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Switching times of ferroelectric domains in x-ray-irradiated KDzPO4-KHzAs04
monitored by ESR
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The polarization reversal of a ferroelectric crystal has been monitored for the first time by
the technique of electron-spin resonance. This method was employed to study the reversal

process in the ferroelectric crystal KD2PO4 at low temperatures for a series of electric field

strengths. The experiments utilized the As04 free radical formed by x-ray irradiation of
single crystals of KD2PO4 that had been doped with 5 mol /o of KH2As04. At low tem-

peratures the lowest-field hyperfine component of the As04 center exhibited a ferroelec-

tric domain splitting. The relative intensities of this lowest-field doublet provided the frac-
tional polarization g (t) of the crystal that remained unswitched as the polarized state de-

cayed with time t. For intermediate times, g (t) followed a power law of the form g (t)-t
at low temperatures and field strengths. The electric field dependence of the power-law ex-

ponent a was determined for fields between 4.0 and 8.0 kV/cm at 82 K and the temperature

dependence was determined in a 4.0-kV/cm field for temperatures from 88 to 113 K. These

dependences were found to be a (E)-e and a (T)-e ~, respectively.

I. INTRODUCTION

Ferroelectricity exists in a crystal that undergoes a
structural phase transition at a critical temperature
T, from a high-temperature nonpolar (paraelectric)
phase to a low-temperature polar (ferroelectric)
phase. The major characteristic of the ferroelectric
phase is the existence of a spontaneous electrical po-
larization that can be reversed by an external electric
field. Information concerning the mechanisms of
polarization reversal in ferroelectric materials has
previously been obtained by two principal methods.
The decay or growth of domains during the reversal
process has been studied by the direct optical obser-
vation of the domains, while switching time mea-
surements have been made through the detection of
a displacement current that flows through the crys-
tal due to the internal rearrangement of molecular
dipolar units as the polarization reverses. Reviews
of these methods can be found in the books by Fa-
tuzzo and Merz' and by Lines and Glass. This pa-
per presents a new method for monitoring the rever-
sal process which uses electron-spin-resonance
(ESR) spectroscopy.

Uniaxial ferroelectric single crystals which have
passed into the polar phase in the absence of an
external electric field are composed of two types of
domains that are polarized in opposite directions
along the ferroelectric axis. The ESR spectrum of
certain paramagnetic centers in such crystals exhi-
bits a "domain splitting" and the two relative inten-
sities of two hyperfine components provide a mea-

sure of the net polarization state of the crystal, or
equivalently, the intensity of each component is pro-
portional to the volume taken up by each type of
domain. When an external electric field is applied
to the sample along the ferroelectric axis, the polari-
zation of the crystal changes with time due to the
switching of domains to the direction favored by the
field. The fraction of the domains that has switched
(or not switched) as a function of time is then re-

flected by the time dependence of the intensities of
the two components of the ESR spectrum of the
paramagnetic centers.

The domain splitting that was just described can
be observed in the spectra of several paramagnetic
defects or impurities in members of the potassium
dihydrogen phosphate class of ferroelectric crystals.
In particular, evidence of domain switching and hys-
teresis effects has been obtained from the spectra of
free radicals produced by x- or y-ray irradiation of
pure crystals of KH2P04 and RbHqP04( OP03H ),
KDzP04( OP03D ), ' and KHqAs04 and
KDqAs04 (As04 ). Similar spectra have also been
detected from radiation-induced radicals in the
mixed crystals KH2P04 —KH2As04 (As04" ),
KH2P04 —K2Se04 (Se04 ), and their deuterated
analogs. In this work, the ESR techniques for
monitoring the switching process over a range of
electric field strengths and temperatures are applied
to ferroelectric KD2P04 by utilizing the ESR spec-
trum of the As04 ion. In an earlier Report we

presented preliminary results of these studies. '

KD2P04 crystallizes at room temperature in the
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tetragonal I421 (D~) structure except at the
highest levels of deuteration where a monoclinic
phase is observed. ' In the high-temperature phase,
each tetrahedral POq group is hydrogen bonded to
four neighboring PO& groups. The time-averaged
position of the deuterium atom is located symmetri-
cally between the two oxygen atoms connected by
the bond. In the I42d tetragonal structure there are
two inequivalent PO4 tetrahedra. The geometrically
inequivalent PO& groups are rotated in opposite
directions about the c axis through angles of approx-
imately 16'. In the ferroelectric phase below 223 K,
the symmetry becomes orthorhombic F112 (C2„)
with the orthorhombic X and F axes at 45' from the
tetragonal a and tp axes, respectively, and Z=c. In
this state, two types of structural domains exist in
which the deuterons are ordered. In one type, the
two deuterons associated with each PO4 tetrahedron
are closer to the upper side of the group (i.e., toward
the +c direction) while in the other type they are
closer to the lower oxygens of the PO4 group. These
two D~PO4 configurations, with the accompanying
ionic displacements in the complete (K+-D2PO4 )

molecule, give rise to the microscopic electric di-

poles along the +c or —e directions. Macroscopic
regions of similarly oriented (K+-D2PO4 ) mole-

cules thus form the domains of electric polarization
that comprise the ferroelectric phase. Most of the
domains extend through the thickness of the crystal
while others may end within the bulk of the crystal
forming a layered domain pattern. '

