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Thermal conductivity of Cgy at pressures up to 1 GPa and temperatures in the 56300 K range
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The thermal conductivit\ of Cgq sShows anomalies near 260 K and 90 K which are associated with the
well-established phase transition and glass transition, respectively. Both transition temperatures increase with
pressure, at the rates 120 K GBand 62 K GPa?, respectively. With increasing temperatukepf the simple
cubic (so phase increased below 170(lasslike behavigrbut decreased above. The glasslike behavior of
is probably due to a substantial amount of lattice defects. Possible reasons for the change absigT afear
170 K are discussed. In the face centered cifoic) phase(T>260 K at atmospheric pressiine was almost
independent of temperature, a behavior which is far from that of an ordered ofyst&l* for T>Debye
temperaturg This result can be attributed to the molecular orientational disorder of the fcc phase. The
relaxation behavior associated with the glassy state and its unusually strong dependence on thermal history are
discussed briefly, and data which support a previously reported relaxation model are presented. At room
temperature, the density dependencie&,of? InN/dInp);, were 5.5 and 9.5 for the fcc and sc phases, which
are values typical for an orientationally disordered phase and a normal crystal phase, respectively.
[S0163-18286)00130-0

[. INTRODUCTION tational disorder becomes frozen in, because the probability
for the thermally activated molecular jumps between the two

studied in numerous investigatiohdmany of these also un- orientations becomes small. Below about 90 K, the reorien-
9 many tational rate is insufficient to produce the equilibrium mo-

der high pressure. In the present study, the thermal condugs,|ar orientational state within the normal time scale of an
tivity A of Cgo was measured at high pressure. In geneval, gyeriment. The resulting state of frozen-in orientational dis-
provides information about structural order and phase behays,qer is referred to as a glassy crystal sfaamd the associ-
ior. For Gy, measurements of have previously provided ateqd glassy crystal transition at 90 K is a special case of a
fundamental information such as the observation of a glas§|ass transition.
transition at about 90 K at atmospheric pressifre. The thermal conductivity of g has been studied at atmo-
Ceo has two phases which we will refer to as the face-spheric pressure in three previous investigatith§®Yu and
centered-cubicfcc) phase, which is the stable phase at highco-workeré* measured\ for a single crystal prepared by
temperatures, and the simple-culig) phase, respectively. sublimation and found that of the fcc phase was almost
The fcc phase is an orientationally disordered cry&idic) independent of temperature, a result which agrees well with
phase. In such a phase, the molecules show translational pirat found for other odic phasé&he results for the sc phase
riodicity of molecular centers but no long-range periodicity (\oT 1) resembled those of crystals which are both position-
of the molecular orientation. A molecule in an odic phaseally and orientationally ordered, which indicates that thg C
can occupy any one of an often large number of favorednolecules exhibitnearly orientational order. However, as
orientations. A change of orientation can take place either bynentioned above, the results foralso showed evidence for
occasional jumps, after spending most of the time undergoa glassy crystal transition at about 90 K, indicated by a time
ing librational motions, or by rapid reorientation. The latter dependence of below 90 K and a sharp changedih/dT at
behavior is found for the & molecules in the fcc phase. 90 K. Both these results are consistent with the two orienta-
The transition fcc phasesc phase occurs at about 260 K at tional state models described above. The other two
atmospheric pressure. In the sc phase, orientational disordivestigation® of X both concerned polycrystallinegg In
is still present but to a smaller extent than in the fcc phaseone of thesé&, the specimen contained substantial amount
Models based on the assumption that thg @olecules in  (15%) of C,,. Both investigations® showed that was al-
the sc phase occasionally jump between two orientationsnost independent of temperature in the fcc phase, in agree-
commonly referred to as hexagon and pentagon orientationsjent with the single-crystal data. Howevar,of the poly-
fit experimental data very well. The models yield a smallcrystalline samples were smaller in magnitude by factors of
energy difference of about 10 meV between the two orientatwo’ and four® respectively. Data foh of the sc phaséT
tional states and an energy barrier for the reorientational mo<260 K) were recorded only for thegC,, mixture® These
tion of roughly 250 meV. With decreasing temperature, ofdata exhibited a glasslike temperature dependence\for
course, an increasing number of molecules occupy the orierfpositive d\/dT at constant pressurén contrast with the
tation which corresponds to the low-energy stqtentagon dependenca=T ! which was obtained for the sc phase of
orientation at atmospheric pressurelowever, at 90 K this the single crystal. In addition, the data showed no evidence
ordering process essentially ceases and the remaining oriefor a fcc—sc phase transition or a glassy crystal transition.

