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Low-temperature hcp-to-monoclinic structural transition in solid C,o: Ephemeral nature
of the intermediate phase
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We follow the structural transformation in solid;&from the high-temperature hcp to a low-temperature
monoclinic phase using detailed x-ray diffraction studies at controlled cooling rates from 0.0033 to 0.42 K/min.
Rapid cooling of the sample gives the signature of a two-step transformation that disappears when the system
is transformed quasistatically. These experimental results can be rationalized using a simple mean field,
Langevin dynamical theory using a free-energy functional with minima corresponding to the parent, and two
competing product phases such that one of these product phases remains metastable throughout. The implica-
tion of our results on the existence of the intermediate phase in the sequence hcp-dhcp-monoclinic, of structural
transitions in solid &, with the lowering of temperature is discussg80163-182@8)02346-7

Following the pioneering work of Heinegt al® on relat-  tion from the ideal hcp to a monoclinic structure implying a
ing the structural transition at low-temperatu260 K) in simultaneous freezing of all the orientational degrees of free-
solid G, to the development of orientational correlations be-dom. It is of interest to know if the differences in the struc-
tween rotating g molecules, there have been extensivetural sequence are related to the differénften uncon-
studies on fullerene molecular crystals, both soligy @&d trolled) cooling rates employed in the earlier experiments. If
C;p. However, unlike in solid g, the low-temperature an equilibrium intermediate phase actually exists then it
structural transitions in the next higher fullereng, @re not  would be seen during controlled slow cooling of the system
unambiguously established. The situation is exacerbated fyom the ideal hcp structure.
the complicated orientational dynamics of the lower symme- With a view to investigate this, x-ray diffractiofKRD)
try (Dsp,) molecule, associated sluggishness of the transitiorgxperiments at various controlled cooling ratearying over
and complications due to intercalated solvent effects, etdwo orders of magnitudehave been carried out, and the
Solid G is observed to crystallize in both fcc and ideal hepevolution of the monoclinic phase at low temperature fol-
structures, corresponding to close packing of rapidly rotatingowed. Contrary to our initial expectations, though the trans-
spherically averaged molecules. The fcc soligh @ first ~ formation proceeds through a single sigparting at~270
seen to transform at 280 K to a rhombohedral structure and K) when a slow cooling raté.0033 K/min is used, it has a
subsequently to a monoclinic structure at 200Ref. 2 with  two-step sequence on cooling rapidd.42 K/min. Our ex-
the lowering of temperature; both these transitions are ass¢erimental resultgFig. 2) strongly suggests that the interme-
ciated with considerable hysteresise50 K. A widely ac-  diate phase reported earfietis likely to be an artifact of the
cepted viewpoint on the nature of structural transitions in hcgkinetics of the transformation process amat a true equilib-
solid G,y involves two transitions: one from the ideal hcp rium phase. We show that qualitative aspects of our data for
(c/la=1.63) to the deformed hcpcl(a~1.82) at 337 K the temparature evolution of the fraction of the retained hcp
(dhcp and a second transition to the monoclinic structure aphase during the hcp-to-monoclinic transition can be under-
276 K37° Data from differential thermal analysigjifferen-  stood within a simple phenomenological kinetic theory em-
tial scanning calorimetry,and dilatometry measuremént ploying a general free-energy functional with minima corre-
also lend support to this scenario. The occurrence of a twasponding to the parent and two product phases such that one
step transition is rationalized in terms of successive freezingf the product phases is always metastable.
of molecular orientations, first along the short &xis and Chromatographically separated@owder was heated in
then along the long £axis, the structural transitions being vacuum at 250 °C for 24 h to get rid of trapped solvents. The
produced by the coupling of these orientational degrees of-ray diffraction (XRD) study at low temperatures was car-
freedom to the lattice strain. ried out using a Siemens D-500 powder diffractometer with a

