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Specific heat of Gy and K5Cgq thin films for T=6-400 K
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Using a microcalorimeter, we have measured the specific heagyad KsCgq thin films from 6—400 K.
The results can be understood by analyzing the phonon modes; the electronic specific h€gt of & small
fraction of the total. While &, displays a clear separation of energy levels between interball and intraball
modes, the addethlkali) optical modes in KCgq blur this separation because they appear in the gap. Addi-
tionally, the acoustic modes of3Ks, soften compared to puresg [S0163-18209)01039-5

. INTRODUCTION ence of the K between theggmolecules affects the phonon
spectrum.

Cso Was discovered in 1988Ref. 1) and has been widely Some of the questions about these materials can be ad-
available since 1991.Shortly thereafter it was found that dressed through heat-capacity measurements. There have
K3Csois a metal and a superconducfajth the surprisingly  been many previous specific-heat studies of pug(Refs.
high transition temperature of 19 K. This marked the begin9—-14 and K;Cq (Ref. 15. Despite some initial confusion
ning of a full-blown research effort to understand all kinds ofdue to differences in sample quality, the vibrational modes
fullerenes, with particular emphasis on alkali-intercalatedand bonding in pure & have been well understood through
Cgo Materials. C, measurements, as we will describe in detail in Sec. Ill A.

Pure G, draws research interest as a novel moleculaOur pure G results are fully consistent with past studies.
solid because the molecular units are so large and symmetric. Because KCq is a metal and a superconductor, one
Structural and bonding issues are of primary importance, not/ould like to leam fromC, measurements the value gf
only intrinsically but also in their effects on electronic prop- the _coefficient of the electronic specific heaCelecionic
erties. TheA;Cq, materials are interesting because they are~ ¥T), Which is proportional to the density of electronic
not conventional metals, as numerous experiments ha\/%:ates at the Fermi levél(ef), as well as the value of the

shown. The most striking evidence for atypical behavior scontinuity_ inC, at t.he superconduc_ting transition. Be-
comes from the nonsaturation of the resistivity with yond metallic properties, heat capacity can reveal how

temperaturé. Both K;Cqy and RBCg have room- _StronglyI thellattlce spgcllf:‘c heath is z(ijﬁ;?cted bg th§ chgnggs in
temperature resistivity near 1.5(htm, four times larger mtzrm%ecu_ﬁ: potelntla rom the difterent torf1 tlr?g "o ifi
than the loffe-Regel limit, implying a mean free path shorteran KsCeo._ The only previous measurement of the specific

. ! . heat of KCgsy (Ref. 15 addresses the first two electronic
than the intermolecular spacing. As the temperature INCreases;eqas discussed in Sec. II)Bbut not the lattice proper-

up to 800 K, the resistivity never levels off, rising beyond the ;oo

point where the mean free path is shorter than even the in- oyt experiments show that phonons and localized lattice

teratomic spacing. Thus, the simple Drude formula for mearycitations strongly dominate the specific heat at tempera-

free path is inappropriate for these materials. _ tures from 6 to 400 K. Due to the small electronic heat ca-
In addition, the weak bonding and consequently large dispacity, no information about the electronic term could be

tance between the cages results in a nafre®.5 eV (Ref.  aytracted. Therefore, we focus on drawing conclusions about

5)] conduction band, nearly an order of magnitude smallegne phonon density of staté®BOS) and the bonding in &

than for conventional metals. The low electron density ingng k..

K3Ceo [4X10°* cm ™ (Ref. 6] implies poor screening. Nu-  The |attice specific heat is related to the phonon density of

merous theoretical models and experiments show a larggates in energy spad@(w) through

electron correlation energy, on the order of 1.0-1.8"eV,

meaning that electron-electron interactions are strong. The >«
transport properties of §Cq are strongly affected by such c_Xe

: - 260 : . . Claticd T) =Kg ZD((U) do, (1
unconventionality; for instance, this material can be driven 0 (e*—1)

from superconducting to insulating solely by the addition of
disorder, extremely rare for a three-dimensional system. wherex=%w/ksT andkg is the Boltzmann constahf.We