The properties of buckminsterfullerenegChave been
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Il. EXPERIMENT
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We used the transient hotwire method to measure simul- - 40 ,
taneously the thermal conductivity and the heat capacity 035 /" (0.8) ~—
per unit volumepc, under pressur® The hotwire probe - :;//M\ 7
used was a Ni wir€0.1-mm diameterplaced horizontally in M 030/ -
a ring of constant radius within a Teflon cell. The probe, s 03 3
surrounded by the medium under investigatidrg polycrys- 2025 J
talline Gy, see below was heated by a 1.4-s pulse of ap- < - .
proximately constant power and the wire resistance was mea- 020 iy
sured versus time. This enabled the temperature rise of the = .
wire to be determined. A theoretical expression for the tem- H n

perature rise was fitted to the data points, thereby yielding 100
andpc, . For temperatures above 100 K, the inaccuracy was

im 2% in nd =5% in min rf . .
tehsérmztlegoztsgct getw)(\aean ?hesh(())twirg an?jstsr?e sagiﬂpe[i e_ct FIG. 1. Thermal conductivity plotted against temperature, at
. o . ressures in GPa given in parentheses. All data except at 0.3 GPa
ing to the decreased sensitivity of the hotwire probe, thé;re at decreasing temperature.
inaccuracy increases with decreasing temperature and was

+4% in \ at 40 K. (The inaccuracy ipc, was not estimated  pyqrostatic experiment. The inaccuracy in temperature was
but is probably substantially larger than 5%. ~ estimated as-0.5 K and the inaccuracy in pressure 540

Two batches of &, one of which was purified by subli- Mpa. The vessel was cooled with a closed helium gas cycle
mation, were supplied by Term USA, Berkeley, CA, and hadrefrigerator. The apparatus has been described in detail
a stated purity>99.9%. The nonsublimed specimen was e|sewherd?
identical to that used in a recent study of compressibflity Measurements were made along either isobars or iso-
and all results except those presented in Fig. 7 pertain to thierms. During measurements along isobars, the rate of tem-
batch. The samples were dried under low dynamic pressurgerature change was typically in the range 0.1-0.5 Kthin
(0.1 Pafor 1 day at 200 °C and then enclosed in glass tubes.
Raman spectroscopy analysis of both batches showed that
the amount of solvents was less than the experimental reso-
lution, which is 0.1% by mass. The results foof the sub-
limed specimen were 6% larger at room temperature and A. The temperature and pressure dependence of
30% larger at 80 K than those of the nonsublimed specimen.
To investigate the effect of annealing, we measwed two
samplegnonsublimed materialwhich had been subjected to
different annealing procedures. One sample was annealed
200 °C for 2 days whereas the other was annealed at 280 °

for 3 days followed by annealing at 200 °C for 5 days, all at he Debye temperature, which at atmospheric pressure is

0.1 Pa. The results for these two samples were the same }8ughly 60 K for Go. As mentioned =T~ was indeed
0 y

W'tth'rrilzth; eﬁﬁerlznrer;(ﬁl Ea():cunralcy.i Thﬁ ds?mﬁlg\st We;ﬁigirt]arébtained for single crystal &.>* In Fig. 2 we show our
acterized using x-rayMor ) analysis and found to € results, extrapolated to atmospheric pressure, together with
the same x-ray-diffraction pattern. As described below, our

data forA indicate a substantial amount of structural disorder“teralture data for both single-crystéiand G/ Cro Mixture.

which might be produced by nonhydrostatic pressure condi-

tions in the sample cell. However, the x-ray analysis showed T T T T T [Trrrrmarrg |

no significant difference in peak width and positions between

fresh samples and those subjected to high pressure. There are

two possible explanations for this: Either the structural dis- o~

order was present already in the fresh sample, or the x-ray

pattern did not change sufficiently to enable the observation g

of increased structural disorder. =2
The samples were loaded in the sample cells in an atmo- ~

sphere of dry argon. The cells were mounted in a piston- 0.2

cylinder type of pressure vessel with an internal diameter of

45 mm and a load was applied ugia 5 MN hydraulic press. g, 4 8B oo o I'I:'I ':I' ,EE

Temperature was varied by cooling or warming the whole 50 100 200 300

pressure vessel and was measured using an internal Chromel T(K)

versus Alumel thermocouple which had been calibrated

against a commercially availabkgalibrated silicon-diode FIG. 2. Thermal conductivity plotted against temperature:

thermometer. Pressure was determined from load-area witlresent workK®), Yu and co-workergRefs. 3 and %(A), Withers

an empirical correction for friction which had been estab-et al. (Ref. 7) (O), Olsonet al. (Ref. 8 (O). The solid line corre-

lished by comparison with directly measured pressure in @ponds tonecT 2,

7(K) 200

Ill. RESULTS AND COMPARISON
WITH PREVIOUS WORK

Figure 1 shows the temperature dependencg af dif-
ferent pressures. In contrast with ordered crystalsf our
polycrystalline G, depends weakly on temperature between
é and 200 K. As is well known, ordered simple crystals
ch as alkali halides exhibit typically<T ! near and above
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The significant differences, in both magnitude and tempera- I R )
ture dependence, between our results and those for a single ~ 9-34[° 7
crystal can probably be accounted for by a substantial L ]
amount of structural disorder in our sample. Polycrystaline ~_ %3°F B
samples of complex crystals sometimes exhibit a signifi- 1, [ (150K) 3
cantly weaker temperature dependence thail 1.** Gen- g 026~ ]
erally, various kinds of structural disorder have been sug- - - N
gested to be responsible for the phonon scattering which < %22[F P .
causes this weaker temperature dependence. Resul§Tipr L _,.»"""(294 K) ]
of ordinary glasses provide evidence for such interpretation. 0.181~ / .
In the temperature range considered héd®—-300 K, :I—T"I"'I Loyl it iatailiny |:
glasses exhibit a which in general is almost independent of 0.1 02 04 05 08 Lo
temperature and, in facicreasesslightly with increasing ’ " P(GPa) ' ’

