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Nature of the incommensurate-paraelectric transition: A two-dimensional exchange-difference
NMR study
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8Rb two-dimensional exchange-difference NMR was used to study collective motions in the incommensu-
rate () and paraelectri¢P) phases of RiZnCl,, which elucidate the nature of the I-P transition. We measured
the cross-peak frequency displacement vs mixing time and observed a gradual increase towards an asymptotic
value in the | phase but a sudden jump to the final value in the P phase. The P phase results are identified as
normal modes arising from simultaneous displacement of the Rb ions and rotations of thé&i@en two
sites, and these modes freeze out in the | phase to become the modulation wave.

Incommensuratél) systems;? exhibit long-range order | systems, which have discrete structure and impurities that
but no translational symmetry and can thus be regarded gsn the modulation wave. Due to thermal fluctuations, the
intermediate between perfect crystals and glasses. These sysaning potential can be overcome so that the modulation
tems have at least two competing periodicitifsat of the ~ wave can become temporarily depinned and maolfi8ince
incommensurate modulation wayer wave$ and that of the the pinning centers have a random spatial distribution and
underlying crystal structufevhose wave vectors are not ra- pinning strength, the thermal depinning is random, giving
tional multiples of one another. rise to a random diffusionlike character of the modulation

Nuclear magnetic resonan¢®MR) and nuclear quadru- wave motiont'12
pole resonancéNQR) are powerful techniques for elucidat- The 2D exchange-difference NMR techni¢t® is a
ing the static and dynamic properties of the modulation wavevariant of the 2D exchange NMR technid@iévolving tak-
in the | state. The static properties have been studied primang the difference between 2D exchange NMR signals at two
rily by line-shape measuremefitdand the dynamic proper- different mixing times, one long and one as short as possible.
ties (i.e., those involving amplitudon and phason dynamicsThe standard 2D exchange NMR technique can in principle
as well as diffusionlike motions of the modulation waly  detect any spatial motion of the resonant nucleus during the
relaxation timé&° Hahn spin-echo magnetization mixing time t.,;, such that the Larmor frequencies at the
decay'™*® and two-dimensional(2D) exchange NMR beginning and the end tf,, are different. It is most useful
studies'*™ A study of the paraelectric-incommensurate for studying dynamic processes which are too slow to affect
transitiort? is important in order to understand the mecha-the line shape. The static nuclei with unchanged resonance
nism for formation of the modulation wave and hence tofrequencies durind,,, contribute to the diagonal intensity
understand the fundamental nature of the | phase. Our d€tv,|=|v,|) of the 2D spectrun$(v,,v,). The 2D spectrum
scription of this transition is based on the soft-mode piéﬁjl’e is a plot of the NMR intensity vs two frequencies, andv,,
in which the | modulation wave is a frozen normal modewhose values correspond, respectively, to the initial and final
from the paraelectri¢P) phase. Larmor frequencies of the moving spins. The nuclei which

In this paper we present the results of 2D exchangejump duringt,,, to other lattice sites where they have differ-
difference NMR measuremenifsboth in the | and in the ‘ent resonance frequencies, however, create off-diagonal
higher-temperature P phase of the incommensurate insulatgfy, |
Rb,ZnCl,. RbyZnCly is paraelectric belonging to the ortho- +|y,|) peaks, called cross peaks. However, the standard 2D
rhombic space groupcﬁ{n—Déﬁ above T;=302K, incom-  exchange NMR method is not applicable to situations where
mensurate between 302 and 192 K, and commensurate attete frequency change due to motions is very small compared
ferroelectric Cgv) below Tc=192K.18 In both | and P to the width of the continuous diagonal. The diagonal is con-
phases we measured changes in the NMR spect®Rif  tinuous in the case of inhomogeneously broadened spectra
due to motions associated with the modulation wénehe | (such as for | systemssits length is a measure of the inho-
phase or with its precursoi(in the P phase As a result of mogeneous broadening and its width corresponds to the ho-
these measurements we can identify the P-phase normailogeneous linewidth originating frof, processes. In this
modes as simultaneous displacement motion of Rb ions anchse cross peaks will not be resolved from the continuous
corresponding reorientational motion of the Zp@itrahedra diagonal and hence cannot be observed or identified. The
between two sites. These motions freeze out and change ingwlution to this problem is to apply the 2D exchange-
the modulation wave motions in the | phase. difference NMR techniqué’