II. EXPERIMENTAL METHODS

The KD2PO4 crystals were grown from an aque-
ous solution of 99.8% D20 containing 99% isotopic
purity KD2POq and 5 mol% (vs KD2POq) of
reagent grade KH2As04. Evaporation took place in
a container under flowing argon gas to minimize
deuterium-hydrogen exchange with the surrounding
atmosphere. Crystals exhibiting the tetragonal sym-

metry of the high-temperature phase were selected
for the polarization reversal experiments. Graphite
electrodes were placed on the crystal faces perpen-
dicular to the ferroelectric c axis of specimens hav-

ing an approximately square cross-sectional area of
2.5 X2.5 mm and a thickness d of 1.5 mm along the
c direction. %'ith this geometry the strength of the
electric field applied along the ferroelectric axis
varied somewhat across the sample, however, the ex-
pression E = V/d was employed to provide nominal
values of the field strength E from the applied volt-

age V. Samples were irradiated for several hours
with 35-kV x rays at room temperature. The x-ray
machine was operated with a Cu target and a
current of 15 mA. ESR spectra were obtained with

an x-band superheterodyne spectrometer using a
TE/Q2 rectangular cavity in conjunction with an
external low-temperature Dewar and temperature
controller to attain temperatures stable to within +1
K. The sample and connecting wires were oriented
inside a quartz tube such that the crystal could be
rotated about its c axis for precise alignment in the
magnetic field of the spectrometer. A pulse genera-
tor that could deliver variable width square high-
voltage pulses of opposite polarity with rise times on
the order of 1 ps was constructed and used for po-
larizing and subsequent switching of the sample.

Irradiated KD2POz-KH2AsOq crystals give ESR
signals from a number of centers. In particular, the
structure of the As04 radical which is formed by
the capture of an electron into a molecular orbital of
the As(I =3/2) ion has been examined extensive-

ly. The ESR spectrum of the As04" center in fer-
roelectric KD2PO4 is shown in Fig. 1 for the crystal-
line c axis perpendicular to the dc magnetic field
and either the orthorhombic X or F axis parallel to
the magnetic field. This orientation of the crystal is
such that the As04 tetrahedra having different an-
gular orientations about the c axis are magnetically
equivalent, while the two different D2As04
molecular configurations that give rise to the two
oppositely directed domains of electrical polariza-
tion are magnetically inequivalent. As a result, the
spectrum consists of two hyperfine quartets arising
from the two types of domains. The maximum
domain splitting is observed between the lowest-field
lines of the two hyperfine quartets. The splitting be-
tween the corresponding lines of each hyperfine
quartet at the three higher-field positions is not ob-
served because of opposing g and A tensor effects. '

The ferroelectric nature of the splitting between
the two lowest-field lines is evidenced by the effects
of polarizing electric fields of opposite polarity on

FIG. 1. ESR spectrum of the As04~ free radical in
KD&P04—5 mol% KH2As04 (DKDP-KDA) at 82 K
with the 75As hyperfine transitions indicated by arrows,
showing the line intensities Il and I2 of the split lowest-
field hyperfine component. Additional lines arising from
other paramagnetic species also appear in the center of
the spectrum (Hic, H~~Xor Y).
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g (t) =It l(Ii+I2), (2)

where I~ and I2 are the time-dependent line intensi-
ties, is proportional to the fractional polarization of
the crystal that remains unswitched at time t. The
function g(t) then provides the polarization versus
time curve for the reversal process.