temperature. As seen in Fig. 2 our results X¢T) show an

intermediate behavior between those found for glasses and FIG. 3. Thermal conductivity plotted against pressure, at tem-
ordered crystals, respectively. At temperatures below abouyteratures given in parentheses. The dashed line represents the best
170 K, X behaves as in a glass whereas above 200 K thét of a first-order polynomial to the low-pressure data at 294 K.
temperature dependence »fapproaches that found for or-

dered crystals. The latter is verified by least-squares fits ithe hotwire is insufficient during the first pressure increase
the range 200-260 K, where typicalyT °is found as an up to about 0.05 GPa. For other materials we have found
average in the whole range whereas a fit close to the fcc-ggood agreement between data foof single crystals at at-
transition temperature yields<T % As shown in Fig. 2, mospheric pressure and those for polycrystalline samples un-
the change ird\/dT at about 170 K is not a feature which der pressuré? However, G, might be a special case since it
occurs in our sample only. The data foiof the single crys- has been shown to be affected by mechanical grinding. Us-
tal show the same tendency, which is most clearly seen bing DSC measurements, de Bruigt all® found that the
comparing with a line corresponding xo<T ! (solid line in  peak in the heat capacity, associated with the-fr phase

Fig. 2). In ordered crystals, the * dependence arises due to transition, became smeared for a sample which had been
three phonon umklapp processes but, as we shall explain subjected to mechanical grinding. In two recent
the discussion section, it is possible that a phase transition isvestigations®’ it has been shown that the peak is less
responsible for the changedi\/dT at about 170 K. If thisis pronounced and can even split into two peaks for samples
the case then our data yield transition temperatures which amghich exhibit crystal imperfections such as stacking disor-
only weakly pressure dependert20 K GPal). It should der. A probable explanation is therefore that the grinding
be noted that the “glassy” behavior of discussed above produces a lot of structural defects which then cause the
indicates structural disorder in the sampieadditionto the  observed transition behavior. It follows that nonhydrostatic
molecular orientational disorder which is responsible for theconditions might be responsible, at least partly, for the sub-

glassy crystal transition. stantial amount of structural disorder which apparently is
Concerning the transition behavior, our data are in agreepresent in our g, sample.
ment with that of the single-crystal (&>* However, as Figure 3 shows\(P) both at room temperature and 150

shown in Fig. 2, the temperature dependence\dfelow K. The data at room temperature exhibit an increasdxh
about 170 K is in better agreement with that found by OlsordP at about 0.3 GPa, which is shown by the deviation from
et al® for the compactedpolycrystalline G, (85% mixed  the linear extrapolation of the low-pressure datashed line
with C,. The polycrystalline mixed &/C,, sample exhib- in Fig. 3). This coordinate corresponds well with that previ-
ited values forx which were glasslike in the whole tempera- ously observett for the fcc—sc phase transition in this
ture range 40—300 KFig. 2). This glassy behavior is prob- sample. We note that the fcc phase has a somewhat weaker
ably partly due to the large amount ofpresent. However, pressure dependenceothan the sc phase. Both phases do,
as shown in the present investigation, eveg 6f purity  however, show the commonly observéidear increase ok
better than 99.9% exhibits glasslike behavior fofbelow  with pressure. Using data fa(P) together with data for the
170 K). Our results together with those of Olsenal® show  compressibility of G, (Ref. 11 for the same specimen it is
that a substantial amount of structural disorder can be intropossible to calculate the density dependenca,ofvhich is
duced in the lattice of g. This might be an effect of the conveniently described using the Bridgman parameter
method used in applying pressure on the sample. In our casg=(JIn AMdIn p)r. At room temperature, we fing=5.5 and
the pressure transmitting medium is Teflon and it is therefor®.5 for the fcc and sc phases, respectively. At 150 K, we
impossible to obtain perfect hydrostatic pressure. The resutibtainedg=8.7 for the sc phase. Since odic phases typically
might be a breaking of the weak intermolecular van dershow values fog in the range 4—7 whereas ordered crystals
Waals bonds of g, leading to crystal imperfections such as exhibit values in the range 6—2ahe density dependencies
stacking faults, interstitials and vacancies. Since the samplef \ are typical for the type of phases thag,@xhibits. A
which had been pressurized to 1 GPa gave essentially th@mple theory forg (Ref. 9 yieldsg=3y+2q—1/3, where
same results as the fresh sample, this effect must occur is a weighed value of the Gneisen parameters for the
mainly during theinitial pressurization of the sample. Unfor- modes contributing ta andq=—(JIn y/d In p);. With this
tunately, this pressurization cannot be monitored using dattheory, the unusually large intermolecular anharmonicity of
for A since the thermal contact between the solid sample an€q, (Ref. 18 should yield a much larger value fgrthan that
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FIG. 4. Heat capacity per unit volume plotted against tempera- 50 100 150

