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Dielectric permittivity,e= €’ —i€”, of KH,PO, pressed powders was measured betwieerd.4 and 25 K in
the presence of dc electric bias fields. Usually if the bias was switched attifdee’ ande” jumped to new
values, then decreased approximately a2(@gt<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 rfanavge
around 7-8 K.’ jumped to a lower value, then increased witaccording 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.

[. INTRODUCTION onT. Near 7.5 K, the upward relaxation dominated through-
out the range 6t<2000 s, at 9.0 K only at the shorter
It has been knowhsince the early days of ferroelectric times, at 6.0 K the longer ones. This term will be referred to
KH,PQ, (KDP) that the material exhibits a retarded responseas “the anomalous aftereffect.” Two electroded single-
to a disturbance as well as a prompt one. In particular, if itxcrystal samples exhibited the anomalous aftereffect, as well
dielectric permittivity, e= ¢’ —i€”, is recorded using a low as the normal on2 but both effects were more precisely
amplitude ac field in the additional presence of a dc bias fieldneasurable using pressed powders.
that is changed abruptly at tinte=0, thene’ responds by Among many previous dielectric studies of KDP, ones by
promptly taking a new value, then by decreasing withtlag ~ Holste, Lawless, and Samafaand by Motegi and
shown in Fig. 1, curvéa). Zimmer, Engert, and Hegenbatth co-workerd®!? paid particular attention to temperatures be-
reported this for a single crystal with the fields parallel to thelow 25 K. Over a continuous background of absorption and
ferroelectricc axis, at temperatureb=4.2, 20.4, 77.8, and dispersion rising regularly witlT, Motegi and co-workers
300 K. The property is shared by many disordered ferroelecebserved two specific dispersions, one sensitive to fields par-
trics and will be referred to as “the normal aftereffect.” allel to the ferroelectric axisg||c), that required the pres-
Part of the interest of such studies lies in comparison withence of domain walls, the other sensitiveRa and equally
dielectric glasses which also exhibit a normal aftereffect apresent in poly- or monodomain crystals. Thgc dis-
T<1 K2 1tis also well known that ferroelectrics with dif- persion (hereafter “KMN-C”) obeyed an Arrhenius law
fuse transitions and relaxor ferroelectrics display low-with activation energyA=19 meV and pre-exponential
temperature thermal properties somewhat similar to strucirequency,f,=45 GHz!?i.e., it was centered at frequency
tural glasse$> A T¥? specific-heat term & <5 Kwas also  f=fyexp(~A/KT). It looks like the typical effect of a reori-
at one time reported for KDP’ though KDP has a normal, entable point defect species in a crystalline environment. A
sharp ferroelectric transition. It was later clarified that largelink between the anomalous aftereffect and KMN-C was
pure KDP crystals can have almost Debye-like specific fieatsuggestet! by the finding that the time constant of the
and lack a “glassy” thermal conductivity anomaly. stretched exponential obeyed the same Arrhenius law as
The present paper reports a study of the dielectric aftereiKkMN-C. As it will be shown in Sec. V below, the agreement
fect in KDP, mostly as pressed powders. These would bés not as exact as initially supposed, but it will also be re-
certain to have a stron§>? specific-heat term, and the af- ported(Sec. IV O that the strengths of the two effects were
tereffects were found to be stronger, and less variable fronslosely correlated, when samples of different qualities were
one sample to another than with single crystals. In the courseompared.
of this study, a curious anomaly was fouhdth a narrow The main aim of the present paper is to report the anoma-
temperature range around 7.5 K the effect of a bias switclous aftereffect and to suggest an explanation for it. Since it
was a prompt decrease ef followed by an upward relax- appears to be related both to the normal aftereffect and to
ation according to a stretched exponential law. Curf®s  KMN-C, a report and discussion in some detail of each of
(c), and(d) in Fig. 1 show schematically what was observedthese effects is also necessary.
at 9.0, 6.0, and 7.5 K, respectively. The retarded response It is notorious that a dielectric study of any solid sample
appeared to be the sum of two terms, the usual downwarthat is not a properly electroded single crystal can lead to
relaxation as log (the normal aftereffeg¢tand an upward spurious results that bear little relation to bulk material prop-
relaxation with a characteristic time constant that dependedrties. It is argued below in Secs. Ill and IV C that serious
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pressed ag’ ande” based on the external dimensions of the
pills and electrodes. The variations&fande” during a 360
s interval were obtained from a chart recording of the bridge
off-balance signals. At longer times the bridge was rebal-
anced for each point. The temperature was controlled using a
carbon resistor sens@Allen Bradley 390 )), that was cali-
brated periodically by substituting a Pt and a Ge resistor for
the sample capacitance. Thermometry errors were of two
types, a short and a long term error. The short term error was
(b) . . The sho :
caused by the carbon resistor varying with time following a
temperature change. This was noticeable below 10 K and
non-negligible below 6 K. It was allowed for by assuming
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waiting long enough before switching the bias field, the last
term became a slow drift that could be subtracted confi-
! dently. The “long term” error had various contributing
t, causes. In routine work with different samples, the absolute
T was known to+0.5 K, but for the extensive work on

FIG. 1. Schematic illustration of dielectric aftereffects. The field Sample 2, to=0.2 K. For the detailed study around 7.5 K
applied to the sample consists of an ac measuring field of fixed lowFig. 9 the relative error was: 0.05 K (rapid succession of
amplitude plus a dc bias field. After the sample has been stabilizetheasurements without heating above 12 Kor Fig. 12,
at a given temperature for some time, the bias field is switched. ThabsoluteT was known to+0.01 K.
real (in-phase part of the permittivitye’ changes abruptly then
usually relaxes downward®). It may also relax upwards at short
times(b), at long timeg(c), or at all times accessible to experiment

(d. A slopes’=de’/dInt is defined as the best fit to the data  The results reported here and in Sec. IV A were obtained

within a specified range, <t<t,. This is particularly useful for \yith a typical pressed powder samplgample 1 prepared
cases like(a) wheres’ takes a negative value that only dependsfrom KDP as receivednot recrystallizeyl
weakly ont; andt,. The imaginary(quadraturg permittivity be-

haves similarly but on a reduced scale, afied-de”/d Int.

time

Ill. RESULTS, GENERALITIES

A. Weak ac field, no bias

errors are avoided by restricting attentionTtec25 K, and Figure 2 shows the response of sample 1 to alternating
interpreting the measurements cautiously. The general fegelds of different strengths and a fixed frequency. At ambi-
tures of the data are also described in Sec. Ill, by reference tent T, sample impedance was limited by conduction, but this
one representative KDP sample. In Sec. IV A the normaljiminished rapidly on cooling, and became undetectably
aftereffect is reported. This allows scaling parameters to bemall already well above the ferroelectric transition tempera-
defined, that are useful in the subsequéBics. IVB and tyre T, and outside the range of Fig. 2. In Fig. 2, is

