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Ferroelectric, conductive, and dielectric properties of KTiOPO4 at low temperature
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This paper reports the low-temperature dielectric, conducting, and ferroelectric properties of potassium
titanyl phosphate, KTiOPO4 ~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 of KTP:~i! an increase of K1

activation energy from 0.2560.02 eV to 0.4060.02 eV at 295 K;~ii ! a superionic phase transition at;170 K,
accompanied by an increasing thermal absorption and an abnormal change of the thermal expansion;~iii ! a
phase transition at 140 K associated with the increase of thermal absorption and spontaneous polarization;~iv!
a transition from ionic conduction to electronic conduction, which occurs at a frequency-dependent tempera-
ture Ttr520.3944f 2112.558f 1198.59~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 number~s!: 66.30.Dn
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I. INTRODUCTION

Potassium titanyl phosphate~KTiOPO4, KTP! is well-
established as a standard nonlinear optical~NLO! crystal for
low- and high-power second-harmonic generation~SHG!
and optical parametric oscillation~OPO! because of its large
NLO coefficients, its use in a noncritical type II phas
matching configuration, its thermal conductivity~;0.03
W cm21 °C21! and tolerably high damage threshold.1 To ex-
tend the utility of KTP and, in particular, to utilize its large
NLO coefficient,d33, for frequency conversion into the blu
and infrared regions of the spectrum, considerable effort
been put into the fabrication of periodically-poled KTP cry
tals for quasiphase matched~QPM! nonlinear optical
interactions.2–5 In order to enable a ferroelectric switchin
process that does not damage the crystal, one must avo
eliminate the effects of the ionic conductivity. The latter r
sults from the combination of quasi-one-dimensional tunn
for potassium migration in the crystal structure and the pr
ence of potassium vacancies in flux-grown KTP crysta6

There are currently three methods that enable ferroele
switching: ion-exchange,2 Rb-doping of the material during
crystal growth,4,7 and low-temperature poling.3 In the ion-
exchange technique, a thin insulating layer is fabricated
the surface of a crystal by replacing K1 with Rb1. When an
electric field is applied, there is initially a strong electric fie
in the near-surface region and a relatively small field in
bulk. Ferroelectrically switched domains are nucleated in
insulating dielectric layer under the periodic electrod
These domains on both1C and2C sides grow along thec
direction towards the middle of the crystal, and a perio
pattern of inverted domains results.2 This method of periodic
0163-1829/2002/66~9!/094102~8!/$20.00 66 0941
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domain inversion is a two-step process that requires car
operation to avoid thermal cracking of the crystal. Furth
more, the ion-exchange method is prone to the productio
optically inhomogeneous crystals because Rb can enter
crystal more rapidly and to a greater depth along the e
diffusion routes formed, for example, by pre-existing defec
To avoid this, in a recent development, an Rb-doped lo
conductivity variant of the KTP structure was produced4,7

Rb:KTP crystals, with up to 2% Rb substituted for K, we
grown from an Rb2O-containing flux. Conventional ferro
electric switching, as well as periodic poling, was succe
fully achieved at room temperature without damage to
crystals.4,7 Using an alternative approach, low-temperatu
poling of KTP was demonstrated by Rosenman at relativ
lower fields3,8 than that of LiNbO3.

The ionic conductivity of KTP decreases with temper
ture, as reported by Noda,9 Rosenman,8 and Kalesinskas.10

The latter suspected that there was a superionic phase
sition at 280 K since a rather low broad dielectric loss pe
was observed at this temperature.10 On the contrary,
Rosenman3 considered that the superionic phase transit
occurs at 140 K, which is consistent with the abnormal
crease of the spontaneous polarization,Ps , registered in the
pyroelectric coefficient measured by Mangin.11 However,Ps
as a function of temperature as measured by Shald12

shows an increase over a wide temperature range~50–150
K!. Pisarev13 shows that the birefringencesDnzy , Dnxz , and
Dnyx decrease unusually with temperature below 200 K a
a minimum inDnzy was observed at 140 K. Sheleg14 shows
that the thermal expansion coefficients in the@010# and@001#
directions reach a maximum at;200 K, whereas the coeffi
cient in the@100# direction has a minimum at this temper
©2002 The American Physical Society02-1
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ture. Recent investigations into the31P nuclear-magnetic
relaxation of KTP have revealed two phase transitions at
K and 300 K.15,16

