VOLUME 23, NUMBER 14

PHYSICAL REVIEW LETTERS

6 OCTOBER 1969

find the actual publication of these measurements, nor
any measurements on 3P in antiferromagnets.

“S. 1. Parks and W. G. Moulton, Phys. Letters 26A,
63 (1967), and Phys. Rev. 173, 333 (1968).

B. A. Scott, K. A. Gingerich, and R. A. Bernheim,
Phys. Rev. 159, 387 (1967).

8F. Friedman (Technion, Haifa, Israel), private com~
munication.

M. Kuznietz and G. A. Matzkanin, Phys. Rev. 178,
580 (1969).

8y. Baskin, J. Am. Ceram. Soc. 49, 541 (1966).

°I. H. Warren and C. E. Price, Can. Met. Quart. 3,
183 (1964).

10M. A. Kanter and C. W. Kazmierowicz, Bull. Am.
Phys. Soc. 9, 633 (1964); M. A. Kanter (Argonne), pri-
vate communication.

Uw. Trzebiatowski and W. Suski, Bull. Acad. Polon.
Sci., Ser. Sci. Chim. 11, 661 (1963).

125, S. Sidhu, W. Vogelsang, and K. D. Anderson, J.
Phys. Chem. Solids 27, 1197 (1966).

3N. A. Curry, Proc. Phys. Soc. (London) 89, 427

(19686).

4y F, Counsell, R. M. Dell, A. R. Junkison, and
dJ. F. Martin, Proc. Faraday Soc. 63, 72 (1967).

5L, Heaton, M. H. Mueller, K. D. Anderson, and
D. D. Zauberis, J. Phys. Chem. Solids 30, 453 (1969).
The transition temperature reported in this reference
is incorrect (M. H. Mueller, private communication).

6Mueller, Ref. 15, found by neutron diffraction on UP
single crystal that the change in ordered moment takes
place within a narrow interval of ~0.1°K around 22.45°K.

1w, E. Gardner, quoted in Ref. 14 and private com-
munication with J. Grunzweig-Genossar.

185, A. C. Marples, quoted in Ref. 14 and communicat-
ed by R. M. Dell.

15y, Baskin and P. D. Shalek, J. Inorg. Nucl. Chem.
26, 1679 (1964).

203, Grunzweig-Genossar, M. Kuznietz, and F. Fried-
man, Phys. Rev, 173, 562 (1968).

2y, Kuznietz, G. A. Matzkanin, and Y. Baskin, Phys.
Letters 28A, 122 (1968); M. Kuznietz, Y. Baskin, and
G. A. Matzkanin, Phys. Rev. (to be published).

As™ ELECTRIC~FIELD-GRADIENT FLUCTUATIONS IN KH,PO,-TYPE FERROELECTRICS*

R. Blinct
University of Ljubljana, Ljubljana, Yugoslavia, and the University of Washington, Seattle, Washington 98105

and

J. L. Bjorkstam
University of Washington, Seattle, Washington 98105
(Received 7 August 1969)

The electric-field-gradient tensor fluctuations at the As’ site in ferroelectric
RbH,;AsO4, RbD,AsO,, and KH,AsO, have been studied as a function of temperature and
applied electric field. The measurements allow a direct determination of the Slater
short-range energy parameter € and provide a test of the nature of the ferroelectric-

mode—type elementary excitations.

Considerable progress has recently been made
in the field of hydrogen-bonded ferroelectric
crystals. On the one hand, an exact static solu-
tion of the two-dimensional Slater model in
KH, PO, has been obtained,' and approximate
methods were developed® to take into account
long-range interactions and tunneling effects. On
the other, experimental® and theoretical® evi-
dence was gathered for the existence of “ferro-
electric-mode”~type elementary excitations in
the paraelectric phase. A number of basic prob-
lems, however, are still unsolved. The “ferro-
electric-mode”-type elementary excitations have
not yet been related to the Slater model, which
seems to be so helpful in understanding the equi-
librium properties of these crystals. It is fur-
ther not certain whether the observed “ferroelec-
tric mode” represents a pure lattice mode which
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is not connected with the proton disorder, a
quasi spin-wave type proton tunneling mode, or a
mixed proton-lattice mode. Another unsolved
problem is that the basic Slater short-range en-
ergy parameter € (defined below) has so far not
been directly measured.

