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87Rb Hahn echo nuclear magnetic resonance (NMR) and **Cl Hahn echo nuclear quadrupole
resonance (NQR) measurements were performed at 293 - 302 K in the incommensurate (I) phase
of Rb,ZnCl,. The existence of a Hahn echo decay that is shorter than the true 7', and one that has
an exponential dependence on the cube of the echo time indicates the presence of slow motions.
The diffusion coefficient D can be obtained from the rate of decay of the Hahn echo. Similar
values for D were obtained from the two different measurements, indicating that both the Rb
and the CI atoms are experiencing the same motional mechanism. This mechanism must be due
to simultaneous motions of each and can not be due to individual motions of only one type of
atom. Further confirmation of the presence of modulation wave motion was obtained from 5’Rb
two-dimensional (2D) exchange-difference NMR measurements.
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1. Introduction

Considerable interest in recent years has been fo-
cused on understanding the properties of incommen-
surate (I) systems [1, 2]. These systems have at least
two competing periodicities [that of the incommen-
surate modulation wave (or waves) and that of the
underlying crystal structure] whose wave vectors are
not rational multiples of one another. Thus, they ex-
hibit long range order but no translational symmetry
and, hence, can be regarded as intermediate between
perfect crystals and glasses.

Nuclear magnetic resonance (NMR) and nuclear
quadrupole resonance (NQR) have proven to be pow-
erful techniques for elucidating the static and dynamic
properties of the modulation wave in the I state. The
static properties have been studied primarily by line-
shape measurements [3 - 5] and the dynamic prop-
erties (i. e., those involving amplitudon and phason
dynamics as well as diffusion-like motions of the
modulation wave) by relaxation time [6 - 10], Hahn

spin-echo magnetization decay [11 - 13], and two-di-
mensional (2D) exchange NMR [14 - 16] studies.

An ideal impurity-free I system is characterized by
the existence of a gapless phason (Goldstone) mode in
which the I modulation wave moves through the crys-
tal without friction [1, 2]. This theoretical prediction,
based on the fact that the Gibbs free energy is inde-
pendent of the phase of the modulation, has not been
directly observed in real I systems which have dis-
crete structure and impurities that pin the modulation
wave [2]. Due to thermal fluctuations, the pinning po-
tential can be overcome so that the modulation wave
can become temporarily depinned and mobile. Since
the pinning centers have a random spatial distribution
and pinning strength, the thermal depinning is ran-
dom, giving rise to a random diffusion-like character
of the modulation wave motion [11, 12].

Normally, slow diffusion of an observed spin in
an inhomogeneous magnetic field can result in the
decay of a Hahn echo (i.e., following a 180°-90° se-
quence) being more rapid than that of a Carr-Purcell-
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Meiboom-Gill (CPMG) decay [17]. Furthermore, for
free non-restricted diffusion the Hahn echo decay is
usually characterized by an exponential dependence
on the cube of the echo time 7. However, such be-
havior has recently been observed for quadrupolar
systems in which the magnetic field is homogeneous
[11 - 13] and in which the observed spin may be sta-
tionary [11]. These observations were attributed to a
spatially inhomogeneous electric field gradient (EFG)
which fluctuates in time due to the diffusion-like mo-
tions of the incommensurate modulation wave be-
tween the pinning centers. (A similarly short Hahn-
echo decay time has also been observed in other sys-
tems, characterized by different fluctuating interac-
tions (e. g., Knight shift [18] and chemical shift [19]),
and attributed to slow atomic or molecular motions.)
However, in the case of Rb,ZnCl,, observation of a
rapid ¥C1 NQR Hahn decay with an exponential de-
pendence on 73 does not unambiguously prove the
existence of modulation wave motions because of the
possibility that these results may simply reflect slow
reorientations of the ZnCl, tetrahedra. A primary pur-
pose of this paper is to present data which unambigu-
ously demonstrate in Rb,ZnCl, that slow modulation
wave motions are responsible for the rapid 3>Cl1 NQR
Hahn echo decay observed previously [12, 13].