The above-mentioned disparate observations contribu
the view that there is an important modification in the pro
erties of KTP at low temperatures, which has relevance to
technological process of periodic poling. Further work is e
dently required to clarify these experimental results and
form a consistent picture of the superionic phase transitio
KTP. One part of the work involves the investigation of t
dielectric relaxation and conducting characteristics at lo
temperatures, which are directly related to the hopping o
ions under an alternating electric field. These propertie
high temperature have already been investiga
extensively,17 and its isomorph.18 Furthermore, since a
superionic phase transition may often occur over a wide t
perature range with accompanying changes in the ther
properties and structural parameters,19–22 calorimetric, im-
pedance, and thermal expansion measurements were u
taken in this study. The results of these investigations
reported here together with the observation of the chang
conducting behavior of KTP from ionic to electronic wit
both temperature and frequency. In addition, the depende
of the ionic conductivity on the electric field is also shown
order to interpret further the results of Rosenman.3 Finally,
the switching characteristics of KTP are described and
dependence of the coercive electric field on temperatur
given.

II. FUNDAMENTAL THEORY

A Cole-Cole plot23 is often employed to describe the d
electric relaxation of a material with the complex permitti
ity, «* , in the form,

«* 5«82 i«95«`1
«s2«`

11~ ivt!12a , ~1a!

where«s is the static permittivity and«` is the permittivity
at high frequency,t is the relaxation time, anda is the angle
of the semicircular arc in the plot of«8 and «9. When a
50, the equation simply describes a Debye-type respon24

and, if the dc conductivity is ignored, the ac conductivity
a material can be written as24

s~v!5A•
v2t

11v2t2 . ~1b!

Equation~1a! is empirically-derived and Eq.~1b! has limited
application in real solids since it is difficult to observe
ideal Debye response. To understand the ion hopping c
duction in a real ionic conductor, different approaches h
been used, including the quasi-quantum method of Ishii
Kimball25,26 and the method of Alexanderet al.27 Although
both of these methods cannot ultimately model the wh
frequency-dispersion of the ionic conductivity in a real m
terial, some general characteristics of ionic conductivity
well described, particularly in the quasi-quantum approac25

~QQA!. In the latter, the ionic motion is regarded as hopp
from one configuration~denoteda! to another~denotedg!. If
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the probability of finding configurationa at time t is pa(t),
the time evolution of the system is governed by the mas
equation,

]pa~ t !

]t
5(

g
@Gag

0 pg~ t !2Gga
0 Pa~ t !#, ~2a!

whereGag
0 is the transition rate fromg to a andGga

0 is the
transition rate for the reverse process. Since the transi
from g to a is completed by a hop of an ion in configuratio
a to g, the functionsGag

0 and Gga
0 can be considered to b

‘‘hopping rates.’’ For thermally-induced activation,Gag
0 is

proportional toe2(Ea /KBT) ~Ea the activation energy,KB is
the Boltzmann constant!. To describe a configuration, th
configuration operatorR can be introduced,

Rua&5Raua&. ~2b!

By assuming there is an equilibrium state, we have a H
mitian operatorH, with the symmetric elements as25,26

Hag52~Gag
0 Gga

0 !1/2, aÞg5 (
dÞa

Gda
0 , a5g. ~2c!

The positive eigenvalues,«l , and the corresponding eigen
functions, wl , of H can be calculated by setting detuHlg
2«ldlgu50. The eigenfunctions are then the combination
the configurations. The representation of complex ionic c
ductivity for one-dimensional ionic hopping is given by25

s* ~v!5
1

KBT
•

~ze!2

V
•(

l
^fuRuwl&2

2 iv«l

2 iv1«l
. ~3a!

Equation~3a! can also be written as

s* ~v!5
1

KBT
•

~ze!2

V
•(

l
^fuRuwl&2F v2«l

v21«l
22 i

v«l
2

v21«l
2G .

~3b!