Several experiments, however, see a single-step transitiaontinuous flow cryostat. The sample holder wa8Hl)-cut
from hcp to monoclinic phase, and there are othérat have  silicon wafer'? attached to the cold tip of the cryostat using
reported three structural transitions with the variation of tem-a thin layer of GE vernish. The sample displacement errors
perature. For example, Denres al}° observed a single-step due to thermal contraction were corrected by simultaneously
orientational ordering of ¢ molecules, over the temperature using a small quantity of NIST 640a silicon powder as inter-
range of 270 to 160 K in their muon spin resonangSR)  nal d-spacing standard. The XRD patterns were recorded at
experiments. In our earlier wor®, using high-quality 10 K steps over the temperature range of 300 to 77 K. The
samples prepared by the solution route we obseftgthe  sample was cooled at controlled rates. Experiments were car-
equilibrium room-temperature structure of solig,@o be ried out at four different cooling rates varying over two or-
ideal hcp and2) a broad(270 to 170 K single-step transi- ders of magnitude, viz. 0.0033 K/min, 0.22 K/min, 0.31 K/
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FIG. 2. Change in the fraction of the retained parent hcp phase
with temperature at different cooling rates as indicated.

U/\MM\M observation of a=80 K coexistence region even in the sub-
] [m ] limed samplé suggests that this feature is intrinsic. It is seen
| (=

7
g

5ol 22 R/ A ] from Fig. 2 that the width of the transition increases with the
30,/ = S = . = increase in cooling ratée.g., 0.22 K/min implying that the
e 17 18 1 17 18 16 17 1 width is related to the sluggishness of transition in solig.C
26 (Deg.) PIre) 20(Teg) The kinetic model proposed in this papgee below ac-

counts for the broad hcp to monoclinic transition in solig) C
FIG. 1. XRD patterns showing the temperature evolution of the(cf. Figs. 2 and Fig. B

monoclinic phase from the parent hcp at different cooling ra@s. The interesting aspect of Fig. 2 is that with increasing the
0.0033 K/min; the lowest cooling rate employed in this experimentcooling rate further, one obtains a step in the transformation
(b) 0.22 K/min, (c) 0.31 K/min, and(d) 0.42 K/min. region, which can be seen as a distinct plateau for the cool-

ing rate of 0.42 K/min, the fastest controlled cooling rate

min, and 0.42 K/min. Before commencing a fresh coolingpossible with our present experimental setup.
cycle we carried out a detailed XRD run at room temperature
to ensure that the sample had regained its original hcp struc-

ture. 1.4+
As shown in Fig. 18), the room-temperature XRD pattern r=01—
can be indexed to the ideal hcp with lattice parameters 194 wmt| M7

=10.593 A,c=17.262 A, and space grolgs;mmc'3 The
low-temperature pattern can be indexed to a monoclinic
structure, space group2,/m, with lattice parametera
=10.99 A, b=16.16 A, ¢c=9.85 A, B=107.75°. At a
slow cooling rate of 0.0033 K/min, it is seen that the hcp 1—17
phase transforms to the monoclinic structure without the in-
tervening dhcp phase, consistent with the results reported
earlier’® At higher cooling rates of 0.22, 0.31, and 0.42 K/
min, XRD patterns in the & range of 16° and 18°, corre-
sponding to the most intense peaks of the ticp0) and the
monoclinic (211) phased! have been measured, and these
results are shown in Figs(ld)—-1(d).

The change in the fraction of the hcp phase with tempera- i |
ture has been calculated from these patterns as the area ratio 7 6 5 4 3 2 -1 0 1

of the 100% hcp(110 reflection to the sum of the areas of T
the (110 reflection of the hcp and (1) reflection of the FIG. 3. The time- and noise-averaged order parametet; 1

monoclinic phase, and these results are P'Otted in Fig. 2. _It Iﬁlotted as a function of the dimensionless temperatuigg various
seen that at a cooling rate 0.0033 K/min the hcp fractionogjing rates obtained by holding the system forsteps asr is
decreases in a single step, within a temperature range @fquced fromr=1 in steps of 0.01. The order parametgis ob-
about 100 K. The structural change commences 270 K,  tained by numerically solving the stochastic differential equation
and by~ 170 K the transformation to the monoclinic phase gq. (3). (inseb Plot of the free energy(7) as a function of the