In this paper we describe two approaches for in-
vestigating slow diffusion of the I modulation wave
in Rb,ZnCl,: 1) measurement of the rapid decays of
both the ¥Rb NMR and the **C1 NQR Hahn spin
echo amplitudes arising from EFG fluctuations and
2) measurement of the cross peak displacement in
a ¥Rb 2D exchange-difference NMR experiment.
Those data provide conclusive evidence for the ex-
istence of the modulation wave motion.

It is well known [20] that Rb,ZnCl, undergoes
two successive phase transitions, a paraelectric-in-
commensurate transition at 7', = 302 K and an incom-
mensurate-commensurate transition at 7'« = 192 K.
The high temperature paraelectric (P) phase belongs
to the orthorhombic space group P,,,,-D,¢'® (No. 62)
with four formula units per unit cell. The low tempera-
ture commensurate (C) phase, C,,°, is ferroelectric. In
the ferroelectric phase the lattice parameter is tripled
along the pseudohexagonal c axis [1].

The P unit cell contains eight Rb ions which can be
divided into chemically inequivalent sets, Rb(1) and
Rb(2). The Rb(1) sites lie on the pseudohexagonal and
the Rb(2) sites on the pseudotriad axes [21]. All Rb
sites have mirror symmetry and lie in the mirror plane
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perpendicular to the crystal b axis. Due to the presence
of the center of symmetry, at most two Rb sites can
be distinguished for each chemically inequivalent set.
It is thus expected that we would see at most four
Rb lines for 7" > T'. For an arbitrary direction of
the magnetic field in either the ab or ¢b planes, the
two lines of each inequivalent set coincide because
of symmetry [22]. For a L. H, only one ¥’ Rb NMR
line should be observed for each inequivalent set.

2. Experimental Details

The 8’Rb NMR experiments were performed on
a Rb,ZnCl, single crystal by irradiating at 116.15
MHz the central transition, 1/2——1/2. The crystal
was oriented such that « | H and Z¢, H, = 120°.

The Hahn spin-echo magnetization decay was mea-
sured with the 7/2-7-7-7-echo sequence, and the cor-
responding spin-spin relaxation time 7', was obtained
with the standard CPMG technique. For all pulse
sequences the phase cycling includes the Cyclops
quadrature-error compensation scheme [23]. The 2D
exchange-difference technique [14] will be described
in detail in the next Section.

Temperature control and variation was achieved by
an Oxford cryogenic system, such that the tempera-
ture stability was +0.1 K at all temperatures stud-
ied. The pulse sequence generation, acquisition, and
analysis were performed using a TecMag-Aries NMR
system.

3. 2D Exchange-difference NMR

The 2D exchange-difference NMR technique [14,
24] is a variant of the 2D exchange NMR technique
[24] involving taking the difference between 2D ex-
change NMR signals at two different mixing times,
one long and one as short as possible. The standard
2D exchange NMR technique can in principle detect
any spatial motion of the resonant nucleus during the
mixing time ¢,,;, such that the Larmor frequencies at
the beginning and the end of ¢, are different, and
is most useful for studying dynamic processes which
are too slow to affect the lineshape. The 2D spec-
trum S(v;, v,) is a plot of the NMR intensity vs.
two frequencies, v, and v,, whose values correspond,
respectively, to the initial and final Larmor frequen-
cies of the moving spins. Static nuclei with resonance
frequencies that are unchanged during ¢, contribute
to the diagonal intensity (|v,| = |v,|). Nuclei which

Jjump during ¢, to other lattice sites where they have
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Fig. 1. 2D exchange - difference NMR pulse sequence.

different resonance frequencies, however, create off-
diagonal (|v,] # |v,|) peaks, called cross peaks. The
diagonal portion of the 2D spectrum is continuous in
the case of inhomogeneously broadened spectra (such
as for I systems); its length is a measure of the inho-
mogeneous broadening, and its width corresponds to
the homogeneous linewidth originating from 7', pro-
cesses. The standard 2D exchange NMR method is
not applicable to such situations where the frequency
change due to motions is very small compared to the
width of the continuous diagonal. In this case cross
peaks will not be resolved from the continuous diago-
nal and, hence, can not be observed or identified. The
solution to this problem is to apply the 2D exchange-
difference NMR technique [14, 24].