An ideal impurity-free | system is characterized by the A 2D exchange-difference spectrum arises from only the
existence of a gapless phag@voldstong mode in which the moving spins, since the signal from the static spins is elimi-
I modulation wave moves through the crystal without fric- nated by subtraction. If we subtract the 2D exchange signal
tion. This theoretical prediction has not been observed in reatorresponding to the shofideally zerg t,,, from the ex-
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change signal corresponding to a longgy, then the diag-
onal will have a negative intensity and will contrast to the
cross peaks which will have a positive intensity. In this way,
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the cross peakgarising from those spins that have moved | -6000
during t,,,) can easily be distinguished from the continuous |
diagonal. This technique is, of course, limited to mixing | e
times that are shorter than ; hence this limitation provides
an upper limit to the slowness of the motion that can be i

| -4000

detected at a given temperature. In our experiments this po-
tential loss of signal for long,,, is not a serious limitation
sinceT,;=8 ms in both | and P phases, and the londgst

that we used was 7 ms. A second, potentially more serious,
problem for shortT, is that the difference signal involves

subtraction of 2D spectra at different mixing times and can @) Hz
cause errors if the mixing times are comparablélio To
) . N 1200 -
avoid this source of error, we usel weighting (as de-
scribed in Ref. 1%in all our measurements, so that tiig ~ 11004 T T { -----------
effects were the same for both the long and shigt 2D ﬂ 1000 — { { }
exchange signals. ™ 900 i
Our 2D exchange-difference NMR experiments were per- & }
formed at 116.15 MHZ8.45 T) on a RkzZnCl, single crys- 3 8004 71~
tal, by irradiating the®’Rb central transitiors — — 3 using < 2004 %
the 12-pulse 2D exchange-difference sequence developed by 600 -

Dolinsek!* All measurements were performed at a specific T T T T T I T T
crystal orientation relative to the magnetic fie(dl H,, 6o 1 2 3 4 5 6 7
wherea>c>b). In the P phase the Rb ions in a given unit (b) Emix [ms]
cell can be divided '_nto tV_VO 'nequ'va_lent s_e[ﬂ?.b(l) and FIG. 1. (a) ®Rb 2D exchange-difference spectrum for part of the
Rb(2)], and, at our orientation, each gives rise to a separatfjine shapethe edge singularity closest to the excitation frequency
single NMR line. All measurements described in this papeftT=296K fort,,;, =4 ms. (b) The maximum change in the NMR
were performed on RRB), since these Rb ions experienced afrequencyAw/27 due to the motion of the modulation wave, plotted
larger incommensurate broadening. as a function of the mixing time,,;, at T=296 K.

In the | phase we performed the 2D exchange-difference
experiment affT=296 K and atT=301.3K, which is very since such motions would not give rise to the observed pro-
close to the I-P transition. THERb NMR absorption line is  gressive displacements and would likely be too rapid to be
inhomogeneously broadened due to the second-order elect@®served in our 2D spectra.
quadrupolar interaction arising from atomic displacements in  The modulation wave displacement can easily be obtained
the modulation wave. For RBnCl, the &Rb spectrum is fr_om the cross-peak frequency shift in the _2D exchange-
characterized by two peaks at the ed¢ealled edge difference spectrum. For our crystal orientation, thga NMR
singularitied), and has a width of approximately 11 kHz at fféquency has a linear dependence on the modulation wave
T=296K. The 2D exchange difference spectrum has a diag@MPlitude, given by w(x) = wo+ w, sinfky), wherek is the
onal shape since the change in frequency during the mixin odulation wave wave vectofiy/2 1S the NMR frequency
time is much smaller than the width of the 1D spectrum. tthe center of the | spectrum, anq is proportional to the

Figure 1a) displays the?’Rb 2D exchange-difference spec- modulation wave wave amplitude and corresponds to half

