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Anomalous dielectric aftereffect in ferroelectric KH2PO4
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38042 Grenoble Cedex 9, France
~Received 8 April 1999!

Dielectric permittivity,e5e82 i e9, of KH2PO4 pressed powders was measured betweenT51.4 and 25 K in
the presence of dc electric bias fields. Usually if the bias was switched at timet50, e8 ande9 jumped to new
values, then decreased approximately as logt(6,t,2000 s). This well-known effect, that is also found with
single crystals, is attributed to switchable microdomains that are present accidentally in crystals but are
systematically more numerous in powders. A very different aftereffect was observed in a narrowT range
around 7–8 K.e8 jumped to a lower value, then increased witht according to a stretched exponential with a
T-dependent time constant. This lay near the extrapolation of the Arrhenius law of a known but unassigned
weak-field dispersion that is a property of polydomain single crystals as well as powders. The weak-field
dispersion is attributed to the elementary movement of a jog on a lateral step displacement of a domain wall,
consisting of a single H-bond reversal. The anomalous aftereffect results from the interaction between these
point defects and the microdomain system.
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I. INTRODUCTION

It has been known1 since the early days of ferroelectr
KH2PO4 ~KDP! that the material exhibits a retarded respon
to a disturbance as well as a prompt one. In particular, if
dielectric permittivity,e5e82 i e9, is recorded using a low
amplitude ac field in the additional presence of a dc bias fi
that is changed abruptly at timet50, thene8 responds by
promptly taking a new value, then by decreasing with logt as
shown in Fig. 1, curve~a!. Zimmer, Engert, and Hegenbarth2

reported this for a single crystal with the fields parallel to t
ferroelectricc axis, at temperaturesT54.2, 20.4, 77.8, and
300 K. The property is shared by many disordered ferroe
trics and will be referred to as ‘‘the normal aftereffect.’’

Part of the interest of such studies lies in comparison w
dielectric glasses which also exhibit a normal aftereffec
T,1 K.3 It is also well known that ferroelectrics with dif
fuse transitions and relaxor ferroelectrics display lo
temperature thermal properties somewhat similar to st
tural glasses.4,5 A T3/2 specific-heat term atT,5 K was also
at one time reported for KDP,6,7 though KDP has a normal
sharp ferroelectric transition. It was later clarified that lar
pure KDP crystals can have almost Debye-like specific he8

and lack a ‘‘glassy’’ thermal conductivity anomaly.4

The present paper reports a study of the dielectric afte
fect in KDP, mostly as pressed powders. These would
certain to have a strongT3/2 specific-heat term, and the a
tereffects were found to be stronger, and less variable f
one sample to another than with single crystals. In the cou
of this study, a curious anomaly was found.9 In a narrow
temperature range around 7.5 K the effect of a bias sw
was a prompt decrease ofe8 followed by an upward relax-
ation according to a stretched exponential law. Curves~b!,
~c!, and~d! in Fig. 1 show schematically what was observ
at 9.0, 6.0, and 7.5 K, respectively. The retarded respo
appeared to be the sum of two terms, the usual downw
relaxation as logt ~the normal aftereffect! and an upward
relaxation with a characteristic time constant that depen
PRB 610163-1829/2000/61~10!/6547~12!/$15.00
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on T. Near 7.5 K, the upward relaxation dominated throug
out the range 6,t,2000 s, at 9.0 K only at the shorte
times, at 6.0 K the longer ones. This term will be referred
as ‘‘the anomalous aftereffect.’’ Two electroded singl
crystal samples exhibited the anomalous aftereffect, as
as the normal one,9 but both effects were more precise
measurable using pressed powders.

Among many previous dielectric studies of KDP, ones
Holste, Lawless, and Samara10 and by Motegi and
co-workers11,12 paid particular attention to temperatures b
low 25 K. Over a continuous background of absorption a
dispersion rising regularly withT, Motegi and co-workers
observed two specific dispersions, one sensitive to fields
allel to the ferroelectric axis (Eic), that required the pres
ence of domain walls, the other sensitive toEia and equally
present in poly- or monodomain crystals. TheEic dis-
persion ~hereafter ‘‘KMN-C’’! obeyed an Arrhenius law
with activation energyA519 meV and pre-exponentia
frequency,f 0545 GHz,12 i.e., it was centered at frequenc
f 5 f 0exp(2A/kT). It looks like the typical effect of a reori-
entable point defect species in a crystalline environment
link between the anomalous aftereffect and KMN-C w
suggested9 by the finding that the time constant of th
stretched exponential obeyed the same Arrhenius law
KMN-C. As it will be shown in Sec. V below, the agreeme
is not as exact as initially supposed, but it will also be
ported~Sec. IV C! that the strengths of the two effects we
closely correlated, when samples of different qualities w
compared.

The main aim of the present paper is to report the ano
lous aftereffect and to suggest an explanation for it. Sinc
appears to be related both to the normal aftereffect and
KMN-C, a report and discussion in some detail of each
these effects is also necessary.

It is notorious that a dielectric study of any solid samp
that is not a properly electroded single crystal can lead
spurious results that bear little relation to bulk material pro
erties. It is argued below in Secs. III and IV C that serio
6547 ©2000 The American Physical Society
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6548 PRB 61J. GILCHRIST
errors are avoided by restricting attention toT,25 K, and
interpreting the measurements cautiously. The general
tures of the data are also described in Sec. III, by referenc
one representative KDP sample. In Sec. IV A the norm
aftereffect is reported. This allows scaling parameters to
defined, that are useful in the subsequent~Secs. IV B and
IV C! description of the anomalous aftereffect. Results
tained with four single-crystal samples are reported in S
V, and the three effects, their interrelations, and poss
origins are discussed in Sec. VI.

II. SAMPLES AND MEASUREMENTS

The pressed powder samples were derived from Aldr
991% reagent. In most cases the product was ground ma
ally to ;3-mm particle size~as examined by swept-bea
electron microscopy at 20 kV! then pressed
(;50 MPa) into pills of diameter 10 mm and thickness n
mally 250–400mm, density. 80% of crystal density. The
pills were pressed (;100 kPa) between lead or indium ele
trodes. Four single-crystal samples were also studied,
these are described in Sec. V, where their results are
reported.