All of these factors indicate the anomalous electroniccompare ourC, results to those obtained by integrating a
properties ofA3zCgqq, but in addition, there are important published DOSRef. 17 from neutron scattering results. For
guestions of bonding. Puresghas only weak van der Waals the G, the specific heat obtained from the published DOS
bonds between the neutral balls;&, has K" ions filing  matches our measured results moderately well, but for
the spaces betweeny€™ molecules, so that the interaction K3Cqp, the match is quite poor. We then work backward
is primarily ionic. The structure and lattice constant gy C from our data to construct a crude model of the difference in
and KsCgq are nearly the same. One can ask how the presDOS between g and KCg, illuminating the essential
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physics: G, shows a clear separation of energy regimes inhear the device during deposition, then measuring the film
the DOS between low-energy interball modes and highthickness directly on a profilometer after removal from the
energy intraballon-bal) modes, while in KCs, the separa- chamber. This method cannot be used fg€Clg because the
tion is blurred due to the addition of alkali optical modes in film immediately reacts with air, causing the potassium to
the gap. Additionally, below 140 K—a temperature regimemigrate to the surface and form potassium oxides and ghe C
dominated completely by the acoustic phonon modes—théattice to relax.

specific heat of KCqq is larger than that of g, showing that

the acoustic modes of 4Cqq are softer than those of pure B. Sample deposition
Ceo- The samples were deposited onto devices already contain-
ing a conduction layer of 2500 A of polycrystalline gold,
Il. EXPERIMENTAL DETAILS evaporated at ambient temperature in a separate chamber.
A. Measurement method X-ray diffraction experiments that we performed on g C

. ) o film grown on polycrystalline gold under somewhat different
The specific heat was measured with our thin-film Calo'deposition conditiong0.2 A/sec, 180°C showed a grain

rimeter devices, which have been described in detaikj,e of 4200 A. Thus. we expect this sample had smaller
elsewherée? Briefly, the device consists of an 1800-A amor- 4ins. '
phous SiN membrane, which serves to thermally isolate thé 114 Gyo and KeCqo Were evaporated from thermal sources

sample, surrounded by a Si frame. A thin-film Pt heater ang, 4, ultrahigh vacuum{UHV) deposition chamber, which
three thin-film thermometers cross the membrane, and eaclyniains three thermal evaporation sources and a liquid-

thermometer has an identical matching partner on the frameyi5gen-cooled shroud to reduce the deposition pressure.

One thermometer is Pt, working in the range 40 K-800 Kiynqer the conditions used in the present work, the pressure
the other two are different geometries of amorphoussfihe chamber prior to evaporation @0~ torr. The G,
NDgSio, together spanning the range 1 K-300 K. A metallic s, rce was sublimed powder from MER Corporation loaded
conduction layer is deposited on the center of the backside Gftq 4 baffled tungsten boat, while the potassium was grown
the device so that it is in thermal, but not electrical, contact o m getter sources from SAES Inc. Both the,@nd the K
with the electronics on the front. This layer assures that th?when usell were thoroughly outga'ssed before deposition

thermally isolated features on the membrane come to equirhe gypstrate temperature during deposition was 135 °C; the
librium among themselves much more quickly than any ap-

s ressure during deposition was<3a0 8 torr. In the case of
plied heat can Ieak_ back to the Cu block. Th_e sample als ure Gy, we used a deposition rate of 1 A/sec, growing the
goes on the backside, on top of the conduction layer. Th

Im to 7000-A thick (mass 7.4ug).
sample and conduction layer are deposited through a shadow ( 4u9)

mask that sits less than 26n from the membrane surface to peting factors of grain size, deposition rate, and alkali inter-

give a well-defined area. . . calation. A compromise between these considerations led to
The lrQeasurement is made using the standard relaxatiqp, following growth scheme: The 4500-Ac€q, film (5.5

”.‘eth"d- Solving ihe heat-flow gquaﬂon for this fjewce ©g) was grown in three separate sequential steps, each

yields the resultC=«7, where C is the heat capacity of 3560 R thicki.e., 1500 A of pure g, was grown and then

everything in direct thermal contact with the conduction otassium was intercalated into it, three times in a)rdvine

Iayer(samplle, membfa”e eIgctromcs, a paich of membran%eposition rates were 0.2 A/sec fog@nd 0.1 A/sec for K.

the conduction layer itself « is the thermal conductance of " oo 1500-A step, the four-wire resistance of the film

the leads and membr.ane that provicje the heat link betWe%as monitored using a SiN substrate with prepatterned con-
the sample and the Si frame, which is thermally grounded tQ

. ST acts. The K was deposited until the film reached a resistivity
the cryostat block; and is the characteristic time for the minimum, which corresponds to &go.2° Then the next
heat to leak from sample to block.and « are measured by |over \was grown in a similar fashion. The resistance of the
a standard ac bridge technique. The heat ca|_oaC|ty of the thelr”m after the second layer did not drop by a full factor of 2
mometers, heater, membrane, and conduct_u_)n |dgreown compared to the first layer, which we take as evidence that
as the addendavere measured before depositing the sample

. . the second and third g layers had smaller grains than the
This addenda is then subtracted from the subsequently meg:o; 4 e to potassium from the lower laygrdiffusing into
sured total heat capacity, which includes the sample. It a

Cthe fresh Go- The film grown by this method showed resisi-
—809 i - 0. = Y A
counts for 30—80% of the total heat capacity and was su ivity characteristics similar to those seen in single crystals.
tracted as a smooth curve.