The real part ofs* (v) is the conductivity and the comple
permittivity is given by@Private communication with Dr. T
Ishii: The 2 i appears in Eq.~3b! because the relaxatio
function eHt rather thane2Ht, was used in the QQA. This
results in Eq.~3b! being different from the usual represent
tion of the complex conductivity.#

«* ~v!5«`2s* ~v!/ iv

5«`1
1

KBT
•

~ze!2

V (
l

^fuRuwl&2
«l

2

v21«l
2

1 i
1

KBT
•

~ze!2

V
•(

l
^fuRuwl&2

v«l

v21«l
2 . ~3c!

In at least two cases, the QQA expressions reduce to
representations of the ionic conductivity:~a! when the hop-
ping frequency of all the ions to any vacancies is the sa
there are only two eigenvalues; one is the zero correspon
to the ground state («150) and the other is nonzero («2
5«) for the degenerate states. Then, the real part of cond
tivity is given by
2-2
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s~v!5
1

KBT
•

~ze!2

V
•

1

«2
•F v2

v2/«2
211G(

l
^fuRuwl&2.

~4!

Clearly, Eq.~4! is the same as Eq.~1b! or the Debye-function
for conductivity and in this case, the dielectric relaxation
the Debye-type.~b! If both the hopping frequencies of ion
and the eigenvalues change exponentially, as defined
Ishii,25 the conductivity can be represented by

s* }~2 iv!s5cosS p

2
sDvs2 i sinS p

2
sDvs, ~5!

where 0,s,1.25 This is appropriate for disordered system
Finally, in a simple system, the jumping frequencies of

configurations are proportional to a single thermal activat
factor e2(Ea /KBT). Assumingv@«l , we obtain the Arrhen-
ius equation from Eq.~3b!,

s~T!5
s0

T
expS 2

Ea

KBTD , ~6!

wheres0 is a constant. This equation has been extensiv
used for modeling the temperature dependence of the i
conductivity in many materials and for deriving the activ
tion energy,Ea .

III. EXPERIMENTAL METHODS

KTP crystals were grown at Oxford University using th
top-seeded solution growth method.28 The ac conductivity of
KTP between 320 K and 120 K was measured using
HP4192A low-frequency impedance analyzer. Silver-coa
@001#-cut samples of area 434 mm2 and thickness 0.4 mm
were put into a cryostat~Janis Research Company, ST-40!.
At each temperature, the crystal was left for 15 min to rea
thermal equilibrium. The conductivity data at each frequen
were gathered via a computer interface established using
HP-Vee software.29

Since a superionic phase transition is often accompa
by an exchange of heat with the surroundings or a chang
thermal capacitance,22 the thermal character of KTP was an
lyzed in the temperature range from 120 to 273 K usin
Perkin-Elmer Differential Scanning Calorimeter~model Py-
ris I!. The temperature was ramped at a rate of 10 K/m
during both the cooling and heating processes. The ther
expansion coefficient was measured using a purpose-
Kosters-prism optical interferometer capable of measur
changes in thermal expansion coefficient (1/l )(dl/dT) to an
estimated accuracy of;631026 K21.30 A KTP crystal with
two @010# faces polished was put into a cryostat~Janis Re-
search Company, ST-100!. During the measurement, the tem
perature was varied continuously from 100 K to 273 K. T
electrical response and switching character were investig
using a purpose-built apparatus, which is fully describ
elsewhere.31 It is capable of monitoring both the current
the circuit and the dielectric displacement of a crystal.
observe an ideal ferroelectric hysteresis loop, a voltag
applied to compensate the conduction.
09410
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IV. RESULTS AND DISCUSSION

A. Dielectric response

The Cole-Cole plots~«8 vs «9! of KTP at different tem-
peratures are shown in Fig. 1, and the dielectric constant
conductivity as functions of frequency at different tempe
tures are shown in Figs. 2~a! and 2~b!, respectively. It is
evident that all of the Cole-Cole plots at different tempe
tures radiate almost from the same point. This point cor
sponds to the electronic contribution to the dielectric prop
ties since, as the frequency increases, the coupling betw
the alternating electric field and the electrons’ movement
comes stronger whereas that between the electric field
the movements of ions becomes weaker. As the tempera
decreases, the Cole-Cole plots shrink as the result of bo
smaller conductivity and a reduced dielectric constant.

