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Specific heat of C60 and K3C60 thin films for T56– 400 K

K. Allen and F. Hellman
Department of Physics, University of California, San Diego, California 92093

~Received 13 January 1999; revised manuscript received 14 May 1999!

Using a microcalorimeter, we have measured the specific heat of C60 and K3C60 thin films from 6–400 K.
The results can be understood by analyzing the phonon modes; the electronic specific heat of K3C60 is a small
fraction of the total. While C60 displays a clear separation of energy levels between interball and intraball
modes, the added~alkali! optical modes in K3C60 blur this separation because they appear in the gap. Addi-
tionally, the acoustic modes of K3C60 soften compared to pure C60. @S0163-1829~99!01039-5#
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I. INTRODUCTION

C60 was discovered in 1985~Ref. 1! and has been widely
available since 1991.2 Shortly thereafter it was found tha
K3C60 is a metal and a superconductor,3 with the surprisingly
high transition temperature of 19 K. This marked the beg
ning of a full-blown research effort to understand all kinds
fullerenes, with particular emphasis on alkali-intercala
C60 materials.

Pure C60 draws research interest as a novel molecu
solid because the molecular units are so large and symme
Structural and bonding issues are of primary importance,
only intrinsically but also in their effects on electronic pro
erties. TheA3C60 materials are interesting because they
not conventional metals, as numerous experiments h
shown. The most striking evidence for atypical behav
comes from the nonsaturation of the resistivity w
temperature.4 Both K3C60 and Rb3C60 have room-
temperature resistivity near 1.5 mV cm, four times larger
than the Ioffe-Regel limit, implying a mean free path shor
than the intermolecular spacing. As the temperature incre
up to 800 K, the resistivity never levels off, rising beyond t
point where the mean free path is shorter than even the
teratomic spacing. Thus, the simple Drude formula for me
free path is inappropriate for these materials.

In addition, the weak bonding and consequently large d
tance between the cages results in a narrow@'0.5 eV ~Ref.
5!# conduction band, nearly an order of magnitude sma
than for conventional metals. The low electron density
K3C60 @431021 cm23 ~Ref. 6!# implies poor screening. Nu
merous theoretical models and experiments show a la
electron correlation energy, on the order of 1.0–1.8 e7

meaning that electron-electron interactions are strong.
transport properties of K3C60 are strongly affected by suc
unconventionality; for instance, this material can be driv
from superconducting to insulating solely by the addition
disorder, extremely rare for a three-dimensional system.8

All of these factors indicate the anomalous electro
properties ofA3C60, but in addition, there are importan
questions of bonding. Pure C60 has only weak van der Waal
bonds between the neutral balls; K3C60 has K1 ions filling
the spaces between C60

32 molecules, so that the interactio
is primarily ionic. The structure and lattice constant of C60
and K3C60 are nearly the same. One can ask how the p
PRB 600163-1829/99/60~16!/11765~8!/$15.00
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ence of the K between the C60 molecules affects the phono
spectrum.

Some of the questions about these materials can be
dressed through heat-capacity measurements. There
been many previous specific-heat studies of pure C60 ~Refs.
9–14! and K3C60 ~Ref. 15!. Despite some initial confusion
due to differences in sample quality, the vibrational mod
and bonding in pure C60 have been well understood throug
Cp measurements, as we will describe in detail in Sec. III
Our pure C60 results are fully consistent with past studies

Because K3C60 is a metal and a superconductor, o
would like to learn fromCp measurements the value ofg,
the coefficient of the electronic specific heat (Celectronic
5gT), which is proportional to the density of electron
states at the Fermi levelN(eF), as well as the value of the
discontinuity in Cp at the superconducting transition. Be
yond metallic properties, heat capacity can reveal h
strongly the lattice specific heat is affected by the change
intermolecular potential from the different bonding in C60
and K3C60. The only previous measurement of the spec
heat of K3C60 ~Ref. 15! addresses the first two electron
issues~as discussed in Sec. III B!, but not the lattice proper-
ties.

Our experiments show that phonons and localized lat
excitations strongly dominate the specific heat at tempe
tures from 6 to 400 K. Due to the small electronic heat c
pacity, no information about the electronic term could
extracted. Therefore, we focus on drawing conclusions ab
the phonon density of states~DOS! and the bonding in C60
and K3C60.

