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School of Physics, University of Hyderabad. CenM University (PO), Hyderabad 500 134, 
India 

Received 23 August 1994 

Abstract. The influence of impurities on the phason and amplitudon dynamics in the 
incommensurate phase of (Rbl-rCsx)GnCb (forx = 0.005 and 0.01) is investigated using lSCl 
nuclear quadrupole resonance frequency (U) and spin lanice relaxation time ( f i )  mesSurements 
as a function of temperature. While the paraelectric-to-incommsmte mansition temperature 
(TI) is suppressed by about SK, the lock-in transition t e m p "  (observed at IVZK in rhe 
pure compound) is not observed down to 17K for x = 0.01. The ObSeNation of an additional 
singularity in the NQR spec" of the x = 0.01 compound is explained ss k ing  due to the 
manifestation of non-locality of the modulation wave with respect to the region of inRuence of 
the nuclear spin probe. The p h o n  and amptitudon conhibutions to the spin lattice relaxation, 
TI+ and TIA nspectively, are measured by selective excitation of the broadened NQR specaa 
W e  TIA is insensitive to impuritis. TI# is strongly dependent on temperature and impurity 
concentmion. The tempera" dependence of fi+ is explained as being due to the underc!amping 
of phonon modes in the presence of impurities. 

1. Introduction 

The themy of structurally incommensurate systems predicts the existence of a gapless 
acoustic-like phason branch in the incommensurate phase in addition to an optic-like 
amplitudon branch. In the presence of defects and impurities these systems exhibit a 
number of striking feahues, such as multi-soliton lattice, finite phason gap, pinning of 
the modulation wave, and so on [I, 21. A number of compounds belonging to the AzB& 
family (A = K, m, Rb; B = Zu, Cd, Hg; X = Cl, Br, r) exhibit a phase transitiou'from a 
high-temperature paraelectric phase to a low-temperature incommensurate phase. Recently, 
there have been attempts to understand the influence of the substitution of impurities on 
the dynamics of the incommensurate wave, the impurities being AzB& compounds having 
cations of smaller size (m or K for Rb in RbZZnCL) [1,2]. Interestingly, the dopants 
themselves exhibit incommensurate transitions at higher temperatures with decreasing cation 
sizes. The addition of these non-symmetry-breaking ions has only a subtle effect on the 
paraelectdc-to-incommensurate transition at fi. although the low-temperature commensurate 
phase is destroyed fa heavier doping [3]. 

Such studies with non-symmetry-breaking impurities having a heavier cation, for 
example Cs2ZnCL, doped in RbzZnCL (having a phase transition from a paraelectric to 
incommensurate phase at 302K), should prove to be very interesting and have not been 
attempted so far. Furthermore, Cs~Zncb [4] does not exhibit any structural instability 
down to 36 K, unlike the other dopants hied earlier. Recent NQR studies of anion dynamics 
in the paraelectric phases of these compounds (RbZnCI4 and CszZnCb) and in the doped 
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system (Rb1,CsX)&CL (0 < x < 0.05) have shown that the structural stability of the 
paraelechic phase in this system is correlated with the dynamics of the ZnC14 anion [5,6]. 
In RbZnC14, for example, the anions are found to experience an anharmonic double-well- 
type potential for their torsional motions about a Zn-CI bond, which is nearly parallel to the 
a axis (the direction of propagation of the modulation wave in the low-temperature phase) 
while such anharmonicity is not evident for similar motions in CyZnCI.+ On the other hand, 
the converse seems to be true for such motions around axes perpendicular to this direction. 
Furthermore, experiments on Qbl-,Cs,)zZnC~ seem to indicate that the structural stability 
is profoundly influenced by such perpendicular motions, whereas the parallel motions are 
found to be rather unimportant [6]. Unlike the smaller cations (as impurities), the presence 
of a Cs impurity has a dramatic effect on the anion dynamics in the paraelechic phase and on 
the paraelectric-to-incommensurate phase transition, suppressing the transition temperature 
(c) by almost 45 K for x = 0.05. Since the incommensurate phase transition is associated 
mainly with the rotational dynamics of these anions, it is reasonable to expect a much 
greater influence of such larger impurities on the dynamics of the incommensurate phase, 
in the above mixed system, than with smaller impurity cations. The present investigations 
are aimed at examining this aspect by measuring the temperature variation of the 35CI NQR 
frequency and spin-lattice relaxation times in the incommensurate phase of the doped system 
(Rbl,Cs,)2ZnCL for x = 0.005 and 0.01. 
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2. Experimental details 