Figure 2~a! shows that as the temperature decreases,
decrease of dielectric constant with frequency becomes m
more rapid in the low frequency range (v,50 kHz). This
should correspond to a decrease of the eigenvalue,«l ,
which is the result of the decreased transition rate betw
the configurations or the hopping rate, since from Eq.~3c!,
we have

«8~v!5«`1
1

KBT
•

~ze!2

V (
l

^fuRuwl&2
1

v2«l
2211

.

~7!

The conductivity shown in Fig. 2~b! was fitted well to an
equation,

s~v!5C•

tv2

11~tv!2 •vs, ~8!

whereC, t, ands are constants at a given temperature. Eq
tion ~8! is the combination of Eqs.~4! and ~5!. Whens50,
Eq. ~8! is the Debye function for the representation of ion
conductivity. When (tv)2@1, it can be written as the rea
part of Eq.~5!. The values for the parametersC, t, ands for
KTP at different temperatures are listed in Table I and th
corresponding standard deviations

FIG. 1. Cole-Cole plots of KTP at different low temperatures
2-3
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Ds5
1

n
A(

i 51

n S s i2s~v!

s i
D 2

,

wheren is the number of data points, are,0.6%. The pa-
rametert increases as the temperature decreases. If Eqs~7!
and ~8! are compared, an equivalence oft and «l

21 is sug-
gested. Thus, the decrease of«l , resulting from decreasing
temperature, is the reason for both the changes of diele
constant frequency dispersion and ionic conductivity f
quency dispersion. Table I also shows that, the parames
increases as temperature decreases. This is consistent

FIG. 2. Dielectric properties of KTP as a function of frequen
at different temperatures:~a! Dielectric constant«33 and ~b! ionic
conductivity alongC.
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the theoretical results obtained by Bernasconi for an o
dimensional disordered system.32 However, over the tem-
perature range considered here, parameters is always small
compared with unity and the dielectric relaxation is close
Debye-type. This means that a single nonzero engenvalu«l

dominates the frequency dispersion of ionic conductivity
each temperature. Therefore, it is appropriate to model
temperature-dependence of the conductivity using Eq.~6!.

B. Temperature-dependent conductivity
and dielectric properties

The measured dielectric constant and ionic conductivity
different frequencies as a function of temperature are sho
in Figs. 3~a! and 3~b!, respectively. Both of them decreas
with temperature. The Arrhenius plots@Eq. ~6! and Figs. 4~a!
and 4~c!# clearly show that there are two distinct types
change in gradient occurring between 320 K and 130
Type I occurs at low temperature in the low frequency co
ductivity, e.g., at 185 K forf 5200 kHz and at higher tem
perature for high frequency, e.g., at 300 K forf 510 MHz.
Since increasing the frequency decreases the ionic coup
to the electromagnetic field and increases electronic c
pling, the type I gradient anomaly is suggested to be c
nected with a change in the ratio of ionic conductivity to t
electronic conductivity. Using the flat part of the curve at
MHz in Fig. 4~a! and supposing the electronic conductivi
is proportional toe2(Ee /KBT) ~Ee is the activation energy o
electrons!, we can estimate the electron activation energy
be;0.04 eV, which is about 10% of the activation energy f
ionic conductivity. Therefore, the ionic conductivity de
creases much more rapidly than the electronic conducti
with temperature and at a critical temperature (Tc) the ionic
conductivity becomes less than the electronic conductiv
At higher frequency, the electronic conductivity will excee
the ionic conductivity at higher temperature, as shown in F
4~a!, since the electron-electromagnetic wave coupling
stronger. By extending the flat lines of the lower temperat
range@e.g., large value of (KBT)21# of the Arrhenius plots to
room temperature, the electronic conductivity at differe
frequencies at room temperature can be estimated with
error ,3%. The experimentally-derived ratios of ionic t
electronic conductivities for three frequencies at room te
perature are listed in Table II. Evidently, both types of co
ductivity increase with frequency, but the electronic condu
tivity increases more rapidly, as expected. The criti
temperature at a function of frequency is drawn in Fig. 4~b!,
which shows that the dielectric constant and conductiv
variations with frequency are of the ionic conducting orig
as discussed. Similar ionic to electronic conduction tran
tions were also observed by Urenskiet al.33,34 However,
TABLE I. Parameters for the representation of ionic conductivity of KTP at low temperatures.

