Incommensurability and Domain Structure of K,SbF,

A. M. Panich, L. A. Zemnukhova?, and R. L. Davidovich?

Department of Physics, Ben-Gurion University of the Negev,

P.O.Box 653, Beer Sheva 84105, Israel

 Institute of Chemistry, Far-Eastern Branch of the Russian Academy of Science,
159 prosp. 100-letiya Vladivostoka, 690022 Vladivostok, Russian Federation

Reprint requests to Dr. A. M. P; Fax: +972-8-6472903, E-mail: pan@bgumail.bgu.ac.il

Z. Naturforsch. 57 a, 456460 (2002); received December 17, 2001

Presented at the XVIth International Symposium on Nuclear Quadrupole Interactions,
Hiroshima, Japan, September 9-14, 2001.

Phase transitions and incommensurability in K,SbFs have been studied by means of 1238h NQR
spectra and spin-lattice relaxation measurements. The phase transitions occur at 117, 135 and
260 K. The line shape and temperature dependence of the spin-lattice relaxation time 7' at 135
to 260 K are characteristic for an incommensurate state with a plane wave modulation regime. At
117 to 135 K a distinct fine structure of the NQR spectra has been observed. The X-ray diffraction
pattern of this phase is interpreted as a coexistence of two modulation waves along the a and b axis
with wave vectors (a*/6 + b*/6) and (a*/2 + b*/2), respectively. The best interpretation that fits our
NQR data is a coexistence of two domains, the structures of which are modulated with different
periods in such a manner that each domain exhibits only one of the aforementioned modulation
waves. Redistribution of line intensities with the variation of temperature shows that one of the
domains becomes energetically preferable on cooling and is transformed into the low temperature
phase at 117 K. The '2*Sb NQR measurements in K,SbFs show unusually short values of T';, which
become close to the spin-spin relaxation time 7', with increasing temperature. — Pacs: 61.44.Fw,

64.60, 64.70, 64.70.Rh, 76.60
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Introduction

An X-ray diffraction study of potassium pentaflu-
oroantimonate, K,SbFs [1 - 3], showed that K,SbF;
undergoes successive phase transitions at 269, 183,
134, and 119 K, according to the scheme

Dég 269K Déﬁ(MD) 183K IC 134K CZSh(MD)

119K CS
2h>

where MD and IC are commensurate modulated and
incommensurate phases, respectively. The high tem-
perature phase (7' > 269 K) belongs to the orthorhom-
bic space group D,/ - Cmcm. The primary struc-
tural units are [SbFSE]z’ anions and K* cations;
here E is a lone pair of 5s® electrons at Sb>*. Each
Sb atom is surrounded by five F atoms forming a
square pyramid, but, taking into account a stereo-
chemically active lone pair, the coordination poly-
hedron of the Sb atom may be described as an

[SbFSE]z’ octahedron, where one of the six apices
is occupied by the aforementioned lone pair. The
coordination polyhedrons of two nonequivalent K
atoms are a square pyramid and a distorted cube,
respectively.

The commensurate (C) modulated phase at 269 -
183 K was found to be modulated along the a axis
with a period eleven times that of the high temper-
ature phase [1]. At temperatures from 183 to 134 K
the crystal shows an incommensurate (IC) structure
modulated along the a and b axes. The x-ray pattern
at 134 to 119 K was interpreted as a commensurate
phase showing coexistence of two modulation waves
along the a and b axes with wave vectors (a*/6 + b*/6)
and (a*/2 + b*/2), respectively. The low temperature
phase (T' < 119 K) belongs to the monoclinic space
group C5, - P2,/c, with a period along the a and b
axes two times that of the high temperature phase [1].