ture, at pressures in GPa given in parentheses. T(K)

v ob qf | . | bl lue f FIG. 5. Thermal conductivity plotted against temperature show-
normally observed for crystals. Using a plausible value o,y 455 transition anomaligarrows pointing upwards The ar-

q(=1-2 (Ref. 19 and 2Dtogsether with an eSt.ima.te for of row pointing downwards indicates the temperature of maximum
the acoustical modegy~5),™ givesg~18. This difference  qjentational disordetP/H=50/50 for a sample which has been

between theory and experiment might be due to the disordgjressurized from 0.07 to 0.4 GPa beldy and thereafter heated
in our sample since amorphous states normally exgisit—  (see text

4. It is therefore important to note that the resultsdagiven

here pertain to our g sample and might be significantly most likely to be valid. We note that Lundin and Sundcdpist

higher for single crystal . found a continuous broadening or smearing of the transition
with pressure.

B. The heat capacity per unit volumepc,

As mentioned in the experimental section, the hotwire D. The glassy crystal transition

method yields data for botpc, (Fig. 4 and\. However, the We associate the rather abrupt changesiArid T, indi-
data forpc, have a much larger uncertainty than thoseNpr ~ cated by arrows pointing upwards in Fig. 5, with the glassy
especially at low temperatures. Our data fay, at 0.2 GPa  crystal transition(The results with an arrow pointing down-
and room temperature were typically 15% lower than a valugvards are discussed belgwSuch an interpretation is sup-
calculated using data for heat capatiand density at atmo- ported by previous results far near glass transitions. In
spheric pressure. We prefer therefore to use these data orggneral,A does not change much at glass transitions. For
to discuss the transition between the sc and fcc phases. instance, at the glass transition temperafty®f glycerol, A
decreases only slightly on heatiff?> Another sign of a
glass transition can be a discontinuous change irdiie T.
For glycerol,d\/dT is weakly positive belowl; but slightly

The transition between the fcc and sc phases could beegative abové??® A transient method, such as that em-
detected as a change in the slopen¢T) (Fig. 1) and as a ployed here, often indicates an apparent peak and a dip
peak in the data fopc,(T) (Fig. 4 at about 270 K at 0.1 in pc, at a glass transitioff>® These two anomalous fea-
GPa. The transition temperatures, defined by the maxima itures are observed when the structural relaxation, associated
pCy(T), are 265 and 275 K at 0.12 and 0.2 GPa, respectivelywith the glass transition, causes a pronounced effect on the
The slope of the transition line calculated from these data isemperature rise of the prol@otwire). Cq, is a so-called
AT/AP=120 K GPa?, which is within the range 100-170 strong glass formé# in which the relaxation time changes
K GPa ! that has been found in other investigations ofrelatively slowly with temperature and, furthermore, glassy
Ceo- 1121 crystal G, should exhibit only a small amount of residual

Normally N changes discontinuously at a first-order tran-entropy due to the relatively small degree of orientational
sition such as that between the fcc and sc phases and this wdisorder. Consequently, theeakrelaxation effects are dis-
also observed by Yu and co-work&fgFig. 2). We see no tributed in a large temperature range and, therefore, the lack
such steplike feature in our dat&ig. 1). Several effects of relaxation anomalies i and pc, at T, of Cgg is not
could be the cause of this. Our data foindicate the pres- surprising. All or some of the phenomena mentioned above
ence of a substantial amount of structural disorder in additiomight be indications of a glass or a glassy crystal transition.
to the molecular orientational disorder. This structural disor+or example, it has been shown that the glassy crystal tran-
der apparently causes the transition to occur over a consigition in cyclohexandf exhibits several of these phenomena,
erable temperature interval; 1’ which more or less can re- whereas the glassy crystal transitions of cyclooctZncan
move the discontinuity in\. Other possibilities are a be detected only by a slight decreasexin
broadening of the transition region due to nonhydrostatic The observed changes@\/dT are not very pronounced
pressure and a change of the transition to second order htt since it is well established that a glassy crystal transition
high pressures. In our view, the first two explanations areccurs in Gy, it is sensible to ascribe these to the transition,

C. The phase transition
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especially since a similar behavior ®thas been found at the

glassy crystal transition of cyclohexafband the glass tran- 3°°W e '__
sition of glycerol?>#Furthermore, a sharp changedr/dT E -
was noticed at 90 K in the data for the single crysthnd ]
an extrapolation to atmospheric pressure of the temperatures 200 sc. =

o

for our similar anomalies yields 90.5 K. We have considered Z
the possibility of other explanations for the changedixv B~
dT, for instance, that the melting point of argon is respon-
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sible. Argon was used as a protecting gas in the glove box 100
during loading of the g, in the sample cell. However, since
the melting point of argon is 84 K at atmospheric pressure il |
and 145 K at 0.3 GP¥, this seems implausible. 0 02 o4 oe  os = 0
The change id\/dT can instead be correlated with the ’ P (GPa) ' ’
orientational order being temperature dependent abiqye
but independent of temperature below. Thg Grientations FIG. 6. Phase diagram for¢g (@) fcc—sc phase transition,
are commonly referred to as pentagdt) (and hexagonHl)  “normal” glass transition(see text observed or(CJ) cooling, (M)

orientations, in which a double carbon-carbon bond on on@eating.