IV C) description of the anomalous aftereffect. Results obmarked by a peak oé’ at the usual value of 122 K. Well
tained with four single-crystal samples are reported in Seof,(_}k)\,\,-rC there aree” peaks near 12 K and near 60 K. The 12
V, and the three effects, their interrelations, and possiblg peak is a genuine property of the material but the 60 K

origins are discussed in Sec. VI. peak is not. A spurious peak is to be expected near 60 K for
the following reason. For the sake of argument, suppose each
Il. SAMPLES AND MEASUREMENTS grain had an anisotropic permittivity as measured with a

. ._properly electroded, unclamped single crystal. Bethand
The pressed powder samples were derived from AIdnctP,, rise rapidly withT in this rangebt ¢! changing in order

99+ % reagent. In most cases the product was ground mantfe ) o ,
ally to ~3-um particle size(as examined by swept-beam of magnitude fronr=10 to >10". At €.~ 10, there would be

electron microscopy at 20 KV then pressed appreciable,' though nonupiform penetration 'E-J|fc fieI(Ij
(~50 MPa) into pills of diameter 10 mm and thickness nor-component into suitably oriented powder grains, bukat
mally 250—400 wm, density> 80% of crystal density. The >104 such_penetratlon would be negligible, the gp_plled field
pills were pressed100 kPa) between lead or indium elec- P€ing confined to the vacuum gaps, andEi@ within the
trodes. Four single-crystal samples were also studied, ar@fains (2 remains moderate, rising to a peak vaki€0 at
these are described in Sec. V, where their results are alsb., While € remains low. The best compromise between
reported. the risinge(T) and the fallingE||c penetration then locates

Capacitance and conductance were measured using aaloss peak as in Fig.(@. It is not a Maxwell-Wagner effect
General Radio 1621 transformer bridge system, and exand does not involve dc conduction.
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FIG. 3. Time dependence of real permittivity of a typical
015 T pressed powddisample ) at 25 K measured using 4.3 kV/m at 1.2
- (b) ] kHz. Two sets of data are shown. Poidks the sample was first
0.10 [ 4 cooled from above 122 to 25 K in zero-bias field and held there for
e L ] 1 h, then at=0 a bias field of 11.4 kV/m was switched on. Points
0.05 i : V: the same, except that the sample was cooled in a bias field of
U 1 400 kV/m and this field was reversedtat0. €' (t) depended solely
- ] on the magnitudé11.4 or 800 kV/m of the bias step, and not on
0.005' R '1'0' M '1'5‘ A '20 the value(zero or nonzerpof the cooling field.

Temperature (K)
the ratioa/b in Fig. 2b), as a percentage. For sample 1,
FIG. 2. (a) Real and imaginary dielectric permittivity of a typi- a/b=126% and in absolute value=~0.042.
cal pressed powder samplsample 1 at 1.2 kHz and three field
levels. Here and in Figs. 4, 5, 7, ande8,or related data are shown
as filled symbolse” data as corresponding outline symbols. The B. Effects of bias switches
present data were not sensitive to temperature history on a scale that Figure 3 shows typically howe’ behaved following bias
would be visible on the plot, provided the sample was held at eac@teps of different magnitudes at afalue not near 7.5 K.
T value for 10 min or moree’ is shown only for 4.3 kV/m as the “Step” here means a single abrupt change of applied field.
Oﬂ,)er data would be indistinguishable on the p(b.".l‘ow T det.a" Normally after each step, and after the subsequent changes of
(¢”" at 1.4 kV/m only. The strength of the specific absorptian, ¢ had been recorded the sample was heated. tand re-

relative to the background might be expressed by the i . .
which requires an in?erpolationgof the ba[c)kground gurve. For com-COOIed' As Fig. 3 shows, after a small t.)las S'Te.(ppromptly
parison of different samples the ratidb is used. rose then gradual!y returned towards its original value, but
after a larger step it gradually moved to new, lower values. A
On the other hand a<25 K, crystale, and ¢, values curve like (a) of Fig. 1 would be found after a bias step of
are both moderate and depend weaklyTort the moderate intermediate magnitude. In each case, takin@ at the bias
field values used, the dielectric response did not depenstep,e’(t>0)~¢€'(«)+Ct™P, where 0<p<0.1 andC is a
markedly on field strengtfFig. 2(@)], while dc conductance constant. To estimatée’ (e©) would require a long, uncertain
was totally insignificant. Insofar as the constituents of a comextrapolation, and over a limitedrange the power law dif-
posite dielectric material can be regarded as continuous mders little from a logarithmic variation, so it is more useful to
dia, thee value of the composite is a mean value of thef  define s’=de’/dInt, and find s’, which was usually a
the constituent parts. The possible complex mean values liglowly varying function oft. The variations ok” (not shown
within rigorously determined bound®-® In these condi- in Fig. 3) were similar, but scaled down by a factor of4.
tions, the 12-K loss peak in Fig. 2 can be assigned as a pedhefinings”=de"/d Int, |s"| was like|s’|, usually a slowly
in €. or €, or both. In absolute value, it is distinctly stronger diminishing function oft. In cases like curveg) and(c) of
than either thes, or e, dispersions reported by Motegi and Fig. 1, s’ depended more strongly dnand even changed
co-workers!'2in single crystals, but in position it is nearer sign. In every case the final value of, for t—, was less
KMN-C (see Sec. V below and Fig. 12The background than or equal to the initial value’(t<0). The strength of
value of " in Fig. 2 is also an order of magnitude higher the ac measuring field was unimportant provided it did not
than the background; in Motegi's crystals, so the relative exceed 0.AE, otherwise|s’| and|s”| were underestimated.
strength of the special absorption effect is quite similar. It is Figure 3 shows two relaxations ef (t) that start from a
to be noted that the backgrouwfi value as well as KMN-C same valueg’(t<<0) even though in one case the sample
depended on the presence of domain wXliso the relative had been cooled frori. in a bias field, the other in zero
strength could be used for comparing the KMN dispersion irfield. At T<25 K,e'(t<0) was generally reproduced to
samples of different qualities. It will be useful to characterizewithin 0.1% over a series of thermal cycles upTg and
this relative strength for different samples by expressing théack, even though the bias field was sometimes zero, some-
ratio of the peak”(T) near 12 K to the minimum near 15 K, times ~1 MV/m and the cooling rate also was variable.
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Similarly the value ofe” prior to any bias step was repro- 0.01 T T T T
duced to within 1%. This is quite different from single- N
crystal behavior. Three types of bias switches were studied
Either the sample was cooled in zero field, and field switched&
on att=0, or it was field cooled and &at=0, the field :
switched off or reversed. Repeated measurements at 25 I3
with bias field switched from 0 to 920 kV/m, separated by £ 0.001
thermal cycles td . yielded standard deviations4 % fors’ =
and *=2% fors”, excluding data from the first few cycles. If =
instead the sample was cooled in 920 kV/m and this bias
switched off, |s’| was 3+4% higher and|s"|, 2+2%
higher. These are not significant differences, and the sam
applies if the sample was cooled in 460 kV/m and this 0.0001 1Ll Ll Lol
switched to—460 kV/m. Only the magnitud@AE| of the 10 100 1000
bias change was important. In this respect also the presse bias step AE (kV/m)