In 2D exchange-difference NMR, static spins on
the diagonal are eliminated from the 2D exchange-dif-
ference spectrum by subtraction, since they give the
same signal, independent of the length of the mixing
time. Hence, the 2D exchange-difference spectrum
arises from only moving spins. Because some spins
have moved from the diagonal to the cross peaks dur-
ing the mixing time ¢,;, , the diagonal of the difference
spectrum will have a negative intensity and will con-
trast to the cross peaks which have a positive intensity.
In this way, those spins which moved during ¢,.;, (and
are responsible for the cross-peak signal) can be eas-
ily distinguished from the static spins (that had been
on the continuous diagonal before the subtraction).

v

The pulse sequence [14, 25] is presented in Fig-
ure 1. The 2D exchange part consists of four pulses
(P53, P,, Ps, P¢) for the first sequence and four more
pulses (Py, P, P, P},) for the second. The first three
pulses of each sequence (P5, P4, P5 and Py, Py, Py))
are 90° pulses and form the basic 2D exchange se-
quence that produces a stimulated echo at a time ¢,
after the third 90° pulse. The role of the 180° pulses in
Fig. 1 (P4 and P,,) is to push the echo out by an extra
time 7, so that ringdown effects are avoided for short
t,’s. The phase-cycling scheme is given in [14, 25].

The two 2D exchange signals are affected differ-
ently by the spin-lattice relaxation due to the fact
that the two mixing times are different. In order to
obtain accurate information about the exchange pro-
cess from the 2D exchange-difference spectrum, 7',
weighting of both 2D exchange signals has to be the
same. For this reason, two additional 7';-weighting
intervals ¢, and t,, have been applied prior to the
exchange parts of the sequence, as described below.
The first two pulses in Fig. 1 form a composite pulse
which is cycled between 0° (90, followed by 90_,)
and 180° (90, followed by 90,). The 0° compos-
ite pulse could in principle have been omitted, but it
is kept as a reminder of the procedure. At the end
of the ¢, period following the 0° and 180° com-
posite pulses, the z magnetizations are M ,(t,,) =
M, and M,(t,,,) =M,[1 - 2 exp(-t,,;/T)], respec-
tively. The subtraction of these M, components yields
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the T',-weighted magnetization, M ,(t,,) = 2 M,
exp[—t,,; /T 1, at the beginning of the exchange part of
the sequence. At the end of the first 2D exchange se-
quence the amplitude of the signal is 7', weighted with
a factor exp[—(t,,; + t.,ix1)/1 ] and, similarly, at the
end of the second 2D exchange sequence with a fac-
tor exp[—(t,, + tix2)/T1]- By setting ¢, + 1,1 =t
+ t,.ix2» We have arranged that spin-lattice relaxation
will affect equally the amplitudes of the signals in both
2D exchange sequences. In this way, the 2D differ-
ence spectrum will reflect only the exchange process
even for long mixing times (3 T'; or longer). This sub-
traction is performed in the computer by changing the
sign of the receiver phase in two consecutive scans.

The two 2D exchange parts preceded by the cor-
responding 7', -weighting sections can be viewed as
a single sequence even though they are separated by
the repetition time of the whole sequence. Signal ac-
quisition occurs twice in the entire sequence.

The phase cycling, consisting of 64 steps, has been
designed for the central transition of any noninteger
spin (I > 1/2) for which inhomogeneous broadening
is produced by the second order electric quadrupo-
lar interaction. When only the central transition, 1/2
— —1/2, is irradiated, the problem is mathematically
equivalent to that of a system of uncoupled I = 1/2
spins. We used the “real Fourier transformation (FT)
in t,” method [24] to obtain pure absorption 2D spec-
tra. This technique involves a real FT in the ; time
domain and a complex FT in the ¢, time domain of a
signal that is amplitude modulated with a cosine func-
tion in ¢, but is complex in ¢,. In summary, our phase
cycling scheme results in pure 2D absorption spectra
in which T'; effects are eliminated and baseline and
quadrature errors are compensated (via the Cyclops
scheme).

