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3K NMR study of the paraelectric-to-incommensurate phase transition in K,ZnCl,
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The temperature dependence of the quadrupole-perturbed **K %—»—% NMR line shapes has
been measured in the paraelectric (PE), incommensurate (I), and commensurate (C) phases of
K,ZnCl, between 600 and 390 K. In the PE phase and the high-temperature part of the I phase,
fast chemical exchange of the * K nuclei as well as a diffusive floating of the incommensurate modu-
lation wave take place. In the low-temperature part of the I phase the modulation wave becomes
solitonlike. The soliton density does not vanish at the I-C transition but persists well into the C

phase.

I. INTRODUCTION

K,ZnCl, belongs to the large group of 4,BX, crystals
which exhibit incommensurate (I) phases. It is isostruc-
tural with K,SeO, (Ref. 1) with the ZnCl, tetrahedra re-
placing the SeO, tetrahedra. Above 7;=553 K it has the
same orthorhombic space group D15 (Pcmn) as K,SeO,
with four formula units (z=4) per unit cell.>® Between
T; and T,;,=403 K it is incommensurate with a modula-
tion wave vector g=(1—38)c* /3, where 6 decreases near-
ly linearly from 0.08 at 7, to 0.03 at T,,. Between T,
and T, =148 K, the phase is commensurate with the or-
thorhombic space group Cgu (Pc2,n) and z=12. Here
the unit-cell dimension is triplicated along the pseu-
dohexagonal ¢ axis just as in K,SeO,. Similarly, as in
K,SeO,, this phase is also an improper ferroelectric one.
Between T,,=148 K and T,,=145 K, there is an inter-
mediate incommensurate phase characterized* by a
modulation wave vector

q=(0.5+8)a* +0.5b* .

At T.,=145 K, there is a transition to another commens-
urate phase® which is monoclinic with both the @ and the
b lattice parameters doubled and with z=24. The space
group of this phase was suggested to be C(Cc).®

In contrast to K,SeQ,, neutron-scattering studies® did
not reveal a soft optic mode in the normal phase above
T;. Instead, diffuse scattering was observed. Raman-
scattering studies by Quilichini et al.” similarly showed
that, above 500 K, the amplitudon is superimposed on a
broad quasielastic background which decreases rapidly
with decreasing temperature. Another unusual feature of
K,ZnCl, is the presence of rather large thermal hysteresis
and memory effects® within the I phase and the extremely
slow relaxation of the dielectric constant where time con-
stants of many hours® have been observed.

In order to throw some light on the microscopic origin
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of these effects as well as on the nature of the modulation
wave in the high-temperature incommensurate phase, we
decided to study the quadrupole perturbed K NMR
spectra of K,ZnCl,. We particularly hoped that a com-
parison with the *K data in isostructural K,SeO, (Ref. 1)
might prove useful in understanding the differences in the
molecular dynamics of these two systems and elucidate
the origin of the memory effects in K,ZnCl,.

II. EXPERIMENT

Fourier-transformed 3*K NMR spin-echo spectra were
recorded in a superconducting magnet at a Larmor fre-
quency of v; =16.628 MHz. Depending on the tempera-
ture and orientation of the crystal, between 400 and 2000
echoes were accumulated. The temperature instability
over the measuring period was less than 0.5 K.

III. THEORY

The magnetic resonance line shape in the I phase
strongly depends on the nature of the incommensurate
modulation wave. The changes in the electric-field-
gradient (EFG) tensor induced by a static incommensu-
rate modulation wave at the position of the ath nucleus
in the /th paraelectric unit cell can be expressed!® as a
power series in the displacement vectors

V:VO+V1+V2+V3+ e, (la)
where

V=3 (V;V)u; , (1b)
J

V,= EZuJ-'Vj,(VjV)Ouj , (1c)
j

V3= 222ll]anu[llj:Vj'(V,V)ouj] N (ld)
j i

with V; standing for the gradient operator and the index
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0 for the value of V in the paraelectric phase. The index
j, counting the site of the observed nucleus, has been om-
itted. The real displacement u; of the ath nucleus is
given by an admixture of the symmetric and the antisym-

metric components of the modulation wave'?
u; =ug,cosd(x;) +up,sind(x;) . (2)

The components of the real displacement vector u ;¢
(k =x,y,z) can be now expressed as

qu:ankcos[¢(xj)+¢5xok)]’ k=x,y,z , (3)

where the phase shift ¢\9, introduced to eliminate the
sine terms, is different for different nuclei in the unit cell.
Here ¢(x)=q.x,+¢@(x) with q. being the modulation
wave vector in the commensurate (C) phase, i.e., c* /3,
and @(x) standing for a solution of the sine-Gordon equa-
tion. x (I)=xq,+/a, 1=0,1,2,3,..., where x;, de-
scribes the position of the ath nucleus in the /th unit cell.
In the plane-wave limit, ¢(x) becomes a linear function of
the x coordinate.

