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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 TlNO2 studied by dielectric spectroscopy~10 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 mol21. Its characteristic time is comparable to the measurement time scale at
;62 K, where itsCp , the expansivitya, and theT derivative of the mean-square atomic displacement decrease
in a manner similar to that on the dynamic freezing of thea process. However, neutron powder diffraction
measurements show no evidence for two-site occupancy or orientational disordering@Phys. 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 NO2

2 ion increases, which changes the mean dipole vector
and raisesCp anda. When the vacancy diffusion does not occur during the measurement period, the anhar-
monic contribution vanishes andCp anda decrease.
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The dynamics of viscous liquids1–6 and supercooled plas
tic crystals such as cyclohexanol7 and 1-cyanoadamantane8

have a characteristic bimodal distribution of relaxation tim
This is usually observed in their dielectric relaxation spec
which contains two peaks~see inset in Fig. 1!. The high-
frequency peak is attributed to localized diffusion~b process
or the Johari-Goldstein relaxation6! and the low-frequency
peak to the collective or correlated dynamics of thea process
involving many molecules. In one view of molecular dynam
ics, theb process is the primitive motion which initiates th
a process at particular sites in the disordered structure.9,10 In
the second, theb process is the noncooperative motion a
the a process the cooperative motion of a group
atoms.4,5,11At high temperatures, as the liquid approaches
boiling point and the plastic crystal its melting point, on
one relaxation peak of theb process with a single relaxatio
time is observed at GHz frequencies.12 On supercooling, the
a process becomes discernible from theb process at a cer
tain temperature@see inset~a! in Fig. 2#. Since the rate of the
a process is sensitive to temperature, according to the Vo
Fulcher-Tamman equation, thea process becomes progre
sively slower on cooling and unobservable atT nearTg , the
liquid-glass transition temperature,1–6 or Tg8 , the glasslike
transition temperature of a plastic crystal.7,8 At Tg ~or Tg8 for
a plastic crystal!, the heat capacity,Cp and the coefficient of
thermal expansion,a, change with temperature in a sigmoi
shaped manner. The rate of theb process varies according t
the Arrhenius equation with a characteristic activation
ergy of 20–50 kJ mol21, and it persists in the glassy sta
and the glasslike state of a plastic crystal.7,8

Broadband dielectric spectroscopy of a plastic crys
TlNO2, performed here reveals a molecular-dynamics fre
ing, with thermodynamic features similar to those of a gla
transition, but in which the characteristic features of thea
process are absent. The relaxation dynamics apparentl
PRB 610163-1829/2000/61~9!/5827~4!/$15.00
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volves only theb process and no configurational contrib
tions. In this work, we propose a mechanism of this dyna
ics that involves an increase in the anharmonicity of
librations of the NO2

2 ions when a vacancy appears in i
vicinity. This changes the mean dipole vector, thereby c
tributing to electrical polarization, in addition to contributin
to Cp and expansivity. Cooling decreases the vacancy po
lation and slows its diffusion, thus slowing the dielectric r
laxation. When the vacancy diffusion does not occur dur
the measurement period, the contributions toCp and expan-
sivity vanish, and a glasslike dynamic transition is observ

TlNO2 crystals were prepared by chemically reacti
90%Ba~NO2!2~10%BaCl2! and 99.99%Tl2CO3 in distilled
water, and slowly evaporating the solution at 292 K. T
crystals were washed with cold water in order to remo
impurities and recrystallized twice. The fine powder w
pressure molded into 1-mm-thick disks or tightly packed in
a cylinder containing a concentric electrode for time-dom
reflectometry. The dielectric equipment used for measu
ment at 10 mHz to 3 GHz frequencies consisted of a lo
frequency bridge,12 a computer-interfaced GenRad 1689 D
gibridge, an HP impedance analyser model 4192 A, an
time-domain reflectometer.13

TlNO2 is a mechanically soft, plastic crystal in spa
group Pm3̄m at 298 K, with no long-range order for NO2
group orientations. An earlier study of single-crystal x-r
diffraction had proposed that TlNO2 transforms to aCmm2
or Cmmmstructure14 at 282.4 K. However, recent neutro
diffraction studies of TlNO2 powder,15 in which the relative
positions of N and O atoms were resolved, have shown
the structure is in space groupP3121, instead ofCmm2 or
Cmmm, and a long-range order of NO2 groups is present in
the low-temperature, dielectrically active,14 P3121 phase.15

Typical dielectric loss,«9, spectra of its low-T phase studied
over the 80–279 K range is shown in Fig. 1. The spec
5827 ©2000 The American Physical Society
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show only one relaxation peak. A second«9 peak was ex-
pected to appear at alower frequency, as in supercoole
liquids1–6 and plastic crystals,7,8 but no indication of a sec
ond peak was found. In view of the possibility that the«9
peak in Fig. 1 may be due to thea process, we searched fo
features that could be attributed to a second relaxation
cess at the high-frequency side of the peak. For that purp
«9 of TlNO2 was measured from 10 mHz to 100 MHz at 78
K, when the«9 peak had shifted already to;50 mHz or less.
The«9 showed no indication of a second relaxation proce

The frequency of the«9 peak in the spectra is plotte
against 1000/T in Fig. 2. The data available in th
literature,16 which are only over the 2.5 decade ran

FIG. 1. Typical dielectric loss spectra of TINO2 showing a
single relaxation peak at all temperatures. The inset is an illustra
of the generally observed bimodal relaxation in viscous liquids
glasses, and in supercooled plastic crystals.