4. Results and Discussions
4.1. Hahn Spin-echo Magnetization Decay Results

The Hahn spin-echo magnetization decay in a spa-
tially inhomogeneous EFG has provided a way to
measure in | systems extremely small diffusion coef-
ficients (in the range 10~'% - 10~ cm?/s) [11 - 13].
The physical explanation of this high sensitivity is
that the modulation wave in an I solid produces a
much larger frequency variation over much smaller
distances than is obtainable by the conventional mag-
netic field gradient technique. The presence of diffu-
sion is inferred from:(1) the Hahn spin-echo decay
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being shorter than the CPMG echo decay, and 2) the
Hahn spin-echo magnetization having an exponential
dependence on the cube of the echo time. The spa-
tially varying EFG is a characteristic feature of any
quadrupolar system that lacks translational symme-
try. A necessary condition for the determination of the
diffusion coefficient is knowing the spatial variation
of the intrinsic EFG, which then provides a known
relationship between position and NMR frequency.

This new approach to interpreting the Hahn spin
echo data was first applied in incommensurate
Rb,ZnCl, by NQR measurements of *>Cl [12, 13].
However, a short Hahn spin-echo decay can, in some
systems, be due to several possible motional mecha-
nisms [26] that cannot be easily distinguished from
one another just by observation of a more rapid Hahn
echo decay. For example, observations in Rb,ZnCl,
of a rapid ¥C1 NQR Hahn decay having an exponen-
tial dependence on 73 do not unambiguously prove
the existence of modulation wave motion because
such results could alternatively have arisen simply
from slow reorientations of ZnCl, groups between
two sites.

One method of proving the existence of modula-
tion wave motion is to measure the diffusion coeffi-
cient by using ¥’ Rb NMR and also by *CI NQR and
then to compare their values. In Rb,ZnCl,, the mod-
ulation wave is thought to originate from progressive
misorientations of ZnCl, tetrahedra and correspond-
ing small displacements of Rb atoms. The modula-
tion wave motion, which is a collective motion that
involves a large number of atoms, should thus affect
both Rb and Cl ions comparably. Thus, observation of
comparable values for diffusion coefficients obtained
by 8’Rb NMR and *>C1 NQR would strongly support
the existence of the modulation wave diffusion.

The 3’Rb NMR spectra obtained at the same crys-
tal orientation (¢ L H ) over the temperature range
293 - 302.3 K are shown in Figure 2. When the tem-
perature is lowered through the transition temperature
T} (= 302 K), the Rb ions and the ZnCl, groups be-
come displaced in the direction of the b axis and the
ZnCl, tetrahedra are rotated around the c axis [22].
The incommensurate effects are clearly observed in
the low frequency NMR line corresponding to Rb(2)
nuclei, but they do not appear in the Rb(1) lineshape.
The explanation for this fact is that the EFG tensor
at the Rb(2) site is more strongly affected by the P-
I transition than is the EFG tensor at the Rb(1) site
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Fig. 2. ¥Rb NMR lineshapes in Rb,ZnCl, in the tempera-
ture range 293 - 302.3 K.

[22], which suggests that Rb(2) has a larger displace-
ment due to the I modulation wave amplitude than
does Rb(1).

The Hahn spin echo decay was observed to be
shorter than the CPMG echo decay (see Fig. 3) over
the entire temperature range (293-302.6K). Further-
more, it has an exponential dependence on the cube
of the echo time, whereas the CPMG decay varies
exponentially with an exponent that is linear in the
echo time and proportional to 1/7',.

