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Anharmonicity-induced glasslike transition in a plastic crystal without a relaxation
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In the low-temperature crystal phase of TIN&udied by dielectric spectroscop¥0 mHz to 3 GHz, the
a-relaxation process does not evolve, and the molecular dynamics is controlled only by one relaxation process
with Arrhenius energy of 19.8 kJ miot. Its characteristic time is comparable to the measurement time scale at
~62 K, where itsC,, the expansivityy, and theT derivative of the mean-square atomic displacement decrease
in a manner similar to that on the dynamic freezing of therocess. However, neutron powder diffraction
measurements show no evidence for two-site occupancy or orientational disofd®rysg Rev. B57, 11 125
(1998]. We propose a nonconfigurational mechanism for this dynamics, namely, that when a vacancy appears
at a Tl site, the anharmonicity of librations of the NOion increases, which changes the mean dipole vector
and raisesC, and «. When the vacancy diffusion does not occur during the measurement period, the anhar-
monic contribution vanishes ar@, and « decrease.

The dynamics of viscous liqui§s® and supercooled plas- volves only theB process and no configurational contribu-
tic crystals such as cyclohexafAaind 1-cyanoadamantghe tions. In this work, we propose a mechanism of this dynam-
have a characteristic bimodal distribution of relaxation timesics that involves an increase in the anharmonicity of the
This is usually observed in their dielectric relaxation spectralibrations of the NQ™ ions when a vacancy appears in its
which contains two peakésee inset in Fig. )1 The high-  vicinity. This changes the mean dipole vector, thereby con-
frequency peak is attributed to localized diffusighprocess tributing to electrical polarization, in addition to contributing
or the Johari-Goldstein relaxatinand the low-frequency to C, and expansivity. Cooling decreases the vacancy popu-
peak to the collective or correlated dynamics of therocess  lation and slows its diffusion, thus slowing the dielectric re-
involving many molecules. In one view of molecular dynam-laxation. When the vacancy diffusion does not occur during
ics, theB process is the primitive motion which initiates the the measurement period, the contributionsCtpand expan-

« process at particular sites in the disordered structlftén sivity vanish, and a glasslike dynamic transition is observed.
the second, the process is the noncooperative motion and TINO, crystals were prepared by chemically reacting
the « process the cooperative motion of a group of90%BaNO,),(10%BaC) and 99.99%TICO; in distilled
atoms*>* At high temperatures, as the liquid approaches itsvater, and slowly evaporating the solution at 292 K. The
boiling point and the plastic crystal its melting point, only crystals were washed with cold water in order to remove
one relaxation peak of th@ process with a single relaxation impurities and recrystallized twice. The fine powder was
time is observed at GHz frequenci€On supercooling, the pressure molded into 1-mm-thick disks or tightly packed into
a process becomes discernible from {Berocess at a cer- a cylinder containing a concentric electrode for time-domain
tain temperaturgsee inseta) in Fig. 2]. Since the rate of the reflectometry. The dielectric equipment used for measure-
a process is sensitive to temperature, according to the Vogetment at 10 mHz to 3 GHz frequencies consisted of a low-
Fulcher-Tamman equation, the process becomes progres- frequency bridgé? a computer-interfaced GenRad 1689 Di-
sively slower on cooling and unobservableTatearT,, the  gibridge, an HP impedance analyser model 4192 A, and a
liquid-glass transition temperatute or Ty, the glasslike time-domain reflectometer.

transition temperature of a plastic cryst&IAt T (or T; for TINO; is a mechanically soft, plastic crystal in space
a plastic crysta| the heat capacityC, and the coefficient of group Pm3m at 298 K, with no long-range order for NO
thermal expansiony, change with temperature in a sigmoid- group orientations. An earlier study of single-crystal x-ray
shaped manner. The rate of tBerocess varies according to diffraction had proposed that TINQransforms to &mn?2

the Arrhenius equation with a characteristic activation en-or Cmmmstructuré® at 282.4 K. However, recent neutron
ergy of 20-50 kJ mol', and it persists in the glassy state diffraction studies of TING powdert in which the relative
and the glasslike state of a plastic cry<tl. positions of N and O atoms were resolved, have shown that

Broadband dielectric spectroscopy of a plastic crystalthe structure is in space grolg3,21, instead oCmn®2 or
TINO,, performed here reveals a molecular-dynamics freez€mmm and a long-range order of N@roups is present in
ing, with thermodynamic features similar to those of a glasghe low-temperature, dielectrically actiVéP3,21 phase?®
transition, but in which the characteristic features of the Typical dielectric lossg”, spectra of its lowF phase studied
process are absent. The relaxation dynamics apparently imver the 80—279 K range is shown in Fig. 1. The spectra
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7 e e (10°—10° Hz), overlapped ours. The Arrhenius equation

| 2792K ] fn(T)=f(T—>)exp(—E/RT) fitted the data withf (T

—»)=1.27 THz andE=19.8 kI mol. (This fit should not

be mistaken for the “strong liquid” behavidf,because here

the a process is absent, the NOmotions are localized, and

E is small) The shape of the spectra is found to be that of a

stretched exponential relaxation function, written in the time

domain asp= ¢, exf —(t/7)?], where 0< 3<1, as for most

viscous liquids: Here, as the spectra broadengdyas found

to decrease from 0.98 at 279.2 K to 0.66 at 80.5 K, and the

static permittivity determined from the spectra was found to

decrease from 28.6 at 279.2 K to 26.4 at 80.5 K. The five

features (i) f,,(T—) in the THz range(ii) E less than 20
i kJ mol 2, (i) absence of ther process(iv) broadening of

0 100 10 100 10 40 10t 10 10 10 10 10° 10° the spectra on cooling, ar(#) decrease in the static permit-

tivity on cooling, are all attributable to the reorientation of

the NG~ dipoles.

