancies is the same,
terial, some general characteristics of ionic conductivity arghere are only two eigenvalues; one is the zero corresponding
well described, particularly in the quasi-quantum appréach to the ground states(=0) and the other is nonzera:4{
(QQA). In the latter, the ionic motion is regarded as hopping=¢) for the degenerate states. Then, the real part of conduc-
from one configuratiofidenotedr) to anotherdenotedy). If tivity is given by
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B 1 (Ze)2 1 w2 E R 5 2800 [
U(w)—K—BT'T'S—Z' Uy P (¢IRley)%.

(4) i

2100 |

Clearly, Eq.(4) is the same as Elb) or the Debye-function

for conductivity and in this case, the dielectric relaxation is

the Debye-type(b) If both the hopping frequencies of ions = 1499
and the eigenvalues change exponentially, as defined b
Ishii,2° the conductivity can be represented by

s o w s 5 .
w —i SIﬂ(ES)w , (5) f
o 1A

where 0<s<1.2° This is appropriate for disordered systems.

Finally, in a simple system, the jumping frequencies of the
configurations are proportional to a single thermal activation €
factor e (Fa’KeT) Assumingw>e¢, , we obtain the Arrhen-
ius equation from Eq(3b),

. T
a*oc(—lw)s=cos(§s

0 1000 2000 3000 4000

FIG. 1. Cole-Cole plots of KTP at different low temperatures.

E IV. RESULTS AND DISCUSSION
a
a(M)= ?ex;{ - K) : (6) A. Dielectric response

) ) ) ) The Cole-Cole plotge’ vs £”) of KTP at different tem-
where oy is a constant. This equation has been extensivelyeratures are shown in Fig. 1, and the dielectric constant and
used for modeling the temperature dependence of the ionigonquctivity as functions of frequency at different tempera-
qonductlwty in many materials and for deriving the activa-y,res are shown in Figs.(® and 2b), respectively. It is
tion energyE, . evident that all of the Cole-Cole plots at different tempera-

tures radiate almost from the same point. This point corre-
[ll. EXPERIMENTAL METHODS sponds to the electronic contribution to the dielectric proper-
) ) . ties since, as the frequency increases, the coupling between
KTP crystals were grown at Oxford University using the ihe aiternating electric field and the electrons’ movement be-
top-seeded solution growth meth&tThe ac conductivity of  comes stronger whereas that between the electric field and
KTP between 320 K and 120 K was measured Using 3he movements of ions becomes weaker. As the temperature
HP4192A low-frequency impedance analyzer. Silver-coateqjgcreases, the Cole-Cole plots shrink as the result of both a
[001}-cut samples of area>4 mnt and thickness 0.4 mm  gmajier conductivity and a reduced dielectric constant.
were put into a cryostatlanis Research Company’_ ST-400 Figure Za) shows that as the temperature decreases, the
At each temperature, the crystal was left for 15 min to reachyecrease of dielectric constant with frequency becomes much
thermal equilibrium. The conductivity data at each frequencyy,ore rapid in the low frequency range €50 kHz). This
were gathered vigacomputer interface established using thg,q g correspond to a decrease of the eigenvadye,
HP-Vee softwaré: which is the result of the decreased transition rate between

Since a superionic pha_se transition is _often accompaniego configurations or the hopping rate, since from &),
by an exchange of heat with the surroundings or a change Qfe have

thermal capacitanc@ the thermal character of KTP was ana-

lyzed in the temperature range from 120 to 273 K using a 1 (ze? 1
Perkin-Elmer Differential Scanning Calorimet@nodel Py- e'(w)=g,+ Y > (Rl Yo —5——.

. . B x we, “+1

ris 1). The temperature was ramped at a rate of 10 K/min A )
during both the cooling and heating processes. The thermal

expansion coefficient was measured using a purpose-buitthe conductivity shown in Fig. (®) was fitted well to an
Kosters-prism optical interferometer capable of measuringquation,

changes in thermal expansion coefficient Y{d!/dT) to an

estimated accuracy of 6x 10" % K~1.3° A KTP crystal with Tw? .
two [010] faces polished was put into a cryostaanis Re- o(w)=C- T+ (w2 @ (8)

search Company, ST-1pMuring the measurement, the tem-

perature was varied continuously from 100 K to 273 K. ThewhereC, 7, ands are constants at a given temperature. Equa-
electrical response and switching character were investigataibn (8) is the combination of Eqg44) and (5). Whens=0,
using a purpose-built apparatus, which is fully describedEq. (8) is the Debye function for the representation of ionic
elsewheré? It is capable of monitoring both the current in conductivity. When ¢w)?>1, it can be written as the real
the circuit and the dielectric displacement of a crystal. Topart of Eq.(5). The values for the paramete€s 7, ands for
observe an ideal ferroelectric hysteresis loop, a voltage i&TP at different temperatures are listed in Table | and their
applied to compensate the conduction. corresponding standard deviations
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the theoretical results obtained by Bernasconi for an one-
dimensional disordered syste¥nHowever, over the tem-
perature range considered here, paramgeteralways small
compared with unity and the dielectric relaxation is close to
Debye-type. This means that a single nonzero engenwglue
dominates the frequency dispersion of ionic conductivity at
each temperature. Therefore, it is appropriate to model the
temperature-dependence of the conductivity using(By.