Two techniques were used to monitor the switch-
ing process. For each technique an unpolarized

the line intensities I& and Iz as denoted in Fig. 2.
As the domains switch to the direction favored by
the applied electric field, the number of As04
centers in that domain type becomes greater, leading
to an increase in the intensity of the associated ESR
line and a corresponding decrease in the intensity of
the other ESR line. A plot of the quantity

p(t) =(Ii —I2)I(Ii+I2),
as a function of the applied electric field at 82 K,
yields a hysteresis loop similar to the ESR-
monitored hysteresis loops that have been reported
for other KDP-type systems. These hysteresis
effects show that p(t) represents the net fractional
polarization of the crystal. Similarly, the quantities
Ii l(Ii+I2) and I2l(I, +I2) may be taken to be pro-
portional to polarizations of the two domain types.
Therefore, when the crystal is switched from the po-
larized state for which I~ =-I&,„and I2 -—0, the
function

crystal corresponding to Fig. 2(a) was first polarized
with a high saturating electric field in one direction
as in Fig. 2(b}. The field was then returned to zero
to allow spontaneous backswitching to occur as in
Fig. 2(c). Finally, the electric field was reversed and
the crystal polarized with time to the final state of
Fig. 2(d). At low temperatures and low electric
field strengths the polarization state changed slowly
compared to the time required to scan through a
spectrum, and so the switching process was moni-
tored by repeatedly scanning through the spectrum
of the two lines, I& and I2, presented in Fig. 2 at
-40-s intervals. At high temperatures and low
electric field strengths the polarized state decayed
too quickly to permit repeated scanning. To moni-
tor the polarization for this case the spectrometer
was set at the peak of the strongest of the low-field
lines and the recorder was turned on during the po-
larization reversal so that the trace on the chart pa-
per recorded the amplitude of the line Ii of Eq. (2).
For this case, Eq. (2) assumes the form

g (t}=It/I)(0), (3)

where Ii(0) is the amplitude for t =0, and as before,
I2(0)=0.

At high electric field strengths the polarization
process is accompanied by an initial disturbance
which momentarily mismatches the cavity followed
by a rapid reversing of the polarization. As a result,
the spectrum disappears and the switching could not
be measured. A special technique involving pulsed
electric fields was developed for monitoring the po-
larization reversal at high electric field strengths,
and this is planned to be reported in a future subse-
quent publication.

(a) E =0 (b) E= III. RESULTS

A. Short and long times

(c) E =0
after +16 kV/cm

(d) E =-16kV/cm

FIG. 2. Effect of an applied electric field on the split
lowest-field hyperfine component of the As04 radical in
DKDP-KDA at 82 K showing (a) an equal intensity
doublet for the initially unpolarized crystal, (b) presence
of a single low-field line Il after polarization in the +c
direction, (c) growth of the weak I2 line on the right-hand
side of the spectrum where the electric field is returned to
zero, and (d) disappearance of line Ii and appearance of
strong line I2 when the crystal isgolarized in the opposite
( —c) directions (Hlc, H( )x or y, E) (c).

g(t) e
—bf . (4)

The log-log plot for E =7.3 kV/cm and T =106 K
presented in Fig. 4 is linear from times of 0.5 to
about 9 min, indicative of a power-law behavior of

The time dependence of the polarization function
g (t) given by Eq. (2) was measured for a series of
temperatures T and electric field strengths E using
the techniques described above. To display the re-
sults the logarithm of g (t) was plotted against both
the time as shown in Fig. 3 and against the loga-
rithm of the time as illustrated in Fig. 4. The semi-
logarithmic plot for E =10.0 kV/cm and T =82 K
exhibits a linear region at short times, less than a
second, as indicated in Fig. 3, which corresponds
more nearly to an exponential process of the form
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At still longer times, the power-law dependence
breaks down and the polarization function g(t) ap-
proaches its final saturation value more slowly, as
shown in the figure.

These results suggest that the application of a re-
versing electric field causes the polarization function
g(t) to evolve in time from an initial value g(t)- l
to a final value g(t)-0 in the manner sketched in

Fig. 5. This figure shows the following four regions
of behavior for progressively increasing times: (l)
an exponential law at very short times, (2} a transi-
tion region, (3}a power law at relatively long times,
and (4) a more gradual approach to the final polari-
zation state at very long times.

I I i

8 10 12

time t(s)
FIG. 3. Initial stage of the reversal process showing

logg(t) vs time. The inset presents an expansion of the
region around t =0 which shows that logg(t) decreases
linearly with time between 0 and 1 s (I=10.0 kV/cm,
T =82 K).