FIG. 1. Typical dielectric loss spectra of TINGhowing a Adiabatic calorimetry has shown th@t, decreases by-
single relaxation peak at all temperatures. The inset is an illustratioR J mol 'K ™%, relatively rapidly in the 60—70 K range, as
of the generally observed bimodal relaxation in viscous liquids ands€en in Fig. 83), and the calorimetric relaxation time reaches
glasses, and in supercooled plastic crystals. ~5 ks at 62 K Extrapolation off,, in Fig. 2 gives the

dielectric relaxation time € 1/27f,) as~2 ks at 62 K. In
show only one relaxation peak. A secostipeak was ex- View of the extrapolations involved in both calorimetry and
pected to appear at Bwer frequency, as in supercooled @electrpmt_atry, t.h.e difference between_the two relaxation
liquids'~® and plastic crystal&® but no indication of a sec- times is insignificant. (chh larger differences found
ond peak was found. In view of the possibility that thie commonly have been attributed to the fact that modes of

peak in Fig. 1 may be due to theprocess, we searched for molecular motions contributing tG, differ from those con-
features that could be attributed to a second relaxation prdfiouting to polarization. The close agreement between the
cess at the high-frequency side of the peak. For that purposg/yo_relaxatlon times near 62 K_|nd|cat(_as that the Qecrease in
&” of TINO, was measured from 10 mHz to 100 MHz at 78.1 Cp in the 60 K range is associated with the slowing of the

K, when thes" peak had shifted already t650 mHz or less. dipolar reorientation. Furthermore, the low sensitivity of the

The s” showed no indication of a second relaxation processdi€lectric relaxation time or of,, to T, according to the

The frequency of the:" peak in the spectra is plotted Arrhenius equation, causes the decreas€ jrof TINO, to
against 1000 in Fig. 2. The data available in the spread out over a broader temperature range than for other

literaturel® which are only over the 2.5 decade range'iduids and crystals: _ _
In most glasses, the decreaseQy on configurational

freezing of theB process is difficult to obsern/&.The rela-

Dielectric loss

Frequency[Hz]

1T T

‘sLe' ] tively large decreases of5 Jmol 'K ! in C, and ~3
1081 \ F7 19 x 10~ *K~1in the expansion coefficient, as shown in Figs.
1074 \ W 3(a) and 3b), are likely to be a reflection of the gradual

vammey- freezing .out of other contributions, which are .nonconfigura-
neighbor "0 | T tional. Figure 8c) shows that even at the highe§t the
mean-square atomic displacemefut?) of TI, N, and O at-
oms in the NQ™ ion is 0.2 &, which is unusually small and
1 much less than 0.58%observed for glassy seleniuthAlso,
atT just above 60 K, where a decrease d@{§?)/d T) occurs,
(u?) of 0.02 A2 is already low. Its extrapolation t6—0 K
T from the data above 80 K yields negative values(iot) for
both the N and O atoms. In thigrange,(u?) contains con-
tributions in addition to those from the harmonic motfel,
1 and these amount to an additional rms displacement of 0.17
A at 275 KX® The discontinuities of the slope at about 80 K
seen in Figs. @) and 3c) are remarkably similar to those
observed for configurational freezing on the slowing of éhe
process in liquids® near their vitrification.
The decrease i€, and« over the 60—70 K range, which
FIG. 2. The dielectric relaxation rate of TINGs plotted against 1S due to the loss of energy and entropy on slowing ofhe
10007T. Inset(a) illustrates the evolution of the-relaxation from  Process(localized motions of the Johari-Goldstein progess
the B-relaxation process on supercooling a liquid and a plastic cryshas been interpreted in terms of a two-site model for the
tal atT>T,, and inselb) the stretching of potential energy profile reorientation of the N&" ions**®But our neutron diffrac-
when a vacancy defect is in the vicinity of the Mion. #andsdare  tion studies® gave no indication of two positions for O at-
energy dependent. oms, as required by a two-site model with different dipole
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07 UL potential energy contour for the NO librations becomes
| TINO, stretched towards the defect sfi@set (b) in Fig. 2]. The
= 60 T consequent increase in anharmonicity has two efféats,
g 50 [ and « increase andb) the mean dipole vector changes. As
< _ - there are six N@ sites surrounding one TI site in the
gh a0l 1? i P3,21 structure, random diffusion of a single vacancy
9 | through 18°TI sites in the(dielectric relaxatioh time 7p
) A N RN S S (=[2nf,] 1) would affect the librations of one mole of
40 50 60 70 80 90 100 NO,~ ions. At 100 K, the diffusivityD (=a? rp, wherea,
TIK] the lattice distance, is~4 A and 75 is 3 mg is 0.5
— so BT ] X 10 *?cm?s L. This means that a single vacancy should
| ! take 3 ms to visit 1% sites at 100 K. IfD is assumed to be
T 40 much less, say, 0610 ®cn?s %, the number of vacancies
= Lol visiting the 16° sites in 3 ms would be 6 ignoring the
3 - multiple visits by a vacancy to a single site. This population
002'8 of 1 vacancy to 19 vacancies per mole of TINOappears
~ . reasonable.
< 015 To substantiate the above interpretation, we also calculate
o010 the speed of the vacancy’s random movement in TiRGmM
7 005 the preexponential term of the Arrhenius equation that fits