. o ; the linewidth of the 1D | spectrum. The maximum modula-
Frum for part of the | 'Ilne shgpéspeuflcally, the paf‘ Wh'Ch tion wave displacemenX,,, can then be determined from
includes the edge smgularlty closest to the' excitation fre—t e asymptotic value of the measured frequency shift
qguency. The change in frequency due to motions, measure wne/27 Using the formula
as the horizontalor vertica) distance from the diagonal to ma
the cross peakd=ig. 1(a)], was determined for different val- A [

ues of the mixing time. We increaség, until an asymptotic
value of the frequency shift was obtained, which corresponds
to the maximum distance traveled by the modulation wave. [ o(X)—wg

Note the continuous variation of the frequency shift with the r<— } : (1)
mixing time shown in Fig. (b). This continuous variation

corresponds to the progressive motion of the modulatioHere \ is the modulation wave wavelengfh=2.8 nm for
wave, which moves only a very small fraction of its wave- Rb,ZnCl, (Ref. 1)]. This value is roughly equal to the
length in each step. This observation effectively rules outattice constant in th€ phase, which in turn is three times
many alternative models for the motion in this ph@sey., that in the P phase. We determind,,, at an NMR fre-
random fluctuations due to two-site motions, librational os-quency that is~1 kHz away from the edge singularity. At
cillations, phason or amplitudon oscillatory motions, Jtc. this frequency, we obtained values 9f,,, of 1.3+ 0.3 A at
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What is the most interesting is the variation of the frequency
shift with the mixing time[Fig. 2(b)], which shows asudden
jump at a certairt,,;, after which it remains constant. This
behavior clearly suggests that motions now occur only be-
tween two sites.

Hz Independent confirmation of this picture can be obtained
L by determining the variation with,,, of the ratio of the
intensities(rather than the displacemehtsf the cross and

| 4000 diagonal peaks. It has been shdwh*'that, for a two-site
motion, the ratio of the cross to diagonal peak intensities
R(tmix) in a standard 2D exchange spectrum is

|--5000

. . : tmix
@ 4000 -5000 R(ty) = Atanh "2 )
800 E, ............... { ________________ }I where A<1. (The constaniA equals unity for a symmetric
— : double well potential and is less than one for the asymmetric
N 600 ] case'®) We may interpretr.,, as the correlation time of the
= 400 : motion. However, in our experiment the cross peaks are not
g resolved from the continuous diagonal in the simple 2D ex-
% 200 — : change data; nevertheless, we can still obtain this informa-
g : tion since we have generated both the 2D exchange and the
0 I{ 2D gxchange-difference sp-ecjcra. . .
| . | | ' | _ Figure Zc) shows the variation AR (t i) With the_m|xmg
05 1.0 15 2.0 25 3.0 time atT=316 K. From a fit to Eq(2) we determined the
(b) t iy [ms] correlation timerg,.,. The correlation time measured in this
way was observed to decrease slowly fromg,,=2.6
*+0.2ms at 316 K t0rey=1.820.2ms at 326 K t0reych
0.8 =1.3-0.4ms at 340 K. Assuming thermally activated mo-
0.6 tion for which 7.= 7y expE,/KT), we can estimate the acti-
x vation energy to be roughli,=0.1eV. The smallness of
t-f 0.4 the activation energy suggests that the motions may be cor-
T ;o related rather than due to single-ion hopping.
‘ The two-site motion observed by us in the P phase is
0.0 strongly supported by structural analyses performed with
_I neutron scatterirfg and with x-ray diffractiorf’>>which re-
I I T T T veal that there exist two possible orientations of the ZnCl
0 1 ¢ 2 3 4 tetrahedra that are occupied with equal probabilities. The dis-
(© mix [MS] tances separating the equilibrium positions of the Cl ions in