The quadrupole shift of the NMR frequency from its
paraelectric phase value v, can now be, in this nonlocal
model, expressed as

v(x)=vy+vcos[d(x)—¢,]
+vy+vycos{2[p(x)—d ] =} + - -+, (4)

where v, =v,yA4, vi=v) A2, vj =v, A%, whereas ¢, and
¢, are initial phases. The amplitude of the modulation
wave is A =[(T,—T)/T,)]? whereas B is a critical ex-
ponent. As it has been pointed out recently,!! strictly
speaking, the critical exponent for v4 and v} is not 23 but
rather 28—a—¢, where a= —0.007 is the specific heat
and ¢=1.175 the crossover exponent. For most practical
purposes, however, this correction is much smaller than
the experimental uncertainty and hence can be neglected.

It should be noted that, in the case of quadrupole per-
turbed nuclear magnetic resonance, the expansion
coefficients v,q, V5o, and vy, depend on the orientation of
the external magnetic field with respect to the crystal
axes.

The spatial dependence of the resonance frequency re-
sults in an inhomogeneous frequency distribution

L =const X 1 . (5
dv/dx (dv/de)de/dx)

In the plane-wave limit d¢@/dx=const and f(v) will
exhibit singularities when dv/d@=0. It should be noted
that the function v=v(¢) has several branches which
must be all taken into account in the evaluation of the
frequency distribution (5).

In the simplest linear case (v,,70, v5,=v5,=0), the in-
commensurate frequency distribution is given by!?

1
(Vi—(v—wp)?]'%

f(v)=constX

f(v)=constX (6)

The splitting Av=2v, between the two edge singulari-
ties at vy =v—v,==v, increases with the critical ex-
ponent S as it is proportional to the amplitude of the

modulation wave.

The NMR line shape is rather different in the case of
chemical exchange of nuclei between the various lattice
sites. Let us discuss the simplest case of chemical ex-
change between two chemically nonequivalent lattice
sites A and B. In such a case the Hamiltonian—which is
the sum of a Zeeman term ¥, and a quadrupolar term
H o —becomes time dependent

H(O)=FH 7 +F (1) (7a)
as
Ho()=FH o [1+p()]/2+Fop[1—p(2)]/2 . (Tb)

The function p(¢) randomly takes on the values +1
and —1 describing the fraction of time a given nucleus
spends in the 4 and B sites, respectively. Since we deal
with a random Markovian process, we have

{(p(t))=0, pH1)=1 (8a)
and
(pO)p(t))y=e """, (8b)

For sufficiently slow adiabatic processes, the NMR fre-
quency v becomes time dependent

v(t)=wv +Av(t) . 9)

In the following we shall, for sake of simplicity, omit the
Larmor frequency v;. The angular dependence of the
second-order quadrupolar shift Av;() of the central
1

+— —1 NMR line of a **K nucleus (I =3) is given here

by

1

AV[(t,’l?)z
YL

[ 4;+B;cos(28;)+ C;sin(23;)

+D;cos(49;)+ E;sin(49;)] , (10)

where the coefficients'®> 4, B, C, D, E are now time
dependent. 3; describes the orientation of the external
magnetic field with respect to the crystal axes and
i =a,b,c label the rotation axes. The expression for D;,
for instance, can be written!® as

D;=3(eQ/hP[ LV, =V *—Vi], (11)

where i =a, j =b, and k =c and D, as well as D, are ob-
tained by cyclic permutation of the indices. The EFG
tensor components V, are, in view of chemical exchange
time dependence, given by

2

Vat= |V A2y, A2200) (12a)
Since p%=1, this reduces to

V}k(t)=l/}k,,,ﬁ£&+ VJ.Z,(,Bi:lz'M , (12b)
resulting in

D()=D, Hé’(’) +D, 1_5(” (13a)



43 ¥K NMR STUDY OF THE PARAELECTRIC-TO- . .. 93

and
vip(n)]=v At2) | 1=p) (13b)
2 2
The adiabatic NMR line shape is now given by
flo)= [ G(ve'“dr (14)
where
G (1) =< S dgexp [i2m '] ,p(t’)]dt]) .as)
P

And v[¢,p(t')] is given by expression (13b) with v ()
and vg(¢) having the form of expression (4) with different
coefficients. For (v, —vp)r <<1, the spectrum will con-
sist of a single line. With increasing 7 the spectrum will
broaden and eventually split into two lines if
(v4—vg)T>>1. In contrast to the static case, the line
shape will not show edge singularities but will be
Lorentzian as long as 7 is short enough to influence the
spectra.