Doubly recrystallized polycrystalline samples of (Rb+,Cs,)&Ch (x  = 0, 0.005 and 
0.01) are obtained by slow evaporation of an aqueous solution containing the chlorides in 
stoichiometric ratios. The values of x quoted represent the stoichiometry of compounds 
used in the preparation and these samples are the same as those used for earlier studies in 
the paraelectric phase [61. 

Measurements were carried out in the incommensurate phase on compounds with two 
different impurity concentrations (x  = 0.005 and 0.01) as well as on a nominally pure 
compound, although similar studies on single-crystal samples of RbzZnC4 were reported 
earlier [6]. Owing to the considerable broadening of the resonance lines, due to both 
the polycrystalline nature of the sample and the inherent inhomogeneous distribution of 
resonance fiequencies (T; '= 45ps in the paraelectric phase), a Hihn spin-echo sequence 
was used to observe the weak singularities expected over the broadened NQR line. The 
measurements were carried out on the chlorine site with the highest frequency, since its 
quasi-continuous spechum spreads only by about 1 0 0 W ,  compared to about 5oclkHz for 
the other two lines. An inversion-recovery spin-echo sequence (n - t - n/2 - t' - R, t' 
kept constant at 18Ops) was used to measure the quadrupolar spin-lattice relaxation t h e  
corresponding to these singularities. A gas-flow-type cryostat with liquid nitrogen vapour 
was used for the variation of temperature, with a typical stability of 0.1 K. The temperature 
dependence of the position of these singularities was observed by selectively exciting 
different spin packets with soft pulses (typical z/2 pulse width of about Sops) after allowing 
sufficient time for temperature stabilization to minimize the temperature gradient across 
the sample. Spin lattice relaxation times corresponding to the different singularities were 
measured after an initial scan to find their location, and then by selectively exciting spins 
over a bandwidth of about 12kHz around each peak, using the inversion-recovery spin-echo 
sequence. The accuracy in the measurement of frequency was about i 2.5 !dz, while it 
was about 10% with respect to relaxation time measurements. 
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3. Results 

The paraelectric-~-inco"ensurate transition temperature (TI) observed at 302K for the 
pure compound is suppressed to 298K for x = 0.005 and then to 294K for x = 0.01 (see 
table 1). The lock-in transition temperature to a low-temperature commensurate phase (c) 
is dramatically affected by the impurity, as evidenced by the shift in T, from 192 K in the 
pure compound [7] to 178 K for x = 0.005, while no signature of such a transition (as 
evidenced by spectral intensity or relaxation time) is observed in the x = 0.01 compound, 
down to 77 K. 

Table 1. Transition temperahlres in @b,,Cs,)zZnCb for different values of x 

X f i  (K) T, (K) 
o.Oo0 302 192 
0.005 298 178 
0.010 294 - 
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Figure 1. Temperature variation of three singdadties Figure 2. Temperature variation of Uvee singdarities 
in the incommenswate phase of (Rb1-,Cs,)2ZnCla in the incommensurate phase of @b4!sx)2ZnC14 
for x = 0.00. Full curves are the best-fit c w e s  for x = 0.005. Fuli curves are the besbfit curves 
to equations ( 3 4  and (3b). as explained in the W L  to equations (30) and (3b), as explained in the text. 
The bmken curve is the extension of the Bayer t y p  The broken m e  is the extension of the Bayer type 
of temperatme dependem of the high-tempemwe of temperahlre dependence of the high-temperature 
paraelectric curve. paraelectric curve. 