The purpose of the present paper was to study the

0932-0784 / 02 / 0600-0456 $ 06.00 © Verlag der Zeitschrift fiir Naturforschung, Tiibingen - www.znaturforsch.com



A. M. Panich et al. - Incommensurability and Domain Structure of K, SbFj

130K

115K

M 172K

AN NG 125K
AN 130K

836 840 844

Frequency, MHz

840 844
Frequency, MHz

83.6

81 82 83 84 85
Frequency, MHz

Fig. 1. '*Sb NQR spectra of a powdered K,SbFs sample at
77 to 293 K. Two characteristic spectra are shown in inserts.

phase transitions and incommensurability in K,SbFj
by means of the '2>Sb NQR spectra and spin-lattice
relaxation measurements. Phase transitions have been
obtained at 117, 135, and 260 K. The line shape and
temperature dependence of the spin-lattice relaxation
time 7', in the temperature range from 135 to 260 K
are characteristic for the incommensurate state with
a plane wave modulation regime. The features of the
IC state are discussed in the paper. At 117 to 135 K,
a distinct fine structure of NQR spectra has been ob-
served. An important feature of these spectra is a
redistribution of the line intensities with the variation
of temperature. Two scenarios of this transformation
(existence of domain structure and quasi-soliton lat-
tice) are discussed. The best interpretation that fits
our NQR data is a coexistence of two domains, the
structure of which is modulated with different peri-
ods in such a manner that each domain exhibits only
one of the aforementioned modulation waves. One of
the domains, which shows the same structure as the
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low temperature phase, becomes energetically prefer-
able on cooling and is transformed into the C phase
at T,, = 117 K. The '>*Sb NQR measurements in
K,SbFs show unusually short values of 1';, which
become close to the spin-spin relaxation time 1", with
increasing temperature.

Experimental

The '22Sb NQR measurements at 77 to 293 K have
been carried out using a Tecmag pulse spectrometer
and an Oxford Instruments cryostat. The £(3/2 «
5/2) '23Sb NQR transition was observed. The NQR
spectra cover a range of several hundred kHz, which
is too broad to be excited by radio frequency (rf) /2
pulse. Therefore the spectra were obtained using a
computer-controlled point-by-point frequency sweep
(with steps from 10 to 20 kHz) and acquisition of
solid echo amplitudes at each specified frequency,
which represents an intensity of the actual NQR line
at a specified frequency. The number of scans was
from 16000 to 640000, depending on the tempera-
ture and signal intensity. Repetition time was 57';.
The 'Sb NQR spin-lattice relaxation time 7', has
been measured using the m-7-7/2 inversion recovery
sequence.

Results and Discussion

Some characteristic NQR spectra of the powdered
K,SbFy sample at 77 to 293 K are given in Figure 1.
The temperature dependence of the NQR frequen-
cies is given in Figure 2. From drastic changes in the
line shape and multiplicity, four different regions are
clearly seen in Figs. 1 and 2, corresponding to the
four different phases and three phase transitions at
117, 135 and 260 K.

At 293 > T > 260 K, the high temperature phase I
shows a single Gaussian-like resonance. Between 260
and 135 K (phase II), the NQR spectra are character-
ized by a quasi-continuous distribution of the reso-
nance frequencies (Fig. 1). Such a line shape with
two edge singularities is typical for incommensurate
systems, in which the resonance frequency varies in
space and reflects the spatial variation of the incom-
mensurate modulation [4 - 6]. The line shape is char-
acteristic for the plane wave modulation regime. One
can see that the obtained resonance shape is not sym-
metric and the amplitudes of two singularities are
not equal. Such line shape with non-equal weight
of shoulders occurs when the linear and quadratic
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Fig. 2. Temperature dependence of '>*Sb NQR frequencies
of powdered K,SbF; at 77 to 293 K. At temperatures from
135 t0 260 K, the two curves shown in the figure correspond
to the low and high frequency singularities of the broad
resonance. Open circles, squares and triangles correspond
to low, medium and high frequency peaks, respectively.
Vertical dotted lines show phase transition temperatures.
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Fig. 3. Temperature dependence of '**Sb NQR spin-lattice
relaxation time 7' in powdered K,SbFs at 77 - 293 K. Open
circles, squares and triangles correspond to low, medium
and high frequency peaks, respectively. Vertical dotted lines
show phase transition temperatures.

terms in the expansion of the resonance frequency in
powers,

1
vV =1+ v cosp(x)+ 51/2 cos’ p(x), (1)

are taken into account [5]. Here vy = const, v; and 1,
correspond to the first and second order terms of the
incommensurate modulation, respectively, ¢(z) is the
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phase of the incommensurate modulation, and z is a
displacement along the axis of the modulation.