Capacitance and conductance were measured usin
General Radio 1621 transformer bridge system, and

FIG. 1. Schematic illustration of dielectric aftereffects. The fie
applied to the sample consists of an ac measuring field of fixed
amplitude plus a dc bias field. After the sample has been stabil
at a given temperature for some time, the bias field is switched.
real ~in-phase! part of the permittivitye8 changes abruptly then
usually relaxes downwards~a!. It may also relax upwards at sho
times~b!, at long times~c!, or at all times accessible to experime
~d!. A slope s85de8/d ln t is defined as the best fit to the da
within a specified ranget1,t,t2. This is particularly useful for
cases like~a! where s8 takes a negative value that only depen
weakly on t1 and t2. The imaginary~quadrature! permittivity be-
haves similarly but on a reduced scale, ands95de9/d ln t.
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pressed ase8 ande9 based on the external dimensions of t
pills and electrodes. The variations ofe8 ande9 during a 360
s interval were obtained from a chart recording of the brid
off-balance signals. At longer times the bridge was reb
anced for each point. The temperature was controlled usi
carbon resistor sensor~Allen Bradley 390 V), that was cali-
brated periodically by substituting a Pt and a Ge resistor
the sample capacitance. Thermometry errors were of
types, a short and a long term error. The short term error
caused by the carbon resistor varying with time following
temperature change. This was noticeable below 10 K
non-negligible below 6 K. It was allowed for by assumin
that

de8

dt
5S ]e8

]t D
T

1S ]e8

]T D
t

dT

dt
,

wherede8/dt was measured and (]e8/]t)T was required. By
waiting long enough before switching the bias field, the l
term became a slow drift that could be subtracted co
dently. The ‘‘long term’’ error had various contributin
causes. In routine work with different samples, the abso
T was known to60.5 K, but for the extensive work on
sample 2, to60.2 K. For the detailed study around 7.5
~Fig. 9! the relative error was60.05 K ~rapid succession o
measurements without heating above 122 K!. For Fig. 12,
absoluteT was known to60.01 K.

III. RESULTS, GENERALITIES

The results reported here and in Sec. IV A were obtain
with a typical pressed powder sample~sample 1! prepared
from KDP as received~not recrystallized!.

A. Weak ac field, no bias

Figure 2 shows the response of sample 1 to alterna
fields of different strengths and a fixed frequency. At am
entT, sample impedance was limited by conduction, but t
diminished rapidly on cooling, and became undetecta
small already well above the ferroelectric transition tempe
ture Tc and outside the range of Fig. 2. In Fig. 2,Tc is
marked by a peak ofe8 at the usual value of 122 K. Wel
belowTc there aree9 peaks near 12 K and near 60 K. The 1
K peak is a genuine property of the material but the 60
peak is not. A spurious peak is to be expected near 60 K
the following reason. For the sake of argument, suppose e
grain had an anisotropic permittivity as measured with
properly electroded, unclamped single crystal. Bothec8 and
ec9 rise rapidly withT in this range,1,11 ec8 changing in order
of magnitude from'10 to.104. At ec8'10, there would be
appreciable, though nonuniform penetration ofEic field
component into suitably oriented powder grains, but atec8
.104 such penetration would be negligible, the applied fie
being confined to the vacuum gaps, and toEia within the
grains (ea8 remains moderate, rising to a peak value'60 at
Tc , while ea9 remains low!. The best compromise betwee
the risingec9(T) and the fallingEic penetration then locate
a loss peak as in Fig. 2~a!. It is not a Maxwell-Wagner effect
and does not involve dc conduction.
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On the other hand atT,25 K, crystalea and ec values
are both moderate and depend weakly onT. At the moderate
field values used, the dielectric response did not dep
markedly on field strength@Fig. 2~a!#, while dc conductance
was totally insignificant. Insofar as the constituents of a co
posite dielectric material can be regarded as continuous
dia, thee value of the composite is a mean value of thee of
the constituent parts. The possible complex mean value
within rigorously determined bounds.13–16 In these condi-
tions, the 12-K loss peak in Fig. 2 can be assigned as a p
in ec or ea or both. In absolute value, it is distinctly strong
than either theec or ea dispersions reported by Motegi an
co-workers11,12 in single crystals, but in position it is neare
KMN-C ~see Sec. V below and Fig. 12!. The background
value of e9 in Fig. 2 is also an order of magnitude high
than the backgroundec9 in Motegi’s crystals, so the relative
strength of the special absorption effect is quite similar. I
to be noted that the backgroundec9 value as well as KMN-C
depended on the presence of domain walls,12 so the relative
strength could be used for comparing the KMN dispersion
samples of different qualities. It will be useful to character
this relative strength for different samples by expressing
ratio of the peake9(T) near 12 K to the minimum near 15 K

FIG. 2. ~a! Real and imaginary dielectric permittivity of a typ
cal pressed powder sample~sample 1! at 1.2 kHz and three field
levels. Here and in Figs. 4, 5, 7, and 8,e8 or related data are show
as filled symbols,e9 data as corresponding outline symbols. T
present data were not sensitive to temperature history on a scale
would be visible on the plot, provided the sample was held at e
T value for 10 min or more.e8 is shown only for 4.3 kV/m as the
other data would be indistinguishable on the plot.~b! Low T detail
(e9 at 1.4 kV/m only!. The strength of the specific absorption,c
relative to the background might be expressed by the ratioc/d,
which requires an interpolation of the background curve. For co
parison of different samples the ratioa/b is used.
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the ratio a/b in Fig. 2~b!, as a percentage. For sample
a/b5126% and in absolute value,c'0.042.

B. Effects of bias switches

Figure 3 shows typically howe8 behaved following bias
steps of different magnitudes at anyT value not near 7.5 K.
‘‘Step’’ here means a single abrupt change of applied fie
Normally after each step, and after the subsequent chang
e had been recorded the sample was heated toTc and re-
cooled. As Fig. 3 shows, after a small bias step,e8 promptly
rose then gradually returned towards its original value,
after a larger step it gradually moved to new, lower values
curve like ~a! of Fig. 1 would be found after a bias step o
intermediate magnitude. In each case, takingt50 at the bias
step,e8(t.0)'e8(`)1Ct2p, where 0,p,0.1 andC is a
constant. To estimatee8(`) would require a long, uncertain
extrapolation, and over a limitedt range the power law dif-
fers little from a logarithmic variation, so it is more useful
define s85de8/d ln t, and find s8, which was usually a
slowly varying function oft. The variations ofe9 ~not shown
in Fig. 3! were similar, but scaled down by a factor of'4.
Defining s95de9/d ln t, us9u was like us8u, usually a slowly
diminishing function oft. In cases like curves~b! and~c! of
Fig. 1, s8 depended more strongly ont and even changed
sign. In every case the final value ofe8, for t→`, was less
than or equal to the initial valuee8(t,0). The strength of
the ac measuring field was unimportant provided it did n
exceed 0.4DE, otherwiseus8u and us9u were underestimated

