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Thermal depinning of the modulation wave in the presence of random impurities
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High-temperature-resolution nuclear-quadrupole-resonance (Ngtt) measurements in mixed
[Rb~ —„(NH4)„l2ZnC14 that has a controlled amount of impurities show the existence of a temper-
ature region where the incommensurate inhomogeneous broadening of the NQR spectra is aver-

aged out. As a result, the characteristic line splitting starts at a temperature T~ which is lower
than the phase-transition temperature TI, an effect enhanced by the presence of impurities. This
work presents experimental evidence that impurities might prevent the onset of the incommensu-
rate long-range order in incommensurate insulators.

I. INTRODUCTION

In ideal incommensurate systems, there should be a
sliding modulation wave which moves through the system
without friction. In real crystals however the modulation
wave is pinned by the unavoidable presence of an effective
number of impurities and discrete-lattice effects. ' As a
consequence we take the "static" picture of the modula-
tion wave and the onset of the incommensurate long-range
order, resulting in the characteristic inhomogeneous
broadening of the nuclear quadrupole resonance (NQR)
or NMR spectrum (splitting of the lines). In the case of
[Rbt „(NH4)„]2ZnC14 and for the Cl(1) nuclear site
very close to Tt, the frequency depends quadratically on
the incommensurate displacement u =uocosp of the nu-
cleus from its position in the paraelectric phase.

v-«+. ~.
—

oycos ~+

The frequency distribution is then given by
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and is limited by two edge singularities at
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(la)

(Ib)

(1c)

Recent NMR, ' NQR, and electron-paramagnetic
resonance (EPR) experiments reported the existence of a
floating of the modulation wave close to the incom-
mensurate-to-paraelectric (I-P) transition at Tt, where
thermal Auctuations become large enough and thermally
depin the modulation wave from the underlying lattice.
However, the nature of this sliding modulation wave in

the presence of a finite number of random impurities has
not been systematically investigated. Also their influence
is not very well understood.

Random quenched impurities generally tend to prevent
long-range order by creating a random phase-pinning
field. The range of the created short-range order seems to
be too large to be directly observed by conventional neu-
tron scattering and x-ray spectroscopy. At the same time
the impurities induce random changes in the interaction
constants, which alter TI. It is not yet very clear which

effect, the random field or the random interactions,
is dominant. Recent studies in pure and mixed [Rbl-„-
K ]2ZnC14 (Ref. 9) and [Rbl —«(NH4)x]2ZnC14 (Ref. 10)
show that even the smallest amount of doping increases
the I-P transition temperature TI and considerably de-
creases the incommensurate-to-commensurate (I-C) tran-
sition temperature Tq. Discrete-lattice-pinning efects
should be ignored very close to Tt, as the strength of the
discrete-lattice pinning" is cc exp( —g/ao) where g is the
width of the soliton and ap the lattice constant. In the
high-temperature part of the incommensurate phase
where the plane-wave modulation litnit is valid, the phase
of the modulation wave consists of very thick overlapping
solitons. '

According to the existing theoretical models, the main
eAect of impurity-induced phase distortions is the "melt-
ing" of the incommensurate lattice. ' We may then as-
sume that two completely difl'erent mechanisms result in
melting effects: (i) Thermal depinning due to large
thermal Auctuations of the modulation wave. (ii) Im-
purity-induced phase distortions. It is not yet quite clear
which of the two mechanisms is dominant. It may be that
in pure systems Aoating effects dominate, but by increas-
ing the impurity concentration random impurities should
play a more significant role in the melting mechanism. In
order to clarify this question we decided to investigate
nominally pure and mixed [Rbl (NH4)„]2ZnC14 with a
controlled amount of NH4+ ions acting as random impur-
ities. The measurements have been done very close to the
I-P transition and with a very high-temperature resolu-
tion.