For a linear frequency-space relation where w(z) =
wo + wi sin(qz), which is valid for our specific crys-
tal orientation (¢ L H,), the decay of the trans-
verse magnetization in a Hahn spin - echo experiment
[11-13]is given by

2T 273
M(@27) = Myexp [_Tz] exp [—Dw-(wlq)zT]. (1)
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Fig. 3. ¥’Rb NMR m Hahn and ¢ CPMG echo decays in the
incommensurate phase of Rb,ZnCl, at 7" = 299 K.

Here, w, is the NMR angular frequency in the high
temperature P phase and w, is one half the distance
between the edge singularities (at w = w, + w;). D,,
is an apparent diffusion coefficient that is defined as
D,=D-[1-((w- wo)/wl)z], where D is the true
diffusion coefficient.

D,, thus depends on the position within the inho-
mogeneously broadened lineshape. The above theory
[11 - 13] predicts that, for a diffusion length that is
small compared to the wavelength of the modulation
wave, D is maximum and equals D at the center
of the I lineshape (where the frequency gradient is
a maximum) but has a minimum value (theoretically
zero) at the edge singularities (w = w(, & w) where the
frequency gradient is zero. In this regime, where the
modulation wave travels a distance short compared to
its wavelength, the theoretical value of D _M*/D _Min
would be infinite, but should decrease when the diffu-
sion occurs on a larger spatial scale. This decrease
is due to the fact that, for long range modulation
wave motion, each nucleus will then have sampled
all displacements resulting in an averaged diffusion
coefficient. This averaging should be equivalent to av-
eraging over the I line and will be more pronounced
for large scale modulation wave motion than for small
scale motion.

We determined D, from a fit to (1) of the Hahn
spin-echo magnetization decay curves (measured
from the spectra). For each Hahn decay, a value for
T, was obtained from CPMG measurements at the
same frequency within the I lineshape.
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Fig. 4. The temperature variation of the diffusion coefficient
obtained from & ¥’Rb NMR and A *CI NQR.

Although the average diffusion of the modulation
wave occurs on a short spatial scale in Rb,ZnCl, in
the investigated temperature range [14, 16], the Rb
Hahn spin echo data do not show an appreciable varia-
tion of D, across the I lineshape (the measured value
of D Ma/p _Min > 1 2) In addition, the maximum
value D_M2* does not appear at the center of the I
lineshape but is shifted towards one of the singular-
ities. We do not at present have an explanation for
these discrepancies, but they may be due to theoreti-
cal approximations used in deriving (1), such as the
linear approximation in the “frequency-space” rela-
tion and the local approximation [2]. The local ap-
proximation is valid when the dominant contribution
to the EFG at a given spin comes from a region of
radius much smaller than the modulation wave wave-
length. The type of frequency-space relation used (lin-
ear, quadratic, or mixed linear-quadratic) depends on
the orientation of the nuclear EFG tensor with respect
to the external magnetic field. In our data analysis, we
assumed that the maximum value D _M# (obtained
near the high frequency edge singularity) equals the
true diffusion coefficient D.

We also performed >>Cl1 NQR Hahn spin-echo mag-
netization decay measurements and obtained results
similar to those published by Papavassiliou et al. [13].
The temperature variation of the diffusion coefficient
obtained from our ’Rb NMR and 3*>Cl NQR Hahn-
echo data is shown in Figure 4. As can be seen, the
values of the diffusion coefficients are of compara-
ble magnitude within experimental errors, especially
in the high temperature region of the I phase. This
fact strongly supports the existence of the slow dif-
fusion-like motion of the modulation wave since such
motion is a collective motion that should affect both
Rb and Cl ions comparably. Jumps involving only Cl
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ions (e. g., reorientation of the ZnCl, tetrahedra with-
out corresponding Rb motions) can be ruled out since
such motions would give very different values for D
measured by ’Rb NMR and »CI NQR.

We observed that the small discrepancies in the
values of D obtained from 8’Rb NMR and from 3*Cl
NQR increase as the temperature is lowered in the
I phase (Fig. 4). This may be due to the fact that
different samples, possibly having different impurity
concentrations, were used in the 8’Rb NMR and 33Cl
NQR experiments. The modulation wave diffusion is
likely to be affected by impurity pinning [14]. Such
pinning depends on the impurity concentration and
should have a greater inhibiting effect on modulation
wave motion at lower temperatures.

