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Temperature-induced orientational disorder in NaClO;
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A detailed study of the temperature dependencé6f nuclear quadrupole spin-lattice relaxation time and
resonance frequency, in a wide temperature rdige 450 K, is used to discuss old controversial conclusions
about the experimental behavior of low frequency dielectric permittivity, Raman spectroscopy, and nuclear
guadrupole resonance, in sodium chlorate. Compatibility among experimental data coming from all these
techniques is achieved by assuming a continuous transition of the iBlt0dynamics from vibrating around an
equilibrium position forT <250 K, to exchanging between two orientations at higher temperatures. That is, the
pseudoharmonic single well potential, that determines the chlorate ion dynamics at lower temperatures, mutates
continuously with increasing temperature, to reach a symmetric two-well potential for temperatures higher than
380 K. In the intermediate-temperature range the behavior of NQR parameters are explained in terms of
scattering of phonons by a distribution of disordered chlorate ions. We use the Green function formalism for
calculating the corrections to the spin-lattice relaxation time and the resonance frequency due to disorder.
[S0163-182698)00529-3

I. INTRODUCTION electric field gradientEFG) at the resonant nuclei site, due
to the neighboring chlorate ions rotation about their threefold
Crystalline sodium chlorate has been studied extensivelpxis. Such a mechanism is completely different than the one
by a variety of techniques and many of its physical properfroposed in Refs. 1 and 2.
ties have been characterized. However, some inconsistencies With the aim of disentangling this controversy, in this
concerning the molecular dynamics of the chlorate ions rework we present a detailed experimental study of the tem-
main unexplained. perature dependence GPCI NQR frequencyvq(T) and
Sodium chlorate is a paraelectric material but the temspin-lattice relaxation tim&4(T) in an extended temperature
perature dependence of the low-frequency dielectric permitrange 77—450 K. Our experimental data also reflect the oc-
tivity €(T) resembles one of a ferroelectric system approacheurrence of an additional mechanism, in agreement with pre-
ing an order-disorder transitibrwith a Curie temperature vious experimental information. We discuss our experiments
Tc~593 K greater than its fusion temperatuiie-&537 K).  in terms of a model involving reorientation of chlorate ions
This temperature dependence«ffT) is assigned to the re- in an asymmetric potential. We propose that for temperatures
orientation of the chlorate ions. Since at high temperaturebelow 250 K the chlorine atom vibrates around the equilib-
the crystal is in a highly ionized state, then chlorate ionsium position compatible with the crystalline symmetry. As
could undergo a cooperative behavior that is characteristic dhe temperature increases, the potential well develops a sec-
ferroelectric systems. Based on a Mason-Débyedel for  ond, unstable equilibrium position that allows the threefold
the dielectric relaxation, this crystal was classified as a nonaxis of the pyramidal ion to perform 180° rotations. In this
ferroelectric order-disorder system. way, some degree of orientational disorder appears. The
The width of a low-frequency phononwE=130 cm'l), usual expressions fof,(T) and vo(T) due to lattice vibra-
as measured by Raman spectroscojiycreases exponen- tions cannot describe the experimental behavior. Then, we
tially with temperature. This fact indicates that the dielectricwrite a correction to the NQR parameters due to scattering of
response of the crystal is being perturbed by some kind gbhonons in a weakly disordered lattice. The obtained expres-
motion (of the chlorate ions different than the lattice vibra- sion, which is valid for low concentrations of disordered
tions. To account for both the dielectric relaxation mecha4ons, accounts for data within the range 25D<350 K. For
nism and the exponential broadening of a libration phononhigher temperatures the depth of the second potential well
Prasad Raet al2 propose that thé°Cl atom inverts its po- increases and the probability of finding the ion axis rotated
sition in the chlorate ion, therefore jumping in a symmetricrespect to its equilibrium orientation also grows. Near 400 K
double well potential. The relaxation time associated to thisx symmetric two-well potential is established, and the crystal
jump is 7= 7,e(Fa’ke) with E, the activation energgheight  becomes totally disordered.
of the barriey of the double wellE,= 20.7 kJ/mol from their
experiment. Il. EXPERIMENT
In a previous work on*°Cl NQR in a series of chlorate
salts® the temperature dependence of the NQR spin-lattice
relaxation time of sodium chlorate also showed an occur- Polycrystalline samples of NaClQvere prepared by re-
rence of a relaxation mechanism different than lattice vibracrystallization of the commercial Merck Co. product from a
tions. This behavior was ascribed to the modulation of thesaturated solution with tridistilled water. The water evapora-

A. Apparatus and techniques
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tion rate was regulated to get crystallite sizes of about a
millimeter. The sample was packed in a 12 mm diameter and
20 mm long PTFE cylindrical sample holder.