Three NQR lines are seen in the paraelectric phase corresponding to the inequivalent 
chlorine sites in each unit cell. When cooling from above the intensity of all the lines drops 
considerably. At TI, the highest paraelectric line is broadened only by - lOOkHz, while the 
lower two lines are considerably broadened, so that they are not seen in the incommensurate 
phase. Hence, measurements are made only on this line. Below TI, three singularities (v+. 
U- and U@) in the otherwise inhomogeneously broadened line are observed throughout the 
incommensurate phase in the pure sample and compound with x = 0.005 (figures 1 and 2). 
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The lowest singulatity (U+) can be linearly extrapolated to the high-temperature paraelectric 
phase frequency. The intensities of all three singularities decrease while cooling from E ,  
and in the vicinity of Tc (about 8-10K above) a fourth singularity is observed in both these 
compounds, which is found to increase in intensity with further decrease of temperature. 
At the transition (TJ, the singularity with the lowest frequency (U+) disappears. 
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F w e  5. Temperam dependence of spin-lattice 
lelaxation time Ttp in the incm"mesurate phase of 
(Rb1,Csx)2ZnC& for x = 0.005. TI* and TI# m 
measured at the singularities U+ and U+ respectively. 

Figure 6. Temperature variation of four singularities 
in the mcomenswate phase of (Rbl-,Cs,)zZnCb 
for x = 0.01. These four singularities, amibnted to 
the non-local naLure of the incommensurate modulation 
wave, are designated differently (fi, fz, f3 and fa) to 
distinguish them from ule three singularities observed 
in the local case (v+, v- and q). 
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Figure 7. Temperature variation of intensiry Figure 8. Compsison of position of singularities in the 
of singularities in the inmmmensmte phase of system (Rbl-,Cs,)&C4 for x = 0.00 and 0.01. 
(Rbl,Csz)zZnC4 for x = 0.01. 

The relaxation time of the lowest-frequency singularity (fi) (also designated as TI$) for 
the x = 0.01 compound gradually increases almost from fi  (about 1.3ms) and reaches a 
value of about 4.4ms at 165 K (figure 9). TI+ could not be measured at 77K due to very 
weak signals. The relaxation time of the highest-frequency singularity (fi) (designated 
as TIA) is dependent upon temperahue, and its values are almost equal to the EA of the 
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4. Discussion 

4.1. (Rbl--rCsx)2 ZnC& forx = 0 andO.OOS 

4.1.1. Temperature dependence ~ N Q R  frequencies. The observation of three singularities 
for x = 0 and 0.005, wherein the position of the lowest-frequency singularity is essentially 
independent of temperature (but for the usual Bayer-type of temperature dependence) while 
the other two are critically dependent on temperature, is a manifestation of the onset of 
the incommensurate. phase and can be explained by expanding the resonance frequency in 
powers of the order parameter in the local approximation [9]. The relevant order parameter 
in this system characterizing the displacement of the nuclei is expressed as U = A cos@(x) 
in the planewave limit. Here A is the amplitude of the incommensurate modulation wave 
and Q is the phase. Jn this l i t  the resonance h y e n c y  is written as 

U = U0 + U, cos@+ ;*cos*@ + . .. (1) 

where U, ci A and vz ci A', and A shows a critical temperature dependence ( E  - T)p .  The 
frequency distribution function of the NQR signal 
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will have peaks whenever du/d@ becomes zero. In the constant-amplitude approximation 
three singularities will thus appear, at 

( 3 4  1 v* = vo 3z Y + ?U2 
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Table 3. Comparison of computed parameters at 255K in different system. 

x = 0.00 x = 0.00 x = 0.005 
(Polycrystalline) (Single crystal) (Polycrystalline) 

VI 1.0 x 10-2 2.8 x 10-2 1.3 x 

V l h  0.25 0.37 0.26 
Y 3.9 x 10-2 7.4 x 10-2 4.7 x 10-2 

corresponding to cos4 = i l ,  and 

U# = U0 - u,2/4u* (3b) 
corresponding to cos4 = 0. The U# singularity is due to the non-linearity in the relation 
between the NQR frequency and the order parameter. 

