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(Cs,_,Rb,),Znl, crystals were grown by two different methods with Rb concentrations varying
from x=0 to 2.5%.%2 NQR and calorimetric measurements showed that crystals grown

by the Bridgman technique contain residual impuritiesd(5%) for allx. While x=0 crystals

grown from solution do not contain detectable impurities, they allow incorporation only

of a low Rb concentration, not above 0.5%. A transition-temperature—concentrajiqingse

diagram has been constructed for Bridgman-grown crystals from NQR data. Rb doping

shifts the normal-incommensurate and incommensurate-ferroelastic phase-transition points toward
higher temperatures with different rates. T2, /m« P1 first-order transition shifts

toward lower temperatures. The region of low Rb concentrations lies closest to the critical point.
© 1999 American Institute of Physid$1063-783409)03001-4

Studies of defect interaction with incommensuréte) 1. EXPERIMENT
gtructure bglong to an.ino!ependent and v_vell-d_eveloped areR cvstal growing
in the physics of aperiodic systems. While this subject in-
cludes several phenomena occurring only in IC modulated Crystals of undoped GZnl, were grown previously
crystals, each such investigation starts from the assumptiofiom water solution. This method was employed also to
that the phase diagram of the system within a certain intervaJrow doped crystals, but we did not succeed in increasing the
of impurity concentrations is known. Rb concentration in solution-grown crystals above
We are reporting @I NQR and calorimetric study of X=0.005. The Bridgman method was employed to prepare
the (Cs,_,Rb,),Znl, system within the Rb concentration re- crystals with higher Rb concentrations. The crystals were
gion x=0—0.025. There are several publications on thedrown in quartz ampoules in an argon ambient. The starting
phase transitions in undoped &Zsl, (Refs. 1-6 and sym- ~ '€agents were purified by repeated recrystallization. Crystals
metry measurements in the phase transition seqdence ~ With Rb contenx=0, 0.0011, 0.005, 0.01, and 0.025 were
obtained. The rubidium content for small concentratians
to x=0.005) was determined by plasma absorption analysis,
and for highx, by x-ray fluorescence. It was established that
Pnma(Z=4)<IC~P2,/m(Z=8)—=P1(Z=4). the Rb concentrations in grown boules coincide within ex-
perimental error with those in the starting charge.

The phase-transition temperatures of crystals grown

from solution, as determined under cooling, areB- NQR

Ti=120.5K for the normal-IC phase transitiorl; For conveniency in comparison, Fig. 1 reproduces the
=108 K for the lock-in transition, and’.,=96 K for the  data of Ref. 2 obtained for an undoped,@sl, crystal
low-temperature first-order transition. grown from water solution. The temperature dependences of

Interestingly, the coefficient rati@,/8,;=0.44(Ref. 3  the NQR frequencies at the lock-in transitiofi,{) exhibit
of the thermodynamic potential describing the phase transiereaks which permit determination of the transition pdigt
tion sequence in the theoretical model obBsl, is charac-  to within ~0.5 K. The normal-IC phase-transition poirt;)
teristic of the so-called strong-anisotropy case, where thé determined to within 1-2 K because of a partial overlap of
system is close to the Lifshits-type critical pdinDoping a  the lines belonging to the normal and IC phases, which is
crystal is one of the ways to bring the system to a singulaassociated with the presence of transition precursor clusters
point on the phase diagram and to study it. UnfortunatelyaboveT;.
predicting the direction of doping-induced displacement of a  Figure 2 presents temperature dependences of“he
system in complex structures is virtually impossible; it is NQR frequencies for a solution-grown crystal with Rb con-
established experimentally and is one of the goals pursued icentrationx=0.0018. Even such a low concentration of the
phase diagram studies. Rb impurity affects strongly the shape of thél NQR spec-
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FIG. 2. Temperature dependence of NQR frequencies in solution-grown