Figure 3 shows two relaxations ofe8(t) that start from a
same value,e8(t,0) even though in one case the samp
had been cooled fromTc in a bias field, the other in zero
field. At T<25 K,e8(t,0) was generally reproduced t
within 0.1% over a series of thermal cycles up toTc and
back, even though the bias field was sometimes zero, so
times '1 MV/m and the cooling rate also was variabl

hat
h

-

FIG. 3. Time dependence of real permittivity of a typic
pressed powder~sample 1! at 25 K measured using 4.3 kV/m at 1.
kHz. Two sets of data are shown. Pointsm: the sample was first
cooled from above 122 to 25 K in zero-bias field and held there
1 h, then att50 a bias field of 11.4 kV/m was switched on. Poin
.: the same, except that the sample was cooled in a bias fiel
400 kV/m and this field was reversed att50. e8(t) depended solely
on the magnitude~11.4 or 800 kV/m! of the bias step, and not on
the value~zero or nonzero! of the cooling field.
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Similarly the value ofe9 prior to any bias step was repro
duced to within 1%. This is quite different from single
crystal behavior. Three types of bias switches were stud
Either the sample was cooled in zero field, and field switch
on at t50, or it was field cooled and att50, the field
switched off or reversed. Repeated measurements at 2
with bias field switched from 0 to 920 kV/m, separated
thermal cycles toTc yielded standard deviations64% for s8
and62% for s9, excluding data from the first few cycles.
instead the sample was cooled in 920 kV/m and this b
switched off, us8u was 364% higher andus9u, 262%
higher. These are not significant differences, and the s
applies if the sample was cooled in 460 kV/m and t
switched to2460 kV/m. Only the magnitudeuDEu of the
bias change was important. In this respect also the pre
powders behaved quite differently from single crystals. T
point established, the three types of bias switches were u
indifferently. Since also the sign ofDE is irrelevant, it will
be taken to be positive.

A spurious aftereffect could have been caused by sp
charge migration. If charge were to gradually migrate a
accumulate, the effective penetration of the bias field into
grains would gradually diminish. This might causee to re-
turn towards its original value, but not to acquire a ne
lower value. It will be reported~Sec. IV C! that samples of
very different qualities always had limitings8 ands9 values
of the same order of magnitude, which argues against ch
migration.

Sequences of bias changes without change ofT were not
studied systematically, but schematically, if the bias fi
was switched periodically between valuesE1 andE2, start-
ing at t50, without changingT, each switch initiated a new
relaxation. In that casee8(t)'e8(`)1C(t2t i)

2p, wheret i
is the time of the most recent bias switch. For smalluE2
2E1u, e8(`)'e8(t,0), while for largeuE22E1u, after sev-
eral switchese8(`) approached a constant lower value.

IV. PERMITTIVITY CHANGES FOLLOWING A BIAS
STEP

A first systematic study of the aftereffect atT'25 K is
reported because this is far from any special feature in
2~a!, and the normal aftereffect could be observed with
the anomalous effect.

A. Behavior near 25 K

Figure 4 shows2s8 and2s9 vs the magnitudeDE of the
bias step. Each pair of data points corresponds to a first
step after a thermal cycle toTc and back to 25 K.s8 ands9
are the slopes of the best logarithmic fits toe8(t) curves as in
Fig. 3 and correspondinge9(t) data fort between 6 and 360
s. It is already clear from Fig. 3 thats8 was not always
proportional toDE. Figure 4 shows thats8}s9}DE only at
small values. At largerDE valuess8 ands9 reached limits.
The limiting value of2s8 will be written s08 , and another
independent scaling parameterDE08 will be defined by put-
ting s8/s0852DE/DE08 for small DE. s09 andDE09 similarly
define the scale of thes9(DE) curve. The values of the fou
parameters for each of the threef values of Fig. 4 are given
in Table I. Their precise absolute values are not signific
d.
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on account of the incomplete and nonuniform penetration
the applied bias fields into the grains of KDP. It is mo
useful to note thats08 and s09 are decreasing functions off,
while DE08 andDE09 are increasing functions. Also, at give
f, DE08'1.5DE09 .

The curves in Fig. 4 drawn to fits8 at 120 Hz and 12 kHz
correspond to an empirical formulas8/s0852@1
1(DE08/DE)2#21/2 with the s08 and DE08 values given in
Table I. The four other curves do not correspond to Tabl
but were obtained from these two by supposing that for a
givenDE value,s8 depends on the frequency of the meas
ing field according to a power law, and the response ob
the Kronig-Kramers relation. The appeal to Kronig-Krame
is based on the reasoning that whereas the response toDE on
the time scale of minutes is essentially nonlinear,e repre-
sents an approximately linear response to a small field on
millisecond time scale, and a set ofe( f ) data provides a
‘‘snapshot’’ for givenDE and t. The same is true att1dt,
and so of the derivatives82 is9. It shows there is a link
between the observations thatDE08 andDE09 increase withf,
and thatDE09 is smaller than the correspondingDE08 .

FIG. 4. Sample 1 at 25 K in weak ac fields: derivatives of re
and imaginary permittivity with respect to lnt where t is the time
since a bias step of magnitudeDE. The sample had been coole
from above 122 K and held at 25 K for at least 1200 s when the b
was stepped. Data points are best fits over the interval 6,t
,360 s..,d,m ~for e8 data!, ,,s,n ~for e9 data!, respectively,
f 5120 Hz, 1.2 kHz, and 12 kHz. Allde8/d ln t and de9/d ln t
values were negative, as in curve~a! of Fig. 1. The fitting curves are
defined in the text~Sec. IV A!.

TABLE I. Scaling parameters for the rate of change of perm
tivity of a typical pressed powder~sample 1! at 25 K measured
between 6 and 360 s after a step,DE of bias field.f is the frequency
of the low-amplitude measuring field. The rates of change are
pressed ass85tde8/dt,s95tde9/dt. Small steps,DE caused pro-
portionate changes,s8/s0852DE/DE08 ,s9/s0952DE/DE09 , but
2s08 and 2s09 represent limiting values fors8 and s9. See also
Fig. 4.

f ~kHz! DE08 ~kV/m! s08 DE09 ~kV/m! s09

0.12 31 0.0077 20 0.0018
1.2 37 0.0055 24 0.0013
12 43 0.0039 28 0.0009
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B. TË25 K

The results reported here were obtained with another t
cal pressed powder~sample 2! prepared from material tha
had been recrystallized in bidistilled water, the solution m
crofiltered. Referring to Fig. 2~b!, a/b5130%,c'0.028.