The edge singularities U+ (corresponding to cos4 = 5 1 )  depend critically on the order 
parameter due to the presence of U, and uz, and their positions change significantly while 
cooling into the incommensurate phase. An estimate of the critical exponent fi  characterizing 
the phase transition can be made by observing the temperature dependence of the splitting 
between the two edge singularities, since 

(4) 

On the other hand, the frequency and width of the line v+ (corresponding to cos4 Y 0) are 
expected to be nearly independent of temperature. However this singularity, l i e  others, 
will continue to exhibit a Bayer-type temperature dependence. 

Although this description is valid almost throughout the incommensurate phase, due to 
the formation of commensurate regions (a@/& = 0) near the lock-in transition, one may 
expect to find additional singularities (breakdown of the plane-wave limit [9]).  These are 
expected to increase in intensity at the expense of those due to incommensurate modulation, 
and at the lock-in transition the intensity of the latter singularities tends to zero. The number 
of lines observed in the low-temperature lock-in phase will reflect the change in symmetry 
compared to the high-temperature paraelecttic phase. 

The three observed singularities (figures 1 and 2) fit this description throughout the 
incommensurate phase. The analysis of the data is carried out by first computing V I  at 
each temperature in the incommensurate phase using (4), and then uz (equations (30) and 
(3b)) with the criterion V I  < UZ; WO is then trivially determined. These values at different 
temperatures are used to determine Ao, BO and p according to 

AU = U+ - U- = 2 ~ 1  a (fi - T)b.  

U, = A &  - T)! ( 5 4  
U* = Bo(fi - Z p  (56) 

and the results are summarized in table 2. It is seen that the presence of an impwity 
(x = 0.005) does not seem to affect the amplitude of the modulation wave to any appreciable 
extent, as evidenced by the comparable values of A0 and BO in both cases (table 2). This 
is also clear from figure 10. 

Table 2. Best-fit parameters obtained using (5). 

x=o.ooo x=o.005 

f l  0.34 0.35 
a0 2.8 x 10-3 3.2 x 10-3 
so 2.6 10-3 4.6 10-3 
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Table 3 shows the values of vi, uz and ut/uz at an arbitraty temperature (255 K) in both 
the single-crystal and polycrystal samples of the pure compound and those for x = 0.005. 
The considerable reduction in all the parameters from single crystal to powder suggests 
that the amplitude of displacement is reduced in the powdered sample (figure 3). Since 
single-crystal data were satisfactorily analysed in [8] using an expansion of the frequency 
up to the second-order term in the order parameter, the present analysis seems justified and 
adequate. The full curves in figures 1 and 2 show the fitting of the data to the above model 
down to the temperature where the plane-wave model is valid. The broken curve indicates 
the variation of uo with temperature, as obtained from the above analysis (the best fit to the 
Bayer type of temperature dependence). 

The observation of an additional singularity near Tc indicates the formation of a multi- 
soliton lattice. The increase in intensity of this singulariq (corresponding to a commensurate 
region, a+/& = 0) shows that the soliton density is decreasing and the commensurate 
regions are increasing at the expense of soliton regions with a decrease in temperature. 
While the v* singularities are observed even below c, v+ disappears at the transition. The 
observation of three lines in the commensurate phase indicates the triplication of the high- 
temperature unit cell edge. Apart from indicating that the lock-in transition temperature for 
the x = 0 compound is not affected by the nature of the sample, the data also show that Tc 
is shified from 192K to 178K with a 0.5% substitution of impurities. 