We used a pulsed, broadband and fully computer con- oy
trolled, home-made NQR spectrometer. It is equipped with a o1 °b%qm
PTS 310 frequency synthesizer, a Kalmus LP 1000 power_. ~ °*99%
transmitter, and a Doty LN-2L signal preamplifier. Data ac- —._ o experimental o,
quisition was made with a Thurlby 625 digitizer. Phase cy-— 1 To
cling of the rf and quadrature detection were available. The |  ------ T e Ty ) ™

control and automatic measurement computer program wa:
developed in our laboratory.

The temperature of the sample was stabilized better thar
0.1 K in the whole range. The probehead was located inside . . . . .
a temperature controlled thermal bath. The home-made tem  '%° 200 250 800 350 400 450
perature control device, covering the range 80—450 K, con- Temperature [K]
sists of four coaxial and partially insulated copper cylinders
immersed in a cooling bafiquid nitragen for temperaturgs time T.(T) and the fitting curves from different models for relax-
lower than room temperature and preheated oil for higheg .
temperatures The temperature control was effectively

achieved by heating inner cylinders with electronically petyween the experimental data and the lower temperature fit
driven heaters. Cu-constant on thermocouples and Fluk§ecomes resolutely exponential. The data can be fitted by
Mod. 510 chopper amplifiers give input voltage to propor-aqding an exponential term to the relaxation mechanism

tional temperature regulation. driven by vibrational fluctuations:
The resonance frequency, defined as the center of the cor-

responding spectrum, was measured by fast Fourier trans- Tl—lle—v}b+ Be YT 2)
form of the NQR free induction decd¥1D). The spin-lattice ) 1

relaxation time was measured at each temperatufeare- ~ With B=82t8 s~ andU=26.4x1 kJ/mol. _

fully checked resonance peak saturation condition. Mea-  The data follow this trendlong dash curve of Fig.)for
surements off; were made by the standard two-pulse se-T=340 K. An exponential temperature dependence such as
quence /2—r—m/2); the delay time between pulses this one cannot be related to vibrational processesther

varying from 1 msto 5T,. T, values were obtained by fit- quasiharmonic nor anharmopft® It is worth remarking
ting the expression that this second mechanism becomes appreciablk, (i)

for the same temperature range where a low-frequency pho-
T non is anomaly broadenédFor temperatures higher than
S(T)=So{l—aex;< _T_l” 340 K there is a further drop if;, and forT~440 K, a
minimum inT,(T) is suggested by the data. Due to the poor

which relates the amplitude of the sample respdBsg at /N ratio T, could not be measured for higher temperatures.
the irradiation frequencyFourier transform from the FID

gfter the second pulg¢o the dela_y timer. Each fit. ofS(7) C. 3CI NQR frequency

involved a set of 20 to 32 experimental data points. All the )

measurements here reported were performed going up in Figure 2 shows the experimental temperature dependence
temperature and then confirmed lowering the temperature. Of the peak frequency. This smooth behavior indicates that

-1 -1 -1
[T1 (vib)+T1 (ZSE)]