B. Power-law region

A particularly detailed study was made of the
time decay of the polarization function in the
power-law region where g (t} varies with time in ac-
cordance with Eq. (5). Measurements made at 82 K
for a series of electric field strengths from 4.0 to 8.0
kV/cm exhibit the linear behavior illustrated in Fig.
6 for each value of E. We see from the figure that

g (t) has progressively smaller values for the shortest
time shown, namely 27 s, which means that for
shorter times g(t) decreases more rapidly for in-

0.5

cv 04
%sJ
~ey

II

0.3

0.2-

10 10 10

time t(sP

10

FIG. 4. Log-log plot of the polarization function g(t)
vs time showing the linear region of the power-law depen-
dence and the breakdown of the power-law behavior at
longer times (E =7.3 kV/cm, T= 106 K).

log(t)

FIG. 5. Different regions of behavior of the polariza-
tion function g (t) represented by a solid line ( ). (a)
Exponential time dependence at very short times
( ———) and ( ), (b) power law at intermediate times
( —~ —~ —~ ) and ( ), and (c) unknown time depen-
dence at very long times ( ).
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FIG. 6. Log-log plot of the polarization function g (t)

vs the time t for reversal field strengths at a temperature
of 82 K. The linearity of the curves indicates a power-law

behavior, and the decrease in the value of g(t) with in-

creasing electric field strength for the shortest time shown

indicates that the short-time decay becomes more rapid
with increasing E.

E (kVlcm)

FIG. 7. Semilogarithmic plot of the electric field

dependence of the power-law exponent a obtained from

the slopes of the lines in Fig. 6 for the temperature of 82

K.

creasing values of E. The linearity of the curves in
Fig. 6 demonstrates that the power-law behavior of
Eq. {5) is closely followed for the relatively long-
time period from 0.5 to 9 min. In addition, we see
from the figure that the magnitudes of the slopes of
the lines become greater with increasing electric
field strength, hence in the power-law region g(t)
continues to decrease more rapidly for increasing
values of E.

To obtain a quantitative measure of the way g (t)
changes with electric field strength in the linear re-

gion, a semilogarithmic plot was made of the slopes
of the lines in Fig. 6, and the results presented in
Fig. 7 show that the power-law exponent a is an ex-
ponential function of the electric field of the form

played in Fig. 8. The initial value of g{t}for each
curve at 27 s was lower for progressively higher
temperatures indicating that the short-time decrease
of g (t} with time is more rapid for increasing tern-
peratures. The linearity of the curves shows that the
power-law behavior is again obeyed for times be-
tween 0.5 and 9 min.

To ascertain the explicit temperature dependence
of the polarization function g (t), a semilogarithmic
plot was made of log g (t) vs 1 iT, and the resulting
straight line presented in Fig. 9 shows that the
power-law exponent a in Eq. (5) varies exponentially
with 1/T in accordance with the expression

a (T)-e P!T

where

a(E)-e (6) P=0.73+0.04
with

a =0.67+0.2, (7)

measured in cm/kV. Thus we have an analytic ex-
pression for the electric field dependence in the
power-law region at a temperature of 82 K.

A similar approach was used to ascertain how
g(t) depends upon the temperature for a particular
electric field strength E. Measurements were made
of the time dependence of g(t) for a series of tem-
peratures between 88 and 113 K at the fixed electric
field strength E=4.0 kV/cm, and they are dis-

measured in units of k. This provides us with an an-
alytic expression for the temperature dependence in
the power-law region at an electric field strength of
4.0 kV/cm.

IV. DISCUSSION

The short-time data in Fig. 3 were obtained for
E =10.0 kV/cm and T =82 K, and the long-time
data in Fig. 4 were for the conditions E=7.3
kV/cm and T =106 K. Additional measurements
under other conditions of E and T presented in Figs.
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FIG. 8. Log-log plot of the polarization function g (t)
vs the time t for several temperatures at an electric field
strength of 4.0 kV/cm. The linearity of the curves indi-
cates a power-law behavior, and the decrease in the value
of g (t) with increasing temperatures for the shortest time
shown indicates that the short-time decay becomes more
rapid with increasing temperature.

6 and 8 show that increasing the value of either the
electric field or the temperature causes the polariza-
tion function g(t) to decrease more rapidly with
time in both the short-time exponential region and
in the longer-time power-law region. The coeffi-
cients a and P of Eqs. (7) and (9) were evaluated and
provide a quantitative measure of the electric field
and temperature dependence, respectively, of the
power-law exponent a of Eq. (5). It is believed that
a varies with the temperature and P varies with the
electric field strength, and these dependences are be-

ing determined.
The results presented in this paper were limited to

FIG. 9. Semilogarithmic plot of the temperature
dependence of the power-law exponent a in a constant
field on the reciprocal temperature obtained from the
4.0-kV/cm reversing field. Slopes of the lines in Fig. 8

for the reversing electric field strength of 4.0 kV/cm.

relatively low electric field strengths because
higher-field strengths disturbed the cavity and
prevented data from being obtained. More recently,
a pulsed electric field method has been developed
which permits data to be obtained at higher electric
field strengths, and this is planned to be reported in
a future subsequent publication. Further work is
also in progress on the interpretation of these results
with respect to the usual theories of ferroelectric
switching by the nucleation of reversed domains and
their subsequent expansion. ' '
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