molecule faces the electron deficient center of a pentagon or

a hexagon of its nearest neighbor. At atmospheric pressuregsults forT, above 0.7 GPa must therefore be regarded as
the P orientation is favored and thB/H occupation ratio uncertain even though the extracted transition coordinates
and the orientational order increase with decreasin@ppear to agree fairly well with those extrapolated from low
temperaturé® As a result, phonon scattering against orienta-pressures as shown by the phase diagiféig 6). Moreover,
tional disorder decreases. A}, theP/H (=83/17) (Ref. 28 a few runs for a specimen purified by sublimatiee ex-
ratio becomes essentially frozen and the phonon scatteringerimental yielded more pronounced, anomalies above
arising from orientational disorder becomes temperature in®.7 GPa(not shown than those of the nonsublimed speci-
dependent which yields the changedR/dT. In this model men (Fig. 1). The P-T coordinates for the transition yield

it is also possible to explain whyy appears more or less dT,/dP=62 K GPa'! (for both specimens Taking into ac-
clearly in\(T) at different pressures. As shown in Fig. 5, it count the normal curvature of such a transition line this in-
is much more difficult to determing at 0.2 GPa than at 0.1 dicates that the glass transition pressure at 293 K is larger
and 0.41 GPa. Furthermore, at high pressures above abatitan 3.5 GPa.

0.7 GPa, it is also difficult to distinguisf, (not shown. As described in detail elsewhei®the results forx near
Both these facts can be explained in terms of a temperaturd-, depends very much on the thermal history of the sample.
independenP/H ratio both below ancbove T, for pres-  The discussion above concerns what we call the “normal”
sures above about 0.7 GPa as well as at 0.2 GPa. It has beglassy crystal transition, observed when the pressure is the
showrf® that the P/H ratio depends very strongly on the same on heating through, as on cooling. If, however, the
pressure. TheP orientation, which dominates at low tem- pressure is changed beloW, then a different situation
peratures and pressures, rapidly gives way toHherienta-  arises. For instance, ifis cooled at 0.07 GPa thel/H

tion which permits closer packirfgAt 150 K, theP/H ratio ~ =75/25 atT 4. Since the molecular reorientation is very slow
changes approximately linearly with pressure, passingelow Ty, changes in pressure and temperature do not sig-
through 50/50 at 0.191 GPa.Since the two orientations nificantly change this ratio once the sample is in the glassy
have the same energy at this pressure thd ratio must be  crystal state. If the pressure is increased to 0.4 GP&1the
50/50 atall temperatures near 0.191 GPa. This result to+ratio remains 75/25, although in the “normal” glassy crystal
gether withP/H at atmospheric pressdfecan be used to state it should have been 20/80. The results for a sample with
estimateP/H at all pressures and temperatures using thesuch a thermal history when heated at 0.4 GPa are shown in
assumption that th@/H ratio varies linearly with pressure. Fig. 5. In this casex(T) exhibits a minimun(arrow pointing
Such an estimate shows that at pressures above about @@wnward$ which can be explained bR/H relaxation to-
GPa, theH orientation is much preferred amfH~0/100 is  wards the equilibrium value of 20/80. It is reasonable to
the equilibrium stateup to temperatures well abovig,. (If assume thak(P,T) should exhibit a minimum at maximum
we assume instead that the difference in free energy variewientational disorder, i.eR/H=50/50. Since we must pass
linearly with pressure we find somewhat higher values forthrough the maximum degree of orientational disorder during
the P/H ratio above 0.5 GPa, and a small fraction Bf the relaxation fronP/H=75/25 toP/H=20/80, a minimum
oriented molecules remains above 0.7 GRafollows that in \ is expected. It is clear from the results in Fig. 5 that the
orientational order and, consequentlyjs neither much af- relaxation in this case can be observed at temperateis
fected atT, near 0.2 GPa nor afy at high pressure6>0.7  belowthe “normal” T, at 0.4 GPa. It is therefore apparent
GPa, which explains the difficulties to observe a glassythat the reorientational relaxation tim@nd T4) must be
crystal transition in these pressure ranges. An additionatrongly dependent on thé/H ratio and, in particular, in-
complication at high pressure is thgj falls very close to the crease with a decreasir@/H ratio. This increase can be
maximum in\(T) at about 160 K(see Fig. ], and it is thus associated with the volume decrease which accompanies
difficult to say whether the change @\/dT actually disap- with a decreasingP/H ratio. As a consequence of the
pears completely or whether there is a small residual cuspmaller intermolecular distances the potential barrier for the
due to orientational fluctuations even at high pressures. Theeorientational motion increases, which yields a larger reori-
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, T 0.1 GPa, but the specific features which occur in the data can
L i be observed at all pressures if shifts in temperature with pres-
_ sure are accounted for. As shown in Figs. 1 and 5, there are

0315}
= 3 i several discontinuities iI\/dT. Such behavior is usually
Y i | due to phase transitiondirst or higher order The well-
g I established glass transition inggat 90 K and the first-order
= 0311 ;%;P/H=50/50 transition at 260 K explain the discontinuitiesdm/dT near
= S : these temperature¢The change ird\/dT at low tempera-

tures, e.g., 60 K at 1 GPa, can be attributed with confidence
to the decrease of the heat capacity at roughly constant mean
free path. At about 170 K, we observe another abrupt
6x10° change ind\/dT which might also be due to a transition.
However, before discussing this possibility we will explore
the extent to which\ can be modeled below 260 K.