B. Temperature-dependent conductivity
and dielectric properties

The measured dielectric constant and ionic conductivity at
different frequencies as a function of temperature are shown
0.0 — '50x1°5' —_ '1 ot 0° in Figs. 3a) and 3b), respectively. Both of them decrease
() ’ ) with temperature. The Arrhenius pldisqg. (6) a_nd. Figs. 4a)

Angular Frequency (Hz) and 4c)] clearly show that there are two distinct types of
change in gradient occurring between 320 K and 130 K.
s —_— Type | occurs at low temperature in the low frequency con-
3 ductivity, e.g., at 185 K foif =200 kHz and at higher tem-
perature for high frequency, e.g., at 300 K for 10 MHz.
Since increasing the frequency decreases the ionic coupling
10" 293K e to the electromagnetic field and increases electronic cou-
3 pling, the type | gradient anomaly is suggested to be con-
273K ] nected with a change in the ratio of ionic conductivity to the
1 electronic conductivity. Using the flat part of the curve at 10
10° 3 MHz in Fig. 4(a) and supposing the electronic conductivity
250K ] is proportional toe™(Fe’KeT) (E, is the activation energy of
o N electrong, we can estimate the electron activation energy to
230K 1 be~0.04 eV, which is about 10% of the activation energy for
10° E ionic conductivity. Therefore, the ionic conductivity de-
. creases much more rapidly than the electronic conductivity
0.0 . . with temperature and at a critical temperatufe)(the ionic
' 5.0x10 1.0x10°  conductivity becomes less than the electronic conductivity.
{b) Angular Frequency (Hz) At higher frequency, the electronic conductivity will exceed
the ionic conductivity at higher temperature, as shown in Fig.

FIG. 2. Dielectric properties of KTP as a function of frequency 4(g), since the electron-electromagnetic wave coupling is

at different temperaturesa) Dielectric constant s and (b) ionic  stronger. By extending the flat lines of the lower temperature

320K

o(@'m"

conductivity alongC. rangele.g., large value of{ g T) ~1] of the Arrhenius plots to
room temperature, the electronic conductivity at different
1 " oi—o(w))? frequencies at room temperature can be estimated with an
Ao “n ;1 T ' error <3%. The experimentally-derived ratios of ionic to

electronic conductivities for three frequencies at room tem-
wheren is the number of data points, are0.6%. The pa- perature are listed in Table Il. Evidently, both types of con-
rameterr increases as the temperature decreases. If(Zps. ductivity increase with frequency, but the electronic conduc-
and (8) are compared, an equivalence oinde, * is sug- tivity increases more rapidly, as expected. The critical
gested. Thus, the decreaseeqf, resulting from decreasing temperature at a function of frequency is drawn in Figp) 4
temperature, is the reason for both the changes of dielectriwhich shows that the dielectric constant and conductivity
constant frequency dispersion and ionic conductivity fre-variations with frequency are of the ionic conducting origin,
guency dispersion. Table | also shows that, the paranseteras discussed. Similar ionic to electronic conduction transi-
increases as temperature decreases. This is consistent withns were also observed by Urensgi al®*34 However,

TABLE |. Parameters for the representation of ionic conductivity of KTP at low temperatures.

TemperaturgK) 320 293 273 250 230
S 0.098 0.100 0.105 0.110 0.14

7(s) 7.0x10°° 2.0x10* 5.2x10°* 9.8x10 * 1.4x10°3
C 1.18x10°8 8.82x10°° 6.53x10°° 2.38<10°° 5.25x 10 10
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FIG. 3. Dielectric properties of KTP as a function of tempera-
ture at different frequencieqa) Dielectric constantss; and (b)
ionic conductivity alongC.

since their investigations were carried out at single fre-
guency, the physical mechanisms for such a transition canna
be clarified, i.e., whether such a transition is caused by a
superionic phase transition or the electromagnetic field inter-
action with an ionic conductor.