4.2. Temperature dependence of relaration times 

In contrast to translationally periodic systems, the relaxation rate varies over the entire 
inhomogeneously broad NQR line in the incommensurate phase due to the contribution 
to relaxation from the two excitation spectra of the incommensurate modulation wave, 
namely the amplitudon and phason at different parts of the NQR spectrum. An analysis 
based on a detailed theoretical model allows for the estimation of these two contributions. 
By considering relaxation via direct one-phason and oneamplitudon processes, the spin 
transition probability can be obtained as [91 

w = constant x [coS2+(X)JA(W) +sin’+(x)~+(o)l (6) 

where JA(w) and J&) represent spectral density functions corresponding to the amptitudon 
and phason fluctuations respectively. The amplitudons dominate the relaxation at nuclear 
sites with cos’ @ ( x )  = 1 and hence at U+. Thus TIA measured at U+ essentially corresponds 
to the amplitudon contribution. Since thc amplitudons are optic like, the edge singularities 
exhibit a critical temperature dependence, as evidenced by the variation of relaxation rates 
over the incommensurate phase. On the other hand, phasons mediate the relaxation for 
nuclear sites with cos2$(x) = 0 and hence in the centre of the distribution. Thus TI+ 
measured at UQ is the relaxation time associated with phasons. Since the phasons are 
acoustic like, TI+ is expected to be low and independent of temperame in nominally pure 
systems. 

Figure 4 shows the NQR spin-lattice relaxation times (Tie) at the two singularities U+ 
and U+ observed in polycrystalline RbzZnCk. Although the T ~ A  of the present system is 
smaller (about 8ms at 260K) compared to that of single crystals (about 15111s at 260K), the 
variation of its relaxation over the incommensurate phase is essentially similar (this value is 
also quoted at 9ms in the literature [IO]). In the vicinity of G the planewave model breaks 
down due to the formation of commensurate regions (multi-soliton lattice) leading to the 
splitting of the phason excitation spectrum into two modes, namely optic-like modes arising 
from the commensurate regions and acoustic-like modes resulting from incommensurate 
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regions. At Tc, the acoustic-like branch disappears (as the density of solitons tends to zero) 
and hence f i d  is expected to show a sudden increase at the transition temperature [9]. The 
observed increase in TI+ and its temperature dependence is associated with the splitting of 
the phason spectrum. As the commensurate regions become large (increase in intersoliton 
distance), the contribution to TI+ from opt iol ie  phasons increases, and at the transition the 
contribution from acoustic-like phasons becomes zero (as seen by the sudden jump in c+). 

The x = 0.005 compound also shows three singularities (figure 2). The TI+ and 
f i ~  can be found by selectively exciting the U+ and U+ singularity in this case as well. 
The appearance of an additional singularity around 265 K, the disappearance of the lowest 
singularity around 177 K and the rapid changes in slopes of the resonance frequency with 
temperature all indicate that the lock-in transition temperature is suppressed to about 178 K 
in the x = 0.005 compound from the 192 K observed in the pure compound. As can be seen 
from figures 4 and 5, the transition from the incommensurate to lock-in commensurate phase 
is not as sharp as observed in the pure compound. This can be understood by reasoning 
that, in the presence of impurities, acoustic-like phasons are not completely destroyed even 
at the transition, as was the case with the pure compound. The data indicate clearly the 
sensitivity of Tc to impurity concentration, and is in sharp contrast to such effects with 
smaller impurity cations 111. TIA is unaffected by the presence of impurities, while TI, 
sharply increases from about 4ms at 183K to about 15ms at 171 K. 