is complete. Whilea priori, such a broad transition could be order parameter, for 7=0.1, 0 and—0.1. Note that the interme-
attributed to impurity effectgpresence of intercalantsthe  diate minimum aty=0.4 is always metastable.
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We argue below that this plateau is a signature of the
formation of an intermediate dhcp phase during the hcp-to-
monoclinic transition. The dhcp phase has been repbtted
have lattice parameters @f=10.11 A, c=18.50 A. The P10
(103 reflection of this structure occurs at 17.59, very close 5 - -

to the (_ﬂl) line of the monoclinc phase occurring at 17.61, 20}
and has an intensity that is ordy30% intensity of the stron- 15}

gest(110 reflection® Thus, the formation of the dhcp phase 19}
will result in a decreas¢increase in the estimated mono- 5 /

N

clinic (hcp fraction, leading to the plateau. The interesting

aspect of Fig. 2 is that this plateau, corresponding to the dhcp

phase, is seen during fast cool. If the intermediate dhcp phase /é /’/;%/ﬁ

were an equilibrium phase, we should have observed it in the /m/éééé/'/

slow cool experiments. This suggests that intermediate phase  _, _

is metastable, and the feature seen in Fig. 2 is a reflection of 3 T

kinetic effects—a model for which is developed as follows. , % 05

Being a large and somewhat asymmetric moleculg, C 0
possesses a rich energy landscape with many closely com-
peting local minima with the possibility of the system getting
trapped in metastable phases influencing the equilibrium
phase transitions in this system. A Landau theory for the FIG.4. The normalized probability distributid®(z, 7(t)) of the
hcp-monoclinic transition in & can, in principle, be con- ©rder parameter as a function ofy as 7 is reduced fromr=1
structed along the lines worked out in Ref. 14 for the fcc-With @ holding time oft, =100 stepscurve number 3 in Fig.)3
rhombohedral transition. In this case, the free energy would
have three nonequivalent minima corresponding to the threthe other two minima. While our order parametgihas no
(hep, dhep, and monoclinigphases described above and isdirect connection to actual order parameters for orientational
expected to have either orflecp-monoclini¢ or a sequence transitions of Gy it may be thought of as a “distance” along
of two (hcp-dhcp-monoclinicfirst-order transitions depend- a “minimum free-energy” path connecting the parent
ing on the relative stability of the dhcp and the monoclinic minima to the two nonequivalent product minima in the true
phases. The question of relative stability is, unfortunatelyhigh-dimensional order parameter space.
tricky since it depends on the actual magnitudes of the vari- We now investigate the dynamics of this transition and
ous coefficients in the Landau expansion. The uncertainty iespecially the effect of the metastable minimumyat 7; .
the values of these coefficients, which have to be obtaine@he dynamics is governed by a Langevin equéfidar the
experimentally or from accurate microscopic calculationsorder parametes; (we neglect all spatial fluctuationsvolv-
makes it difficult in practice to settle this question convinc-ing in the free-energy landscapér) and is given by
ingly.

We therefore choose a simple, phenomenological ap-
proach to understand thgualitative features of the kinetics
of the hcp-monoclinic transition as depicted in Fig. 2 without
trying to derive them with any amount of numerical accu-The friction coefficient]’ is related to the variance of the
racy. Consider a general free enefffy;) with three minima  Gaussian white noise by the usual fluctuation-dissipation
obtained by adding inverted Gaussiansyat 7, and 5, with relation y=(&(t)&(t'))=2kgTI'8(t—t’), wherekg is the
widths a1 anda?2 representing the product phases, to a paraBoltzmann constant and the actual temperature. The value
bolic potential centered ay=0, representing the parent of I' can, in principle, be obtained from the libron line shape
phase, obtained from Ramdfi and neutrol scattering experi-

ments. The angular brackets signify an average over various

f= 21— (1—7)(se (7~ 10?4 o= aa(n- 772)2)}_ (1)  realizations of the random noise.
We simulate Eq.2) using a straightforward Euler dis-