In the low-temperature part of the I phase, motional
effects should not be important. Here, however, the
plane-wave approximation is expected to break down and
@(x) becomes a nonlinear function of x. Additional
“commensurate” lines will appear whenever

de
dx

and the intensity of the
dv/dp=0, will be reduced.

In the constant-amplitude approximation, one finds'?
do/dx as

—0

“edge singularities,” where

%%=const>< {A2+cos’[n(@p—¢o) ]} /%,

where n=6 for K,ZnCl, and A? is related to the soliton
density n; by

(16a)

"s=7g{7(2‘)‘ (16b)
with
=g K= fo”/zd(ﬁm . 160
For A—0 up to n, new C lines will appear when
cos’[n (p—¢y)]1=0,
i.e., when
e=2m +1)r/n+¢,, m=0,1,2,...,n—1. (16d)

IV. RESULTS AND DISCUSSION

The paraelectric unit cell of K,ZnCl, contains eight K
sites which are pairwise magnetically equivalent because
of the presence of inversion centers. All K atoms lie on
mirror planes perpendicular to the crystal b axis. From
symmetry considerations, one can thus deduce that the
¥K EFG tensors have—in the crystal-axes fixed
frame—the following form:

Vaa O Vac
Vo=|0 v, 0. (17)
vV, 0 V,

ac cc

There are two sets of chemically nonequivalent K sites,
K(1) and K(2) with different eigenvalues. The K(1) ions
are surrounded by 11 Cl atoms whereas the K(2) ions are
surrounded by only 9 chlorines. Because K(2) is sur-
rounded less symmetrically by fewer and nearer ligands
than K(1), we expect, on the basis of point-charge calcu-
lations, that the quadrupole coupling constant e?qQ /A
and the asymmetry parameter 17 of K(1) is smaller than
that of K(2) in complete analogy to the situation in
K,SeO,.! Based on the structural data, one thus expects
four *°K 1— —1 NMR lines for the rotation blB, and
only two, corresponding to K(1) and K(2), for rotations
alBj and clB,. Physically nonequivalent but chemically
equivalent nuclei will, in the alB, and clB, rotations,
give rise to one common line.

In fact, only one K 1-——1 NMR line is seen for
T > T, and the high-temperature part of the I phase for
the c1B, as well as the b1lB, and alB orientations (Fig.
1). This is completely different from the situation in
K,SeO,. It means that, as far as the electric-field-
gradient tensor is concerned, all *K sites in the paraelec-
tric and high-temperature parts of the I phase of
K,ZnCl, are equivalent. The corresponding *’K EFG
tensor in the crystal fixed a, b, c frame is

0.190 O 0
V(¥K)=| 0 0.247 0 MHz, T>T, .
0 0 —0.437
Both the *K quadrupole coupling constant

e2qQ /h=0.437 MHz and the asymmetry parameter

Vxx—Vyy
= 7T = .1
n v 0.13

zz

are considerably smaller than the corresponding values
for the K(1) and K(2) sites in K,SeO,."

There are two possible explanations for this apparent
discrepancy between the structural and the NMR data.

(i) The crystal structure of the paralectric phase of

K, InCl,
> >
3k Uan,T=599K>T]
L v, = 16.629 MHz

Av (kHz)

ot A
-1—\7\ 9\.4/ 1 \T\.a/

0 Lli} 180

FIG. 1. Angular dependence of the K 1 — —1
sitions in the paraelectric phase of K,ZnCl,.

NMR tran-
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K,ZnCl, is not isomorphous with K,SeO, and the x-ray
determination is not correct.

(ii) A fast chemical exchange between the various K
sites takes place so that all K sites in the unit cell are
equivalent on the NMR time scale for a high enough
temperature and the off-diagonal elements V,. are aver-
aged out.

This last explanation can only be understood if
K,ZnCl, is a kind of a superionic conductor at high tem-
peratures. In such a case, rapid translational diffusion of
the K* ions takes place and the YK ions see, as far as
NMR is concerned, only the time-averaged and not the
instantaneous value of the various EFG tensors. The
anomalous temperature dependence of the K NMR
+— — 1 spectra strongly supports the second (ii) of these
two possibilities (Fig. 2).