FIG. 2. The dielectric relaxation rate of TINO2 is plotted against
1000/T. Inset ~a! illustrates the evolution of thea-relaxation from
theb-relaxation process on supercooling a liquid and a plastic c
tal atT.Tg , and inset~b! the stretching of potential energy profil
when a vacancy defect is in the vicinity of the NO2 ion. u anddu are
energy dependent.
o-
e,

s.

(102– 105 Hz), overlapped ours. The Arrhenius equati
f m(T)5 f m(T→`)exp(2E/RT) fitted the data with f m(T
→`)51.27 THz andE519.8 kJ mol21. ~This fit should not
be mistaken for the ‘‘strong liquid’’ behavior,17 because here
thea process is absent, the NO2

2 motions are localized, and
E is small.! The shape of the spectra is found to be that o
stretched exponential relaxation function, written in the tim
domain asf5f0 exp@2(t/t)b#, where 0,b,1, as for most
viscous liquids.1 Here, as the spectra broadened,b was found
to decrease from 0.98 at 279.2 K to 0.66 at 80.5 K, and
static permittivity determined from the spectra was found
decrease from 28.6 at 279.2 K to 26.4 at 80.5 K. The fi
features,~i! f m(T→`) in the THz range,~ii ! E less than 20
kJ mol21, ~iii ! absence of thea process,~iv! broadening of
the spectra on cooling, and~v! decrease in the static permi
tivity on cooling, are all attributable to the reorientation
the NO2

2 dipoles.
Adiabatic calorimetry has shown thatCp decreases by;

5 J mol21 K21, relatively rapidly in the 60–70 K range, a
seen in Fig. 3~a!, and the calorimetric relaxation time reach
;5 ks at 62 K.14 Extrapolation of f m in Fig. 2 gives the
dielectric relaxation time (51/2p f m) as ;2 ks at 62 K. In
view of the extrapolations involved in both calorimetry an
dielectrometry, the difference between the two relaxat
times is insignificant. ~Much larger differences found
commonly1 have been attributed to the fact that modes
molecular motions contributing toCp differ from those con-
tributing to polarization.! The close agreement between t
two relaxation times near 62 K indicates that the decreas
Cp in the 60 K range is associated with the slowing of t
dipolar reorientation. Furthermore, the low sensitivity of t
dielectric relaxation time or off m to T, according to the
Arrhenius equation, causes the decrease inCp of TlNO2 to
spread out over a broader temperature range than for o
liquids and crystals.12

In most glasses, the decrease inCp on configurational
freezing of theb process is difficult to observe.18 The rela-
tively large decreases of;5 J mol21 K21 in Cp and ;3
31024 K21 in the expansion coefficienta, as shown in Figs.
3~a! and 3~b!, are likely to be a reflection of the gradua
freezing out of other contributions, which are nonconfigu
tional. Figure 3~c! shows that even at the highestT, the
mean-square atomic displacement,^u2& of Tl, N, and O at-
oms in the NO2

2 ion is 0.2 Å2, which is unusually small and
much less than 0.58 Å2 observed for glassy selenium.19 Also,
atT just above 60 K, where a decrease in (d^u2&/dT) occurs,
^u2& of 0.02 Å2 is already low. Its extrapolation toT→0 K
from the data above 80 K yields negative values for^u2& for
both the N and O atoms. In thisT range,̂ u2& contains con-
tributions in addition to those from the harmonic model15

and these amount to an additional rms displacement of 0
Å at 275 K.15 The discontinuities of the slope at about 80
seen in Figs. 3~b! and 3~c! are remarkably similar to thos
observed for configurational freezing on the slowing of thea
process in liquids6,19 near their vitrification.

The decrease inCp anda over the 60–70 K range, which
is due to the loss of energy and entropy on slowing of theb
process~localized motions of the Johari-Goldstein proces!,
has been interpreted in terms of a two-site model for
reorientation of the NO2

2 ions.14,16 But our neutron diffrac-
tion studies15 gave no indication of two positions for O a
oms, as required by a two-site model with different dipo
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vectors. Rather, the reorientational motions of the NO2
2 ions

could be interpreted only as librational in a single poten
well. This means that the decrease inCp anda near;62 K
is due to effects other than those associated with config
tional excitations in an assumed two site-model. We cons
these in terms of the loss of anharmonic contributions, wh
pointing out that the low value of̂u2& in Fig. 3~b! does not
necessarily suggest that such contributions are small, as^u2&
at Tg of the liquid Se is also small.;0.13 Å2,19 although the
anharmonic contribution in Se is believed to be large.