The depth of these minima relative to the onezst0 is  cretization scheme with a time step&f=0.01. The dimen-
determined by the dimensionless “relative temperatute” sionless temperatureis reduced from 1 in steps of 0.01. At
oo(T—T.)/T. (defined forr<1 with T, the equilibrium tran-  each temperature step the system was held fasteps(a
sition temperatuneand é controls the relative stability of the larger value oft;, implies slower cooliny The order param-
products forn; and 7,; we have chose to be such that eter» averaged ovety, steps and over various realizations of
the minimum at#, is always metastable throughout the the random noiséypically 300—700Qis plotted as a function
range ofr considered. Atr=0 we have a single first-order of 7 in Fig. 3[for the above set of parameters fidry) and
transition from the parent to the product corresponding toy=1.8]. The resemblance with the cooling curves of Fig. 2
7= 1,. Using the(arbitrary) set of parameterg;=0.4,a, is remarkable. Both extremely fast and slow cooling obtains
=200,7,=0.8,a,=10, and §=0.78 we have plotted the a single-step transformation—the transformation becoming
free energyf(#n) for 7=0.1,0, and—0.1 in Fig. 3(inse). sharper as the cooling rate is reduced. For intermediate val-
Note that the parametet has been so chosen that the inter-ues of the cooling rate a plateau develops. The plateau results
mediate minimum is always slightly metastable compared tavhen the system is trapped, temporarily, in the intermediate

0 -0.5 M

dp/dt=—Tdf(5)/dn+ &t). )
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phase as it evolves from the parent to the product structur@f the metastable paraelectric state produces double hyster-
This can be illustrated as follows. esis loops?®

In Fig. 4 we have plotted the probability distributions  To paraphrase, the low-temperature structural transforma-
P(7,7(t)) as a function ofr(t) for a collection of 500 inde- tion of solid G exhibits interesting kinetic effects, as evi-
pendent systems cooled from=1 to 7=-—4.0 with t, denced by XRD experiments carried out at various cooling
=100At. Starting from a delta function at the origin it  rates. At extremely slow cooling raté3.0033 K/min), rarely
=0 theP(#,t) spreads out with time and eventually evolvesemployed in the studies so far, the transformation to the
into a strong peak centered at the equilibrium valueyof monoclinic phase proceeds through a single step. This im-
However, we observe that the system spends a consideralpéies that the equilibrium transformation corresponds to the
amount of time in the secondary metastable minimum neasimultaneous freezing of all orienational degrees of freedom,
71, Which roughly corresponds to the plateau observed irand recently® a structural model for the low-temperature
Fig. 3 (curve 3. In other words, at slow cooling rates the monoclinic structure has been proposed. At high cooling rate
system gets enough time to relax to the global minimum. Fothe transformation from ideal hcp-to-monoclinic phase pro-
very fast quenches, on the other hand, by the time the systeageds through an intermediate phase. With support from a
relaxes from the parent to the metastable intermediate phasiégoretical model, we show that such a situation can arise if
7 decreases to the extent that the barriers are no longer sufie intermediate phase is metastable. In the light of present
ficient to trap it there. Similar qualitative behavior is seeninvestigations theoretical calculations on the stability of dhcp
over a broad range of values for our parameters as long g#hase need to be reexamined.
the intermediate minimum lies sufficiently close to the true
global minimum and it is sharp enough to trap the system We gratefully acknowledge Y. Hariharan and A. Bharathi
effectively. This behavior is quite general and is analogoudor providing good quality &, powder. We thank K.P.N.
to that in ferroelectrics where a similar kinetic stabilization Murthy and Madan Rao for useful discussions.
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