powders behaved quite differently from single crystals. This

point estab”shed, the three types of bias switches were used FIG. 4. Sample 1 at 25 K in weak ac fields: derivatives of real
indifferently. Since also the sign dfE is irrelevant, it will and imaginary permittivity with respect to frwheret is the time

be taken to be positive. since a bias step of magnitudeE. The sample had been cooleq

A spurious aftereffect could have been caused by spacféom above 122 K and hgld at 25 K for atlleast 1200 s vyhen the bias
charge migration. If charge were to gradually migrate and¥aS _Stépped. Data points are best fits over the intervat 6
accumulate, the effective penetration of the bias field into the~ 30 S-V.®.A (for ¢’ datd, V,O,A (for €” datg, respectively,
grains would gradually diminish. This might cauedo re- | 120 Hz, 1.2 kHz, and 12 kHz. Altie’/dInt and de’/d Int

: . . values were negative, as in curia of Fig. 1. The fitting curves are
turn towards its original value, but not to acquire a NeW,  fined in the textsec. IV A)
lower value. It will be reportedSec. IV Q that samples of ' '
very different qualities always had limitingf ands” values  on account of the incomplete and nonuniform penetration of
of the same order of magnitude, which argues against chargbee applied bias fields into the grains of KDP. It is more
migration. useful to note thas| and sy are decreasing functions &f

Sequences of bias changes without chang& wkre not  while AE; andAE(] are increasing functions. Also, at given
studied systematically, but schematically, if the bias fieldf, AEj~1.5AE}.
was switched periodically between valugs andE,, start- The curves in Fig. 4 drawn to fit' at 120 Hz and 12 kHz
ing att:O, without ChangingT, each switch initiated a new Correspond to an empirica| formu|as’/s(’): _[1
relaxation. In that case’(t)~e'(») +C(t—t) ™", wheret, | (AE//AE)2]"12 with the s, and AE} values given in
is the time of the most recent bias switch. For sm&  Taple |. The four other curves do not correspond to Table I,
—Ey|, €'()~€'(t<0), while for large|E, —E,|, after sev- bt were obtained from these two by supposing that for any
eral switchese’(>) approached a constant lower value.  given AE value,s’ depends on the frequency of the measur-

ing field according to a power law, and the response obeys

IV. PERMITTIVITY CHANGES FOLLOWING A BIAS the Kronig-Kramers relation. The appeal to Kronig-Kramers

STEP is based on the reasoning that whereas the respomse tm
) ) ) the time scale of minutes is essentially nonlineamepre-

A first systematic study of the aftereffect &t=25 Kis  gents an approximately linear response to a small field on the
reported because this is far from any special feature in Figmillisecond time scale, and a set eff) data provides a
2(a), and the normal aftereffect could be observed W'thou"“snapshot” for givenAE andt. The same is true dtr ot,
the anomalous effect. and so of the derivatives’ —is”. It shows there is a link

between the observations thRE) and AEg increase witH,
A. Behavior near 25 K and thatAEg is smaller than the correspondind= .

Figure 4 shows-s’ and —s" vs the magnitud& E of the TABLE I. Scaling parameters for the rate of change of permit-
bias step. Each pair of data points corresponds to a first biagity of a typical pressed powdesample 1 at 25 K measured
step after a thermal cycle fB, and back to 25 Ks’ ands” between 6 and 360 s after a st&yE of bias field.f is the frequency
are the slopes of the best logarithmic fitset@t) curves asin  of the low-amplitude measuring field. The rates of change are ex-
Fig. 3 and corresponding’(t) data fort between 6 and 360 pressed as’=tde’/dt,s"=tde"/dt. Small stepsAE caused pro-

s. It is already clear from Fig. 3 th& was not always portionate changess'/sy=—AE/AEy,s"/s;=—AE/AEg, but
proportional toAE. Figure 4 shows that’' «s”"«AE only at —s; and —sg represent limiting values fos’ and s”. See also
small values. At largeAE valuess’ ands” reached limits. ~ Fig. 4.

The limiting value of —s’ will be written s}, and another
independent scaling paramet®E, will be defined by put-

de"/d

d

f (kHz) AE{ (kV/m) Sg AEg (kV/m) Sg

ting s'/sy= — AE/AE for small AE. s andAE( similarly  0.12 31 0.0077 20 0.0018
define the scale of th€'(AE) curve. The values of the four 1.2 37 0.0055 24 0.0013
parameters for each of the thregalues of Fig. 4 are given 12 43 0.0039 28 0.0009

in Table I. Their precise absolute values are not significant
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FIG. 5,' Data er a typical pressed 'powc_(eample 2 n v_veak_ FIG. 7. Scaling parameters as defined in Fig. 6, for sample 2,
1.2-kHz field: derivatives of real and imaginary permittivity with ,qing 4 weak 1.2-kHz measuring field. The parameters are primarily
respect to It wheret is the time since a bias step of magnitutle.  5teq to the normal aftereffect, but the values obtained/forear

Data ponts are best fits over the intervakle<100 s.V,®, A 7 5y may have been influenced by the anomalous effect. Note that

(for ), V., O, A (for €"), respectivelyT=4.9, 7.5, and 12.4 K. ¢ gisordered dielectrics af<1 K, AE,xT, while s, sharply
Note that unlike Fig. 4 both scales are linear and that the scale Cﬁecreased Wit (Refs. 3 and 25

de’/d Int is expanded and shifted.
sample 2 at variou§ are shown in Fig. 7s; and sy are
B. T<25 K increasing functions of, but AE) andAE}, peak near 5 K.