0.014

FIG. 1. Temperature dependence of the spin-lattice relaxation

B. Spin-lattice relaxation time 3054

Figure 1 shows the measurdd(T) in an extended tem-

©  experimental

perature range. At low temperatures, 165<K<250 K, a ~ v

power law fits toT, data? é 30.0 avi
> 80

T =AT,, (ERI. o

3 29,54

with A=1.7x10"8 s ! and\=2.46. This temperature de- § T w0 low concentration

pendence is typical of relaxation mechanisms due to fluctua-; = 2 correction

tions of the lattice vibrations related with the anharmonicity g 29.04

of the crystal field and with pseudoharmonic procegsash < I ‘ . . ‘

as first order phonon-phonon Raman processéss worth sos 250 300 350 400 450

pointing out that this value ok, noticeably greater than 2,
indicates a certain degree of anharmonicity of the lattice
potential® Equation(1) gives the dotted curve in Fig. 1. For
temperatures higher than 300 K, the experimental data FIG. 2. Experimentaf*Cl »o(T) behavior of NaCIQ. Full line
clearly fall below this curve. More precisely, data dispersionrepresents the fit with Eq4). A noticeable departure from the
about Eq.(1) shows that near 250 K the vibrational model vibrational model is observed in the high-temperature region. The
alone cannot explain the experimental trend. The differenceindow shows the exponential behavior ®¥o(T) for T>245 K.
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no first order phase transition occurs in the studied temperayaClO;, exponential behaviors ing(T) andTy(T) such as
ture range. The line is narrow and Lorentzian shaped, of 0.ghose of Egs.(2) and (5) could in principle be associated
kHz width, for T<380 K. The only anomaly we observed for with (i) hindered rotations of the oxygen atoms about zhe
T>400 Kis the occurrence of a low-amplitude, broad back-axis perpendicular to the oxygen plane, as suggested in Ref.
ground but the narrow central line remains always observs or (i) chlorate ion reorientation about an axis contained in
able. the oxygen plane, as suggested in Refs. 1 and 2. The rotation
In absence of phase transitiong is temperature depen- of oxygen atoms does not affect directly the electric field
dent becausé) the local EFGq at the **Cl resonant nuclei  gradient at the site of the resonant nuétep of the pyramid
site, is time averaged by molecular fluctuations @indthe  but could modulate the EFG at the Cl sites of neighboring
mean square amplitudg?) of the angular displacement of jons® Therefore this mechanism could conceivably contrib-
the maximum principal axis of the EFG relative to its equi-ute to T,(T). However, this kind of motion alone cannot
librium direction, is also temperature dependéfihe corre- explain Raman and(T) measurements from Refs. 1 and 2,
sponding expression for the temperature dependengg &  since it has no influence on the electric dipole moment of the

given by chlorate ion. The contribution to the NQR spin-lattice relax-
€0 3 ation time p_redicted by a model for the intermolecular EFG
vo(T)= qu( 1 §<02>> ’ (3  modulation ié
where Q is the nuclear quadrupole moment aqgl is the T.-1 23 “’éTC (q_'>2 (6)
ensemble average EFG at the nuclear sites, at a reference tmod™ 3 (1+wéq-§) q/’
temperature.
A simplified form for vo(T) due to lattice vibrations in with the correlation timer,= 7,47, 7o=h/kgT, U the acti-
the quasiharmonic approximation is giventby vation energy of the reorientatiofin the present case, the
barrier in the three well potentialandq’/q the ratio of the
vQ(Tvib=vo(1—BT) EFG at the resonant nucleus produced by the neighboring

group motion to the principad component of the EFG tensor
- Con—( } (4)  of the molecular ion.

wo(1—gT) 2kgT Accordingly, if molecular vibrations and intermolecular
with v, the frequency of a hypothetical rigid lattice & EFG modulation are considered as independent processes,

=0° K, P a fitting parameter representing the sum over thdhen
vibration modes over the whole Brillouin zong@y an aver-

age mode frequency the linear coefficient giving the pho- i: 1 1
non frequency shift due to the lattice anharmonicity, #hd Ti Taib Timod
the correction tov, due to thermal expansidi.

Equation(4) can be fitted to our experimental data within
the restricted temperature range<80<245 K. The fitting
parameters arevy=30867 kHz, P/wy=7.12<10"3, ¢
=4.6x10"% K™%, wy=69 cm!, andB=4x10"° KL

A noticeable departure from this trend occurs in the
higher-temperature region. The window in Fig. 2 shows the

howy(1—gT)

X|1

@)

with T1.i, from Eq. (1) and T4, from Eq.(6). The former
expression gives a curve having qualitative similarity with
data and the best fit parameters are

wqTo=1.3x10"%,

frequency differencé vo(T) between experimental data and U=36.6 kJ/mol, ®
Eq. (4). A better fit of the temperature dependence is ob- o e
tained by adding an exponential term as follows: q'/q=2.5x10"".