The diffusion coefficient was observed to increase
with increasing temperature, in agreement with pre-
vious reports [13, 26] on thermally activated modu-
lation wave motion. Fast diffusion close to the transi-
tion temperature 7'} probably originates from thermal
depinning of the modulation wave. An interesting re-
sult of the Hahn spin echo decay measurements is
that the maximum value of the diffusion coefficient
D is obtained 0.5 K above the temperature at which
the incommensurate NMR line broadening first be-
comes observable below the P-I transition. This can
be explained by the fact that floating of the depinned
modulation wave very close to 7'} averages out the
small I splitting of the lineshape [27].

4.2. % Rb 2D Exchange-difference NMR Results

We applied the 2D exchange-difference technique
to study ultraslow motions in both the incommensu-
rate and the high temperature paraelectric phases of
Rb,ZnCl,. This dynamical study has proved to be use-
ful in elucidating the nature of the I-P transition [16].

In the I phase we performed 2D exchange-dif-
ference experiments at five different temperatures in
the interval 296.0 - 301.6 K. The highest temper-
ature is very close to the I-P transition. The 8’Rb
NMR absorption line is inhomogeneously broadened
due to the second-order quadrupole interaction and
has a width of approximately 11 kHz at T" = 296 K.
The 2D exchange-difference spectrum has a diago-
nal shape since the change in frequency during the
mixing time is much smaller than the width of the
inhomogeneous 1D spectrum. Figure 5 displays the
87Rb 2D exchange-difference spectrum for part of
the I lineshape (specifically, the part that includes the
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Fig. 5. ¥Rb 2D exchange - difference spectrum for part of
the I lineshape (the edge singularity closest to the excitation

frequency) at T' = 296.0 K for ¢,,;, = 4 ms. Reprinted with
permission from [16].
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Fig. 6. The maximum change in the NMR frequency,
Aw/2m, due to the motion of the modulation wave, plot-
ted as a function of the mixing time, ¢.;, at T = 296.0 K.
Reprinted with permission from [16].

edge singularity closest to the excitation frequency).
The change in frequency due to motions is measured
as the horizontal (or vertical) distance from the diag-
onal to the cross peaks (Fig. 5). The frequency shift
of the cross peaks relative to the diagonal in the 2D
exchange-difference spectrum is proportional to the
average displacement of the modulation wave.

Figure 6 shows the results of experiments in which
we increased the mixing time ¢.;, until an asymp-
totic value of the frequency shift was obtained. This
asymptotic value of Aw corresponds to the maximum
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distance traveled by the modulation wave. Note the
continuous variation of the frequency shift with the
mixing time. This continuous variation corresponds
to the progressive motion of the modulation wave,
which moves only a very small fraction of its wave-
length in each step. This observation effectively rules
out many alternative models for motions in this phase
(e. g., random fluctuations due to two-site motions,
librational oscillations, phason or amplitudon oscilla-
tory motions, etc.). Such motions would not give rise
to the observed progressive displacements and would
likely be too rapid to be observed in our 2D spectra.

The modulation wave displacement can easily be
obtained from the cross-peak frequency shift in the 2D
exchange-difference spectrum. As mentioned earlier,
for our crystal orientation (¢ 1L H) the NMR fre-
quency has a linear dependence on the modulation
wave amplitude [2] given by w(z) = wy + wy sin(k).
Here, k is the modulation wave vector, w,/27 is the
NMR frequency at the center of the I spectrum, and w,
is proportional to the modulation wave amplitude and
corresponds to half the linewidth of the I spectrum.
The maximum modulation wave displacement X,
can then be determined from the asymptotic value
of the measured frequency shift Aw,,,. /27 using the
formula (derived in the Appendix),

Xax = % [arcsin (Awmax +:j1(95) - wo)

wi

2)