The results reported here were obtained with another typiBelow 5 K, sy and AEy, sy, and AEg vary in the same
cal pressed powdeisample 2 prepared from material that proportions, because the response to a sm&@l became
had been recrystallized in bidistilled water, the solution mi-temperature independent.
crofiltered. Referring to Fig. (®), a/b=130% c~0.028. In a linear plot like Fig. 5, the slopes of the straight lines

Figure 5 showss’ (AE) ands”(AE) for sample 2 at a at highAE can be expressed in dimensionless units by using
fixed f, fixed t interval and three temperatures. In this linearsy andAE; or s; andAEg. In such units the initial slope is
plot the details near the origin are not clearly seen, but thalways—1 by definition. The values obtained for these posi-
curves have two straight-line sections joined by a curvedive slopes ofs’(AE) were 0.01, 0.02, 0.086,0.32, 0.04, and
section. In a similar linear plot the same would be true of thed.017, respectively, aff=1.37, 2.17, 4.9, 7.5, 9.9, and
25 K data of Fig. 4, but at these low&rvalues the straight- 12.4 K. Fors”(AE) the slopes were 0.04, 0.09, 0.003, and
line section representing/ (AE) at highAE is not horizon-  0.000, respectively, alf=4.9, 7.5, 9.9, and 12.4 K. A
tal. It has a distinct positive slope at eaGlsteep at 7.5 K. In  closer scrutiny of the 25 K data showed a significant positive
the case o&"(AE) the effect is much less pronounced. It is slope there also, f&’' at AE>AE/. Statistical treatment of
necessary to generalize the definitions of the scaling paranyi| data extending toAE>20AE (five pressed powder
eters introduced in Sec. IV A and it will be defined that the sgmple yielded a dimensionless slope 0.003.001.
straight lines intersect atAEg, —sp) and (AEg, —sg), re- Figure 8 showss'(T) ands”(T), at fixedf and fixedt
spectively, as shown in Fig. 6. The parameters so defined fqpterval, for sample 2 and another similar sample at three
different AE values. TheAE values are such thaAE
>AE((T) always, so that far away from 7.5 K~ —sj and
s"~ —sg. The position of the positive peak is independent of
AE. In relative as well as in absolute value it is weakes'in
0 _ than ins’. Figure 9 shows'(T) in the peak region at two
frequencies and two time lapse intervals. The position de-
pends distinctly on the time lapse but not at all forThe
magnitude is a very slowly diminishing function §fwhich
is consistent with the weakness of #fepeak(Kronig Kram-
ers.

Figure 10 illustrates another method of studying the up-
ward relaxation effect. Two data sets are shown, using dif-
ferent procedures. In one case all #ilemeasurements were
made at 4.9 K, where the change’ caused by the bias step

de"/dInt

0 71 AE " could be measured with little ambiguity becassevas rela-
£

tively very small. The sample was then annealed at 5.45 K
for 2 mn and returned to 4.9 K for another measurement
FIG. 6. Schematic representation of data as in Fig. 5 to show th&ithout further bias change, annealed at 6.0 K, at 6.6 K and
general definitions of the scaling parameters. In case of a norm&0 on. Thex coordinate in Fig. 10 is the highest anneal
aftereffect with no anomalous aftereffect, the rectilinear parts atemperature prior to each measurement. The steepest slope
high AE would be horizontal. near 7 K corresponds to the peaks in Figs. 8 and 9. An-

AE bias step AE
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FIG. 8. Derivatives of real and imaginary permittivifiyn weak FIG. 10. Anneal-out of the change in real permittivity of sample

1.2-kHz fieldg with respect to I wheret is the time since a bias 2 (in weak 1.2-kHz fielglcaused by a bias step of 2.25 MV/m at 4.9
step of fixed magnitudAE, applied at differenf. Data points are K ( 4) or 9.9 K (). Different procedures were used as explained
best fits over the interval X0t<100 s.@, A, ¥ (for €'), O, A, V in the text(Sec. IV B) but €’ was always measured at 4.9 or 9.9 K,
(for €"), respectively, sample 2 withE=2.25 MV/m, another never at the anneal temperature anel is the change i’ result-
similar sample withAE=1.32, 0.66 MV/m. Note that the scale of ing from the bias step and any subsequent annealing. The anneal
de"/dInt is expanded and shiftede’/d Int has a negative term, temperature is either the temperature of a single 2-mn aniial (
that varies roughly a¥ (the normal aftereffe¢tand a positive term  or the highest and latest of a series of 2-mn anne#l$. (

that peaks aT~7.5 K (the anomalous aftereffect

) of different magnitudes. The bias was stepped at 6.0 K and
neals up to 20 K continued to have some effect, but then ge sample was annealed for 3 mn at 9.0 K before remeasur-
plateau extended to 40 K, at whieh75% of thee’ shifthad  jng ¢ at 6.0 K. This anneal generally restoretl halfway
been annealed out. The origingl value was almost entirely -k to its original value. Thd e’ recorded in these cases

restored by an anneal to 65 K. For the other dataeselvas  (and plotted in Fig. 11was the change caused by the anneal
always measured at 9.9 K, where the bias step was effected,

but after each 2-mn anneal at differéntand after returning

t0 9.9 K the sample was cycled to 122 K. Where they canbe ' S[" " T T IT T T T T T T O ]
compared, i.eT7>9.9 Kthe curves are similar apart froma »° [ 200 el ]
scaling factor. The scaling factor suggests bias AtEpwas 3 FeE L, o -
more effective at 9.9 K than at 4.9 K, doubtless becauseg, 073"t % L.t ]
AE/AE{ was larger. E [ et ‘f"‘ | . ]
A similar procedure was used to compare the strength of‘é - ° e (vim . -
the anomalous aftereffect of different samples after bias stepE 5[ o . ]
T§ L . + ]

Q008 T T T T[T T T[T T T[T T T T [T T 17T] '§ 0—_ .3++ . + o+ B
0.006 — g L ]

% : _ 57\ L1 L1l | L1l ‘ Ll ‘ Ll ‘ [ ‘ Ll [ \7
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normalized bias step, AE/AEO‘

0.002 FIG. 11. Strength of anomalous aftereffect vs bias step magni-

tude for 13 pressed powder samples. The bias was stepped at 6.0 K,
the sample was annealed for 180 s at 9.0 K then returned to 6.0 K.
A€’ is the change in real permittivijwveak 1.2-kHz field, at 6.0 K
caused by the anneal. Where the normal aftereffect was dominant it
-0'0026 5 7.0 75 8.0 8.5 is negative, where the anomalous effect dominated, posiligé.is
' ' Temperature (K) ' plotted normalized with respect to the scaling paramsfefat 25
K, 1.2 kHz. The samples form two groups: pure samples with
FIG. 9. Similar plot to Fig. 8 showing details of the anomalous KMN dispersions of normal strength®), impure samples with
positive peak. All data here are for sample 2 in 3.8-kV/m fields ofweak KMN dispersions ). In the main plot, the bias step mag-
two different frequencied, following bias steps of magnitud&E nitude is also normalized with respectAd (25 K,1.2 kH32. If it
=2.25 MV/m. f=39 Hz [@,¢), 10 kHz (M, #). Data points is not(inset, points® only) no clear pattern emerges. This is a key
are best fits over the interval ¥0<35 s (M,J), or 100<t result. The anomalous aftereffect is seen to correlate with the KMN
<330 s (¢,90). de'/dInt reaches a peak at a temperature thatdispersion, but also to be linked to the normal aftereffect since the
depends on, not onf. same scaling parameteXE is involved.