The mass of the sample must also be measured in order I}%had positive(“metallic” ) slope at high temperatures, low
convert heat capacityJ/K) to specific heat(J/gK). The om-temperature resistivity for g (2.5 m2 cm), a high

i rcon ing on mper 2 n relativel
sample area was well known from the size of the shado puperconducting onset temperat8.2 K), and a relatively

mask, and the thickness was determined by a crystal monitor " superconducting transitid K) (see Fig. 1

located near the sample during deposition. The bulk density
was used to calculate the mass, an assumption later justified
for the pure Gy by comparing our measured specific heat to Due to the great air sensitivity of JCq, all measure-
literature values. It is likely that the 4Cqq sample also had ments on this material must be performéd situ or on

the bulk density because it was made by intercalating potassamples otherwise sealed from oxygen exposure. We mea-
sium into an already-deposited;dfilm. For pure Gy, we  sured the heat capacity of the;®;, samplein situ using a
have also checked the thickness by placing a blank substraféde cryostat mounted on top of the UHV deposition system,

Growing the best KCq film required balancing the com-

C. Cryostats



PRB 60 SPECIFIC HEAT OF Go AND K3Cg THIN FILMS . .. 11767

25 T : T ; . T . ;
[ 1.2 T T T T T T T
= 0.14 T T T T d
L o E E
-~ 2 ] 1L Ko oty oo
I ] . . e
E o 008 .‘."4 3 . o 08
g L o 0.08F ) e -t
_g 1.5_— E ; 0.8 F 004k c 3 F - E
g ~ 002 50 4 s\
= { = ; L . . . 7
o S0 ] % 061 u’ ]
Y
Y 4a
G
[ ] = 04l i
05 ] o
: | &
02} ¢ Cso 2
ol . ) ) . . . : " « KGCq
0 50 100 150 200 250 300 350 400
0 1 L L L 1 1
Temperature (K) 0 50 100 150 200 250 300 350 400
FIG. 1. Resistivity of KCgs, sample, 4500 A, substrate tempera- Temperature (K)

ture during deposition 135 °C. The substrate w&3iN covered by s
2500 A polycrystalline gold. This sample was grown simulta- plafelzij ié)r?eij)sepc(;zfjgfsttr?;%a?t?rdatﬁgsg% iE?errtmhglng)dI;t:‘?nlgéveesr' with
neously with the heat-capacity sample, next to Ghedevice. ) . . . '
y pactty P three translationalacousti¢ and three librational modes, the satu-
. . . . . ration value is 69.3 mJ/gK. The equivalent saturation faCd
with a cold finger which extends into the chamber. This cry-,. :
ostat has beegn constructed with UHV-compatible materiglg'e" all modes not on the baik 150 mJ/g K. The saturation values

. . r the total DOS are 2.08 J/gK gg and 1.88 J/g K(K3Cqg),
(for example, high-melting-temperature solder was used an hich are not reached at the temperatures shown. Note that the

vacuum grease was nolts temperature range of operation gpecific heat of KCy, exceeds that of g from 6-140 K, and on a
is 2.5 K to 500 K; other details have been publishedmglar plot(3/mol K), this difference is further enhancédetails of

previously? . _ . . - the Dulong-Petit limits and conversion to molar quantities are
The calorimeter device with the less air-sensitive pugg C worked out in the appendixinset: an expanded view of the region
was removed from the deposition chamber and measexed below 50 K.