vo(T) = vo(T)yp+ Ce™ uIT. (5) The first parameter is consistent with the values @ffrom

o Eqg. (4)] and 7y. The fittedl/ is a reasonable value for this
The best fit yields the parametei§:=5x10" s'* andU  kind of motions!® On the contrary, the expected value for
=(26.7+0.1) kd/mol. Notice the similarity of th&J values  (q’/q) rangeé from 107! to 10 2. The fitted value is several

in both »(T) and T,(T) experiments. orders of magnitude smaller. The extremely low fitted value
is meaningless: if modulation were so effective in making
1. DISCUSSION the EFG more symmetric, no NQR signal should be ob-

served. Then, even when this model provides a function of
temperature that can be fitted to data, the obtained param-
It is well known that an exponential behavior in the NQR eters are not acceptable for explaining the experimental be-
variablesvo(T) and T(T) is neither related to quasihar- havior. Because this rotation cannot be identified as the
monic lattice vibrations? nor to anharmonicity. That is, cause of the temperature behavior of the dielectric permittiv-
phonons alone cannot account for such behavior. It instead iy constant either, we conclude that this motion alone is not
generally assignéfl to thermally activated molecular reori- responsible for the observed experimental trends.
entation or to hindered rotations of the whole molecule or a We now consider the second proposition: chlorate ion ro-
part of it. The chlorate ion is a highly symmetric molecular tation about an axis contained in the oxygen plane. When
group; it is a flat trigonal pyramid with three oxygen atomsdealing with the temperature dependence of NQR variables
on its base and a chlorine atom at the remaining vertex. liof a system of nuclei subject to a random two site exchange

A. Fitting to standard models
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(2SB—as this problem appears to be—the transition prob- Concerning NQR resonance frequency, within the 2SE
ability per unit time between energy levgtsand q of an  model!! one should expeatg to be shifted from its value at
unperturbed Hamiltoniaft{,, due to a time-dependent per- very long correlation times in a quantity

turbation ig*

2 2 Avg= . (12
_ Tc|qu| (9) Q T (1+ wz 7_2
pq 2 o Q'c
1+ WoqTe
, ) . Using the parameters from the fitting curve To(T) data,
with |v,¢| the matrix elements of the perturbation in the o obtain Avo<50 Hz in the whole temperature range,

basis ofH,. _ _ while the measured frequency shift ranges up to 100 kHz
The former approach is based on the assumption that the,nqt three orders of magnitude grestas shown in Fig. 2.

time dependence of the spin Hamiltonian can be representg] addition, vo(T) data do not follow the trend predicted by
by a function of timef(t) that randomly exchanges between Eq. (12 either.
two values Within this model, and using the fitted activation enetgy
for calculating the correlation time, one sees tharanges
H() =Ho+ f(OH,. from 1 s at 150 K to 10° s near 450 K. Then>1l/wg in
the whole temperature range, that is, reorientations would
not be very frequent within the time scale of the NQR ex-
eriment. Under this condition one could consider that the
iSorder in orientations is static, within the time scale pro-
vided by our NQR experiment. Accordingly, for very low
reorientation rates, i.eT<<250 K in this experiment, one
should expect an inhomogeneously broadened NQR spec-
trum or eventually a splitting of the line corresponding to the
inequivalent positions of the resonant nuclei. However, no
such features were detected here.
(10) Besides this, notice that though in the limit of long corre-
(1+ wérﬁ ’ lation times, Eq.(10) becomes I xexp(~U/T), the value
of U that fits data in the higher-temperature range must be
whereB and C are the off-diagonal elements of the pertur- drasticallydecreasedo get a good fit for lower temperatures.
bation HamiltoniarH, and 7. has the same definition as in This means that Eq.2) cannot be considered as the long
Eq. (6). Considering molecular vibrations and reorientationscorrelation time-limit of Eq(10). Summarizing, the symmet-
as independent relaxation mechanisms, we analyiz¢d) ric two-well potential model for the chlorate ion reorienta-
data with tion predicts a temperature dependence of both the NQR fre-
quency and the line shape which are very different from the

1 1 1 experimental results.
(13)

The probability thaff (t) retains its initial value after a timie
is P(t)=e~Y"c and(f(t))=0. Therefore, the nucleus is pre-
sumed to spend, in the average, the same time at each si
This picture is then equivalent to the double well potential
model proposed by Prasad Rebal? for explaining Raman
experiments.