—a&— 10kHz, 10-35s
—0—— 39Hz, 10-35s
—— 10kHz, 100-330s
—o—— 39Hz, 100-330s
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TABLE Il. Summary of the effects of smaller particle size and of added impurities compared with
“standard, pure” pressed powder samples. Different impurity species all had qualitatively similar effects.

Smaller particle size Added impurities
S5 S0 little changed(slightly increaseg unchanged
AE{,AEg increased increased
KMN dispersion unchanged weakened
Strength of anomalous aftereffect unchangedequivalent weakened

AE/AE( values

alone, without reference to the original value before the biagbnormally highAE| and AE] values, unchanged; or
step. s, and weakened KMN dispersions. In particular, when

the solution contained 0.2 J#O,, 0.1 KHSQ,

C. Particle size and impurity effects 0.2 NHH,PQy, or 2 RbHPO, per 100 KDP, or 2 RO

The variations of the scaling parameters from one sampl8€" 98 BO (,2% D), so ranged from 0.0035 to 0.0077 as
to another are reported here, and also of the KMN dispersioHsual, butAE, from 85 to 315 kv/m(always atT=25 K
strength and the strength of the upward relaxatios’ofor- ~ and f=1.2 kHz) while, referring to Fig. @), 101%<a/b
responding to the anomalous aftereffect. The principal re<<108% and 0.014c<0.018. Increased impurity concen-
sults are also summarized in Table II. tration (0.5 KPQ,, 0.3 KHSQ, or 11 RbHPO, per 100

First it is necessary to consider variations amongst nomiKDP) caused further increase 4fg;, still no change tc,
nally pure samples prepared as in Sec. Il. This category inbut further weakening or disappearance of the KMN disper-
cludes samples 1 and 2 that were said to be “typical.” It wassion. Between 5 and 25 K the temperature variations of the
found thats), AE}, s3, andAEj for such samples might four parameters were roughly similar for pure or impure
vary by as much as a factor 2, but often much less. Thisamples with coarse or fine graifes Fig. 7.
would be due to accidental variations of density, homogene- The impure samples also had weaker anomalous afteref-
ity, and particle size distribution of the pressed powdersfects. Figure 11 demonstrates a correlation between strength
Therefore when comparing different categories of sample®f anomalous aftereffect and KMN dispersion strength. Two
any variations of these parameters exceeding a factor 2 agfoups of samples are featured. The first group comprises
considered significant. Neither the scaling parameters nor thgeven nominally pure samples. These were prepared as usual
KMN strength depended significantly on whether the mate{Sec. I) or were more thoroughly ground than usual so they
rial was used as received or recrystallized, and whether ihad a variety ofAE; values, but all had normal KMN dis-
bidistilled water(solution microfiltered or in deionized wa- persions &/b>125% andc>0.025). The second group in-
ter. There was no apparent difference between moderatelluded the five impure samples mentioned above, and one
pure and highly pure samples. Mean value§at25 K and other that fell into the same category (10%%/b<108%
f=1.2 kHz weresj~0.005 andAE\~35 kV/m. Referring and 0.014c<0.018). As mentioned in Sec. IVB, the
to Fig. 2b), the KMN dispersion strength was characterizedstrength of the anomalous aftereffect was characterized by
by 125%<a/b<<145% and 0.025¢c<0.045. A€', the change i’ caused by anneal at 9.0 K, following a

To investigate the effects of particle size, two samplesdias step at 6.0 K. To allow for variation of sample densities
were prepared from powders more thoroughly ground thamnd homogeneities\e’ was normalized with respect &}
usual, one of “as received” material, the other recrystal-(as measured al~25 K and f=1.2 kHz). If only the
lized. Examination showed many particles of globular shapénormal KMN” samples are selectedAe’/s; shows a
and diameter~1 um. With the smaller average particle strong linear correlation witA E, but only if the latter is also
size, these samples undoubtedly contained a higher propafiormalized with respect taEg. The line does not pass
tion of_severely damaged and nonferroelectric materlfil. Bothhrough the origin, but below it. FakE<6AE] (AE} at 25
had slightly highers, and s, values, but markedly higher k 12 kHz), or equivalentyAE<2AE} (AE} at 7.5 K),

AE, and AEg values than standard samples. B£25 K the normal aftereffedtdownward relaxatiopstill dominated.
and f=1.2 kHz, s,~0.007 andAE,~170 kV/m. On the = The points in Fig. 11 for the “weak KMN” samples fall near
other hand, two samples with larger than normal particlesinother line of lower slope, indicating a weaker anomalous
(loose powder contained angular shaped particles of dimeraftereffect.

sions~10 um) yielded similar parameter values as stan- One other impure sample deserves a special comment.
dard samples. The larger particles would be likely to haveFollowing a known exampl&’'® KDP was recrystallized
broken up during pressing. Similarly, a normally groundfrom solution containing a large excess of base, 58 KOH for
sample pressed at 500 MPa h&# | andAEg values typical 100 KDP. The crystals were very hygroscopic and when re-
of the more thoroughly ground samples pressed as usual atoved from the dessicator and pressed into pills, fluid was
50 MPa. The KMN dispersion strength was found not toexpelled and filled the space between graipsl density
depend significantly on particle size. = 96% of crystal density Several other samples were more

A series of samples was prepared in the usual way fronor less conductive at room temperature, but in this respect,
material recrystallized from nonstoichiometric or impure this one was an extreme case. Nevertheless, it behaved at low
solutions. Whatever the impurity species, the results werd almost as a usual, slightly impure sample. At 25eK,¢e”,
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sy, andsg were rather higher than usual. The ac field would ‘
have penetrated the grains more effectively, on account o0 4 ¢*

the higher permittivity of the intergranular space. The KMN 5
dispersion was observed near 124t 1.2 kH2 as usual, as &
also the anomalous aftereffect centered around 7.5 K. Thisz 10°
. [=}
demonstrates conclusively than none of the reportedTow §
effects is a purely surface effect, and that the KMN disper-g 1o

sion is unlikely to be a Maxwell-Wagner effect, as already
argued by Kuramotet al?