— arcsin (

Here, A\ is the modulation wave wavelength (A =
2.8 nm for Rb,ZnCl, [2]). This value is roughly equal
to the c lattice constant in the C phase, which in turn is
three times that in the P phase. We determined X,
at an NMR frequency that is ~ 1 kHz away from the
edge singularity. At this frequency, we obtained val-
ues for X ., in the range of (1.3£0.3) A at 296.0 K
and (2.440.3) A at 301.6 K. This shows that at higher
temperatures the modulation wave travels a greater
distance, due to its higher mobility resulting from
increased thermal depinning. However, these results
contrast completely with results from the P phase (de-
scribed in [16]). Figure 7, obtained at 326 K in the P
phase, shows a sudden jump at a certain value for ¢ ;,,
after which it remains constant. This behavior clearly
suggests that motions now occur only between two
sites. This is confirmed by measurements of the ratio
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Fig. 7. The observed change in the NMR frequency, Aw/2,
due to motions plotted as a function of the mixing time, ¢y,
at 7' =326 K. Reprinted with permission from [16].

of the cross to diagonal peak intensities R(?,,;,) in a
standard 2D exchange spectrum vs. mixing time 16].
The slight discrepancy between our results and that
in [14] (X« = 1.58 A at 291 K) likely reflects dif-
ferences in impurity content (which probably varies
slightly from sample to sample).

The possibility that either the P-phase or I-phase
motions could reflect reorientations of only the
ZnCl,~ groups without simultaneous Rb motions can
be ruled out by the following consideration. Accord-
ing to Abragam [28], the second-order shift in the
central (1/2 — —1/2) transition is given by

2
@ _ Y

/2= _16(4)0

(0= 2) (1= 12) 02 1), )

where a = I(I + 1), p=cos 6, and wg = % 0
is the angle that the external magnetic field H, makes
with a principal axis of the EFG tensor, and ¢ is de-
fined as V7 /e, where V is the largest principal
component of the EFG tensor. Since V,, depends on
the distance of the field point from its source, (3) can
be used to calculate the change in the second order
shift due to a displacement of the charges responsi-
ble for the EFG. For a point charge, V77 ~ 1/ r3,
Substituting into (3), we obtain for small changes Ar
in the distance from the point charge the following

expression for the change in w(lz/)z:

@ _ - (eQVz2)? Ar
Awl/z =K 7}12 —
wo T

; “)
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Fig. 8. The temperature variation of the diffusion coefficient
obtained from e 8’Rb Hahn spin-echo decay NMR and m
87Rb 2D exchange-difference NMR.

where K is a numerical factor which, for our case
(I = 3/2), has a maximum value (for § = 90°)
that is approximately equal to 0.3. In the P phase of
Rb,ZnCl,, there exist two possible orientations of the
ZnCl, tetrahedra that are occupied with equal prob-
abilities [29 - 31]. Consider rotations of the ZnCl,
tetrahedra between these two orientations. The dis-
tances separating the equilibrium positions of the Cl
ions in these two orientations have been found by
x-rays [31] to be between 0.22 A and 0.48 A for
different Cl ions. Using these values and the value
[22] e2qQ/h = 3.75 MHz for Rb(2), we find that the
maximum change in the ¥Rb NMR frequency due
to ZnCl, reorientations is only approximately 15 Hz,
which is far less than what is observed for the maxi-
mum cross peak displacement (700 Hz) (see Fig. 7).
In the I phase the reorientational steps will be con-
siderably smaller so that one can easily conclude that
ZnCl, reorientations alone cannot account for our 2D
87Rb observations either in the I or in the P phase. It
is easy to see, however, that if the Rb ions are also
slightly displaced (say by only 0.01 A), the observed
cross peak displacement can result.