In this note we report what we believe to be the
first direct measurement of the Slater energy pa-
rameter € as well as a critical test of both the
validity of the Slater model and the nature of the
elementary excitations in KH,PO,-type ferroelec-
tric crystals. In addition we offer some prelimi-
nary results on a rather striking critical slowing
down of polar atomic fluctuations into the mega-
hertz range, the knowledge of which may be of
some value for further refinements of the theory
of hydrogen-bonded ferroelectrics.

We measured the temperature and electric field
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dependence of the pure nuclear quadrupole reso-
nance (NQR) and quadrupole-perturbed NMR
spectra of As™ in KH,AsO, as well as in normal
and deuterated RbH,AsO,, using the quadrupole
moment of the As™ nucleus as a microscopic
probe to study the dynamics of the electric-field-
gradient (EFG) tensor fluctuations.

The Hamiltonian of our problem is

H=Hpy+Ho, (1)

where H,, measures the Zeeman coupling® of the
As™ nuclear spin (I=3) to the external magnetic
field H,, and H, describes the interaction? of the
nuclear quadrupole moment e@ with EFG tensor
V;; at the As™ site. In view of the covalent na-
ture of the As-O bonds in KH,AsO, and isomor-
phous crystals, V;; is primarily determined by
the AsO, bond structure, and only indirectly by
the arrangement of the four hydrogens surround-
ing a given AsO, group. Since the frequency of
modulation of V;; by the “ferroelectric-mode” -
type elementary excitations and the dynamic pro-
tonic disorder should be much larger than the in-
stantaneous Larmor frequency of the As™ nucle-
us, the position of the As™ resonance lines is,
for T> T., expected to be given by an effective,
time-averaged Hamiltonian Hy=H, + Hg), ((),
denotes a time average over the atomic motion
and (H,), < Hy), whereas the linewidth should be
determined by the fluctuating part of Hamiltonian
in Eq. (1):

H($)=H=-H,=Ho=(Hy),~H, (2)

and should therefore be a sensitive indicator of
the mean time between atomic rearrangements in
the H,AsO, groups.

We first calculate the temperature dependence
of the As™ NQR frequency vq =eQV g x/2h (Where
V g x is the largest component of the diagonalized
EFG tensor) for the case in which the “ferroelec-
tric mode,” which modulates Hg and V;;,is a
“pure” lattice vibration. Expanding V;;in pow-
ers of the normal coordinate of the ferroelectric
mode £(¢) gives

V,-j~=A[j-'+B,-j£+C,-j£2+°'°. (3)

Taking into account that the constant A should be
zero for a perfect tetrahedron, and that the time
average of £ vanishes for 7> T, we find (V) ,
=C,; (&), Using the fluctuation-dissipation theo-
rem

(€2), =const X Te;,, ~(0) (4)

[where €, ~(0) is the ionic contribution to the

static dielectric constant in the direction of the
ferroelectric axis)] we obtain

vo=KT/(T=T,). (5)

T. is the ferroelectric Curie temperature at
which €;,, 7(0)—,

This result is significantly different from that
obtained from the Slater model and the assump-
tion of adiabatic proton-lattice coupling. It is
now the dynamic disorder of hydrogens, moving
between the two equilibrium sites in the O-H-+-O
bonds, which modulates V;,. Neglecting, for the
sake of simplicity, tunneling effects (which
should be a good approximation for RbD,AsO,),
and replacing the time average by an ensemble
average, we find

6
Ve = ]Z 5,Vi; P, (6)
=1

where the §; are weighting factors for the six
“allowed” Slater H,AsO, hydrogen arrangements
and the V;; are the corresponding EFG tensors.
In view of their much higher excitation energy,
the “defect” H,AsO,, etc. configurations make a
negligible contribution to V;;),.