The type Il gradient anomaly, which signifies a change in
activation energy from 0.25 eV to 0.40 eV, occurs between
250 K and 305 K[(KgT) ! from 43 to 39 and is clearly
shown in Fig. 4c). This anomaly corresponds to a quicken-
ing of the rate of decrease in the ionic conductivity with
decreasing temperature. Within this temperature range, al
abnormal change in the dielectric loss was observed by
Kalesinska¥ and he concluded that the superionic phase
transition occurred at 268 K. However, such an anomaly
might equally well be caused by an order—disorder

transitiorf? and has been interpreted as a change of the con-

duction mechanism from polaroiis * + lattice deformation
to K™ alone®® To clarify this, the results of the thermal
analysis must be considered.

C. Thermal absorption and thermal expansion

The thermal absorption spectrum is shown in Fig)5

LnisT) (0 'm'K)

412

(o)

©

PHYSICAL REVIEW B 66, 094102 (2002

KTP ste?t
--.‘3:.'.9.-.-;:u-.p.-.-.u..-.nu.
-+-10KHz
- - 200KHz
- - {MHz
-#- 10MHz
35 40 45 50 55 60 65
(KsT)" (eVy*
300
280 | lonic conducting
g I
® 260 -
E L
§ L
o o . .
=% Electronic conducting
(1]
= L
220
200 ||||| 11 Y I I T T 'S | I T S T W Y
0 3 6 9 12
Frequency f(MHz)
(KsT)"(eV)"
30 35 40 45 50
_2 1 1 I 1 1 1 I 1 I 1 1 1 1 1 1 1 1 i 1
- = -0.264x,+ 6.7131
£ 4t /
E
g I
= /
L
(= _6 -
-l
y =-0.4014x + 12.225
[ KTP, f=10KHz
-8

FIG. 4. (a) Parameter InfT) as a function of parameter

An absorption peak was observed at 180 K on repeated heatV to 0.40 eV at 290 K.
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(KgT) 1. The dotted lines show the supposed curves correspond-
ing to the electronic conductivityb) The dependence of the con-
ducting mechanism in KTP on both the frequency and temperature.
(c) Parameter IngT) as a function of parameteKgT) ~ ! between
250-320 K, showing that the activation energy increases from 0.26
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TABLE 1l. Comparison of ionic conductivity and electronic
conductivity at room temperature.

200 KHz 1 MHz 10 MHz

4.05< 1074
2.39x10°4
1.7

1.13x10°*
1.41x10°°
80

9.75x10°°
3.62x10°7
269

Tion(Q” tm” l)
Tetectrof 1~ tm” 1)

Tion! Telectron

ing, whereas a broad peak on cooling was observedl#5

K. The difference in temperature on heating and cooling is
attributed to thermal hysteresis in the phase transition tem-
perature. Despite the apparent differences in the peak-shapes,
all three peaks extend over40 K when compared with the
baseline. This is characteristic of a superionic phase transi-

Ln(s) (@'m™)

-17
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tion. The variation of the thermal expansion ald0d0] with

temperaturg Fig. 5(b)] shows an abnormality in a similar

FIG. 6. Dependence of ionic conductivity of KTP on electric
field as the results of Poole-Frenkel effect. The empty and filled

. . H 1/2
temperature range, and resembles the results obtained usifigfS represent the value of i(that depends linearly oB™, as

x-ray diffraction by Sheled? It is not possible to gain direc

Heat Flow Endo UP (mW)

32

28

[ KTP

[ Sample
| Weight:11.3mg

Heating

I [N T TR SN N (N SN U TS O N S |

Cooling

t shown by the solid fitting lines.

evidence for the superionic phase transition below 180 K
because of the small ionic conductivity and the resolution of
our impedance analyzer. For example, the Arrhenius plot of
10 kHz in Fig. 4a) shows that the electronic-ionic critical
temperature is at c=200 K, whereas the superionic phase
transition should be below this temperature. However, below
this temperature, the change of ionic conductivity is beyond
the resolution of the impedance analyser. Nevertheless, in
comparing these data with other literaté?e?? we suggest
that the superionic phase transition occurs near 180 K and
the increase in activation energy at 270 K, which was
thought to be a superionic phase transition by Kalesintkas,

is the result of an order—disorder transitfon.