In the temperature dependence of the '2>Sb reso-
nance frequency given in Fig. 2, the two curves cor-
respond to the low and high frequency peaks of the
broad resonance, the width of which reaches 480 kHz
at 140 K. The observed dependence, which shows that
the NQR frequencies of both singularities in the IC
phase increase with decreasing temperature, is char-
acteristic for the case when the quadratic term in (1)
presents in the expansion of the frequency [5]. The
difference between the two singularities is propor-
tional to the order parameter [5] and increases with
decreasing temperature in the same way as the am-
plitude of the IC modulation. We note that a similar
line shape and temperature dependence of the NQR
frequencies was obtained in the "N NQR study of the
IC phase in NaNO, [7, 5].

The temperature dependence of T'; at 77 - 293 K is
givenin Figure 3. One can see thatat 260 to 136 K, T',
is almost temperature independent. Such behavior is
a characteristic property of the classical IC state. The
values of T'; are somewhat different for the two shoul-
ders of the spectrum, showing a larger T'; for the low
frequency singularity. We noted above that the phase
transition at 183 K was obtained by the X-ray mea-
surements. One can see in Fig. 3, that the temperature
dependence of T'; shows slightly different slopes of
T,(T) for the regions below and above 7' ~ 190 K,
namely at 135 - 190 and 190 - 260 K. However, the
variations of the T'; (T) slope are small and smooth
and thus can not be considered as evidence of a phase
transition. We would like to remark that no phase tran-
sition at 183 K was observed also by specific heat and
dielectric permittivity measurements [8].

We note that the values of the '>*Sb NQR spin-lat-
tice relaxation time 1" in the IC phase of K,SbFs are
unusually short and are close to the spin-spin relax-
ation time T, . In fact, very fast spin-lattice relaxation
of quadrupolar nuclei is typical for IC phases [4 - 6].
We note, however, that the 7', ’s in the low temperature
phase IV (see below) are also not long and show val-
ues of several milliseconds. One can speculate about
some contribution of the interaction of nuclei with the
552 lone pair of Sb to the NQR relaxation.

When the temperature is lowered to 135 K, the line
shape is changed (Figs. 1 and 2), showing a phase tran-
sition. Between 117 and 135 K (phase III), a broad
resonance with three overlapping peaks is observed.



A. M. Panich et al. - Incommensurability and Domain Structure of K, SbFj

The intensities of the peaks are temperature depen-
dent. Spectra multiplicity disappears at 117 K, being
transformed into a single resonance at lower temper-
atures.

Between 117 to 135 K, for all lines T'; increases
with decreasing temperature. Such temperature de-
pendence is characteristic for C phase and is usually
caused by thermal fluctuations of the electric field
gradient (EFG) due to torsional vibrations [9, 10]. To
explain the spectra and relaxation at 135 - 117 K,
two interpretations can be suggested. As known, an
IC structure exists in a certain temperature interval
between T'; and T',, where T'; corresponds to a nor-
mal-incommensurate transition, and 7', to an IC-C
“lock-in” transition, where a three-dimensional trans-
lational periodicity of the crystal lattice is restored. In
some cases, the changes in the line shape below T}
follow the scenario of the evolution of the incommen-
surate modulation from the plane wave limit, which
is a good approximation of the structure of the IC
phase below T, to the multi-soliton lattice which be-
comes increasingly important on approaching the IC-
C lock-in phase transition temperature T', [4 - 6, 11].
Occurrence of such a lattice is usually accompanied
by the appearance of additional NQR peaks, which
correspond to commensurate regions without mod-
ulation. At first glance, our data are in accordance
with this scheme, and the observed spectra may be
attributed to a quasi-soliton lattice, in which three C
phases are separated by IC phases (phase solitons).
However usually, when such a lattice is formed, the
phase solitons become narrower on approaching 7',
and almost the whole intensity of the spectrum con-
centrates in the C peaks. The frequencies of these
peaks continuously move through the transition tem-
perature into the low temperature phase. However,
the spectra transformation observed in our experiment
does not exactly follow this scenario. An important
feature of the spectra of phase III (between 117 and
135 K) is a redistribution of the line intensities with
the variation of temperature. Reduced temperature
yields an increase in intensity of the low frequency
resonance, while the other two lines gradually de-
crease and finally disappear. The single NQR reso-
nance at the low temperature C phase IV (1" < 117 K)
appears at the same frequency as the low frequency
line of phase III; only this frequency continues from
phase III to the low temperature phase IV. One can
suggest that phase III consists of commensurate do-
mains having different structure, and that one of the
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domains, which shows the same structure as the low
temperature phase, becomes energetically preferred
on cooling and is transformed into the C phase IV at
T, = 117 K. The temperature dependences of T’
in the phases IIl and IV are similar, supporting the
aforementioned proposition.