situ in two systems. The low-temperature cryostat, designed _ .
by RMC (now Desert Cryogeni¢s has a standard copper from our data by measuring the excess specific heat above a
cold finger and radiation shield, and a brass vacuum attached00th background through 250 K: 30.5 J/gK and 6.67 J/g,
by a greased taper seal. The temperature range of operatié‘?ﬁpeCt'_Velyz- These values are in good agreement with model
is 1.5-310 K. For the high-temperaturg,@lata(300—400 calcul_atloné (26.5 J/gK and 6.7 Jjgas well as previous
K), a differentex situsetup was used, which has been de-&Xperimental resultd (41.7 J/g K and 5.9 Jjg
scribed previously* The overgll shape of t.he thspemflc—he_at curve can be
understood in the following way, as articulated by Olson
et al'® Note that there is an initial rise in the specific heat,
followed by a plateau near 80 K, then another steep, nearly
Figure 2 shows the specific heat ofg@and KsCqo as a  linear rise. This two-tiered behavior corresponds tsepa-
function of temperature in units of J/gK. Both these unitsfation of energy levelsn the phonon spectrum. The low-
and J/mol K have conceptual advantages and disadvantag@8€rgy excitations are translations and rotati@iso called
for these materials. Comparing units, numbers of modes, anliPrations involving the entire G, cage. Because the bonds
the density of states forggand KsCq is subtle; the details Petween cages are weak van der Waals bonds, these low-
are worked out explicitly in the Appendix. For convenience€nergy modes saturate below 80 K. With six modésee
in this text, we will treat the units of J/gK as primary; to translational and three librationaénd a molecular number
convert to J/mol K, where a mole refers to carbon atoms foflensity (N/60), the Dulong-Petit limit for the g molecules
CGO and average atoms forSKGO, mu|t|p|y the QO data by is 6(N/6O)kB: 693 mJ/g K, which matches the level of the
12 and the KCg, data by 13.3. For moles of molecules, Plateau. Calculatio$ and measuremenrifsof the speeds of
multiply the per gram results by 720 forggand 837 for  Sound in G give a Debye temperature of about 90-100 K,
KCeo. reasonably consistent with this saturation occurring near 80
K in our data.
Above the temperature where the low-energy modes satu-
rate, the higher-energy excitationa the ball start to be ac-
Our G5, measurement covers the widest temperaturgivated and contribute to the specific heat, causing the sharp
range for a clear(sublimed sample. A number of earlier rise above 100 K. The Dulong-Petit limit for the carban
results over smaller ranges or with lower quality samplesomsis equal to 3Nkg= 2.08 J/g K. The saturation tempera-
have been published in the literatdré? and we note that ture is not reached in our experiment or any other published
our data match well with previous results. specific-heat results; based on the highest-energy on-ball
The first-order orientational transition is clearly visible mode(196 meV},?® this temperature is expected to be above
near 250 K. Usings= [(C/T) dT andH=fC dT, we found 2500 K. (Since G, sublimes around 300 °C, it could not be
the changes in entropyS and enthalpyAH at the transition observed anywaylt is the large difference in bond strength

ll. RESULTS AND DISCUSSION: C gy AND K 5Cqgo

A. Pure Cgy: Separation of energy levels
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between the covalent bonds on the cage and the molecular  0.14 : - : .

bonds between the cages that leads to the separation of en- o present data (5.5.9)
. . o012 | o Ramirez et. al. (36 mg) . ]
ergies in the phonon spectrum. : L
We note briefly that the roughly linear dependenc&gf 2 o ! e
above 100 K corresponds to a broad, nearly constant density & [ | LT ]
of phonon states, which arises from the multitude of on-ball E’ 008 L : . ' 1
modes(see Sec. Il (. g e
Looking in more detail, we consider the low-temperature f 0.06 L N "OWM ]
; . o
behavior ofC,. In the Debye model, th&® regime can be g o 3
. . 8] I"A C =0.0016 J/gK (Ramirez)
expected no higher than about 1/10 the saturation tempera- g 004 1o e .
ture, and a common rule of thunfaccounting for deviations ez | ce;lm:lateg ltinear
from the Debye modglis 1/50. From the data, we see that ~  0%2p & : clectronic fem -
the intermolecular modes of ¢ saturate near 80 K, and 0 & g Jy ]
therefore theT® regime for the specific heat is not expected 0 10 20 30 40 50

abowe 8 K and could occur below 2 K. Recall also that the
intermolecular modes consist of both acoustranslational
modes and librations. There is no reason to assume that these
two kinds of excitations have the same saturation tempera-
ture; therefore, the shape of tlig curve below 80 K may be The el . . .
non-Debye-like even if both kinds of modes are well de- e electronic term associated with the average calculated

scribed by Debye functions. Indeed, Beyermann, Hundley? value (3.4<10"* J/g K.) is plotted in Fig. 3, along W'th,
and Thompsot? have analyzed their specific-heat data in thefhe low-temperature portion of oursg, data and Ramirez
P y X results, which span the range 4-25 K. We see that even

treg|me 152?) K,tand the()_j/ f'nlq thatta sum of t\.NOdEt'nSte'nbelow 50 K, the electronic contribution to the total specific
erms, a bebye 1erm, and a inear term 1S requirec 1o actlyy o4 KCeo is small; it is even smaller at higher tempera-
Rures. The superconducting transition is at 19 K, and below
T., the electronic heat capacity drops exponenttaland is
even less of the total.