The narrow paraelectric °K 4+——1 NMR line al-
ready starts to broaden far above T (Figs. 2 and 3).

On further cooling, the paraelectric K 1——1 NMR
line splits at T, into two lines (Fig. 3). The line shape is
not the one expected for an I phase as no characteristic
edge singularities are seen. The splitting increases with
decreasing temperature (Fig. 3). A plot of logAv against
T — Ty yields a critical exponent B.4=0.75 which is much
higher than the one expected for I systems (8=0.35) (in-
set to Fig. 3). At T=493 K, each of the two lines splits
again and the line shape becomes characteristic of an in-
commensurate phase with a plane-wave-type modulation.

This additional splitting increases as well with decreas-
ing temperature. On approaching the lock-in tempera-
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ture T,=130 K, extra peaks appear which may be as-
cribed to commensurate (C) regions between phase soli-
tons within the I phase. This demonstrates that a transi-
tion from a plane-wave modulation regime to a broad sol-
iton modulation regime!® takes place in the low-T part of
the I phase in K,ZnCl, similarly to K,SeO, (Fig. 5). The
C lines continue into the C phase below T, whereas the
incommensurate edge singularities not coinciding with
the C lines disappear.

When we tried to describe the temperature dependence
of the K NMR line shape with the model outlined in
Sec. III, we noticed that this model is still oversimplified.
Whereas thermally activated 3°K chemical exchange can
account for the fact that all ¥K sites are equivalent at
high temperatures and the onset of the incommensurate
modulation can explain the line shape and line splittings
in the low-temperature part of the I phase and in the C
phase, these two mechanisms together cannot account for
the behavior around T,. The point is that the >’K NMR
lines start to broaden before the lines split due to the in-
commensurate modulation. If this broadening would be
due to chemical exchange, the various 3°K sites in the
unit cell should become inequivalent immediately below
T;, which is not the case (Figs. 1-3). Thus, it is obvious
that, in addition to chemical exchange, a second much
slower motional process is present in the region around
T;. We believe that this second process is a collective
diffusive motion of the modulation wave which averages
out the incommensurate splitting of the NMR line im-
mediately below T;. The onset of the I phase is thus

LBy, < (5,3, -40°

Vi = 16629 MHz

(a) A 1= 577K
N
AN 567K
/TN ssaK
N s
" 493K
AN L67 K
TN 124K

P SN T

L0 K

L03K

10kHz

(b) )\ T=577K
N m

567 K

552 K
516K
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M
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— N wek

M
— T _tor

10kHz

FIG. 2. Temperature dependence of the *K 1— — 1 NMR line shape in K,ZnCl, in the paraelectric, incommensurate, and com-

mensurate phases: (a) theory, (b) experiment.
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demonstrated here first by the broadening of the NMR
line. Only well below T, when the diffusive sliding of the
modulation wave freezes out, the characteristic incom-
mensurate splitting of the NMR line appears (Figs. 2 and
3). This also explains the fact that the splitting of the
NMR lines does not coincide with T; determined by x-
ray scattering which is insensitive to the sliding of the
modulation wave and chemical exchange.

At still lower temperatures, chemical exchange also
freezes out so that the various 3°K sites become ine-
quivalent on the NMR time scale resulting in an addi-
tional splitting of the NMR spectra (Fig. 3). The number

1 27 - . t T ’ ’ ’
G(z>=<5;fo ddoexp |2im [ Vo,5(1),p (¢'))dt

S L. (a) 3K =K, InLl,

++ *os + 4 El—gﬂ' ((-E‘b‘n)ﬂvl]"
:+++**+ o v, = 16.629 MHz
0 L ’ ++*+w +
_ Lt 20
s ++ +
=z . +§+ B=075 /10
2 ++ . .+ + + \ 19

+
[ +
+
4
+H .+

~
=
=
>
o
/ 129

)
) ] P 19
400 500 600

T (K)

_ (b)
7 TuBy. < (5,8 = 40

Av (kHz)

1
400 500 600
T (K)

FIG. 3. (a) Temperature dependence of the splitting of the
YK {——1 NMR line in K,ZnCl,. The inset shows logAv vs
logT;—T. (b) The theoretical fit is obtained according to ex-
pressions (4) and (13)-(16) and parameters described in the text.
In the shaded regions a significant broadening of the NMR lines
due to chemical exchange and modulation wave floating takes
place.