4.3. (Rbr,Cs,)z ZnCl4 f o r x  = 0.01 

4.3.1. Temperature dependence of the NQR frequency. .Figure 6 indicates that four distinct 
singularities are observed down to 77 K in this compound, unlike in the earlier systems. The 
additional singularity observed can in principle be accounted for either by including higher- 
order terms of the order parameter (1) or by invoking the non-local approximation 1111. It 
was mentioned in the earlier discussion that the amplitude of the modulation is relatively 
insensitive to impurity concentration at x = 0.005. It is then perhaps reasonable to expect 
no dramatic changes in this amplitude even at x = 0.01. It thus seems physically unrealistic 
to try accounting for the additional singularity (with x = 0.01) by including higher-order 
terms. Moreover, the presence of an impurity (especially a heavier one) is expected to 
pin down the modulation wave very effectively and hence lead to a relatively more rapid 
variation in the phase of the modulation wave between impurity . Thus the non-local nature 
of the modulation wave seems to be an appropriate description for the lineshape analysis 
and relaxation time data. 

In the non-local approximation, the resonance frequency at a given site is not only due to 
the displacement of the nucleus under consideration, but is also due to relative displacements 
of nearby nuclei at other positions. The resonance frequency in such a case can be written 
as 1111 

u(x)  = U0 + U1 cos[&) + 4411 + U;. + vzcos2I~(x)l+. . . (7) 

where uo corresponds to the extrapolated value (Bayer model) of the high-temperature phase 
NQR frequency, ut c( ( E  - T)p while uz and U; vary as (c - T)Zo and &I is the phase 
difference between the linear and quadratic terms. The shape of the specmm and the number 
of edge singularities will strongly depend on the ratio between the magnitudes of the linear 
and quadratic terms and the relative phase shift between these two terms. However, for 
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four singularities are to be observed. The position of the additional singularity and the 
values of LJZ/W~ at which they appear depend on $1. For example, if$l = 45" the additional 
singularity appears at the centre of the two edge singularities [Ill. 

The present results indicate four singularities down to 77 K with no discernible change 
in slope of the frequency against temperature plot, nor any marked variation in intensities. 
From figure 8 it is seen that the position of the upper three singularities are in the same 
location as observed in the pure compound, while the additional singularity (f1) appears 
below the lowest-frequency singularity of the pure compound. This suggests that the 
contribution from the linear term on the modulation wave perhaps becomes considerable 
with increasing impurity concentration. The singularity f1 is essentially an extension of 
the paraelectric line, although minor deviation from such extrapolations are observed at 
lower temperatures. The interesting observation is that the singularities corresponding to 
the edges (amplitudons) seem to have split further. Lineshape analysis carried out by 
considering the variation of the mean square amplitude of fluctuations of the modulation 
wave (which can be correlated with the distance between pinning centres) has indicated 
that line-broadening effects with characteristic singulaities can be expected in the non-local 
case [12]. Interestingly, down to the lowest investigated temperature (77K) no marked 
variations in the intensity of any of the singularities or any slope changes have been 
observed, indicating that there is no evidence for a further transition to a commensurate 
phase in the near vicinity. The absence of a lock-in phase transition could be due to the 
pinning force exerted on the incommensurate regions by the impurity atoms. This force, 
which is random in nature, acts to disturb the regular array of discommensurate regions 
near Tc, where the soliton lattice becomes soft due to the weakening of sotiton-soliton 
interactions. Such stabilization of the incommensurate phase has also been observed in the 
(Rbl-,K,)zZnCL system for 0.1 < x < 0.9 [13]. 