The dashed vertical line in Fig. 3 represeiiits the su-
perconducting transition temperature. By plotting their data
on a log-log scale, Ramirezt al. find an experimental value
of AC=1.6mJ/gK. Using the -calculatedy of
3.1xX10 ® J/g K2, Cepectronicat T¢ is 5.89x 10~ * J/g K, so that
the ratio of AC to Cgecrronicat Te is 2.72, somewhat higher
than the predicted BCS value of 1.4Ref. 16 (this has been
interpreted as strong electron-phonon coupling in fullerene

Figure 2 shows our measurement of the specific heat oduperconductojs Going the other way, Burkhart's/ of
K3Ceo compared to that of £. We first note that KCsp  3.7x107° J/gK? in conjunction with these values for the
shows no orientational transition below 400 K associategatio gives a jump in the specific heat of 1-2 mJ/g K. These

with the breaking of spherical symmetry when the balls stopsalues for the jump are below the level of the noise in our
rotating freely, consistent with NMR experimeAfsThe  data, and indeed, we see no evidence of a jump, so it was not
presence of the potassium hinders rotation. The balls sit ipossible for us to estimat&C.

one of two inequivalent orientations, which is called “mero- |t js clear from Fig. 3 that the specific heat 0£®, is
hedral disorder,” at all temperatures relevant to this sttfdy. gominated by nonelectronic terms to which we now turn.
We now turn to the analysis of the electronic contribution
to the specific heat: the value gfand the jump afr;.. The
first has only been measured indirectly, and the second only
measured once. The relevant experiments were performed by Figure 2 shows that in ¥Cgy, unlike Gy, there is no
Ramirezet al'® and Burkhart and Meingust Ramirezet al.  clear saturation of low-energy modes and no platea@,n
measured the heat capacity of a thick film gfd§, deposited ~ As determined in the Appendix, the saturation value for all
on the inside of a quartz ampoule from 4-25 K. Using themodes not on the ball in 4Cg, is 150 mJ/gK. There is a
jump in the specific heat af. and information about the slight flattening inC,(T) near this value, but not as distinct
superconducting parameters from other experimentsas in the case of &.
Ramirezet al. calculated a value fory: 3.1x10 ° J/g K2, The differences betwee@, in Cgy and KsCqo can be ex-
Burkhart and Meingust measured the volume expansion cglained by the changes in the acoustic modes due to the K
efficient of K3Cqp pellets, from whichy can also be calcu- ions, as well as the appearance of new alkali optical modes.
lated; they found 3.% 107> J/g K2. For comparison, a typi- Some of the modified modes are very soft, contributing
cal metal hasy about an order of magnitude smalférThe weight at the lowest energies, which accounts faClg's
large value in KCqq is due to a high density of electronic larger specific heat at low temperature, while the alkali opti-
statesN(E;), which results from the narrow conduction cal modes appear in the gap between interball and intraball
band. mode£® and cause the blurring of the separation.

Temperature (K)

FIG. 3. Low-temperature portion of §Cqy Specific heat.

in the overlapping regiori6—20 K). Therefore, there is no
true low-temperature “Debye regime” abews K in which
the excitations are in the long-wavelength continuum limit.
A low-temperatureT® behavior inC, arises from a pho-
non density of stateB (w) that varies as»?. The lack of a
T2 regime implies that the DOS does not vary @$ until
below the energy corresponding to 6[kK 0.52 meV#h].

B. K3Cgo: Small electronic term

C. Blurred energy levels and the density of states
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For K;Cqp, the charge transfer is nearly compldteso 12 e - - e -
the crystal consists of K and Gg>~ ions, giving KCgo a T
different intermolecular potential than that of the neutral mo- 1L oosf
lecular solid Gg. It is not clear what the effect on the
phonons will be: On the one hand, ionic bonds should stiffen
the lattice because the attraction of the charged units exceed=
the attraction of the induced dipoles of van der Waals bonds,§
and steric hindrance could possibly play a stiffening role =
also. On the other hand, metallic screening tends to softeng
the phonons. Raman and IR spectroscopy indicate that mos'g
shifts in on-ball modes betweenggLand K;Cq, are small &
(=< a few percent® Further, neutron studies show that the 0.2
repulsive part of theA-Cgq potential is as important as the
Coulombic part in determining the orientational potertfal. 0
Note from Fig. 2 that the specific heat 0§®;, exceeds that
of Cgo from ~6-140 K, indicating that the low-energy inter- Temperature (K)
molecular modes shift to lower energy, and therefore these