Configurations (1) and (2) correspond to the
case where both “close” hydrogens are at the
“top” or “bottom” H,AsO, oxygens if one looks
along the ferroelectric C axis. The V,; tensors
for these two configurations should be proportion-
al to those measured®® in positive and negative
domains [V;;(+P), V;;(~P)] in the “perfectly”
polarized ferroelectric phase:

Vi P =V (+P) (72)
with
e
75, (~56) 0 0
= 0 -56,(75) 0 |MHz, (7b)
0 0 -19

where the smallest principal axis V,, is parallel
to the C axis and the two major principal axes
(Vs V) are nearly parallel to the two AsO,
tetrahedral edges lying in the a, b crystalline
plane.>® The proportionality factor K, which for
the sake of simplicity is assumed to be a scalar,
measures the strength of the proton-lattice cou-
pling. In the four &, configurations (=3, 4,5, 6)
one hydrogen is attached to the upper and one to
the lower H,AsO, oxygen so that the C component
of the H,AsO, dipole moment vanishes. In view
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of the proportionality of the As™ EFG tensor to
the induced As™ displacement from its average
paraelectric site, (V;; ), (V;; ), and

<V!'j>t =51(V1'j (1)+V1'j (2)), (8)
where
6 (1 +p)e€//(T
=0\~ TP
5T A-p) (6a)
and
ee/kT 1+pz -1
6°=<1+T 17 (9Db)

with p the expectation value of the reduced spon-
taneous polarization and € =27, 1n2 the Slater
short-range energy parameter, which measures
the positive energy difference between the 6, ,
and 6, hydrogen configurations (6, =6, for p =0,
i.e., T>T.). Atthe Curie point 6,=6,=1; so

(wo)e) r= r,=(*QV ,,/2h) r- T, =3vo™  (10)

and the strength of the proton-lattice coupling K
can be determined from K =2((V ,),)r= 7./
V12 (+P).

‘The Slater short-range energy parameter € can
be directly obtained from the temperature depen-
dence of (vy), in the paraelectric phase [see Eq.
(8)] as

[2(<V0>;)T= Tc—<VO>t]/2<VO>t =e—€/kT- (11)

Below T., p =6,~8, and, depending on the sign
of p, either V,, or V , will correspond to the
largest principal axis. The T dependence of v,
is then obtained as

(vo)r=(€2Q/2h)[ pV , V) + 6,(V ., [+ vV, 2))]
~ Vo 74P, (12)
whereas the asymmetry parameter
N=(V 0=V ) )/V ) 0.5 (13)

should not depend on temperature for p = 0.2.

The difference between the “pure” lattice-mode
model and the Slater model becomes most obvi-
ous if one expands Eq. (11) in powers of €/kT (or
equivalently in powers of 7,/7) and compares the
predicted 7" dependences of vo. The Slater mod-
el yields, up to first-order terms,

o) =vo™MT/3(T-0.45T,), (14)

a result which is very different from Eq. (5).

The experimental results on vy =vo(7) (Fig. 1)
are in much better agreement with the Slater
model than with the “pure” lattice-mode descrip-
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FIG. 1. Temperature dependence of the As™ nuclear
quadrupole frequency in the paraelectric phase.

tion of the ferroelectric mode. The measured
As™ NQR frequencies can be fitted® for T >T, by
a Curie-Weiss law

o)™t =C(T-T,)/T (15)

with T, significantly lower than 7.. For RbD,AsO,,
in particular, T,=0.36T . in rather close agree-
ment with the predictions of the Slater model.

The value of the proton-lattice coupling param-
eter (K =0.75 for RbD,AsO,) is also rather rea-
sonable and shows that the As"™ nuclei, as well

as the deuterons, take part in collective atomic
fluctuations on approaching 7.

In the ferroelectric phase, vq is roughly pro-
portional” to the spontaneous polarization, and
we find 7=0.55.[for (T,~7)> 0.2°C)] in agree-
ment with the predictions of Eqs. (12) and (13).

The value of the Slater short-range energy
parameter € —obtained from the slope of the plot
of log [2((ve) ) r= 7=V o))/ 2{vo), vs 1/T —is €/k
=122°K for RbD,AsO,, whereas the “theoretical”
value obtained from € =%7 . In2 equals 158°K.

For RbH,AsO,, the NQR results give 71 and 54°K,
whereas theory predicts 73 and 69°K.