The 2% deuterated sample was classed among the impur§ 10°
samples because of its properties outlined above. It is logica
to suppose that protonic impurity in KPO, (DKDP)
would have a similar effect, so that if an analog to the 1¢*
KMN dispersion occurs in DKDP it would be necessary to 0.6 008 040 0.12 =~ 0.14  0.16
look for it in ad>98% sample. Such an effect was searched reciprocal temperature (K-)

at 5<T<80K but not found with a commerciglAldrich) FIG. 12. Arrhenius plot showing data from single-crystal sample
98% D sample nor with another KDP sample recrystallizedsc 4, pressed powder sample 2 and from Kuraneotal. (Ref. 12
twice from 99.8% BO in an atmosphere free of natural hu- o frequency of absorption peak of SC 4 at 3.5 kV/m, with back-
midity. ground subtracted as stated in text; idem of pressed powder
sample 2 at 3.8 kV/m®,(277) ! of pressed powder sample 2,
V. SINGLE CRYSTALS where 7 is the value oft at the inflexion poin{maximum positive
slope on the plot ofe’ vs logt after a bias step of 2.25 MV/m. The
Four single-crysta(SC) samples were studied. SC 1 con- line labeled C is the Arrhenius fit given by KMiRef. 12 and the
sisted of two slabs, cut normal to tleeaxis and silver elec- curve labeled A an approximate fit to thé&ifla data.
troded by evaporation: total area 72 fnmean thickness
0.73 mm. The two pieces were connected in parallel. SC Plausible choice has to be made, how this is done. KMN
consisted of two othes-cut slabs, gold electroded, also con- assumed at each, a Cole-Cole law plus a lineas” (log f)
nected in parallel: 38 mfx0.35 mm. SC 3 idem but the background. For the present, the background to be subtracted
two pieces were cut normal to @anaxis and silver painted: at eachT andf was assumed to be a linear interpolation of
75 mntx0.94 mm. SC 4 was a singtecut plate of irregu-  the data aff=6.14 and 19.75 Ki.e., well below and above
lar shape 61 mAX0.30 mm, gold electroded. the KMN effech and the samd. This also subtracted an
Both the normalat 25 K) and the anomalousear 7.5 K instrumental and circuit error that becomes seriousf at
aftereffects were observed with SC 1 and SCE}d). All >10 kHz, and it resulted in a symmetr&(logf). The €”
low T dielectric properties were sensitive to cooling speedpeak position was found at eadh Two field values were
through T, and whether cooled in field or no field. They used, 3.5 and 7.0 kV/ifcf. 1.0 kV/m(Ref. 19] and the data
were less accurately reproducible from one thermal cycle t@ets analyzed separately. The 3.5 kV/m results are shown
another than with pressed powders. With SC 1, after fasih Fig. 12 and yielded Arrhenius parameter$,
zero-field cooling|s’| and|s”| were typically several times =173 GHzA=20.09 meV. The 7.0-kV/m results would
smaller than with pressed powdérbut so also were” and  not be distinguishable in the plot and gavé,
de’/dT. At 25 K, attempts to apply field>>200 kV/m al- =170 GHzA=20.03 meV. If the 6.14 K data alone
ways caused an instability. At less&E values,|s’| varied had been subtracted as background, the figures would
roughly asAE®4 and nosj or AE} value could be esti- have beerf,=605(640) GHzA=21.65(21.68) meV. As-
mated. Near 7.5 K, the anomalous aftereffect was charactesuming the linear interpolation is more appropriate, the
ized by a lowera constant in the stretched exponential law. present result is not significantly different from the
Thus if € (t)= €' () — Cexp—(t/7)*, « took the value 0.45 published? result and it may be concluded that=19.5
for pressed powder sample 1 at 7.5 K, but 0.34 for SC 1 at-0.7 meV and 4&f,<200 GHz.
the samél. With SC 2, also fast zero-field cooled, all the low  Also shown in Fig. 12 are analogous results for pressed
T dielectric properties were several times weaker than withpowder sample 2, at 3.8 kV/m, using the same background
SC 1. subtraction. It might be expected thé&t(f) at 6 K would
With SC 3 very little aftereffect was found following a have a peak near 100 Hz corresponding to fHfa
bias stepAE=300 kV/m at 25 K. This puts an upper limit dispersion? and so give a false baseline. Such an effect was
to|s’| of 1.5x10 4, so if any effect exists foE||a itis of a  searched between 5@ K but not detected, which means it
lower order of magnitude than f&j/c. The inference is that could have been no more than 3% as strong as the absorption
the aftereffects of the pressed powders are essentially causadd dispersion near 12 K in this sample. Best Arrhenius pa-
by the E| c field component. rameters for the latter werefy=880 GHz, and A
SC 4 was used to check the Arrhenius law of the KMN-C=21.16 meV, and it is concluded from its position in Fig.
absorption. For this purpose the calibration of the carborl2, and absence &j|a effect(at 5-7 K) that it corresponds
resistor thermometer was not relied on, but a germaniunalmost entirely to the KMN-C effect.
resistor was placed in close thermal contact with the sample. Figure 12 also shows two points representing the time
As KMN noted?? the background absorption and dispersionconstant of the anomalous aftereffect. The time constant
that has to be subtracted dependsfas well asT. Some 7(T) was taken to equalat the point of maximum positive

7
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slope ofe’ (logt). It was found aff=7.44 and 7.82 K, and low T, both in single crystalsk||/c) and powders. They also
(277)~ ! is plotted. The points fall distinctly below the explain naturally whyAE; and AE; decreased witfT, but
Arrhenius law, whichever of the three data sets is extrapoincreased withf. Either increasedl or decreased would
lated, but the law derived from the same pressed powddpring into play larger microdomains.

sample comes nearest. If an estimated normal aftereffect The microdomains that are active at Ioware probably
contribution of the formCt~P had been subtracted from the ones that have less than full orthorhombic distortion, so they

data, the discrepancy would have been smaller. are easily switched. In single crystals they are likely to be
associated with crystal defects, in pressed powders likely to
V1. DISCUSSION be much influenced by the damaged grain surface layers. In

the powders they must be subject to a very broad distribution
The aftereffect in KDP alT <25 K consists of two parts of stresses, as witnessed by the equivalence of field-cooled
that are readily distinguished. Both parts have been reportegihd zero-field-cooled properties. On the other hand, the ac-
for single-crystal samplés? as well as pressed powders and tive microdomains at ambiefit are perhaps to be identified
the KMN-C dispersiott'?is also a single-crystal property. with the orthorhombic inclusions that have been reported in
The discussion of their origins must be broad enough to enthe tetragonal phasé.

compass both types of samples. A “normal” aftereffect of a bias step is also character-
istic of disordered dielectrics generally at very IGw The
A. Normal aftereffect immediate rise ok’ and €” followed by decay as logwas

observed with hydroxyl-doped KCI &t<1 K,?°and several
structural glasses, also @1 K.2 The results could be dis-
played in plots like the present Figs. 3 and 4, though the
samples were not thermally cycled between measurements as

) . o o ~ . in the present study. The behavior of the structural glasses
is that it has no characteristic relaxation time, and a third 1$elov 1 K was explaine%f’ by reference to a random Ising

that its magnitude reaches a limisy(so) at very moderate  , 4| of dipoles with long-range interactioHsOne differ-

values QEq,AEp) of applied field step, with pressed pow- ence from the present results was that e, parameter
ders at least. Below 25 K, it conforms to a general law for.