In general, the dielectric relaxation rate is the regress
rate of the random fluctuations in the direction of the dipol
But, as the O atoms are fixed in position,15 such fluctuations
are absent. On that basis, it seems necessary to determ
novel mechanism for the dielectric polarization which m
be consistent with the changes inCp , a, and (d^u2&/dT)
observed in the 60–70 K range. We propose that the die
tric polarization in TlNO2 arises from anharmonic effect
and develop a theory for the dielectric relaxation who
slowing leads to its dynamic freezing, as follows.

In a TlNO2 crystal of space groupP3121, two processes
occur:~i! confined to their lattice sites, the NO2

2 ions librate
about an axis other than theC2v axis, and~ii ! point defects
diffuse randomly through its neighboring, less sterically h
dered, Tl1 lattice sites. These defects are expected to
mainly vacancies, because their energy of formation is
than that of interstitial defects. When a randomly diffusi
vacancy appears at a site neighboring the NO2

2 ion, the

FIG. 3. ~a! The heat capacity~Ref. 14!, ~b! the expansion coef-
ficient along and normal to thec axis ~Ref. 15!, and~c! the atomic
mean-square displacement~Ref. 15!. The heat capacity shows
rapid decrease in the same 60–70 K range where the expans
and (d,u2./dT) decrease abruptly and the dielectric relaxati
rate becomes comparable to the experiment’s time scale. Note
difference between theT scale from~a! to ~b! and ~c!.
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potential energy contour for the NO2
2 librations becomes

stretched towards the defect site@inset ~b! in Fig. 2#. The
consequent increase in anharmonicity has two effects;~a! Cp

and a increase and~b! the mean dipole vector changes. A
there are six NO2

2 sites surrounding one Tl site in th
P3121 structure, random diffusion of a single vacan
through 1023Tl sites in the~dielectric relaxation! time tD
(5@2p f m#21) would affect the librations of one mole o
NO2

2 ions. At 100 K, the diffusivityD (5a2/tD , wherea,
the lattice distance, is;4 Å and tD is 3 ms! is 0.5
310212cm2 s21. This means that a single vacancy shou
take 3 ms to visit 1023 sites at 100 K. IfD is assumed to be
much less, say, 0.531026 cm2 s21, the number of vacancie
visiting the 1023 sites in 3 ms would be 1017, ignoring the
multiple visits by a vacancy to a single site. This populati
of 1 vacancy to 106 vacancies per mole of TlNO2 appears
reasonable.

To substantiate the above interpretation, we also calcu
the speed of the vacancy’s random movement in TlNO2 from
the preexponential term of the Arrhenius equation that
the dielectric relaxation rate data. This speed is given
a2p f m(T→`), and with the above given values fora
54.2 Å and f m(T→`)51.27 THz, it yields 3.4
3105 cm s21. This, being of the order of the speed of sou
in solids, confirms our interpretation of the anharmonic
fects and dielectric relaxation in terms of the vacancy po
lation.

Therefore, we conclude thatf m of TlNO2 represents the
probability of a vacancy appearing at the Tl site. This pro
ability decreases on cooling as the population andD of va-
cancies decrease. At a low enoughT, when this probability is
low, contributions from anharmonicity vanish. This occu
gradually in the 60 K range with almost complete freezing
the vacancy diffusion at; 62 K, where the extrapolatedf m
is 135mHz. The magnitude ofE would therefore correspond
to the activation energy for the diffusion of the Tl vacancie
The distribution of relaxation times, as indicated byb,1,
arises from the static distribution of relaxation rates in t
TlNO2 crystal similar to that discussed for viscous liquids20

In the proposed mechanism, the increased anharmon
of NO2

2 ion libration, not an exchange between two pote
tial wells of a two site-model, produces the dipolar relaxati
and a largeCp anda. Thus the mechanism of the appare
dynamic freezing in TlNO2, as studied by dielectric spectros
copy, is of a novel type. Here we recall an earlier sugges
by Goldstein21 that anharmonic effects can also cause a
crease inCp and a in a manner similar to configurationa
freezing.

The contributions from anharmonicity toCp and a and
the dynamics in such crystals seem significant for three
ther reasons:~i! the Kauzmann situation does not devel
because there is no underlying state of complete order
TlNO2, ~ii ! the cooperativity does not develop enough
produce ana-relaxation process, and~iii ! the observed
Arrhenius-type relaxation dynamics and the absence of a
ond relaxation are remarkably similar to the two-site reo
entations of molecules trapped individually in the cagel
structures of a foreign host lattice.22,23
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