(Cs,_«Rb,)»Znl, (x=0.0018). Inset: region nedr,; for the spectrum com-
FIG. 1. Temperature dependence of NQR frequencies in solution-growponent II.
Cs,Znl, (from data of Ref. L

studies of the temperature dependences of the wave vector

trum in the IC phase compared to the undopegZ@t,. The  qs, which yield a more complete information on the charac-
undoped crystal exhibits an anomalous line shape characteter of a lock-in transition. The transition temperatures for the
istic of one-dimensional modulation, namely, a continuumsolution-grown, dopedx=0.0018) crystal are, within ex-
frequency distribution bounded on both sides by peaks. Aperimental errorsT;=121.0t1 K, T.;=112.0+-0.5 K, and
characteristic feature of G&nl, is that, just belowT;, one of T.,=95.0+0.5 K.
the side singularities is suppressed and is barely seen against The temperature dependences of NQR frequencies for
the background. This singularity grows, however, in inten-Bridgman-grown crystals with Rb concentrations=0,
sity with decreasing temperature, so that at approximatel$.001, 0.005, 0.01, and 0.025 were obtained in the region
5 K below T; the spectrum takes on the shape typical of thefrom 170 to 110 K. Figures 3 and 4 present the temperature
IC phasé€? In the doped crystal, the second singularity re-dependences of the frequency for the spectrum component ||
mains suppressed throughout the temperature region of exisr the lowest,x=0, and maximumx=0.025, Rb concen-
tence of the IC phase. The only feature left in the spectruntrations. Similar dependences obtained for the intermediate
from the IC continuum is one asymmetrical side singularity.concentration region follow the behavior shown in Figs. 3
Above T,, the clusters, transition precursors, disappear irand 4, if one takes into account the shift of the transition
doped crystals. However in this case one also cannot detepoints along the temperature scale with Rb concentration.
mine the transition temperature to better than 1 K, because Note that the spectrum of the undoped crystal grown by
there is an interval near the transition where the line becomethe Bridgman technique resembles not that of the “pure,”
washed out by noise as a result of the specific behavior ofolution-grown Csznl, but rather the spectrum of the crys-
nuclear quadrupole relaxation. tal with a low Rb concentrationxE0.0018). The phase-

The lines of the third phase become discernible againgransition pointT,, is shifted toward higher temperatures to
the background belowl;, with their intensity reaching a become 112.80.5 K. While the shift inT; is just at the
maximum within~0.5 K. A region has been found where experimental accuracy limit, it nevertheless is seen clearly
the residual peaks of the IC phase and the C-phase ling421.6 K). A comparison of crystals with close Rb concen-
coexist (~0.5 K, see inset in Fig.)2While the transition at trations,x=0.0018 andk=0.0011, grown by the two differ-
T.1 appears more clearly pronounced first order than that irnt methods shows that the transition poifitandT,, in the
the undoped crystal, this observation should be checked iBridgman-pulled crystal are shifted noticeably toward higher
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78.2 TABLE |. Phase-transition temperatures f@s, ,Rb),Znl, derived from
L the temperature dependences of NQR frequencies.
i Rb concentration,  T;, Tels Te2,
Growth method X K K K
7.8,
N Melt 0.0 120.6-1.0 108.6-:0.5 96.0+0.5
Q =Y Melt 0.0 121.6:1.0 112.20.5 96.3:0.5
x Q - Melt 0.0018 121.61.0 112.0:0.5 95.0:0.5
= 0“ Melt 0.0011 12451.0 115.0:0.5 95.3:0.5
- RE Y Melt 0.005 127.61.0 115.0:05 92.4:0.5
o= '.‘ Melt 0.01 131.221.0 117.5:0.5 90.3:0.5
- * Melt 0.025 142.@¢1.0 120.6:0.5 7F<78 K)
LN
Yoty °
77.0} M S
LA
1 1 1 1 samples were 0.1-mm thick plates coated by black carbon
710 730 150 paste to improve heat absorption. The conditions of heat ca-

I

pacity recording are similar to those described in Ref. 3. For
FIG. 3. Temperature dependence of NQR frequencies in Bridgman-growx=0.0018, the anomaly corresponding to the transition; at
CsZnl, (x=0). is observed at the sanfeithin experimental errgrtempera-
ture of 117.3:0.08 K as in the undoped, solution-grown