Figure 5 showss8(DE) and s9(DE) for sample 2 at a
fixed f, fixed t interval and three temperatures. In this line
plot the details near the origin are not clearly seen, but
curves have two straight-line sections joined by a curv
section. In a similar linear plot the same would be true of
25 K data of Fig. 4, but at these lowerT values the straight-
line section representings8(DE) at highDE is not horizon-
tal. It has a distinct positive slope at eachT, steep at 7.5 K. In
the case ofs9(DE) the effect is much less pronounced. It
necessary to generalize the definitions of the scaling par
eters introduced in Sec. IV A and it will be defined that t
straight lines intersect at (DE08 ,2s08) and (DE09 ,2s09), re-
spectively, as shown in Fig. 6. The parameters so defined

FIG. 5. Data for a typical pressed powder~sample 2! in weak
1.2-kHz field: derivatives of real and imaginary permittivity wit
respect to lnt wheret is the time since a bias step of magnitudeDE.
Data ponts are best fits over the interval 10,t,100 s. .,d, m

~for e8), ,, s, n ~for e9), respectively,T54.9, 7.5, and 12.4 K.
Note that unlike Fig. 4 both scales are linear and that the scal
de9/d ln t is expanded and shifted.

FIG. 6. Schematic representation of data as in Fig. 5 to show
general definitions of the scaling parameters. In case of a no
aftereffect with no anomalous aftereffect, the rectilinear parts
high DE would be horizontal.
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sample 2 at variousT are shown in Fig. 7.s08 and s09 are
increasing functions ofT, but DE08 andDE09 peak near 5 K.
Below 5 K, s08 and DE08 , s09 , and DE09 vary in the same
proportions, because the response to a smallDE became
temperature independent.

In a linear plot like Fig. 5, the slopes of the straight lin
at highDE can be expressed in dimensionless units by us
s08 andDE08 or s09 andDE09 . In such units the initial slope is
always21 by definition. The values obtained for these po
tive slopes ofs8(DE) were 0.01, 0.02, 0.086,0.32, 0.04, an
0.017, respectively, atT51.37, 2.17, 4.9, 7.5, 9.9, an
12.4 K. Fors9(DE) the slopes were 0.04, 0.09, 0.003, a
0.000, respectively, atT54.9, 7.5, 9.9, and 12.4 K. A
closer scrutiny of the 25 K data showed a significant posit
slope there also, fors8 at DE.DE08 . Statistical treatment of
all data extending toDE.20DE08 ~five pressed powde
samples! yielded a dimensionless slope 0.00360.001.

Figure 8 showss8(T) and s9(T), at fixed f and fixed t
interval, for sample 2 and another similar sample at th
different DE values. TheDE values are such thatDE
.DE08(T) always, so that far away from 7.5 K,s8'2s08 and
s9'2s09 . The position of the positive peak is independent
DE. In relative as well as in absolute value it is weaker ins9
than ins8. Figure 9 showss8(T) in the peak region at two
frequencies and two time lapse intervals. The position
pends distinctly on the time lapse but not at all onf. The
magnitude is a very slowly diminishing function off, which
is consistent with the weakness of thes9 peak~Kronig Kram-
ers!.

Figure 10 illustrates another method of studying the u
ward relaxation effect. Two data sets are shown, using
ferent procedures. In one case all thee8 measurements wer
made at 4.9 K, where the changeDe8 caused by the bias ste
could be measured with little ambiguity becauses8 was rela-
tively very small. The sample was then annealed at 5.45
for 2 mn and returned to 4.9 K for anothere8 measurement
without further bias change, annealed at 6.0 K, at 6.6 K a
so on. Thex coordinate in Fig. 10 is the highest anne
temperature prior to each measurement. The steepest s
near 7 K corresponds to thes8 peaks in Figs. 8 and 9. An

of

e
al
t

FIG. 7. Scaling parameters as defined in Fig. 6, for sample
using a weak 1.2-kHz measuring field. The parameters are prim
related to the normal aftereffect, but the values obtained fors08 near
7.5 K may have been influenced by the anomalous effect. Note
for disordered dielectrics atT,1 K, DE08}T, while s08 sharply
decreased withT ~Refs. 3 and 25!.
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neals up to 20 K continued to have some effect, but the
plateau extended to 40 K, at which;75% of thee8 shift had
been annealed out. The originale8 value was almost entirely
restored by an anneal to 65 K. For the other data set,e8 was
always measured at 9.9 K, where the bias step was effec
but after each 2-mn anneal at differentT, and after returning
to 9.9 K the sample was cycled to 122 K. Where they can
compared, i.e.,T.9.9 K the curves are similar apart from
scaling factor. The scaling factor suggests bias stepDE was
more effective at 9.9 K than at 4.9 K, doubtless beca
DE/DE08 was larger.

A similar procedure was used to compare the strength
the anomalous aftereffect of different samples after bias s

FIG. 8. Derivatives of real and imaginary permittivity~in weak
1.2-kHz fields! with respect to lnt wheret is the time since a bias
step of fixed magnitudeDE, applied at differentT. Data points are
best fits over the interval 10,t,100 s.d, m, . ~for e8!, s, n, ,

~for e9), respectively, sample 2 withDE52.25 MV/m, another
similar sample withDE51.32, 0.66 MV/m. Note that the scale o
de9/d ln t is expanded and shifted.de8/d ln t has a negative term
that varies roughly asT ~the normal aftereffect! and a positive term
that peaks atT'7.5 K ~the anomalous aftereffect!.

FIG. 9. Similar plot to Fig. 8 showing details of the anomalo
positive peak. All data here are for sample 2 in 3.8-kV/m fields
two different frequencies,f following bias steps of magnitudeDE
52.25 MV/m. f 539 Hz (h,L), 10 kHz (j,l). Data points
are best fits over the interval 10,t,35 s (j,h), or 100,t
,330 s (l,L). de8/d ln t reaches a peak at a temperature t
depends ont, not onf.
a

d,

e

e

of
ps

of different magnitudes. The bias was stepped at 6.0 K
the sample was annealed for 3 mn at 9.0 K before remea
ing e at 6.0 K. This anneal generally restorede8 halfway
back to its original value. TheDe8 recorded in these case
~and plotted in Fig. 11! was the change caused by the ann

f

t

FIG. 10. Anneal-out of the change in real permittivity of samp
2 ~in weak 1.2-kHz field! caused by a bias step of 2.25 MV/m at 4
K (l) or 9.9 K (j). Different procedures were used as explain
in the text~Sec. IV B! but e8 was always measured at 4.9 or 9.9 K
never at the anneal temperature andDe8 is the change ine8 result-
ing from the bias step and any subsequent annealing. The an
temperature is either the temperature of a single 2-mn annealj)
or the highest and latest of a series of 2-mn anneals (l).