Temperature~K! 320 293 273 250 230

S 0.098 0.100 0.105 0.110 0.14
t(s) 7.031025 2.031024 5.231024 9.831024 1.431023

C 1.1831028 8.8231029 6.5331029 2.3831029 5.25310210
2-4
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since their investigations were carried out at single f
quency, the physical mechanisms for such a transition ca
be clarified, i.e., whether such a transition is caused b
superionic phase transition or the electromagnetic field in
action with an ionic conductor.

The type II gradient anomaly, which signifies a change
activation energy from 0.25 eV to 0.40 eV, occurs betwe
250 K and 305 K@(KBT)21 from 43 to 38# and is clearly
shown in Fig. 4~c!. This anomaly corresponds to a quicke
ing of the rate of decrease in the ionic conductivity w
decreasing temperature. Within this temperature range
abnormal change in the dielectric loss was observed
Kalesinskas10 and he concluded that the superionic pha
transition occurred at 268 K. However, such an anom
might equally well be caused by an order–disord
transition22 and has been interpreted as a change of the c
duction mechanism from polarons~K11 lattice deformation!
to K1 alone.15 To clarify this, the results of the therma
analysis must be considered.

C. Thermal absorption and thermal expansion

The thermal absorption spectrum is shown in Fig. 5~a!.
An absorption peak was observed at 180 K on repeated h

FIG. 3. Dielectric properties of KTP as a function of tempe
ture at different frequencies:~a! Dielectric constant«33 and ~b!
ionic conductivity alongC.
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FIG. 4. ~a! Parameter ln(sT) as a function of paramete
(KBT)21. The dotted lines show the supposed curves correspo
ing to the electronic conductivity.~b! The dependence of the con
ducting mechanism in KTP on both the frequency and temperat
~c! Parameter ln(sT) as a function of parameter (KBT)21 between
250–320 K, showing that the activation energy increases from 0
eV to 0.40 eV at 290 K.
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ing, whereas a broad peak on cooling was observed at;165
K. The difference in temperature on heating and cooling
attributed to thermal hysteresis in the phase transition t
perature. Despite the apparent differences in the peak-sh
all three peaks extend over;40 K when compared with the
baseline. This is characteristic of a superionic phase tra
tion. The variation of the thermal expansion along@010# with
temperature@Fig. 5~b!# shows an abnormality in a simila
temperature range, and resembles the results obtained
x-ray diffraction by Sheleg.14 It is not possible to gain direc

TABLE II. Comparison of ionic conductivity and electroni
conductivity at room temperature.

200 KHz 1 MHz 10 MHz

s ion(V
21 m21) 9.7531025 1.1331024 4.0531024

selectron(V
21 m21) 3.6231027 1.4131025 2.3931024

s ion /selectron 269 80 1.7

FIG. 5. ~a! Heat absorption peaks of KTP at low temperatur
Line 1 shows the heat absorbed when the sample was heated
110 K to 280 K. Line 2 shows that in the subsequent cooling p
cess and line 3 shows the repeated heating process.~b! Measured
thermal expansion of KTP at low temperatures. The dots are
measured data point and the dashed line represents the exp
thermal expansion coefficient without a superionic phase transit
09410
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evidence for the superionic phase transition below 180
because of the small ionic conductivity and the resolution
our impedance analyzer. For example, the Arrhenius plo
10 kHz in Fig. 4~a! shows that the electronic-ionic critica
temperature is atTc5200 K, whereas the superionic pha
transition should be below this temperature. However, be
this temperature, the change of ionic conductivity is beyo
the resolution of the impedance analyser. Nevertheless
comparing these data with other literature,20–22 we suggest
that the superionic phase transition occurs near 180 K
the increase in activation energy at 270 K, which w
thought to be a superionic phase transition by Kalesinska10

is the result of an order–disorder transition.22

There is also a small thermal absorption peak on coo
near 120 K. Taking into account the thermal hysteresis,
would occur at 140 K on heating. At this temperature,
abnormal increase in the spontaneous polarization was
served by Shaldin12 and by Mangin.11

D. Poole-Frenkel effect in KTP crystals

When a dielectric is subject to an electric field, its
conductivity increases with the field in the form,35

s5s1e~e3E/««0!1/2/KBT, ~9!