cannot be the source of the lack @f, plateau and blurred specific heat calculateldising Eq.(1)] from the published neutron

energy levels. _ _ DOS (Ref. 17). Neither our model nor the neutron result is expected
To examine the phonon density of states in these materiy, gisplay the orientational peak because no provision was made in

als more carefully, we first compared our specific-heat datgne calculations for the number of modes to change with tempera-

to published neutron-scattering results. The D@®f. 33  ture. Inset: The region below 50 K.

can be calculated from neutron-scattering results, combined

with appropriate force constants known from thedhyo- ~ acoustic modes are stiffer than those ig, (peaked near 4

mpf et al1” have done this for € and KCs using a model meV), while we found that they had to be slightly softer to

based on strongcovalen} nearest-neighbor interactions on account for the large€, in KyCeo at low temperature.

the G molecules and weak van der Waals or weak ionicth To un_cfi_eritantd rr]lore C(Ijearlc):/ how tE? d|ﬁe(3jr_?fnces bet\_/veen
interactions between balls. e specific heats of ggand K;Cgq result from differences in

: : the DOS, we constructed two crude model densities of states,
Using this calculated DOS for botheb-and KsCeo, We o (" 1 knowledge of the relative weights of different
modes(see the Appendjx We have confirmed that they ap-
proach the correct Dulong-Petit limits at high temperature:

—_
%0 003 F
~

e — our model
- --=--neutron model

K
-

0 50 100

i3 PR PEFE B Sre | )
150 200 250 300 350 400

FIG. 4. Our G, data compared to our modgtig. 6) and to the

have done the integral in Eql) to determine the corre-
spondingC,aice iN the range 1-400 K(As a check, we also
did the calculation up to 3500 K and confirmed that it ap-
proached the correct Dulong-Petit limit in each cadehe 2.hOS ‘]/9 KFfor BQOT?Ind 18? for tK‘CGO'I Theh models a;e' |
results are shown in Figs. 4 and 5, along with our own modeP 'OWN N FIg. 6. The Simple rectangular shapes are fairly
which will be described shortly. For &, the calculated accurate in the case ofgf; which has many excitations of

Catiice Nas the correct qualitative two-tiered shape but doe§Imllar energy,” but less accurate for 4Cso. (Note that at

not quantitavely match the data at low temperature, due elt—he lowest energy, the true DOS must dropEin the

ther to inaccuracy of the low-energy neutron data or to ir]_elastic limit, so this simple model will not produce a specific

correct mode counting in the model used to convert the neJ]eat that approaches zero correctly at the lowest tempera-
tron data to a DOS. For 4Cgy, the problems are more

serious; the calculate®,,4.. does not even qualitatively 1 ‘ ; .
match the blurred shape of the®s, C,, data. First, it retains R — R
the two-tiered shape because too few modes appear in the E ;
gap to blur the separation of energy levels. Also, there is too 081 o
little weight at the lowest energies;;&gy'S greater specific
heat below 140 K requires the interball modes to become
even softer than they are in purg,C (More detailed infor-
mation about this comparison to neutron results can be found

0.08
0.04

0.6} ooe

Specific Heat (J/gK)

in Ref. 35) 9 04l ,' §
Using a different neutron scattering technique, Neumann - Tao e

et al*? focused their studies on the low-energy regifsel0 e

meV) in Cgo, K3Cqo, and other fullerenes. Since they were 021 - ¢ KO data ]

primarily interested in the orientational potential of these = T heution modl

materials, they did not calculate a phonon DOS, but some of o e ) ) ) ) , )

their findings can be compared with our specific heat results. 0 50 100 150 200 250 300 350 400

In particular, they find significant neutron-scattering intensity
near 2.5 meV in g, which is due to the very soft librational
modes. This is very close to the librational energy we found FIG. 5. Our KCg, data compared to our modéfig. 6) and to
to best match our specific-heat results, as described belowhe specific heat calculatédsing Eq.(1)] from the published neu-
However, Neumann’s results indicate that inG¢, the  tron DOS(Ref. 17. Inset: The region below 50 K.