II. EXPERIMENT

The method for this investigation is Cl NQR spectros-
copy. The measurements were done using Fourier-
transformed spectra on single crystals of [Rb 1 -„-
(NH4)„]2ZnC14 with different impurity doping, x =0.00
(nominally pure crystal), x=0.01, and x=0.04. Spin-
echo absorption spectra were used, and at higher impurity
concentrations 10000 accumulations were necessary in or-
der to improve the signal-to-noise ratio. The temperature
stability was better than 0.02 K over the measured period.
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III. RESULTS AND DISCUSSION

The temperature dependence of the Cl(1) NQR fre-
quencies as a function of temperature for the diff'erent
crystals is shown in Figs. 1(a), 2(a), and 3(a). As was
reported in our earlier work, ' for pure crystals of
Rb2ZnC14, vg vs T of Cl(1) slowly increases with decreas-
ing temperature, and at TI=29.40 C changes its slope
down to temperature T~ =28.20 C, where the typical on-
set of the incommensurate spectrum is shown with the
characteristic edge singularities. Here we notice that the
change of the slope is accompanied by an inhomogeneous
broadening which starts immediately below TI, although
the splitting is at a lower temperature Tg. The transition
temperature Tl is then demonstrated by the broadening of
the sharp paraelectric line [Fig. 1(b)]. We may say that
the region between TI and Tv represents a thermally de-
pinned incommensurate phase due to the Aoating of the
modulation wave. The large thermal Auctuations average
out, by motion, the line splitting and we have thus only
one line. The change of the slope can be explained by a
shift of the center of gravity of the motionally averaged
spectrum. ' ' By increasing the amount of impurities we
observe that the region between TI and Tv, the averaged-
out incommensurate line, is increased. From Fig. 2(a) we
see that for even a very modest doping (x =0.01) the on-
set of long-range order (characterized by the NQR split-
ting) is prevented for about 3'C more than in the nomi-
nally pure crystal. Here TI =29.90'C and Tg =25.70'C.
For even larger doping (x =0.04) the effect is more pro-
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FIG. 2. (a) Temperature dependence of the Cl(l) NQR fre-
quencies of [RbI-„(NH4)„]2ZnC14 for x =0.01 close to TI. (b)
Inhomogeneous broadening of the Cl(l ) NQR line close to TI.
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FIG. l. (a) Temperature dependence of the Cl(1) NQR fre-

quencies of [RbI —«(NH4)„J2ZnC14 for x =0.00 close to TI. (b)
Inhomogeneous broadening of the Cl(l) NQR line close to TI.
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FIG. 3. (a) Temperature dependence of the Cl(1) NQR fre-
quencies of [RbI —„(NH4)„12ZnC14 for x 0.04 close to TI. (b)
Inhomogeneous broadening of the Cl(1) NQR line close to TI.
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nounced and the region from Tr to Tv extends for about
12'C (Tr =35.40 C and Tg =23.15'C). In addition, we
observe that by increasing the doping (i) the shift of the
paraelectric line away from vo and towards vp+ v2 is re-
duced, and (ii) the transition at Tr is not as sharply
defined as in the pure case. We also must note that the
phase-Auctuation singularity in all the measured samples
is a continuation of the high-temperature paraelectric line
(vo). From Figs. 1(b) to 3(b) we see that the inhomo-
geneous broadening of the NQR lines begins immediately
below Tr. in addition, we observe that impurities intro-
duce a broadening also in the sharp paraelectric NQR line
above T~ where the lines are mostly homogeneously
broadened (d, v=- I/n T2)

IV. CONCLUSION

The above experimental data show that impurities
prevent the onset of incommensurate long-range order.
The higher the doping, the lower the temperature at which
this long-range order is established. In earlier NMR ex-
perimental work" a coexistence of a narrow line with
the broadened inhomogeneous frequency distribution was
observed. This was explained as a result of the coex-
istence of Aoating regions and regions where the modula-

tion wave was static. In the present experiment on
Rb2ZnC14 this "central paraelectriclike" line was not ob-
served. This might be explained as follows: (i) The
above-mentioned NMR measurements were done on ul-
trapure crystals, after zone refinement, while in the
present NQR experiment the crystal is as mentioned a
nominally pure one. This additionally supports the as-
sumption that impurities even in the slightest concentra-
tion influence the behavior of incommensurate systems.
(ii) The coexistence of the two regions was observed, as
far as we know, only in certain systems and in optically
clear and relatively fresh crystals. After use the quality of
the crystals was, as reported, decreased and the sharp
lines became unobservable. ' (iii) in RbzZnC14 at Tg—the temperature where the splitting of the lines start—the central line is not sharp but broad, small, and thus
hidden in the noise. Further experiments on both doped
and ultrapure crystals with one- and two-dimensional
NMR and NQR are needed to find a definite answer to
the problem.
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