We note that the x-ray diffraction pattern of
phase III was interpreted [1, 3] as a coexistence of
two modulation waves along the a and b axes with
the wave vectors (a*/6 + b*/6) and (a*/2 + b*/2),
respectively. The amplitude of the former wave be-
comes smaller on cooling and disappears at the phase
transition temperature, while the amplitude of the lat-
ter grows in intensity. The low temperature phase IV
shows a period along the a and b axes two times that
of the high temperature phase [1, 3]. In principle, if
two modulation waves are present over the whole lat-
tice simultaneously, they can yield inequivalent Sb
positions reflected in the NQR spectra. However, the
values of the corresponding EFG's should depend on
the amplitude of displacement, yielding a shift of the
NQR frequencies with varying temperature. This was
not observed in the experiment, and therefore such a
scenario seems to be unlikely from the point of view
of NQR. At the same time, X-ray data might be rein-
terpreted as coexistence of two domains, when each
of them shows only one of the aforementioned mod-
ulation waves. Such an interpretation fits the NQR
data.

Asitis seen from Fig. 1, a phase transitionat 117 K
is accompanied by a drastic change in line multiplic-
ity, and the low temperature phase IV (7' < 117 K)
shows a single NQR resonance characteristic for the
C phase. It has a Gaussian-like shape, and the line
width Aw increases from ~110 to 180 kHz with the
temperature decrease from 115 to 77 K. Though the
X-ray diffraction study showed that the unit cell pa-
rameters a and b of phase IV are two times that of the
high temperature phase [1], no additional NQR lines
appear in the experiment. The reason is that, accord-
ing to the X-ray diffraction data, the Sb polyhedron
does not change significantly with temperature, and
the phase transitions result from a transformation of
the environment of one of the K atoms [2]. Therefore,
one can suggest that the splitting between the lines
corresponding to inequivalent Sb atoms (if these ex-
ist) is smaller than the line width and is not seen in
the NQR spectra.

Figure 3 shows that the spin-lattice relaxation time
in the low temperature phase is reduced rather sharply
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with increasing temperature up to 7', = 117 K. The
dielectric permittivity displays a jump-like anomaly
rather then a A-type anomaly at this temperature [8].
The decrease in the dielectric permittivity ¢ under
transition from phase III to phase IV is characteristic
for a transition to an antiferroelectric state. One could
therefore speculate that K,SbFs undergoes succes-
sive phase transitions from a paraelectric, non-polar
high temperature phase (D}/ - Cmcm) to the anti-
ferroelectric low temperature phase through IC and
MD phases. The space group of the low temperature
phase, C3, - P2,/c, allows an antiferroelectric state.
However, the authors of [8], who studied the dielec-
tric permittivity, doubted the presence of a transition
to an electrically ordered state at low temperature.
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Summary

In summary, our '>>Sb NQR study shows that
K,SbF; exhibits phase transitions at 260, 135, and
117 K between the high temperature and low temper-
ature commensurate phases via the incommensurate
phase in the temperature range from 135 to 260 K,
the modulated phase having domain structure at 117
to 135 K.
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