4.3.2. Temperature dependence ofrelaxation times. The spin relaxation process mediated by 
amplitudon and phason branches in the non-local case is complicated due to the fact that for 
each value of frequency there are two distinct spin transition probabilities, resulting in the 
observation of non-exponential recovery of magnetization [l I]. The spin-lattice relaxation 
times measured for all the four singularities down to 165 K are shown in figure 9. It is 
seen that while the relaxation time is least for the fi singularity (which seems to be an 
extrapolation of the high-temperature line), it is maximum for f4 at any given temperature 
in the incommensurate phase. The higher three singularities f ~ ,  f3 and. f4 show a critical 
temperature dependence almost throughout the incommensurate phase, indicating that the 
optic-like amplitudons are mediqting their relaxation and hence the TI measured for f4 can 
be attributed mainly to amplitude fluctuations (TI*). On the other hand, TI+ measured 
at fi, which can be attributed to phason contributions, as argued in the earlier case, 
shows a temperature dependence almost from the paraelectric to incommensurate transition 
temperature (1.3ms) down to I65K (4.4ms). The observed temperature dependence for 
the phason-relaxed singularity can be thought of as being due to the formation of optic-like 
phasons (commensurate regions) almost right from fi. The gradual increase in the phason 
relaxation time with decreasing temperature indicates that the commensurate regions are 
increasing, and hence the inter-soliton distance. Since the phasons are pinned at impurity 
centres, the continuum approximation is no longer valid as the Iattice becomes discrete. 
This leads to the underdamping of phason branches in the spectrum, resulting in the 
inefficiency of direct one-phonon processes mediating the relaxation (which is expected to 
be temperature independent). Thus with increased pinning, anharmonic Raman processes, 
which are strongly dependent on temperature, mediate the relaxation for the phason-relaxed 
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singularity 19,141. It is clear that the spin transition probabilities for the direct processes, 
which are proportional to the number of phasons available at the resonance frequency (low 
compared to lattice frequencies), decrease due to the pinning of the modulation wave. On 
the other band, the amplitudon branch exhibits a similar behaviour to that observed in the 
other compounds, indicating perhaps the insensitivity of the amplitudon branch to impurities. 
The expected non-exponentiality of the relaxation rates (in the non-local case) could not 
be observed over the distribution, possibly for several reasons, such as cross relaxation 
among several parts of the spectra and finite resolution of the spectrometer in exciting a 
single spin packet. It could also be that the dynamic environment of several spin packets, 
which have the same resonance frequency (static effect) and which differ in principle in 
their relaxation paths due to non-locality, might not be adequately different, due to cmss- 
relaxation effects, so as to produce observable distinct relaxation processes with distinctly 
resolvable relaxation times. Finally, the fact that the fi singularity does not show any 
critical temperature dependence (either in position or relaxation times) perhaps suggests 
that this additional singularity could be due to the phason spectrum. 

The observation of 4 4  to be only about 4.4 ms even at 165 K indicates that the acoustic- 
l i e  phason (and hence broad solitons) are still dominant in mediating the relaxation 
processes. Thus the addition of a Cs impurity seems to have a profound effect on the 
dynamics of the incommensurate modulation wave, in contrast to the rather negligible 
influence of lighter impurities. 

5. Phason gap 

In a nominally pure crystal, the incommensurate phase is a floating phase and no energy is 
needed to.excite a phason [9]. However, due to the inherent discreteness of the lattice and 
due to defects and imperfections, there will always be a finite gap in the phason spectrum. 
While the amplitudon gap is expected to be temperature dependent due to its optic-like 
nature, the phason gap is temperam independent because it is acoustic like. Spin-lattice 
relaxation measurements directly give the estimates of these gaps. In the plane-wave limit, 
when the relaxation is mediated by one-phason and one-amplitudon processes, the relaxation 
rates @hason gap A+ > OQ) can be written in terms of the respective gaps as [I11 

where C is a constant proportional to the square of the fluctuating electric field gradient 
tensor, and r+ and 

In the mean-field approximation, AA represents the temperature-dependent energy gap 
in the amplitudon spectrum and is given by 

are the phason and amplitudon damping conslants respectively. 

where KZ is a constant. Since AA is of the order of phonon frequency at temperatures 
different from q, and since r+ = r A  = r and OQ << r << AA, the individual relaxation 
times due to the amplitudon and phason fluctuations can be written as 

T ~ A  AA 
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Thus, it is seen that from a known amplimdon gap, AA, at a given temperature [15] an 
estimate of the phason gap a be made from the ratios of the corresponding relaxation 
times. The temperature dependence of the amplitudon gap can be obtained by fitting the 
corresponding relaxatlon time data to the following equation: 

&A = K I A &  = K I K ~ ~ .  (13) 
From neutron scatterhig measurements in Rb&K&, the amplitudon gap was estimated to 
be 0.256~ 10'2s-r [15], which corresponds to a TI* value of 15 ms [8]. Using these values, 
KI is found to be 5S.594 x IO-". The temperature dependence of the amplitudon gap is 
calculated using (131, and the temperature dependence of the phason gap is then obtained 
using (12). 