FIG. 7. Thermal conductivity plotted against time at 0.7 GPa At |ow temperatures the large amount of structural disor-
and 100 K. Thermal history: samlple cooled from room temperaturgyer dominates the phonon scattering, which is reflected in a
to belowT, at 0.07 GPa, pressurized to 0.7 GPa and, subsequentlyyasi temperature dependence Xoin comparison with that
heated to 100 K. of an ordered crystal. At sufficiently high temperature one

expects that three phonon umklapp processes should provide
entational relaxation time. It follows that the reorientationalsignificant additional phonon scattering, yieldikg T™*. In
relaxation time(and T,) in Cqq is unusually strongly depen- order to test if umklapp processes together with scattering
dent on the thermal history since the equilibridH ratio  from structural defects could describgT) in the range
varies strongly with pressure and temperature. 100-260 K(aboveT,), we employed the commonly used

An interesting consequence of the model described is thaklaxation time model fox.3%32In addition to the relaxation
\ can either decrease or increase with time for a nonequilibﬁme T for umk|app Scattering' we introduced a constatd
rium sample kept at constant pressure and temperature, dgyughly account for the scattering from structural deféats
pending on the current and equilibrium values for 1  constantr is normally associated with boundary scattering
ratio. This situation is shown in Flg 7. The results pertain tObut is also sometimes used to discussf amorphous mate-
Ceo Which has been cooled from room temperature to belowials). However, a fit yielded poor agreement with the experi-
Tg at 0.07 GPa, iSOthel’mally pressurized to 0.7 GPa at 80 Km]enta| data, main|y because of the abrupt Chang@\iﬁdT
and subsequently annealed at 10007 GPa. Accordingly,  near 170 K. That is, we find that three-phonon umklapp scat-
the frozen-inP/H ratio is about 75/25 whereas the equilib- tering cannot cause a change da/dT at 170 K sharp
rium state should be close ®/H=0/100. As can be seeR,  enough to give a fair description of the data. It is possible
initially decreases following the change BfH towards 50/ that the model, which assumes Debye lattice waves, is too
50, reaches a minimuniP/H=50/50 and thereafter in- simple or even invalid for materials with a substantial
creases as the orientational order improves. Since the d@mount of structural disorder. A different approach using
crease is more rapid than the following increase it appearginstein oscillators is sometimes employed for disordered
that the initial 7 is shorter than that at the end of the anneal-materials®*3 but will also fail because it yields a constant
ing, also in good agreement with the model. at high temperatures. We conclude that the most commonly
employed models fox cannot explain the change @\/dT
at 170 K without introducing a scattering mechanism which
increases the phonon scattering more abrupt than umklapp

We have argued that our sample qf,Exhibits a substan- scattering, or a phase transition which changes also other
tial amount of disorder. An indication of this is given by the properties such as the phonon velodisge below A scat-
phonon mean free path. The mean free dattan be esti- tering source might be provided by other modes than the
mated using the simple Debye formula fomwhich is given  acoustical and, in particular, the librational modes gf.@s
by A=(1/3)pc,l v, wherev is the phonon velocity andc, is  a consequence of large molecular masg, €hibits low-
the heat capacity per unit volume of the phonons which ardrequency librational branches which overlap those of the
responsible for the heat transport. We associate the vibratingcoustical mode®>*It follows that these modes can be im-
unit with the G, molecule (c,=25 Jmol K™%, p=2400 portant to phonon scattering and there is experimental evi-
molm3) and approximater with the sound velocity dence for such strong scattering in for example soljcahd
(~2x10° m s %), which yieldsl =50 A at 200 K(about three  CO=2® However, a quantification for gis difficult due to the
lattice constanjs Although the absolute value fbrobtained meagre theoretical knowledge about phonon-libron scatter-
in this way needs to be treated with caution, the tkis  ing.
almost certainly rather small. It probably follows that the In analogy with the model proposed fo¢T) in the single
amount of defects must be substantial but a quantification isrystals®* the anomaly in\(T) at the glass transition can be
not possible without specific knowledge of their ability to described qualitatively using the relaxation time model. In
scatter phonons. the analysis of the single-crystal data, Yu and co-workers