In the particular case of spin-3/2 nuclei the contribution to
relaxation due to reorientation'fs

1 BB* +CC*
T_(ZSBZE qu:4TC
1 Pq

-+ .
Ti T Tiese

B. The asymmetric two-well model

Equation (10) has the same temperature dependence as We work out an alternative explanation that removes the

Bontradictions commented above. Let us now propose that
he reorientation of the three fold axis of the chlorate ion
ccurs in arasymmetridocal potential. The chlorate ion axis
an attain a stable equilibrium orientatidlet us call it.A)
compatible with the crystal symmetry and an unstable equi-
librium orientation3, 180° opposite to the one suggested by
the site symmetry. In such a way, it spends a much longer

. . . . time in the stable equilibrium orientation than in the other.
tions should be pointed out. If chlorate ions fluctuated in N

symmetric potentials, the probabilities of occupying either, We can make an analogy with a two level magnetic sys-
e . ’ .~ tem by identifying the chlorate ion with in 1/2 variable in
equilibrium position should be the sarflgecause the transi- em by identifying the chlorate io aspin 1/2 variable

: o an external magnetic field. At low temperatures the equilib-
tion probabllltles from one well to_the other would b_e e_QuaI_ rium population of the lower energy level is much greater
Raising the temperature wou_ld Just shorten the lifetime Mthan the upper level population and it is possible to describe
each well(or increase the reorientation frequencyhe two-

it h del id t that th i .. this situation in terms of a concentratidh of disordered
slte exchange model would suggest that the system IS in %ns, defined as the ratio of the population of disordered ions

completely disordered state in the sense that the chlorate I99 the total number of them. For sufficiently low tempera-
can either point the direction compatible with the crystaltures this concentration is '

symmetry or the opposite one with the same probability. To
our knowledge no such kind of disorder has been reported by
crystallographic studiet least for the crystal phase attain- c(T)= P(B) — o(EAEQIT— o EIT
able in the temperature range studied here P(A) '

in Eq. (8) but one of them has a different meaning. The fitted
activation energy is noticeably greater than the value of 2
kJ/mol reported in Ref. 2 and assigned to the height of th%
two well potential barrier.

Although the symmetric double well potential model
could explain the ferroelectriclike behavior efT) (Ref. 1)
and the anomalies in the Raman spectfusome contradic-
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If the disordered ions are homogeneously distributed Within the present approximations, the mean quadratic
through the sample, all the local configurations compatibleangular displacement can be calculatetf as
with the equilibrium populations are equally probable and
the system takes one or another at random. The lifetime of
each particular configuration is short or at least much shorter
than the lifetime of a given ion in its stable orientation. Then ] ] ]
all the measured equilibrium quantities are configurationalVith C(T) the concentration of ions in stat& and
averages, over all configurations compatible with a given 5
concentration of homogeneously disordered ions. Fi(w)=——Im G%()t(»)G%w),
Now we make an estimate of the effect that such a distri- ™
bution of disordered ions has on the temperature dependenw}1

fthe NOR ; Disorder alters the rotational d ereG{(w) is the Green’s function of the ordered crystal,
orthe Q parameters. Lisorder alters the rotational dynama g siated with the rotational molecular coordinate of the
ics of the chlorate ion and hence the mean square displac

fiolecular group bearing the resonant nucleus. The dynamics
2 ; .

ment( ") of Eq. (). It also has*lnfluencez oﬁlztrratégh the 5t the whole crystal and hence the collective character of the
autocorrelation functiongé(t) 6*) and{8<(t)6-*).*" As a

' S . . henomenon, is introduced through the Green’s functions. In
f'rSt approximation, we can (;ons!der the effect .Of disorder 3dur case the distortion affects the constants of force of the
independent of the normal vibrations of the lattice. The mai
difference between our proposal and the others mention
above is that here we just account for ineirect effect of
disorder in the EFG averaging. It is not tdeect effect of
reorientations but the change in the EFG averaging due to
perturbation in the phonons of the lattice.

At this stage we can identify the problem of a distribution
of orientationally disordered ions with the one of a distribu-
tion of defects or impurities. The consequence of perturbing Avg(T)= o[ (62— (%)) el ~EM). (16)
the perfect, harmonic lattice with this kind of impurities is
the broadening of the phonoh%;which amounts in a Change with E the energy difference between the bottom of the
in the EFG averaging and in the fluctuation Spectrum_ stable potential well and the unstable one. Notice that Bere