R K SubrMtnnian er ai 

0 1  
rso zoo 250  3( 

T'CKI 

Figure 11. Temperature dependence of the p h o n  gap 
A+ in (€&~-&~)iZnCk forx = 0.00,O.WS and 0.01 
calculated using (12) as explained in the text. The ' curves drawn through these poinls are guides lo the 
eye. 

The temperatixe variation of the phason gap in all three compounds is shown in figure 11. 
For the pure compound, the phason gap remains temperature independent almost throughout 
the incommensurate phase (22 x IO'O s-l) and starts to increase about 8K below the lock-in 
transifion femperafure: At T,, the phasoa gap jumps to 6.5 x 10'Ds-' and is 32 x 1O'O s-l 
at 19LK; clearly indicating the disappearance of the acoustic-like phasons. On the other 
hand, in the x = CXY.005 dompound, A++ starts increasing slowly from 22OK and there is a 
disconthaous jump by almosf four thes~between 180K and 171 K, indicating the decrease 
in the lock-in temperahuc. In the x = 0.01 compound, the phason gap increases from 
Tr and even af 166,K itr; value is only 9.2 x 1O'O s-l, indicating the absence of a lock-in 
transition until this temperature. The temperature dependence of the phason gap can be 
understood as being due io the underdamping of the phason excitation spectrum (resulting 
kom pinning effects due to impurities). The temperature dependence for the phason gap 
even at higher temperatures with h c m i n g  impurity concentration may perhaps be due to 
the  formation^ of optic-like phasons very early. The phason gap data clearly show that the 
tramifion. from the incommensurate to the low-temperature commensurate phase is smeared 
out in the presence of impurities. The computed temperature and impurity concentration 
dependencies of the phason gapcourd be fitted to the equation 

A@ ( E  - nfl("-*)nF5 ( 1 4  
where nf is the impurity concentration. This fit results in j3(n - 2) being close to $ in 
R b D C b  [16,1a. 
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6. Conclusions 

(i) The presence of a Cs impurity in Rb2ZnCla results in the suppression of ,the lock-in 
transition by almost 15 K with a moderate concentration of x = 0.'005, while with n = 0.01 
such a transition is not observed down to 77 K. It is also ohserved that the lock-in transition 
is smeared in the presence of this impurity. These results :sugge$t .a strong influence of the 
heavier cation impurity on the stability of the paraelectric phase in cbmparison with similar 
observations with smaller-cation impurities. 

(ii) The amplitudon excitations in the incommensurate phase swm to be insensitive to 
impurities. 

(iii) The observation of four singularifies from Ti dowh 'to 77:K ,in lhethex = 0.01 system 
seems to indicate a rapid phase variation of the modulation wave between impurity pinning 
centres in the presence of impurities, leading to observable non-local effects on the pure 

(iv) The amplitude of the modulation wave in the incommensurate phase 'seems to be 
reduced, due to the polycrystalline nature of the sample in comparison to single crystals. 
Interestingly, while the position of the phason-relaxed singularity is'insensitive'to the nature 
of the sampIe, the positions of the amplitudon-relaxed singularities are sensitive to the nature 
of the sample. 

[v) The dependence of the phason relaxation time on both .impmity concentration and 
temperature indicates that the direct process (in the continUum Iatcie) 'becomes inefficient 
in the presence of impurities. In such a case, due to the presenceafunderdamped phasons, 
indirect Raman processes (dependent on temperature and impurity concentration) appear to 
become the dominant relaxation mechanism, leading to an increase m the phason gap. 
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