FIG. 11. Strength of anomalous aftereffect vs bias step ma
tude for 13 pressed powder samples. The bias was stepped at 6
the sample was annealed for 180 s at 9.0 K then returned to 6.
De8 is the change in real permittivity~weak 1.2-kHz field, at 6.0 K!
caused by the anneal. Where the normal aftereffect was domina
is negative, where the anomalous effect dominated, positive.De8 is
plotted normalized with respect to the scaling parameters08 ~at 25
K, 1.2 kHz!. The samples form two groups: pure samples w
KMN dispersions of normal strength (d), impure samples with
weak KMN dispersions (1). In the main plot, the bias step mag
nitude is also normalized with respect toDE08 ~25 K,1.2 kHz!. If it
is not ~inset, pointsd only! no clear pattern emerges. This is a ke
result. The anomalous aftereffect is seen to correlate with the K
dispersion, but also to be linked to the normal aftereffect since
same scaling parameter,DE08 is involved.
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TABLE II. Summary of the effects of smaller particle size and of added impurities compared
‘‘standard, pure’’ pressed powder samples. Different impurity species all had qualitatively similar effe

Smaller particle size Added impurities
s08 ,s09 little changed~slightly increased! unchanged
DE08 ,DE09 increased increased
KMN dispersion unchanged weakened
Strength of anomalous aftereffect unchanged~at equivalent weakened

DE/DE08 values!
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alone, without reference to the original value before the b
step.

C. Particle size and impurity effects

The variations of the scaling parameters from one sam
to another are reported here, and also of the KMN dispers
strength and the strength of the upward relaxation ofe8 cor-
responding to the anomalous aftereffect. The principal
sults are also summarized in Table II.

First it is necessary to consider variations amongst no
nally pure samples prepared as in Sec. II. This category
cludes samples 1 and 2 that were said to be ‘‘typical.’’ It w
found thats08 , DE08 , s09 , andDE09 for such samples migh
vary by as much as a factor 2, but often much less. T
would be due to accidental variations of density, homoge
ity, and particle size distribution of the pressed powde
Therefore when comparing different categories of samp
any variations of these parameters exceeding a factor 2
considered significant. Neither the scaling parameters no
KMN strength depended significantly on whether the ma
rial was used as received or recrystallized, and whethe
bidistilled water~solution microfiltered! or in deionized wa-
ter. There was no apparent difference between modera
pure and highly pure samples. Mean values atT525 K and
f 51.2 kHz weres08'0.005 andDE08'35 kV/m. Referring
to Fig. 2~b!, the KMN dispersion strength was characteriz
by 125%,a/b,145% and 0.025,c,0.045.

To investigate the effects of particle size, two samp
were prepared from powders more thoroughly ground t
usual, one of ‘‘as received’’ material, the other recryst
lized. Examination showed many particles of globular sha
and diameter'1 mm. With the smaller average particl
size, these samples undoubtedly contained a higher pro
tion of severely damaged and nonferroelectric material. B
had slightly highers08 and s09 values, but markedly highe
DE08 and DE09 values than standard samples. AtT525 K
and f 51.2 kHz, s08'0.007 andDE08'170 kV/m. On the
other hand, two samples with larger than normal partic
~loose powder contained angular shaped particles of dim
sions '10 mm) yielded similar parameter values as sta
dard samples. The larger particles would be likely to ha
broken up during pressing. Similarly, a normally grou
sample pressed at 500 MPa hadDE08 andDE09 values typical
of the more thoroughly ground samples pressed as usu
50 MPa. The KMN dispersion strength was found not
depend significantly on particle size.

A series of samples was prepared in the usual way fr
material recrystallized from nonstoichiometric or impu
solutions. Whatever the impurity species, the results w
s
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abnormally highDE08 and DE09 values, unchangeds08 or
s09 and weakened KMN dispersions. In particular, wh
the solution contained 0.2 H3PO4, 0.1 KHSO4,
0.2 NH4H2PO4, or 2 RbH2PO4 per 100 KDP, or 2 D2O
per 98 H2O ~2% D!, s08 ranged from 0.0035 to 0.0077 a
usual, butDE08 from 85 to 315 kV/m~always atT525 K
and f 51.2 kHz) while, referring to Fig. 2~b!, 101%,a/b
,108% and 0.014,c,0.018. Increased impurity concen
tration (0.5 H3PO4, 0.3 KHSO4, or 11 RbH2PO4 per 100
KDP! caused further increase ofDE08 , still no change tos08
but further weakening or disappearance of the KMN disp
sion. Between 5 and 25 K the temperature variations of
four parameters were roughly similar for pure or impu
samples with coarse or fine grains~as Fig. 7!.

The impure samples also had weaker anomalous afte
fects. Figure 11 demonstrates a correlation between stre
of anomalous aftereffect and KMN dispersion strength. T
groups of samples are featured. The first group compr
seven nominally pure samples. These were prepared as u
~Sec. II! or were more thoroughly ground than usual so th
had a variety ofDE08 values, but all had normal KMN dis
persions (a/b.125% andc.0.025). The second group in
cluded the five impure samples mentioned above, and
other that fell into the same category (101%,a/b,108%
and 0.014,c,0.018). As mentioned in Sec. IV B, th
strength of the anomalous aftereffect was characterized
De8, the change ine8 caused by anneal at 9.0 K, following
bias step at 6.0 K. To allow for variation of sample densit
and homogeneities,De8 was normalized with respect tos08
~as measured atT'25 K and f 51.2 kHz). If only the
‘‘normal KMN’’ samples are selected,De8/s08 shows a
strong linear correlation withDE, but only if the latter is also
normalized with respect toDE08 . The line does not pas
through the origin, but below it. ForDE,6DE08 (DE08 at 25
K, 1.2 kHz!, or equivalentlyDE,2DE08 (DE08 at 7.5 K!,
the normal aftereffect~downward relaxation! still dominated.
The points in Fig. 11 for the ‘‘weak KMN’’ samples fall nea
another line of lower slope, indicating a weaker anomalo
aftereffect.

One other impure sample deserves a special comm
Following a known example,17,18 KDP was recrystallized
from solution containing a large excess of base, 58 KOH
100 KDP. The crystals were very hygroscopic and when
moved from the dessicator and pressed into pills, fluid w
expelled and filled the space between grains~pill density
5 96% of crystal density!. Several other samples were mo
or less conductive at room temperature, but in this resp
this one was an extreme case. Nevertheless, it behaved a
T almost as a usual, slightly impure sample. At 25 K,e8,e9,
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s08 , ands09 were rather higher than usual. The ac field wou
have penetrated the grains more effectively, on accoun
the higher permittivity of the intergranular space. The KM
dispersion was observed near 12 K~at 1.2 kHz! as usual, as
also the anomalous aftereffect centered around 7.5 K. T
demonstrates conclusively than none of the reported loT
effects is a purely surface effect, and that the KMN disp
sion is unlikely to be a Maxwell-Wagner effect, as alrea
argued by Kuramotoet al.12

The 2% deuterated sample was classed among the im
samples because of its properties outlined above. It is log
to suppose that protonic impurity in KD2PO4 ~DKDP!
would have a similar effect, so that if an analog to t
KMN dispersion occurs in DKDP it would be necessary
look for it in a d.98% sample. Such an effect was search
at 5,T,80K but not found with a commercial~Aldrich!
98% D sample nor with another KDP sample recrystalliz
twice from 99.8% D2O in an atmosphere free of natural h
midity.