where« is the high-frequency dielectric constant ands1 rep-
resents the field-independent component of the conducti
Figure 6 shows that ln(s) for KTP depends linearly on the
square root of the dc electric field at temperatures of 255
and 240 K. The high frequency dielectric constant deriv
from these plots is 19.060.5, of a similar order to the value
of 15.060.3 measured at 10 MHz and 255 K. The fiel
dependence of the conductivity is consistent with a stand
Poole-Frenkel effect.35 In order to evaluate if the conductiv
ity decreases with temperature, Eq.~9a! is combined with
Eq. ~6a!, and the dc conductivity of KTP is represented as
function of both electric field and temperature by

.
om
-

e
ted

n.

FIG. 6. Dependence of ionic conductivity of KTP on electr
field as the results of Poole-Frenkel effect. The empty and fil
dots represent the value of ln(s) that depends linearly onE1/2, as
shown by the solid fitting lines.
2-6
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s5
s0

T
e~2.4x1025E1/22Ea!/KBT. ~10!

To reduce the dc conductivity through decreasing the te
perature, the condition required is 2.431025E1/22Ea,0.
When Ea50.40 eV, we haveE,277 kV/mm. Under the
electric field of up to 12 kV/mm required for domain inve
sion, this condition is well-satisfied so that decreasing
temperature is highly effective in decreasing the dc cond
tivity while a high electric field is applied.

E. Domain switching

Figure 7 shows a distorted hysteresis loop of KTP at 2
K, the compensation for which was selected large eno
that the part of curve that crosses theY-axis is linear. The
rounded ends result from a conduction current density~;10
A m22! at high electric field, which cannot be removed by
linear compensation, i.e., the compensation voltage is
portional to the applied voltage.31 Edged ends were observe
at 170 K by Rosenman in ionically conducting KTP with th
measured remanent polarization larger than the meas
spontaneous polarization.3,31 An ideal hysteresis loop wa
also observed by him using high-potassium-concentra
KTP ~Ref. 36! which is a low-conductivity material. Figure
shows that the remanent polarization at 200 K is 0.2
60.005 C m22, which is larger than that at room
temperature,37 as expected.

A series of switching current density peaks for KTP at 2
K is shown in Fig. 8. These indicate that there is a differen
between the coercive electric fields for the two senses of fi
application, i.e., along1c and2c, as was also observed b
Rosenman.35 Furthermore, in a given sense of applicatio
the coercive electric field changes with the number of inv
sions~e.g., the first and the third peak in Fig. 8!. This behav-
ior is most likely related to the redistribution of the vacanc
in the crystal over time. A similar annealing effect was o
served in x-ray diffraction studies of KTP under an elect
field by Hamichiet al.38

The dependence of the coercive electric field on temp
ture is shown in Fig. 9. The coercive electric field increa
as the temperature decreases, as expected. It is eviden
domain switching can be realized at temperatures well ab
the superionic phase transition, if this is assumed to occu

FIG. 7. The ferroelectric hysteresis loop of KTP at 200 K me
sured using the method of Ref. 31.
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170 K. Therefore, the onset of ferroelectric switching beh
ior does not require either ‘‘freezing in’’ of the ions or
superionic phase transition.3

V. CONCLUSION

Flux-grown KTP undergoes three abnormal changes o
properties between room temperature and 140 K:~1! an
order–disorder transition at 285 K, which accelerates the
crease of conductivity with temperature;~2! a superionic
phase transition at 170 K, which is accompanied by an
sorption of heat and an abnormal change in the thermal
pansion;~3! a phase transition with an abnormal increase
spontaneous polarization and absorption of heat. The
crease in the thermal hopping frequency with decreas
temperature causes the variation in the frequency disper
of both dielectric properties and conducting properties. F
thermore, the decrease of hopping frequency with temp
ture enables the transition from ionic conduction to ele
tronic conduction to be observed at different temperatures
different frequencies. Decreasing temperature allows KTP
be ferroelectrically switched for the fabrication of QPM d
vices below 250 K.

-
FIG. 8. Switching current peaks during the ferroelectric inv

sion of KTP at low temperature.

FIG. 9. Coercive electric fieldEc as a function of temperature
The error bars show the error in the coercive electric field due
instrumental resolution. The line is the best fitting to the measu
data points.
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