The results for\(T) can be discussed qualitatively in introduced a phonon scattering rate associated with the P-H
terms of available models as well as the known behavior foprientational disordergy. Furthermore, they assumed that
\ at transitions. We will mainly discuss the result #fT) at  the three-phonon umklapp process was the only other signifi-
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cant scattering source. These assumptions yielded the olrolecular forces. In fact, it has been found that the sound
served discontinuity id\/dT at T since the P-H disorder velocity decreases more rapidly with temperature above 160
decreases and, consequentlyy increases down tol,  Kthan below!"?In the simple Debye formulay is propor-
where it becomes constant. Our data Xoin the range 50— tionally to the sound velocity. Consequently, if we assume
170 K can be described in an analogous way. However, ithat the group velocity of phonons that dominate the heat
our case, the dominant scattering mechanism in the sc phag@nsport exhibits the same tendency as the sound velocity
is structural disordefother than orientational disordeCon- (despite the fact that their frequencies are much higher than

sequently, if we exchange the scattering rate for umklapghose of sound wavgshen this explains the observed dis-
processes with one associated with structural disotaer Ccontinuity indA/dT. Furthermore, according to the Debye
Jormula, the change ifd log AM/d log T) due to a change in

phonon velocity would be equally large in our data as in the
_single-crystal data, which is roughly in agreement with the
rg?xperimental datéFig. 2). If instead a scattering source was
solely responsible for the 170 K anomaly then it would prob-
bly be much more pronounced in the single-crystal data

(not shown in the figures
We return now to the 170-K anomaly and two other pos
sible explanations for this result, besides umklapp and libro
scattering described above. One originates fitueat trans-
h h ical hich therefore i i . ; . . =
Fho: ;prr?gsglite ngfn?ﬁguzﬂga d?soc(:%sédwag:ov; e};evc\)l;]eiclhs f]huelts an in our data. This follows from a discussionl afhich is

modes act only in scattering processes. The other explanatidHUCh Sma”ef In ou(strucfturally disordergaspecimen than

attributes the anomaly to a phase transition. in the smgle.-crystal specimen. Consequently, a new scatter-
We first consider the possibility that nonacoustical mode<"Y m::-rc]:harlﬁn: sfhould affth of theh_s?gled(i:srystal mucrtw

cancontributeto a significant extent ta. Through theoreti- more than that of our specimen, which IS disagreemen

cal calculations, it has been found that the optical vibrationgv't_?;he ehxpenLnental resullts.b lies in th
in an alkali halid&® can contribute significantly ta. In ad- ere have been several observatiasfsanomalies in the

dition, there is experimental evidence that also Iibrationaroro|[|).e.rtt|Ies t?f'bg? Zt t160 K. '[heset_havg l:suatlly dn%t been
vibrations can take part in heat conductirhesides being ]?xp 'g'ty attributed 1o aﬁnevtv r??ﬁ' |0in, tu mi_eg t;gg re-
possible scattering sourc&sWhen nonacoustical modes are erred 1o as precursor etiects o ¢ transitiort &

excited, additional paths for the heat transport become avaifS’ Wh'Ch IS associated W't.h the onset of almost |sotrop|c
able if the modes exhibit a large group velocit@therwise reorientation. If the anomalies observed at 160 K on heating

they can serve only as scattering sources for the acoustic?re indeed associated \.N'th the onset (.)f an additional mode
modes) Such modes with large group velocity do exist in or mode$ for the reorientational motion then these two

Ceo.>* This contribution is added to that from acoustical models seem to be basically identical. .
modes and, hence, yields an increaseird T, similar to In summary, our data for(T) at 0.1 GPa show anomalies

that observed in the data for the single crystal near 120 it about 90, 170, and 270 K. Those at 90 and 270 K are

i i - iated with the well-established glass and phase transi-
(Fig. 2. At even higher temperatur@, can approacty —+  &ss0cid _
whgen the nonacoustical moﬁes which Cont[:i%ute)\tmre tions, respectively. The feature observed at 170 K support

. —40 . . i
fully excited® in agreement with the single-crystal results previous report$ .Of a transition, wh_|gh could b.e assocl
above about 160 K as well as our results near thefsc ated with the excitation of an additional reorientational

phase transition mode. However, we cannot completely exclude that our

Another explanation for the result near 170 K is a Struc_anomaly at 170 K is associated with a strong scattering

tural transition. There are several investigations at atmog,ource(perhaps libronsor even originates from heat con-

spheric pressure which suggest the existence of such a trar]%L—‘Cti(?n through nonacoustical modes, although the latter is
formation. Among these, both Sakaeeal3® and More®®  '€SS likely.
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diffraction pattern of G, and a recent investigation of the
photoconductivit§® supports this suggestion. Motetpro- We are grateful to Dr. Per Jacobsson for the Raman spec-

posed that the transition might be associated with a changeoscopy analysis. This work was supported financially by
of the nature of the correlated reorientational motion. Such ¢he Swedish Natural Science Research Cou(id#fR) and
transition could increase the phonon scattering rate but alsthe Swedish Research Council for Engineering Sciences
affect A through changes in other properties, e.g., the inter{TFR). A.S. acknowledges financial support from NFR.