By expressingd(t) in terms of phonon operatdrsie can IS notan activation energy. Identifying with parametetJ
relate the Fourier transform of the time correlation functionof Eg. (5) we see that the experimental trendi@f(T) coin-
of the angular displacements to Green’s functions. The maiides with that of Eq(16) in the whole temperature range
effects of the disorder on the NQR parameters comeds shown in the window of Fig. 2.
through the perturbation of the rotational motions of the In order to calculate the influence of disorder B(T),
chlorate ion. For the sake of simplicity we assume that thave analyze the effect of disorder on the Fourier transforms of
angular displacement coincides with a molecular-rotation cothe time correlation functionéd(t) 6*) and(6?(t) 6°*), in-
ordinate of the chlorate. We also suppose that the vibrationafolved in the final expression df,.® Now we parallel our
dynamics of the chlorate ion can be well described in termgroblem with the calculation of the phonon broadening due
of a harmonic lattice. According to this assumption, we carto a distribution of mass impurities in a perfect harmonic
directly write crystal by Lovese)]/?‘ Here, the impurities are related to

changes in the force constants instead of masses. As ex-
2 pected, for low concentrations of impurities, the obtained
FUO(1) 0¥ )} =— ————Im GrR(w) ' (13) phonon broadening is again proportional to the concentra-
1-efhe tion. Considering that in this limit the four-phonon time cor-
relation function can also be put in terms of the two-phonon
where ImG() is the imaginary part of the retarded Green one finally, the temperature dependence of the correction
function of the harmonic torsional oscillator. Since we as-to T,(T) due to the orientational disorder can be expressed
sume low concentratiofLC) of disordered ions, we can use concisely as
a perturbative method for caIcuIatir@f(w). The Green's
function for a perturbed crystal satisfies the Dyson equation, T, (1Lc)= Bel “E/D 17
relating it with the ordered crystal Green'’s functi@?(w).
Neglecting any explicit influence among impurities, (w)
can be approximated by a perturbative expansion, keeping
to linear terms in the concentration of impuriti¥s:

(6%)=(6%),+C(T) f;cotrwwww)dw, (15)

Nnteraction with the disordered neighbors. In the case where
e distortion is not too large, the integral of Ed5) de-

pends smoothly on temperature, the temperature dependence

of the second term being mainly given by the concentration.

Phen, the difference betweeny(T) of the disordered lattice

and the one of a perfect harmonic lattice has a temperature

dependence given by

with B a parameter that depends on the specific features of
the crystal lattice and the distribution of defects. Then, the
l‘i@mperature dependence associated to lattice vibrations and
ion reorientations is given by E@2).
Equation(2) can account for the exponential behavior of
_ 0 0 i o the relaxation time in the intermediate-temperature region,
<G'(w)>_Gr(w)+C(T)2i Gr(@)t()Gr(w), (19 but fails in describingr,(T) for higher temperatures. Still it
is consistent with the picture of an asymmetric potential in
where the brackets mean the configurational average befothe lower-temperature region. At higher temperatures the
stated and'(w) is the matrix representing the local distor- torque restoring the chlorate ion to its equilibrium position
tion due to theth defect. In this picture each impurity can be becomes looser and the potential well might change its shape
thought as a lattice-wave scatterer. and turn more symmetric. In that limit the random two site
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exchange model could give a good approximation, as it igjoes a progressive transformation, as the temperature is
also compatible with the occurrence of a broadened specaised, going from an anharmonic potential for low tempera-
trum. tures, towards a double well potential for high temperatures.
The solid line fitting data of Fig. 1 is the curve provided |n the intermediate range, for 280<Kr<340 K, the
by the 2SE mechanism, which, according to our analysisphonons of the ordered lattice are scattered by a homoge-
would be valid for temperatures higher than 380 K. Theneous distribution of disordered ions. For increasing tem-
dashed and the solid lines above data represent the individugbratures, also the disorder increases, and a simple model
contributions from the two models: low-concentration of im- that considers phonons and molecular reorientations as inde-
purities Ty c)(T) and symmetric two-well potential pendent processes cannot account for the data. The experi-
T1(2sefT); each one dominates relaxation in a different tem-mental trend described above is consistent with the idea that
perature range. We propose that the dynamics of the chloratfie chiorate ions might become rotationally free and could
ion is changing with temperature from the asymmetric wellshow a cooperative effect and hence a dielectric Curie
to the symmetric two-well regime. In this paper we have JUStpoint—in agreement with the behavior efT) (Ref. )—as

deSC”bed two I|m|t|ng Sit.uatiOI’]S: low CO.ncentI’ation of “im- if the Crysta' were approaching to an order-disorder transi-
purities” and complete disordésymmetric two-well poten- tjon.

tial); the intermediate states cannot be described as the su-
perposition of the other two because they might not be
con5|dered_a_s |ndeper_1dent mechanlsms. _ _ _ ACKNOWLEDGMENTS
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