—_—

of inequivalent K sites now agrees with the predictions
based on x-ray structure determination.

In order to describe the above processes quantitatively,
we relaxed the requirement that the modulation wave is
static and allowed in expression (4) for thermal phase
fluctuations ¢ — ¢(¢), where

d(t)=dy+0d(1) . (18)

Phase fluctuations are related to fluctuations in the posi-
tion of the modulation wave by Ax =8¢ /k;, where k; is
the modulation wave vector.

Expression (15) is now changed into

> , (19)
p, 8¢

where the two random processes described by p(¢') and
8¢(t') are assumed to be independent.

The temperature dependence of the K NMR line
shapes and frequency splittings of K,ZnCl, (Figs. 2 and
3) can now be described by expressions (19), (13b), and
(4), where v, ,=—0.6 kHz, vy, ,=—0.8 kHz, v|;,=5.5
kHz, vy, ,=—13 kHz, ¢, ,=38, ¢,,=40°, vy3=0.6
kHz, v5yp =—2.4 kHz, v,j5 =5.5 kHz, vy =1.3 kHz,

01+ Eu=U,629V

T (ms)
o}

/O

01 l 1 1
0.0 18 2 22

10/T1 (K
0 (K™) f

e ot i 1
450 500 550
T (K)

FIG. 4. (a) Temperature dependence of the correlation time
for nuclear exchange 7 between the K(1) and K(2) sites as de-
duced from the line-shape fit. (b) Temperature dependence of
the diffusion constant for phase fluctuations of the modulation
wave.
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KzZnCIL
T LBy« (b,By)=130°

On cooling : On heating:

T=423K T=398K

33

i

T=4125K i 1=4023K

40k ||, 4

—
]
~
[e=)
P=2)
=

s

T=401K

T=398K T=413K

5kHz SkHz

FIG. 5. ¥K NMR line shapes in K,ZnCl, close to the I-C
transition showing the transition from the plane wave to the
soliton-like modulation regime. The onset of the ‘“commensu-
rate” lines is designated by arrows.

$15=2°, ¢,5=20°, and B=0.35. Expression (19) was
evaluated numerically via a computer simulation of the
random functions p (¢') and 8¢4(¢’). For 8¢(¢’) the best fit
was obtained for a random-walk-type process with
(8¢4%(t)) =2Dt. The temperature dependences of the
correlation time for chemical exchange 7 and of the con-
stant D characterizing the diffusive motion of the modu-
lation wave are presented in Figs. 4(a) and 4(b).

In the low-temperature part of the I phase (Fig. 5), the
phase of the modulation wave becomes a nonlinear func-
tion of x and additional ‘“‘commensurate” lines appear in
the NMR spectrum. The spectra are now described by
expressions (4), (5), and (16a)-(16d). The temperature
dependence of the soliton density n,—measuring the

10 F © oo oo o © o o o oo
C I PE
Ng
o
05 °
o
Ol
0 8 | ! !
400 450 500 550
T (K)

FIG. 6. Temperature dependence of the soliton density #n, in
K,ZnCl,.

fraction of nuclei in the incommensurate domain walls,
i.e., discommensurations—is presented in Fig. 6. It is
obtained from a comparison of experimental and theoret-
ical line shapes. From T; down to 333 K we are in the
plane-wave limit and n,=1. At 323 K, n,=0.8 and rap-
idly decreases on approaching T,. Close to T, n, =0.15.
This value of n persists on cooling into the C phase
below T, demonstrating the presence of a, probably
metastable, chaotic phase intermediate between the I
phase and the true C phase.!*

The observed T dependence of the soliton density #n; in
K,ZnCl, is thus similar to the one observed in
Rb,ZnCl,, '* Rb,ZnBr,, ' and K,Se0,.!” What is specific
for K,ZnCl, is the presence of fast chemical exchange of
¥K nuclei in the paraelectric phase and the high-T part
of the I phase reflecting the superionic conductivity of
this system as well as a much slower diffusive floating of
the modulation wave in the region around 77.

The above results suggest that the anomalous memory
and thermal hysteresis effects observed® in the I phase of
K,ZnCl, may be the result of the interaction of
defects—created by the thermal translational diffusion
and superionic conductivity of the Kt ions— with the in-
commensurate modulation wave. It is interesting to note
that diffusion of Na™ ions and Na™ vacancies has been,
similarly, recently suggested to be responsible for the ob-
served memory effects in the I phase of barium sodium
niobate. '8
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