1J. D. Axe, S. C. Moss, and D. A. Neumann,3olid State Phys- and R. S. Ruoff, Appl. Phys. A6, 219 (1993.
ics, edited by H. Ehrenreich and F. Spaefétademic, New 5C. S. Yannoni, R. D. Johnson, G. Meijer, D. S. Bethune, and J. R.
York, 1994, Vol. 48, p. 150. Salem, J. Phys. CherB5, 9 (199)).
2c. Meingast and F. Gugenberger, Mod. Phys. Lett7,B1703 6T. Matsuo, H. Suga, W. I. F. David, R. M. Ibberson, P. Bernier,
(1993. A. Zahab, C. Fabre, A. Rassat, and A. Dworkin, Solid State
3R. C. Yu, N. Tea, M. B. Salamon, D. Lorents, and R. Malhotra, Commun.83, 711(1992.
Phys. Rev. Lett68, 2050(1992. 7J. C. Withers, R. O. Loutfy, K. Y. Donaldson, and D. P. H.

4N. H. Tea, R.-C. Yu, M. B. Salamon, D. C. Lorents, R. Malhotra, Hasselman, J. Am. Ceram. Sat6, 754 (1993.



3100

8J. R. Olson, K. A. Topp, and R. O. Pohl, Scien2g9 1145
(1993.

%R. G. Ross, P. Andersson, B. Sundqvist, and &GckB&an, Rep.
Prog. Phys47, 1347(1984).

10B. Hakansson, P. Andersson, and G.cRstram, Rev. Sci. In-
strum.59, 2269(1988.

A, Lundin and B. Sundgvist, Europhys. Le®7, 463 (1994.

120, Andersson, B. Sundqvist, and G.dgatram, High Pressure
Res.10, 599 (1992.

13D, G. Cahill, S. K. Watson, and R. O. Pohl, Phys. Rev4®
6131(1992.

140. Andersson and H. Suga, Phys. Rev5® 6583(1994).

153, de Bruijn, A. Dworkin, H. Szwarc, J. Godard, R.dlie, C.
Fabre, and A. Rassat, Europhys. L&d, 551 (1993.

186G, B. M. Vaughan, Y. Chabre, and D. Dubois, Europhys. L34.
525(1995.

7A. K. Gangopadhyay, T. Kowalewski, and J. S. Schilling, Chem.
Phys. Lett.239, 387 (1995.

18M. A. White, C. Meingast, W. I. F. David, and T. Matsuo, Solid
State Commun94, 481 (1995.

193, L. Tallon, J. Phys. Chem. Solidd, 837 (1980.

20, A. Girifalco, Phys. Rev. B52, 9910(1995.

2'G. A. Samara, L. V. Hansen, R. A. Assink, B. Morosin, J. E.
Schirber, and D. Loy, Phys. Rev. 87, 4756(1993.

220, sandberg, P. Andersson, and GeBstran, J. Phys. ELO, 474
(1977.

23D, G. Cahill and R. O. Pohl, Phys. Rev.35, 4067 (1987.

24C. A. Angell, J. Non-Cryst. Solid431-133 13 (1991).

250. Andersson, R. G. Ross, and G.dRatram, Mol. Phys.66, 619
(1989.

O. ANDERSSON, A. SOLDATOV, AND B. SUNDQVIST

260, Andersson and R. G. Ross, Mol. Phy4, 523(1990.

2’R. G. Crafton, Phys. LetB6A, 121 (1971).

28W. I. F. David, R. M. Ibberson, T. J. S. Dennis, J. P. Hare, and K.
Prassides, Europhys. Lefit8, 219(1992.

2W. I. F. David and R. M. Ibberson, J. Phys.: Condens. Mdter
7923(1993.

300. Andersson, A. Soldatov, and B. Sundqvist, Phys. Let?208,
260(1995.

31R. Berman Thermal Conduction in SolidClarendon Press, Ox-
ford, 1976.

32B. Sundqvist, Phys. Rev. B8, 14712(1993.

33, Pintschovius and S. L. Chaplot, Z. Phys9B, 527 (1995.

34J. Yu, L. Bi, R. K. Kalia, and P. Vashishta, Phys. Rev4® 5008
(1994).

35_. A. Koloskova, I. N. Krupskii, V. G. Manzhelii, and B. Ya.
Gorodilov, Sov. Phys. Solid Stafis, 1278(1973.

365, Pettersson, J. Phys.21, 1727(1988.

37y, G. Manzhelii, L. A. Koloskova, I. N. Krupskii, and V. B.
Kokshenev, Sov. J. Low Temp. Phyk.1302(1975.

38K. Sakaue, N. Toyoda, H. Kasatani, H. Terauchi, T. Arai, Y.
Murakami, and H. Suematsu, J. Phys. Soc. §3n1237(1994.

3%R. Moret, Phys. Rev. B8, 17 619(1993.

40H. Yamaguchi, T. Yamaguchi, S. Kagoshima, T. Masumi, J. Li,
and K. Kishio, J. Phys. Soc. Jp64, 527 (1995.

41x. D. Shi, A. R. Kortan, J. M. Williams, A. M. Kini, B. M.
Savall, and P. M. Chaikin, Phys. Rev. Lei8, 827 (1992.

42C. Hucho, M. Kraus, D. Maurer, and V. Mar, Physica B194-
196, 415(1994.