Temperature (K)
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0.06 T - - - are very soft, so that there is G dependence t€, down
— 0.06 ey to at least 6 K. In KCqp, the separation of energy levels is
005 e K:Cop 005E - 3] blurred so that the two-tiered behavior is not evident.
< { 004f | 1 Using published densities of states fajo@nd KCg, cal-
2 0041 0.03f i eeenees Sk culated from neutron results to determine the specific heat,
§ 0.02F we find a consistent qualitative picture for the case gf:C
S 003f 0.01F | : . the modes are separated into two regimes. But fgCgk
@ i obudddidiidiin too few modes are added at low temperature and in the gap,
5] H 0 2 4 6 8 1012 14 16 i
2 ool ] so the model does not match the specific-heat data. More
g q significant changes are needed to givgCly a higher spe-
O Lot 5 ] cific heat at low temperature and to eliminate the two-tiered
shape ofC,,.
o A ) , Our own simple model densities of states, constructed to
0 100 150 200 resemble our specific-heat results upon integration, show that

adding alkali optical states in the gap and at the lowest en-

ergies accounts well for the differences in specific heat be-
FIG. 6. Model densities of states foggand K;Cqo. The solid  tween Gy and KgCgyp.

line model representsgg, with a well-defined separation of energy

levels. The dashed line model simulates the case £f;§ with APPENDIX: MODE-COUNTING AND THE DENSITY OF

weight shifted to lower energies and states in the gap. The states at STATES IN Cgy AND K 3Ceo

the lowest energy<5 meV) are associated with acoustic modes,

the large blocks at high energy=30 me\) with the numerous Enumerating the vibrational modes in these materials can

on-ball modes, and the peak between 10-15 meV with the opticahecome confusing, especially when translating between gram

modes of KCqo. The integrated DOS under each block was con-and molar quantities. In this appendix, we explicitly count

strained to match the number of modes of each tgee the Ap-  the nonelectronic modes contributing to the specific heat of

pendix for details Both models were tuned to produ€y curves Ceo and K;Cq, divide these into low- and high-energy por-

that resemble our experimental results. Inset: The low-energy '%ions, and calculate the weights of these modes in the densi-

gion. The real DOS must approach 0ES this has no impact on ties of states.

Cp in the measured temperature range. Ceo is @ pure material, so it is unambiguous to consider

For Cs, we chose two regions separated by a gap, indicaEhe density of states patom (of carbon. We write this as

tive of the separation of energy levels. To obtain the correct
Cp shape in the range 100-200 K, it was necessary to add D(E)= )
some structure to the intraball phonons, with less weight eV (carbon atom
fsrgz:iggaigtrinse:hg\?v?] ﬁog%ffgosnog_vcghrgag @-1212 rﬁls(')l{'letamsmce the total number of modes isl3whereN is the num-
that this sort of model is not expected to reproduce the ori—ber of carbon atoms, the area un@(E) is constrained:
entational peak in the specific heat because that peak occurs
when the number of phonon modes abruptly changes at 250 J
K. The overall match between our model and the data is
excellent, including the initial rise at low temperature. ) )
In the case of KCgp, some weight is shifted to even Each unit cell contalns_GO c_arb_on a_toms. Therefore, there
lower energies to reproduce the greater magnitude of th@re 180 total modes of vibration in this material. Recalling
K +Ceo Specific heat over thedgspecific heat. Note that if the  that Geo displays a separation of energy levels between low-
data were plotted as J/mol K instead of J/g K the difference agnergy interball modes and high-energy on-ball modes, it
low temperature would be further enhanced, becaugK makes sense to d|V|d_e these mode_s into two categories: the
has larger mass per mole thap,CWe also added alkali first consisting of rotations of the entire ball, called librations
optical modes in the gap to blur the separation of energythrée modek plus acoustic phononshree modes and the
levels. The specific heat calculated from this model is com$&cond consisting of on-ball modes. Thus, the interball
pared to our KCy, data in Fig. 5. The match is again quite modes account for 6 out of 180 modes, and the on-ball