There is also a small thermal absorption peak on cooling
near 120 K. Taking into account the thermal hysteresis, this
would occur at 140 K on heating. At this temperature, an
abnormal increase in the spontaneous polarization was ob-
served by Shaldit and by Mangin'

140 170 200 230

Temperature (K)

260

| KTP
5.0x10™ -

D. Poole-Frenkel effect in KTP crystals

-1.0x10° | s e . When a dielectric is subject to an electric field, its dc

conductivity increases with the field in the forth,

dL/LdT
\

-1.5x10° o= Ule(eBE/sso)llleBT

(€)
wheree is the high-frequency dielectric constant andrep-
resents the field-independent component of the conductivity.
Figure 6 shows that laf) for KTP depends linearly on the
square root of the dc electric field at temperatures of 255 K
®) and 240 K. The high frequency dielectric constant derived

FIG. 5. () Heat absorption peaks of KTP at low temperatures.T0M these plots is 19:00.5, of a similar order to the value
Line 1 shows the heat absorbed when the sample was heated froff 15.0=0.3 measured at 10 MHz and 255 K. The field-
110 K to 280 K. Line 2 shows that in the subsequent cooling pro-dependence of the conductivity is consistent with a standard
cess and line 3 shows the repeated heating progessleasured ~ Poole-Frenkel effect In order to evaluate if the conductiv-
thermal expansion of KTP at low temperatures. The dots are théy decreases with temperature, H§a) is combined with
measured data point and the dashed line represents the expectedl. (6a), and the dc conductivity of KTP is represented as a
thermal expansion coefficient without a superionic phase transitiorfunction of both electric field and temperature by

-2.0x10°

100 150 200 250

T(K)
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-0.24
. ) FIG. 8. Switching current peaks during the ferroelectric inver-
FIG. 7. The ferroelectric hysteresis loop of KTP at 200 K mea-gjgn of KTP at low temperature.

sured using the method of Ref. 31.

o 170 K. Therefore, the onset of ferroelectric switching behav-
0 (24107 %EY2-E,)IKgT. (10)  ior does not require either “freezing in” of the ions or a
T superionic phase transition.

To reduce the dc conductivity through decreasing the tem-
perature, the condition required is X40 °EY?—E,<0.
When E,;=0.40 eV, we haveE<277 kV/mm. Under the
electric field of up to 12 kV/mm required for domain inver- Flux-grown KTP undergoes three abnormal changes of its
sion, this condition is well-satisfied so that decreasing theyroperties between room temperature and 140(XK: an
temperature is highly effective in decreasing the dc conducerder—disorder transition at 285 K, which accelerates the de-

o=

V. CONCLUSION

tivity while a high electric field is applied. crease of conductivity with temperatur€) a superionic
phase transition at 170 K, which is accompanied by an ab-
E. Domain switching sorption of heat and an abnormal change in the thermal ex-

d:)ansion;(S) a phase transition with an abnormal increase of
ﬁpontaneous polarization and absorption of heat. The de-
crease in the thermal hopping frequency with decreasing
rounded ends result from a conduction current der(sit$0 temperatgre causes the yarlatlon in the f_requency Q|sperS|on
of both dielectric properties and conducting properties. Fur-

Am) at high electric field, which cannot be removed by athermore the decrease of hopping frequency with tempera-
linear compensation, i.e., the compensation voltage is pro- ' ppIng freg y P

potonal o e appied vlag Edged encswere observed (1% ETSb1eS he ansiton fom fane conducton 1o ekt
at 170 K by Rosenman in ionically conducting KTP with the b

measured remanent polarization larger than the measur g?;?rrg;r:(gﬁggﬁ'eg\"vgsﬁéza%rn?ht:r;%?irca;t:gie:)l:cowgl\ﬁzz_to
spontaneous polarizatiorit An ideal hysteresis loop was y Q

also observed by him using high—potassium—concentratioH'CeS below 250 K.
KTP (Ref. 36 which is a low-conductivity material. Figure 7
shows that the remanent polarization at 200 K is 0.200 8
+0.005Cm 2, which is larger than that at room i
temperaturé! as expected.

A series of switching current density peaks for KTP at 200
K is shown in Fig. 8. These indicate that there is a difference
between the coercive electric fields for the two senses of field
application, i.e., along-c and —c, as was also observed by
Rosenmari® Furthermore, in a given sense of application,
the coercive electric field changes with the number of inver- 5 |
sions(e.qg., the first and the third peak in Fig. &his behav- KTP
ior is most likely related to the redistribution of the vacancies 3 ¢
in the crystal over time. A similar annealing effect was ob- 4 P T S S S
served in x-ray diffraction studies of KTP under an electric 150 200 250
field by Hamichiet al>®

The dependence of the coercive electric field on tempera-
ture is shown in Fig. 9. The coercive electric field increases FiG. 9. Coercive electric fiele, as a function of temperature.
as the temperature decreases, as expected. It is evident thae error bars show the error in the coercive electric field due to
domain switching can be realized at temperatures well aboviastrumental resolution. The line is the best fitting to the measured
the superionic phase transition, if this is assumed to occur afata points.

Figure 7 shows a distorted hysteresis loop of KTP at 20
K, the compensation for which was selected large enoug
that the part of curve that crosses th@xis is linear. The

-
T

Ec (KVImm)
(-]

Temperature T(K)
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