The above results provide additional evidence
for the essential correctness of the Slater-type
description of KH,PO,-like hydrogen-bonded fer-
roelectrics, and for the existence of strong pro-
ton-lattice coupling in the paraelectric phase. In
view of the neglect of tunneling and long-range
interaction effects in our treatment, the above
agreement between the Slater-model predictions
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and the experimental results is quite satisfactory.

It should be pointed out, however, that the
“classical” Slater model cannot explain the iso-
tope effects in v on going from RbH,AsO, to
RbD,AsO,. It predicts (vo)p > (vo)y for T> T,
whereas we find experimentally the opposite to
be true. This prediction depends upon the fact
that for T< T, (vo)p > (Vo)y” While €p > €y.
Preliminary calculations have shown that these
discrepancies disappear when proton tunneling
is taken into account.

The experimental results also show a critical
broadening of the 3 - -3 and +3 — +3 As™ lines as
one approaches the Curie point from either side.
Furthermore, the ferroelectric phase lines are
considerably sharper than those in the paraelec-
tric phase. These features are illustrated in
Fig. 2. The broadening is strongly anisotropic
and its angular dependence can be accounted for
within the Slater model, demonstrating that the
changes in the EFG principal-axis system during
the fluctuations in the paraelectric phase are in-
deed roughly the same as on polarization revers-
al for T < T,.. The exact expression for the auto-
correlation function of V;; is rather lengthy. If,
however, V; ) « V2 so that one deals with a
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FIG. 2. Temperature dependence of the As™® 3~ —%

resonance linewidth in KH,AsO, at two orientations.
The tetragonal crystal axes area, b, and c.

“random” biased motion of the variable F be-
tween three values F,, F,, and F, =0, the autocor-
relation function G(t) =2 x6 xFx2 s F;p; (t) be-
comes

G(t)= -6-2‘- e~ tM[F,~F,]?
+——22—[F +F,Pe~"/2+const, (16)

and the width of the 3 — 3 As" transition is given
by

(1/T2)1/2 — 3/2

=A5,7,+[A,+A, cos?(20,)16,7, (17)

in agreement with the observed linear dependence
of the linewidth on cos?(26,). Here 6, is the an-
gle between ﬁo and the largest principal axis of
the “ferroelectric” V,;, 7, and 7, are correlation
times which measure the approach to equilibrium
of the difference (p,—p,) and the sum (p, +p,),
respectively, of the populations of the 1 and 2
configurations, while F and A are appropriately
transformed matrix elements of H-(HQ>, with
respect to the eigenfunctions of Hy. The data
further show that 7, is of the order of 10 7!! sec
at room temperature and becomes longer as T
-T,.

Finally we would like to mention that over a
limited angular range (near the orientations
where the 6, and 0§, configurations of an H,AsO,
group lead to the same NQR splitting of the As™
NMR lines) one observes in KH,AsO, in the C-
axis rotation, in addition to the above mentioned
n=0, 3 = =% line (the position of which does not
depend on 6_), two new sharp 3 ~-% lines whose
frequencies depend on the angle between H, and
the crystalline @ axis (Fig. 3). These lines are
strongest right above the Curie point, but they
seem to be present up to T=~T,+60°C. They are
well separated in frequency from the “ferroelec-
tric” lines which can be simultaneously observed
right at the Curie point. An applied electric field
of 1000 V/cm along the C axis enhances one of
these “sharp” lines while suppressing the other
(and the =0 line as well). Reversing the direc-
tion of the field interchanges the enhancement.
The field enhancement displays hysteresis. With
less resolution this enhancement of one sharp
line or the other might appear as an anomalously
large shift in the peak of the resonance line with
reversal of an applied electric field as has been
reported.’® Though the nature of these lines is
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FIG. 3. Angular dependence of the As™ %<1 line
and second-order shift Av in KH,AsO,. Inset shows a
typical resonance with the broad 1= 0 line on which is
superimposed the sharp lines designated 1 and 2. The
pattern is repeated each 90°,

still not completely understood it seems clear
that they are connected with a critical slowing
down of polar atomic fluctuations into the mega-
hertz range, which does not seem to be contained
in any of the existing theories of KH,PO,-like fer-
roelectrics. Preliminary studies indicate the oc-
currence of similar effects in the Rb compounds.
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