. ., S ) ) : ' was an increasing function of. In accordance with the
glassy” properties in thak is a simple, near-linear function model, it was foundAEy~kT/p, wherep is the (fixed) rel-
of Tlogt.* The low AE{ andAE} values that decrease with

. . : . evant dipole moment. Another difference was tsgtde-
T sug'gest a high dlpole mom.ent value that increases W'.th creased sharply witfi. The other main point in common is
All this suggests microdomains, that were present acmden[hat ¢ and ¢’ relaxed downwards. and this can be under-
tally in the single crystals, but more systematically present i !

. . ) Stood as the system of interacting dipoles gradually self-
the powders. The notion of microdomains was devel8ped trapping into deeper potential wells, from which it can re-

to explain the diffuse nature of the phase transition in d|sor-5d)Ond less actively to weak applied fields.

dered ferroelectrics such as PLZT ceramics. The sizes an

A first salient feature of the normal aftereffect is that it
has been observed &tranging from 1.4 to 300 K, so that its
T range extends well abové, and well below the usual
domain freezing temperature in crystéts100 K). A second

shapes are widely distributed. R Rer et al?! invoked this
notion to explain their finding of a retarded dielectric re- B. Anomalous aftereffect
sponse at lowr in a PLZT ceramic. Although a different The most obvious distinguishing features are thare-

was measured, related to the polarization and not the ac p@axed upwards, not down and that although some effect was
Iarizability, aT |Ogt law was also found, between 20 and 80 detectable at alll between 1.4 and 25 K, there was a pro-
K, in conditions corresponding t8’'=—s; (retarded re- nounced peak near 7 or 8 K, depending on the time lapse.
sponse independent &fE). This possibly suggested inde- Also, the anomalous effect was only observed whih
pendent thermally activated Debye processes with a unifors- AE;, and then its strength as represented, for example, in
distribution of activation energies, which would imply a uni- Fig. 11 increased asAE/AEj—a), wherea~1. The AE)

form spectral density of logvalues ( is a relaxation time  parameter needed to describe the normal aftereffect appears
that varies asT. Strongly interacting systems that relaxed 55 3 threshold for the anomalous effect. More precisely there
acco_rdlng to a hlerarchlcal_ sequeffcerould also have been was a tendency for the strength to level off and possibly
possible, and more plausible. The authors suggestéd  saturate at some highE value not reached in this work.
discrimination in favor of the latter, based on results of ap-This suggests that the unit dipole moment involved here is
plying aT step as well as &E pulse, which indicated an myych smaller than the moments of the microdomains. Since
abnormally low frequency prefactor. For the present, it isihe anomalous aftereffect is also linked to KMN-C, it may be
also more plausible to suppose strongly interacting SYSte”@upposed a same species of dipditne KMN dipoles”) is

in the pressed powder samples. This would explain sy responsible.

andsy always took similar values at a givén In the single A phenomenological model can then be formulated as fol-
crystals there may not have been enough active microlows. Two subsystem@he microdomains and the KMN di-
domains to reach the strong-interaction limit. Apparentlypoleg coexist and interact, each having its own relaxation
AE{ and AEj represent a threshold bias-step value for adynamics. The KMN dipoles only interact weakly with one
prompt and widespread microdomain polarization rearrangeanother, but certainly interact with the microdomain system.
ment that limits the extent to which the system can be out ofAfter a bias step that is big enough to unsettle the micro-
equilibrium. It is also most likely that microdomains are re- domain system, this settles into a new configuration that is
sponsible for the “background” dispersion and absorption atmetastable, with the KMN dipoles in their present states.
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These dipoles then relax with their characteristic time con-
stantr, perpetually changing the local strain fields and elec-
tric fields. This affects the microdomain system qualitatively
as would a random series of applied field changes. Referring
to the effect of repeated bias changes that was mentioned i
Sec. Il B, and summing over the sample volume, it might be
expected that after a single applied field st&fr>AE,

(a)

C' [t
€ (t)=€'(x)+Ce VTt P+ —f e W7 (t—t) "Pd;. a
7 Jo 2

For simplicity, unstretched exponentials have been written
here. The term irC represents regions of the sample where
€'(t) is still relaxing downwards due to the applied field
step. Its volume diminishes exponentially. TGé term rep-
resents the sum of microregions that have been affected by c
subsequent KMN dipole flip, that occurredtat The expres-
sion allows an upward relaxation ef (t) only if C'>C.
This is possible because XE>AE(, C takes its limiting
value related t;, while C' can plausibly exceed this limit.
The field changes caused by the dipole flips may be very
strong, but they are localized and random, so they do nof
cause a prompt and widespread microdomain rearrangemel
like a strong applied field change. The microdomain system
can therefore be driven further away from equilibrium. PO4 tetrahedra and their hydrogen atoms

C. Possible origin of KMN-C and anomalous aftereffects mpolaﬁlaﬁon E out of in
. . into page page page

KMN suggestetf that a peculiar mode of motion related
to the domain-wall structure may be responsible. If some of
the atoms located at the domain boundary were in shallow FIG. 13.(a) ConventionalRefs. 1 and 34—37epresentation of
double potential wells, movement of these atoms across theH,P0O, showing a polarized domain wall with a lateral step dis-
barriers would be a possible origin. This brings to mind theplacement. Black dots represent H atoms. The dashed line encloses
hydrogen atoms and their-O-H-O bonds. At the time of a stack of(tetragonal unit cells that lies astride the domain bound-
KMN, the potential barrier to H-bond reversal was thoughtary. Within this stack, the PQetrahedra lie on a helix, whose pitch
to be well over 100 meV® but newer work®>3? based on s the lattice parametetb) The same stack viewed at a higher level.
neutron incoherent scattering data has yielded the mucho pass from one arrangement to the other, any one of the tetrahe-
lower estimate of 37.1 me%, and again a precise potential dra within the stack must possess only one closely boufithélion
function with a barrier height near 30 me¥or DKDP, 135 i; HPQ; 7). The fault can travel up or down the helix by a series of
meV) has been calculated for the system comprising a hySingle H-bond reversals as explained by BornéRef. 37 An op-
drogen atom and coupled lattice mode, based on 30-K33ata Posite jog would require one 4G, and would be similarly mo-
The principal aim was to account fdr, and its deuteration bile.
shift by considering lattice dynamics &t- T, but the result
might also apply to a special case where a single H bongarallel to thec axis. They are associated with an intense
reversal could occur at loWw without the energy cost of local strain field. Minimum domain wall movement therefore
creating a HPG)’ ion and an adjacent 40O, group. involves glide of a quasidislocation along its entire length, or