We can estimate the value of the diffusion coeffi-
cient by using the formula

2
— Xav

D )
2T

)

This formula is valid for an isotropic, continuous
medium. A rough value for 7 in (5) can be estimated
by equating it to the mixing time required to reach the
maximum frequency change, Aw,,,./27. Using this
approach and (5), we estimated the diffusion coeffi-
cient at 7' = 301.6 K, in the high temperature region
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of the I phase, to be D = 1.4-107'% cm®/s. As the
temperature is lowered to 7" = 296.0 K, the value of
D decreases to D = 2.1-10~'* cm?/s. These values of
D are of comparable order of magnitude with those
obtained from 8’Rb NMR (see Fig. 8). The difference
in the values of D obtained from the different exper-
imental approaches is observed to increase at lower
temperatures. This may be due to the possibility that
the approximation of a continuous medium is proba-
bly not strictly valid at the lower temperatures (due to
an increased effect of impurity pinning at the lower
temperatures), in which case the use of (5) may not
be adequate. Furthermore, the arbitrariness in deter-
mining 7 described above could easily account for a
factor of 2 or 3 in the value of D.

5. Summary

In this paper we used Hahn-echo and 2D exchange-
difference NMR to investigate modulation wave mo-
tions in the incommensurate phase of Rb,ZnCl,. In
particular, we have presented conclusive evidence for
the existence of modulation wave diffusion in this
system. This type of motion was earlier inferred in
this system by a complementary experiment, the *>Cl
NQR Hahn spin-echo decay. However, a short Hahn
spin-echo decay can in some systems be due to other
possible motional mechanisms [32] that cannot be
easily distinguished just by observation of a more
rapid Hahn echo decay.

We measured 8’ Rb NMR and *>CI NQR Hahn spin
echo magnetization decays in the I phase of Rb,ZnCl,
and, in each case, obtained a Hahn echo decay that was
shorter than the CPMG decay and one which decayed
with a time constant proportional to the cube of the
echo time. From these measurements we determined
the diffusion coefficients and obtained similar values
for 8’Rb NMR and **Cl NQR, a fact that strongly
supports the existence in the I phase of slow modu-
lation wave motion, since such motion should affect
both Rb and Cl ions comparably. Furthermore, we
have shown that our results can not be explained just
by ZnCl, reorientations alone, but must also involve
simultaneous motions of Rb atoms.

We also used 8’Rb 2D exchange-difference NMR
to further confirm the existence of modulation wave
diffusion in the incommensurate phase of Rb,ZnCl,.
Our observation of a gradual increase in the cross-
peak displacement vs. mixing time is evidence that
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the modulation wave is moving in steps that are small
compared to its wavelength.

We estimated the diffusion coefficient of the mod-
ulation wave in the I phase of Rb,ZnCl, by using
all three experiments: ¥’Rb NMR Hahn spin-echo de-
cay, ¥CI NQR Hahn spin-echo decay, and ¥Rb 2D
exchange-difference NMR. The values of the diffu-
sion coefficients are of comparable magnitude within
experimental errors, especially in the high tempera-
ture region of the I phase, and this fact strongly sup-
ports the existence of the slow diffusion-like motion
of the modulation wave.
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Appendix

Derivation of (2), the Relation Between the NMR Fre-
quency Change and the Average Displacement of the
Modulation Wave

The variation of the NMR or NQR frequency with
position for a one dimensional modulation wave can
be described in the linear case by

w(x) = wo + wg sin(kx). (A1)
Assume that the modulation wave travels a distance
Az. Then the NMR frequency is

w(x + Ar) = wy + wy sin [k(m + Ax)] ). (A2
The change in NMR frequency due to the motion of
the modulation wave is then

Aw(z) = w(x + Ax) — w(x). (A3)
The distance Az traveled by the modulation wave is
then
w(x +Ax) — w())

Az = ZL [arcsin (

s w1

— arcsin (%l—wo)] (A4)

where 27/ = k. The maximum modulation wave dis-
placement X . corresponds to a maximum change



362

L. Muntean et al. - Confirmation of Modulation Wave Motion by Hahn Echo and 2D NMR

in the NMR frequency Aw,,,,- Using (A.3) and (A.4),
we obtain for X, the expression

Xpax = % [arcsin (
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