. . crystaF. The anomaly is slightly washed out compared to the
temperatures. The dependence of the first-order transitiog, o quoted in Ref. 3, which is seen from the decrease by a
temperatureTc, on x was derived frpm the jump in fre- few percent of the height of the step in the heat capacity
quency of component | at th_e 'Fran3|t|on. The Rp concentrag ;e corresponding t®, . The anomaly aff.; (the lock-in
tion ~2.5% is the upper limit for NQR studies of the ynqijtion is washed out strongly and is substantially lower,
(Cs;—«Rby)2Znl, system. In addition to the NQR lines of |t it peak is observed to lie at the same temperature as in

this crystal being broadened substantially already in the in|-pure Csznl,. The first-order transitio2, /m«— P, at T

tial phase, weak broad lines not characteristic of the rhombi% shifted down by 0.4 K, and the heat capacity anomaly
phase of CgZnl, appear in the spectrum. decreased somewhat in height.
The transition temperatures obtained for the above-

mentioned Rb concentrations from the temperature depen-
dences of the NQR frequencies are given in Table I. 2. DISCUSSION OF RESULTS

Figure 6 presents the phase diagram constructed from
NQR data for Bridgman-grown crystals in the transition-
temperature—concentratiorcoordinates. Ax increases, the

tals with the minimum concentration=0.0018(Fig. 5). The phase-transition point§; and T, shift toward higher tem-

measurements were performed on a SinkuACC-1VL caloPeratures, a_na'cz moves rapidly to lower tempe_ratures.
rimeter within the 80-300 K temperature region. The The region of existence of the IC phase in the phase
diagram expands somewhat with increasing impurity con-

centration. Because the IC phase region should become more
78.2 narrow as one approaches the Lifshits-type critical point, one
. may conclude that Rb doping of &1, moves the system
-» away from the singular critical point.

The NQR line shape of Bridgman-grown undoped crys-
tals in the IC phase is in agreement with the spectra of
-~ solution-grown crystals with a low Rb concentration. Be-
", ' sides, a comparison of the transition points of undoped crys-

s % tals grown by the two above methods reveals a shift of the
7741 ‘s transition temperatures in melt-grown crystals toward higher
temperatures foff; and T;;, and in the opposite direction,

. for T.,, with respect to pure G&nl, grown from solution.
77.0F ~, Melt-grown crystals contain apparently residual impurities in
¢ amounts of 0.2 0.4%.

. Doping results characteristically in a change of the NQR
line shape in the IC phase already at the lowest Rb concen-
1 tration x=0.0018 studied. A possible explanation of this ob-
120 ;"0 160 servation lies in the presence of order-parameter fluctuations
4 nearT; in the case of a quadratic relation between the reso-

FIG. 4. Temperature dependence of NQR frequencies in solution-growf@nt frequency and the order parameter, YVhiCh is valid for
(Cs_4Rb,),Znl, (x=0.025). the spectrum component Il. It was shown, in particular, that

C. Calorimetric data

Calorimetric data were obtained for solution-grown crys-
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the effect of amplitude fluctuations on the intensity of high-of wave vectorsqs for different impurity concentrations.
frequency(for Cs,Znl,) side peaks depends essentially onThis requires independent and fairly complex x-ray diffrac-
damping, which is characterized by coefficignbf the dis- tion measurements which we are planning to perform.
sipation function[y (72+ 73)/2].1% It is this effect that We conclude with the results of a calorimetric study.
brings about suppression of the temperature-dependent cofihe fact that even the lowest Rb concentration results in an
tinuum singularity neaf; in pure CsZnl,. If the dampingis extremely strong washing out of the thermal anomaly gt
strong,y~ 0.1, the temperature-dependent side peak can bes apparently a consequence of the well-known formation
come suppressed to become unobservable against the noisear the lock-in transition in doped crystals of several modu-
throughout the IC phase interval. Thus the doping-inducedations having a fairly broad region of coexistence on the
change in the spectrum of the IC phase can originate from aside of the IC phase. Note that the peak of The anomaly
increase in fluctuation damping caused by incorporation ofn thex=0.0018 case does not shift with respect to its posi-
the impurity. One cannot exclude also such a “static” reasortion in the undoped crystdFig. 5, whereas the correspond-
for the variation of the line shape as the onset of severaihg transition point derived from NQR data lies higher by 4
metastable states with fixed values@f. This uncertainty K. The fact that the real transition point in doped crystals,
could be removed by studying the temperature dependenceather than coinciding with the thermal-anomaly peak, may
sometimes lie substantially higher in temperature was
shown, e.g., in Ref. 8.
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FIG. 6. Phase diagram of the (CgRb),Znl, system. Translated by G. Skrebtsov