V. SINGLE CRYSTALS

Four single-crystal~SC! samples were studied. SC 1 co
sisted of two slabs, cut normal to thec axis and silver elec-
troded by evaporation: total area 72 mm2, mean thickness
0.73 mm. The two pieces were connected in parallel. S
consisted of two otherc-cut slabs, gold electroded, also co
nected in parallel: 38 mm230.35 mm. SC 3 idem but the
two pieces were cut normal to ana axis and silver painted
75 mm230.94 mm. SC 4 was a singlec-cut plate of irregu-
lar shape 61 mm230.30 mm, gold electroded.

Both the normal~at 25 K! and the anomalous~near 7.5 K!
aftereffects were observed with SC 1 and SC 2 (Eic). All
low T dielectric properties were sensitive to cooling spe
through Tc , and whether cooled in field or no field. The
were less accurately reproducible from one thermal cycle
another than with pressed powders. With SC 1, after
zero-field cooling,us8u and us9u were typically several times
smaller than with pressed powders,9 but so also weree9 and
de8/dT. At 25 K, attempts to apply fields.200 kV/m al-
ways caused an instability. At lesserDE values,us8u varied
roughly asDE0.4, and nos08 or DE08 value could be esti-
mated. Near 7.5 K, the anomalous aftereffect was charac
ized by a lowera constant in the stretched exponential la
Thus if e8(t)5e8(`)2Cexp2(t/t)a, a took the value 0.45
for pressed powder sample 1 at 7.5 K, but 0.34 for SC 1
the sameT. With SC 2, also fast zero-field cooled, all the lo
T dielectric properties were several times weaker than w
SC 1.

With SC 3 very little aftereffect was found following
bias step,DE5300 kV/m at 25 K. This puts an upper lim
to us8u of 1.531024, so if any effect exists forEia it is of a
lower order of magnitude than forEic. The inference is tha
the aftereffects of the pressed powders are essentially ca
by theEic field component.

SC 4 was used to check the Arrhenius law of the KMN
absorption. For this purpose the calibration of the carb
resistor thermometer was not relied on, but a german
resistor was placed in close thermal contact with the sam
As KMN noted,12 the background absorption and dispersi
that has to be subtracted depends onf as well asT. Some
of
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plausible choice has to be made, how this is done. KM
assumed at eachT, a Cole-Cole law plus a lineare9(log f)
background. For the present, the background to be subtra
at eachT and f was assumed to be a linear interpolation
the data atT56.14 and 19.75 K~i.e., well below and above
the KMN effect! and the samef. This also subtracted an
instrumental and circuit error that becomes serious af
.10 kHz, and it resulted in a symmetrice9(log f). The e9
peak position was found at eachT. Two field values were
used, 3.5 and 7.0 kV/m@cf. 1.0 kV/m ~Ref. 12!# and the data
sets analyzed separately. The 3.5 kV/m results are sh
in Fig. 12 and yielded Arrhenius parametersf 0
5173 GHz,A520.09 meV. The 7.0-kV/m results woul
not be distinguishable in the plot and gavef 0
5170 GHz,A520.03 meV. If the 6.14 K data alon
had been subtracted as background, the figures wo
have beenf 05605(640) GHz,A521.65(21.68) meV. As-
suming the linear interpolation is more appropriate, t
present result is not significantly different from th
published12 result and it may be concluded thatA519.5
60.7 meV and 40,f0,200 GHz.

Also shown in Fig. 12 are analogous results for pres
powder sample 2, at 3.8 kV/m, using the same backgro
subtraction. It might be expected thate9( f ) at 6 K would
have a peak near 100 Hz corresponding to theEia
dispersion,12 and so give a false baseline. Such an effect w
searched between 5 and 7 K but not detected, which means
could have been no more than 3% as strong as the absor
and dispersion near 12 K in this sample. Best Arrhenius
rameters for the latter weref 05880 GHz, and A
521.16 meV, and it is concluded from its position in Fi
12, and absence ofEia effect ~at 5–7 K! that it corresponds
almost entirely to the KMN-C effect.

Figure 12 also shows two points representing the ti
constant of the anomalous aftereffect. The time cons
t(T) was taken to equalt at the point of maximum positive

FIG. 12. Arrhenius plot showing data from single-crystal sam
SC 4, pressed powder sample 2 and from Kuramotoet al. ~Ref. 12!
s, frequency of absorption peak of SC 4 at 3.5 kV/m, with bac
ground subtracted as stated in text;1, idem of pressed powde
sample 2 at 3.8 kV/m;d,(2pt)21 of pressed powder sample 2
wheret is the value oft at the inflexion point~maximum positive
slope! on the plot ofe8 vs logt after a bias step of 2.25 MV/m. The
line labeled C is the Arrhenius fit given by KMN~Ref. 12! and the
curve labeled A an approximate fit to theirEia data.
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slope ofe8(log t). It was found atT57.44 and 7.82 K, and
(2pt)21 is plotted. The points fall distinctly below th
Arrhenius law, whichever of the three data sets is extra
lated, but the law derived from the same pressed pow
sample comes nearest. If an estimated normal aftere
contribution of the formCt2p had been subtracted from th
data, the discrepancy would have been smaller.

VI. DISCUSSION

The aftereffect in KDP atT,25 K consists of two parts
that are readily distinguished. Both parts have been repo
for single-crystal samples,2,9 as well as pressed powders a
the KMN-C dispersion11,12 is also a single-crystal property
The discussion of their origins must be broad enough to
compass both types of samples.