It is necessary to examine possible domain-wall structhe presence of HPQOand HPQ, groups. Otherwise, if the
tures. Wall width increases witl towardsT,,®® but at T walls have finite width, a minimum movement without HPO
<T., walls are plausibly approximated by the vanishinglyor H;PO, groups consists of six simultaneous H-bond
thin models proposed by Barkla and FinlaydoFhere were  reversals® The simplest case with HR@r HsPO, is a unit
two such structures, the “polarized” and the “neutral” do- jog, where a quasidislocation shifts by one lattice parameter.
main wall. Both respect the Slater ruleo HPQ, and no  This requires a single HPQor H;PQ, group and its
H3PO, groups. It is not known for certain which is the more illustratior?’ is reproduced in Fig. 13 for the case of a polar-
accurate approximation to real walls& T, but Bjorkstam ized domain wall. The case of a neutral wall is almost en-
and Oettel calculated that the polarized wall would be theirely equivalent. By a sequence of single H-bond reversals,
more stablé* Bornaref® showed that either of these walls, the vacancyor the excess Hcan move from one P{xo the
normally planar and perpendicular to amxis, can have any next within ac stack of unit cells, and so, in principle right
number of lateral step displacements. The minimum disacross the crystal, together with the associated jog. In prac-
placement is a half lattice parameter. The step displacementsce it may get pinned somewhere along the line, by a crystal
or quasidislocations, like the planar walls, respect the Slatedislocation or an impurity. A few such pinned jogs may per-
rule, but only if they run straight across the entire crystal,sist as the material is cooled down to temperatures where
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their creation by thermal activation would be virtually im- As shown in Fig. 11, these scaling parameters also apply to
possible. Also, progression of a jog requires successive rghe anomalous aftereffect, which therefore also involves mi-
versals of differently oriented H bonds, first one that lies neacrodomains.
the plane of the domain wall, then one nearly perpendicular The KMN-C dispersion is another known property of
to it and so on. It is plausible that sometimes, because of the-cut KDP crystals. Such dispersions are generally caused by
local fields and strains one of these, but not the other remairoint defects in crystals, and are unknown in structural
possible at lowT, because in just one case the two states arglasses at low temperatures. Before the present work there
near energetically equivalent. This would constitute thewas no apparent link between KMN-C and the normal after-
double potential well system. effect. The KMN-C dispersion possibly owes its origin to
Yamada and lkedd considered the “cluster tunneling rare, isolated HPQand HPO, groups associated with jogs
mode” or protonic polaroff model, but found that their pur- on lateral stepgquasidislocationsof domain walls. The ac-
pose of predicting hydrogen dynamics &t T. was better tivation energy of 19 meV, which is also shared by the
served by a model of incoherent tunneling between selfanomalous aftereffect, would then be related to the energy
trapped states. At lowT this would become coherent barrier for the reversal of a single H bond in this particular
phonon-assisted tunneling, with an expected transition prokenvironment. It is not clear how closely this should be as-
ability «T’. On the other hand, the protonic polaron would similated to the hypothetical barrier for the reversal of a
have an extremely small tunneling splitting, so that thermakingle H bond in tetragonal KDP, that has been the object of
activation down to 12 K, or even 7 K, would be more plau- recent estimate®:32A correlation might be expected, if dif-
sible. Moreover, the tunneling mode would be overdampederent ferroelectric compounds of the KDP type could be
at higherT, and in that condition the predictions of the two compared. The most interesting comparison would be with
models would be experimentally indistinguishable. DKDP, but so far, as mentioned in Sec. IV C no dispersion
In another development since KMN, evidence has beemnalogous to the KMN effect has been observed with DKDP.
reported® of an orthorhombic-monoclinic phase transition in For the other isostructural compounds the situation can be
KDP near 60 K. This would mean the H bonds within a summarized as follows. As pressed powders, F®B and
ferroelectric domain are not all equivalent, as previously supthe arsenates all behaved analogously to KDP, but the arsen-
posed, but not enough is known about this phase to draw argtes had first to be crystallized with excess bésm@ution
other conclusions. pH>6). Each compound exhibited a low-field dispersion
Meanwhile, a different origin for the KMN-C effect can- that obeyed an Arrhenius law, and a corresponding anoma-
not be totally rejected. This would attribute it to a defectlous aftereffect. With RbkPO, the activation energy was
species that is intrinsic to solution grown KOfor example  close to the value for KDP, perhaps 1 meV higher. With
a growth dislocation or an included water molegulst low  KH,AsQ, it was near 30 meV, with CsjAsQ,, 44 meV,
T this defect would only be dielectrically activated by the and with RbHBAsO, between these two. However, no inde-

presence of a domain wall. pendent estimates of the barrier heights are available.
The anomalous aftereffect results from an interaction be-
VII. CONCLUSIONS tween two coexisting subsystems. One subsystem relaxes

) ) . with a definite relaxation time, the other with a very broad

A dielectric property of ferroelectric KDP has been re- gisiribution of relaxation times. The result of the interaction
ported, “the anomalous aftereffect.” It has been shown t0 b&s ay apparent tendency of the system to evolve temporarily

related to the “normal” aftereffectand also to the KMN-C  zyay from its stable equilibrium. The lines of an explanation

dispersion."**The normal aftereffect is a well-known prop- syetched in Sec. VI B need to be developed into a model.
erty of c-cut KDP crystals, and of many other ferroelectric

materials. Like the®”2 specific-heat term in microcrystalline
KDP, it is reminiscent of such an effect in structural and
dipole glasses, but differs in certain important details. It is This work owes much to Jean Bornarel, who supplied
attributable to microdomains with a wide distribution of copious advice and background knowledge together with the
sizes, shapes and stresses. Study of the normal aftereffesiectroded single crystals. Comments by Jean Souletie and
with pressed powders has allowed a set of scaling parameteirsformation supplied by AndreDurif and Marie-Theese

to be determined for a series of samples of different qualitiesAverbuch were also appreciated.
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