these two orientations have been found by x faye be
in the P phase fort,,=3 ms. (b) The change in the NMR fre- betvveer_l 02122 and 0.48 A for different ClI ions. A model
quencyAw/27r due to motions plotted as a function of the mixing calculatiort C_)f_ the second-order quadr.upola_r shift of t_he Rb
timet, ., at T=326 K. (c) The ratio between the cross and diagonal central transition s_hows that the re_orlentat_lonal motions of
peaks intensitieR(ty;,) as a function of the mixing time af  the ZnCh groupswithout corresponding motions of the Rb
=316 K. The solid line is a theoretical fit using E@). ions would result in a much smaller frequency displacement
(~15 H2 than that observed by us-400-500 Hz. How-
296 K and 2.1-0.3 A at 301.3 K. This result shows that at ever, a displacement of the Rb ions by as little as 0.01 A can
higher temperatures the modulation wave travels a greataasily account for our observed frequency displacenfénts.
distance due to its higher mobility resulting from thermal Thus we conclude that the two-site motion observed in the P
depinning. The slight discrepancy between our results anghase consists of reorientational motions between two equi-
that in Ref. 14(X.,=1.58 A at 291 K likely reflects differ-  librium positions of the ZnGl groups and accompanying
ences in impurity contenfwhich probably varies slightly small Rb motions between two sites.
from sample to sample X-ray measuremerft report that In the | phase, the modulation wave motion originates
the actual maximum atomic displacements in the modulatiofirom progressivemisorientations of the ZnCltetrahedra
wave at 233 K are about 0.4 A for the Cl and are evenand, as in the P phase, corresponding small displacements of
smaller(~0.1 A) for the other atoms. Rb ions. A comparison of the behavior in the | and P phases
The situation completely changes in the P phase. We pethus suggests that the P-phase displacements simply become
formed the®’Rb 2D exchange-difference experiment at threethe I-phase modulation wave.
different temperature€316, 326, and 340 K all well above It may be surprising, at first glance, that the exchange-
the | phase, and observed that motions still exist. Fig@ag 2 difference spectra show resolved cross peaks corresponding
shows the®’Rb2D exchange difference spectrum at 326 K.to the two sites, even though such peaks are not observed in

FIG. 2. (a) ®Rb 2D exchange-difference spectrumTat 326 K
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the 2D diagonal or in the 1D line shape. Our 2Rchange- larger frequency gradient in the | phase. Thus it is really not
differencespectrum, however, shows that the sites are sepaurprising that the cross-peak displacement is somewhat
rated by only 400—-500 Hzmeasured from the diagonal to lower in the P phase than in the | phase.
the top of the cross peakswhich is less than our measured  |n summary, we used 2D exchange-difference NMR to
full width at half maximum(FWHM) of the 1D line(=1.2  stydy ultraslow motions in REZnCl,, and we found that the
kHz). The fact that these lines can be resolved indtier-  cross-peak frequency displacements vs mixing time undergo
encespectrum proves thatlow jumping was occurring be- 5 gradual change in the | phase but a sudden change in the P
tween the sites. _ _phase. We observed in the | phase a diffusionlike motion of
Another surprising feature is that the frequency shift ofy,e oqylation wave between pinning centers and in the P
the cross peaks in the P phd$eg. 2b)] is somewhat less  ,poqe 5 two-site correlated motion. We identified the two-

:E:? ;I:}a;gr;h?nl t?]r:aaISD[GFI%als(:)\]/;/gJTde nvﬁgé? T)ag/edl?/sel);pcicr:]e ;{'te correlated motion in the P phase as reorientation of the
b 9 P nCl, groups and correlated Rb displacement. We further

corresponding to the maximum change in position of the T : . :
atoms in the | phase. Since the modulation wave displacégem'f'ed this motion to be the soft mode that freezes in the

ment (X,...,) is only a small percentage of its wavelengih, I p_hase and_char(;ges to a d_|ffu§|or|1llke sl|d|r|19_of tr|1e modu-
the corresponding frequency shift should then be less than i{#tion wave in order to regain the lost translational symme-

the P phase, if one neglects the temperature dependenceth'

the modulation wave amplitude. However, the modulation This research was supported by the U.S. NSF under Grant
wave amplitudgand thus the frequency gradigtas been No. DMR-9624962. One of the authof&.M.) was sup-

showrt to decrease with increasing temperature as the tem'orted in part by the University of Utah. We are grateful to

perature is raised in the | phase. Furthermore, the inhomog§5rofessor J. Dolinsek and Dr. B. Zalar for their assistance in
neous linewidth, which is a measure of the modulation wav o C .
implementing 2D NMR and to Professor Robert Blinc for

amplitude in the | phase, is roughly ten times largefTat liahtening di .
=296 K than that in the P phase, thereby implying a mucHelightening discussions.
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