A. Normal aftereffect

A first salient feature of the normal aftereffect is that
has been observed atT ranging from 1.4 to 300 K, so that it
T range extends well aboveTc and well below the usua
domain freezing temperature in crystals~;100 K!. A second
is that it has no characteristic relaxation time, and a third
that its magnitude reaches a limit (s08 ,s09) at very moderate
values (DE08 ,DE09) of applied field step, with pressed pow
ders at least. Below 25 K, it conforms to a general law
‘‘glassy’’ properties in thate is a simple, near-linear function
of T log t.19 The lowDE08 andDE09 values that decrease wit
T suggest a high dipole moment value that increases witT.
All this suggests microdomains, that were present accid
tally in the single crystals, but more systematically presen
the powders. The notion of microdomains was develope20

to explain the diffuse nature of the phase transition in dis
dered ferroelectrics such as PLZT ceramics. The sizes
shapes are widely distributed. R. Ho¨hler et al.21 invoked this
notion to explain their finding of a retarded dielectric r
sponse at lowT in a PLZT ceramic. Although a differente
was measured, related to the polarization and not the ac
larizability, aT log t law was also found, between 20 and 8
K, in conditions corresponding tos852s08 ~retarded re-
sponse independent ofDE). This possibly suggested inde
pendent thermally activated Debye processes with a unif
distribution of activation energies, which would imply a un
form spectral density of logt values (t is a relaxation time!
that varies asT. Strongly interacting systems that relaxe
according to a hierarchical sequence22 would also have been
possible, and more plausible. The authors suggested21,23 a
discrimination in favor of the latter, based on results of a
plying a T step as well as aDE pulse, which indicated an
abnormally low frequency prefactor. For the present, it
also more plausible to suppose strongly interacting syst
in the pressed powder samples. This would explain whys08
ands09 always took similar values at a givenT. In the single
crystals there may not have been enough active mi
domains to reach the strong-interaction limit. Apparen
DE08 and DE09 represent a threshold bias-step value fo
prompt and widespread microdomain polarization rearran
ment that limits the extent to which the system can be ou
equilibrium. It is also most likely that microdomains are r
sponsible for the ‘‘background’’ dispersion and absorption
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low T, both in single crystals (Eic) and powders. They also
explain naturally whyDE08 and DE09 decreased withT, but
increased withf. Either increasedT or decreasedf would
bring into play larger microdomains.

The microdomains that are active at lowT are probably
ones that have less than full orthorhombic distortion, so th
are easily switched. In single crystals they are likely to
associated with crystal defects, in pressed powders likel
be much influenced by the damaged grain surface layers
the powders they must be subject to a very broad distribu
of stresses, as witnessed by the equivalence of field-co
and zero-field-cooled properties. On the other hand, the
tive microdomains at ambientT are perhaps to be identifie
with the orthorhombic inclusions that have been reported
the tetragonal phase.24

A ‘‘normal’’ aftereffect of a bias step is also characte
istic of disordered dielectrics generally at very lowT. The
immediate rise ofe8 ande9 followed by decay as logt was
observed with hydroxyl-doped KCl atT,1 K,25 and several
structural glasses, also atT,1 K.3 The results could be dis
played in plots like the present Figs. 3 and 4, though
samples were not thermally cycled between measuremen
in the present study. The behavior of the structural glas
below 1 K was explained26 by reference to a random Isin
model of dipoles with long-range interactions.27 One differ-
ence from the present results was that theDE08 parameter
was an increasing function ofT. In accordance with the
model, it was foundDE08'kT/p, wherep is the ~fixed! rel-
evant dipole moment. Another difference was thats08 de-
creased sharply withT. The other main point in common i
that e8 and e9 relaxed downwards, and this can be und
stood as the system of interacting dipoles gradually s
trapping into deeper potential wells, from which it can r
spond less actively to weak applied fields.

B. Anomalous aftereffect

The most obvious distinguishing features are thate8 re-
laxed upwards, not down and that although some effect
detectable at allT between 1.4 and 25 K, there was a pr
nounced peak near 7 or 8 K, depending on the time lap
Also, the anomalous effect was only observed whenDE
.DE08 , and then its strength as represented, for example
Fig. 11 increased as (DE/DE082a), wherea'1. TheDE08
parameter needed to describe the normal aftereffect app
as a threshold for the anomalous effect. More precisely th
was a tendency for the strength to level off and possi
saturate at some highDE value not reached in this work.9

This suggests that the unit dipole moment involved here
much smaller than the moments of the microdomains. Si
the anomalous aftereffect is also linked to KMN-C, it may
supposed a same species of dipole~‘‘the KMN dipoles’’ ! is
responsible.

A phenomenological model can then be formulated as
lows. Two subsystems~the microdomains and the KMN di
poles! coexist and interact, each having its own relaxati
dynamics. The KMN dipoles only interact weakly with on
another, but certainly interact with the microdomain syste
After a bias step that is big enough to unsettle the mic
domain system, this settles into a new configuration tha
metastable, with the KMN dipoles in their present stat
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These dipoles then relax with their characteristic time c
stantt, perpetually changing the local strain fields and el
tric fields. This affects the microdomain system qualitative
as would a random series of applied field changes. Refer
to the effect of repeated bias changes that was mentione
Sec. III B, and summing over the sample volume, it might
expected that after a single applied field step,DE.DE08 ,

e8~ t !5e8~`!1Ce2t/tt2p1
C8

t E
0

t

e2(t2t i )/t~ t2t i !
2pdti .

For simplicity, unstretched exponentials have been writ
here. The term inC represents regions of the sample whe
e8(t) is still relaxing downwards due to the applied fie
step. Its volume diminishes exponentially. TheC8 term rep-
resents the sum of microregions that have been affected
subsequent KMN dipole flip, that occurred att i . The expres-
sion allows an upward relaxation ofe8(t) only if C8.C.
This is possible because ifDE.DE08 , C takes its limiting
value related tos08 , while C8 can plausibly exceed this limit
The field changes caused by the dipole flips may be v
strong, but they are localized and random, so they do
cause a prompt and widespread microdomain rearrange
like a strong applied field change. The microdomain syst
can therefore be driven further away from equilibrium.

C. Possible origin of KMN-C and anomalous aftereffects

KMN suggested12 that a peculiar mode of motion relate
to the domain-wall structure may be responsible. If some
the atoms located at the domain boundary were in sha
double potential wells, movement of these atoms across
barriers would be a possible origin. This brings to mind t
hydrogen atoms and their O•••H-O bonds. At the time of
KMN, the potential barrier to H-bond reversal was thoug
to be well over 100 meV,28 but newer work29–32 based on
neutron incoherent scattering data has yielded the m
lower estimate of 37.1 meV,30 and again a precise potenti
function with a barrier height near 30 meV~for DKDP, 135
meV! has been calculated for the system comprising a
drogen atom and coupled lattice mode, based on 30-K da32

The principal aim was to account forTc and its deuteration
shift by considering lattice dynamics atT.Tc , but the result
might also apply to a special case where a single H b
reversal could occur at lowT without the energy cost o
creating a HPO4