Energy (meV)

number of modes

(A1)

o0

. D(E) dE=3. (A2)

good for such a simple model. modes are the remaining 174. Integrating just the area of the
DOS under the interball modes should give a valueg;
IV. CONCLUSIONS =0.1. The remaining 2.9 is the area under the on-ball modes,
and a gap separates these two regions of the DOS.
In summary, our specific-heat measuremdgts400 K) The Dulong-Petit limit is 25 J/molK. Since a mole of

indicate that the lattice contribution dominat@s in K;Cg, ~ carbon atoms has mass 12ig., a carbon atom weighs 12
and that Gy and KsCq, have significantly different densities amu, this limit becomes 2.08 J/gK for . (Caveat the

of phonon states. Pureggexhibits a separation of energy orientational transition at 250 K slightly changes this result,
levels in its DOS due to differing bond strengths on andas described in the paragraph below. However, the small
between molecules, which results in a two-tiered shape to thehange does not affect the analysis in this paggince the
specific heat as the intermolecular modes saturate before thgterball modes account for 6/180 total modes, the saturation
on-ball modes become excited. The intermolecular modewalue for the interball modes is 1/30 of 2689 mJ/g K.
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As a brief aside, it is worth noting the effect of the orien- weights of the portions of the DOS slightly different: the
tational transition at 250 K in pureggon the specific heat. acoustic and rotational modes have total arex 3
Above this transition, the balls spin freely, which means that=0.095; the optical modes >3135=0.143. Thus, the total
there is no potential energy associated with their rotationalveight of non-on-ball modes is 0.24 in;&g (within round-
motion (because there is no restoring forcRecall that in  ing). The on-ball modes have weight<3ms=2.76. Note
the classical, high-temperature limit, each squared term ithat the total is still 3.
the Hamiltonian(called adegree of freedoimcontributes In terms of moles ofaverageatoms, the Dulong-Petit
1/2kg to the heat capacity per atom, so that usually a set olimit is still 25 J/mol K. Since an average atom weighs 13.3
three modes will contributeky , with three kinetic and three amu, this limit for KsCg, translates to 1.88 J/g K. Although
potential degrees of freedom. However, the three rotationahe modes do not clearly separate in this matéridall Fig.
modes in Gy do not contribute the full 3{/60)kg to the  2), we can derive a theoretical saturation value for the modes
specific heat above 250 K; they only contribute thatare noton the ball. Since these modes account for 15 out
3/2(N/60)kg. Thus, the true Dulong-Petit limit is Nkg of 189 total modes, they should saturate at XK&§
—(3/2)(N/60)kg=119Nkg/40=24.79 J/molk= 2.07 J/gK =150 mJ/gK.
instead of 2.08. This does not change any of our conclusions, It is worth noting finally how to conceptualize the differ-
and for convenience, we will treat the high-temperatureence betweel (E) for Cgy, which is expressed in terms of
Dulong-Petit limit as B kg . carbon atoms, anB’(E) for K5Cqo, Which is expressed in

Moving on to the case of ¥Cg, at high temperature, we terms of average atoms. We can write
now must consider aaverage atonoccupying the unit cell,
which contains three potassium atoms and 60 carbon atoms.  modes
This average atom has mdqs8)(39)+ (60)(12)]/63=13.3

amu. The density of states is now expressed as: eV (carbon atom
modes number of average atoms

number of modes =
(A3) eV (average atom)number of carbon atom's

eV (average atom)

D' (E)= (A%)

Equation(A2) is still true for D’'(E)—it just refers to the where there are 63 average atoms per 60 carbon atoms.
modes of the average atoms. The total area is still 3. Therefore, we can understand why the on-ball modes have
Dividing up the modes is somewhat more difficult. Con- different weights inD(E) and D’ (E)—their weight in the
sider all the modes that ar®t high-energy(on-bal) modes.  case of G, (2.9) is equal to their weight in the case 0§
This amounts to considering thesCmolecule as a large (2.76) times the conversion factc.
“atom”—in other words, conceptually the material is;X, Expressing theC, data in terms of J/gK is unambiguous
with four “atoms” per primitive unit cell. We consider an in the sense that there is no question what a “gram” refers
fcc structure, ignoring the orientation of the balls because ito; units of J/mol K must always be accompanied by a speci-
does not affect the mode counting result. There are a total dication of the molar quantitycarbon atoms, g molecules,
12 modes €4x 3), of which 3 are acoustic. Therefore, nine or average atomsThus, we have chosen to present the data
are optical. We still must add in the three rotational modedn gram units, although they do carry the disadvantage of
that we counted above for the case @f CThis makes a total having different Dulong-Petit limits for different materials.
of 15 modes not on the ball. The remaining 174 are the
on-ball modegthe same number as we found in the case of
Ce0)-
Since there are now 63 average atoms per unit cell, there We thank S. Watson, R. Dynes, D. Arovas, and J. Ostrick
are 189 total modes, which are distributed in the ratios defor valuable discussions and insights. This work was sup-
rived in the previous paragraph. This makes the relativgported by NSF Grant No. DMR-9208599.
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