the dielectric relaxation rate data. This speed is given by
a2nf, (T—x), and with the above given values fa
=42A and f,(T—x)=127THz, it vyields 3.4
X 10°cms L. This, being of the order of the speed of sound

FIG. 3. (a) The heat capacityRef. 14, (b) the expansion coef- in solids, confirms our interpretation of the anharmonic ef-
ficient along and normal to theaxis (Ref. 19, and(c) the atomic fec_;ts and dielectric relaxation in terms of the vacancy popu-
mean-square displacemetRef. 19. The heat capacity shows a lation.
rapid decrease in the same 60—70 K range where the expansivity Therefore, we conclude thdt, of TINO, represents the
and (d<u?>/dT) decrease abruptly and the dielectric relaxation probability of a vacancy appearing at the Tl site. This prob-
rate becomes comparable to the experiment's time scale. Note ttapility decreases on cooling as the population &ndf va-
difference between th& scale from(a) to (b) and(c). cancies decrease. At a low enoujhwhen this probability is

low, contributions from anharmonicity vanish. This occurs
. . . gradually in the 60 K range with almost complete freezing of
vectors. R_ather, the reorlentatl_onal_ motions of_theZN@bns _the vacancy diffusion at- 62 K, where the extrapolatef,
could be interpreted only as librational in a single potennaliS 135uHz. The magnitude o would therefore correspond

well. This means that the decreasedp anda near~62 K 4 thq activation energy for the diffusion of the Tl vacancies.
is due to effects other than those associated with configurar,,o gistribution of relaxation times. as indicated By 1

tional gxcitations in an assumed two sit_e-monL We ConSiqeérises from the static distribution of relaxation rates in the
these in terms of the loss of anharmonic contributions, whil

€rINO, crystal similar to that discussed for viscous liquffs.
pointing out that the low value dfu?) in Fig. 3(b) does not 2 &Y .

. o In the proposed mechanism, the increased anharmonicity
necessarily suggest that such contributions are smalljas of NO," ion libration, not an exchange between two poten-
at T, of theliquid Se is also small~0.13 A,'° although the

; oo i : tial wells of a two site-model, produces the dipolar relaxation
anharmonic contribution in Se is believed to be large.

X . ; ) .and a largeC,, and . Thus the mechanism of the apparent
In general, the dielectric relaxation rate is the regressioyynamic freezing in TING as studied by dielectric spectros-
rate of the random fluctuations in the direction of the dlpolesCopy is of a novel type. Here we recall an earlier suggestion

But, as the O atoms are fixed in positibtsuch fluctuations by GoldsteiR! that anharmonic effects can also cause a de-

are absent. Or_1 that basis, i.t seems necessary to d_etermin%l%ase inC, and « in a manner similar to configurational
novel mechanism for the dielectric polarization which ma P

Yfreezing.
be consistent with the changes @),, «, and @d(u?)/dT) Th — f h -
observed in the 60—70 K range. We propose that the dieleg, e contributions from anharmonicity 16, and « and

) T . ) e dynamics in such crystals seem significant for three fur-
tric polarization in TINQ arises from anharmonic effects 4 .. reasons(i) the Kauzmann situation does not develop

®ecause there is no underlying state of complete order for
TINO,, (ii) the cooperativity does not develop enough to
produce ana-relaxation process, andii) the observed

. ) . ; Arrhenius-type relaxation dynamics and the absence of a sec-
about an axis other than tt@®,, axis, and(ii) point defects o rejaxation are remarkably similar to the two-site reori-

diffuse randomly through its neighboring, less sterically hin-gnations of molecules trapped individually in the cagelike
dered, TI' lattice sites. These defects are expected to b&tructures of a foreign host latticé?®

mainly vacancies, because their energy of formation is less
than that of interstitial defects. When a randomly diffusing  This research was partly supported by the NSERC grants
vacancy appears at a site neighboring the,NGon, the to M.F.C. and to G.P.J.

0.00

slowing leads to its dynamic freezing, as follows.
In a TINO, crystal of space group3,21, two processes
occur:(i) confined to their lattice sites, the NOions librate
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