22 ion and an adjacent H3PO4 group.
It is necessary to examine possible domain-wall str

tures. Wall width increases withT towardsTc ,33 but at T
!Tc , walls are plausibly approximated by the vanishing
thin models proposed by Barkla and Finlayson.1 There were
two such structures, the ‘‘polarized’’ and the ‘‘neutral’’ do
main wall. Both respect the Slater rule~no HPO4 and no
H3PO4 groups!. It is not known for certain which is the mor
accurate approximation to real walls atT!Tc but Bjorkstam
and Oettel calculated that the polarized wall would be
more stable.34 Bornarel35 showed that either of these wall
normally planar and perpendicular to ana axis, can have any
number of lateral step displacements. The minimum d
placement is a half lattice parameter. The step displacem
or quasidislocations, like the planar walls, respect the Sl
rule, but only if they run straight across the entire crys
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parallel to thec axis. They are associated with an inten
local strain field. Minimum domain wall movement therefo
involves glide of a quasidislocation along its entire length,
the presence of HPO4 and H3PO4 groups. Otherwise, if the
walls have finite width, a minimum movement without HPO4
or H3PO4 groups consists of six simultaneous H-bo
reversals.36 The simplest case with HPO4 or H3PO4 is a unit
jog, where a quasidislocation shifts by one lattice parame
This requires a single HPO4 or H3PO4 group and its
illustration37 is reproduced in Fig. 13 for the case of a pola
ized domain wall. The case of a neutral wall is almost e
tirely equivalent. By a sequence of single H-bond revers
the vacancy~or the excess H! can move from one PO4 to the
next within ac stack of unit cells, and so, in principle righ
across the crystal, together with the associated jog. In p
tice it may get pinned somewhere along the line, by a cry
dislocation or an impurity. A few such pinned jogs may pe
sist as the material is cooled down to temperatures wh

FIG. 13. ~a! Conventional~Refs. 1 and 34–37! representation of
KH2PO4 showing a polarized domain wall with a lateral step d
placement. Black dots represent H atoms. The dashed line enc
a stack of~tetragonal! unit cells that lies astride the domain boun
ary. Within this stack, the PO4 tetrahedra lie on a helix, whose pitc
is the lattice parameter.~b! The same stack viewed at a higher leve
To pass from one arrangement to the other, any one of the tetr
dra within the stack must possess only one closely bound H~the ion
is HPO4

22). The fault can travel up or down the helix by a series
single H-bond reversals as explained by Bornarel~Ref. 37! An op-
posite jog would require one H3PO4, and would be similarly mo-
bile.
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their creation by thermal activation would be virtually im
possible. Also, progression of a jog requires successive
versals of differently oriented H bonds, first one that lies n
the plane of the domain wall, then one nearly perpendicu
to it and so on. It is plausible that sometimes, because of
local fields and strains one of these, but not the other rem
possible at lowT, because in just one case the two states
near energetically equivalent. This would constitute
double potential well system.

Yamada and Ikeda30 considered the ‘‘cluster tunnelin
mode’’ or protonic polaron38 model, but found that their pur
pose of predicting hydrogen dynamics atT.Tc was better
served by a model of incoherent tunneling between s
trapped states. At lowT this would become coheren
phonon-assisted tunneling, with an expected transition p
ability }T7. On the other hand, the protonic polaron wou
have an extremely small tunneling splitting, so that therm
activation down to 12 K, or even 7 K, would be more pla
sible. Moreover, the tunneling mode would be overdamp
at higherT, and in that condition the predictions of the tw
models would be experimentally indistinguishable.

In another development since KMN, evidence has b
reported39 of an orthorhombic-monoclinic phase transition
KDP near 60 K. This would mean the H bonds within
ferroelectric domain are not all equivalent, as previously s
posed, but not enough is known about this phase to draw
other conclusions.

Meanwhile, a different origin for the KMN-C effect can
not be totally rejected. This would attribute it to a defe
species that is intrinsic to solution grown KDP~for example
a growth dislocation or an included water molecule!. At low
T this defect would only be dielectrically activated by th
presence of a domain wall.

VII. CONCLUSIONS

A dielectric property of ferroelectric KDP has been r
ported, ‘‘the anomalous aftereffect.’’ It has been shown to
related to the ‘‘normal’’ aftereffect2 and also to the KMN-C
dispersion.11,12 The normal aftereffect is a well-known prop
erty of c-cut KDP crystals, and of many other ferroelectr
materials. Like theT3/2 specific-heat term in microcrystallin
KDP, it is reminiscent of such an effect in structural a
dipole glasses, but differs in certain important details. It
attributable to microdomains with a wide distribution
sizes, shapes and stresses. Study of the normal aftere
with pressed powders has allowed a set of scaling param
to be determined for a series of samples of different qualit
et
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As shown in Fig. 11, these scaling parameters also appl
the anomalous aftereffect, which therefore also involves
crodomains.

The KMN-C dispersion is another known property
c-cut KDP crystals. Such dispersions are generally cause
point defects in crystals, and are unknown in structu
glasses at low temperatures. Before the present work t
was no apparent link between KMN-C and the normal aft
effect. The KMN-C dispersion possibly owes its origin
rare, isolated HPO4 and H3PO4 groups associated with jog
on lateral steps~quasidislocations! of domain walls. The ac-
tivation energy of 19 meV, which is also shared by t
anomalous aftereffect, would then be related to the ene
barrier for the reversal of a single H bond in this particu
environment. It is not clear how closely this should be a
similated to the hypothetical barrier for the reversal of
single H bond in tetragonal KDP, that has been the objec
recent estimates.30,32 A correlation might be expected, if dif
ferent ferroelectric compounds of the KDP type could
compared. The most interesting comparison would be w
DKDP, but so far, as mentioned in Sec. IV C no dispers
analogous to the KMN effect has been observed with DKD
For the other isostructural compounds the situation can
summarized as follows. As pressed powders, RbH2PO4 and
the arsenates all behaved analogously to KDP, but the ar
ates had first to be crystallized with excess base~solution
pH.6). Each compound exhibited a low-field dispersi
that obeyed an Arrhenius law, and a corresponding ano
lous aftereffect. With RbH2PO4 the activation energy was
close to the value for KDP, perhaps 1 meV higher. W
KH2AsO4 it was near 30 meV, with CsH2AsO4, 44 meV,
and with RbH2AsO4 between these two. However, no ind
pendent estimates of the barrier heights are available.

The anomalous aftereffect results from an interaction
tween two coexisting subsystems. One subsystem rela
with a definite relaxation time, the other with a very bro
distribution of relaxation times. The result of the interacti
is an apparent tendency of the system to evolve tempora
away from its stable equilibrium. The lines of an explanati
sketched in Sec. VI B need to be developed into a mode
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