The lattice specific heat is related to the phonon density
states in energy spaceD(v) through

Clattice~T!5kBE
0

` x2ex

~ex21!2
D~v! dv, ~1!

wherex5\v/kBT and kB is the Boltzmann constant.16 We
compare ourCp results to those obtained by integrating
published DOS~Ref. 17! from neutron scattering results. Fo
the C60, the specific heat obtained from the published DO
matches our measured results moderately well, but
K3C60, the match is quite poor. We then work backwa
from our data to construct a crude model of the difference
DOS between C60 and K3C60, illuminating the essentia
11 765 ©1999 The American Physical Society
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11 766 PRB 60K. ALLEN AND F. HELLMAN
physics: C60 shows a clear separation of energy regimes
the DOS between low-energy interball modes and hi
energy intraball~on-ball! modes, while in K3C60 the separa-
tion is blurred due to the addition of alkali optical modes
the gap. Additionally, below 140 K—a temperature regim
dominated completely by the acoustic phonon modes—
specific heat of K3C60 is larger than that of C60, showing that
the acoustic modes of K3C60 are softer than those of pur
C60.

II. EXPERIMENTAL DETAILS

A. Measurement method

The specific heat was measured with our thin-film ca
rimeter devices, which have been described in de
elsewhere.18 Briefly, the device consists of an 1800-Å amo
phous SiN membrane, which serves to thermally isolate
sample, surrounded by a Si frame. A thin-film Pt heater a
three thin-film thermometers cross the membrane, and e
thermometer has an identical matching partner on the fra
One thermometer is Pt, working in the range 40 K–800
the other two are different geometries of amorpho
Nb8Si92, together spanning the range 1 K–300 K. A meta
conduction layer is deposited on the center of the backsid
the device so that it is in thermal, but not electrical, cont
with the electronics on the front. This layer assures that
thermally isolated features on the membrane come to e
librium among themselves much more quickly than any
plied heat can leak back to the Cu block. The sample a
goes on the backside, on top of the conduction layer.
sample and conduction layer are deposited through a sha
mask that sits less than 25mm from the membrane surface t
give a well-defined area.

The measurement is made using the standard relaxa
method.19 Solving the heat-flow equation for this devic
yields the resultC5kt, where C is the heat capacity o
everything in direct thermal contact with the conducti
layer ~sample, membrane electronics, a patch of membra
the conduction layer itself!; k is the thermal conductance o
the leads and membrane that provide the heat link betw
the sample and the Si frame, which is thermally grounded
the cryostat block; andt is the characteristic time for th
heat to leak from sample to block.t andk are measured by
a standard ac bridge technique. The heat capacity of the
mometers, heater, membrane, and conduction layer~known
as the addenda! were measured before depositing the samp
This addenda is then subtracted from the subsequently m
sured total heat capacity, which includes the sample. It
counts for 30–80% of the total heat capacity and was s
tracted as a smooth curve.

The mass of the sample must also be measured in ord
convert heat capacity~J/K! to specific heat~J/g K!. The
sample area was well known from the size of the shad
mask, and the thickness was determined by a crystal mon
located near the sample during deposition. The bulk den
was used to calculate the mass, an assumption later jus
for the pure C60 by comparing our measured specific heat
literature values. It is likely that the K3C60 sample also had
the bulk density because it was made by intercalating po
sium into an already-deposited C60 film. For pure C60, we
have also checked the thickness by placing a blank subs
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near the device during deposition, then measuring the
thickness directly on a profilometer after removal from t
chamber. This method cannot be used for K3C60 because the
film immediately reacts with air, causing the potassium
migrate to the surface and form potassium oxides and the60
lattice to relax.

B. Sample deposition

The samples were deposited onto devices already con
ing a conduction layer of 2500 Å of polycrystalline gold
evaporated at ambient temperature in a separate cham
X-ray diffraction experiments that we performed on a C60
film grown on polycrystalline gold under somewhat differe
deposition conditions~0.2 Å/sec, 180 °C! showed a grain
size of 4200 Å. Thus, we expect this sample had sma
grains.

The C60 and K3C60 were evaporated from thermal sourc
in an ultrahigh vacuum~UHV! deposition chamber, which
contains three thermal evaporation sources and a liq
nitrogen-cooled shroud to reduce the deposition press
Under the conditions used in the present work, the press
of the chamber prior to evaporation is 5310210 torr. The C60
source was sublimed powder from MER Corporation load
into a baffled tungsten boat, while the potassium was gro
from getter sources from SAES Inc. Both the C60 and the K
~when used! were thoroughly outgassed before depositio
The substrate temperature during deposition was 135 °C;
pressure during deposition was 331028 torr. In the case of
pure C60, we used a deposition rate of 1 Å/sec, growing t
film to 7000-Å thick ~mass 7.4mg!.

Growing the best K3C60 film required balancing the com
peting factors of grain size, deposition rate, and alkali int
calation. A compromise between these considerations le
the following growth scheme: The 4500-Å K3C60 film ~5.5
mg! was grown in three separate sequential steps, e
1500-Å thick ~i.e., 1500 Å of pure C60 was grown and then
potassium was intercalated into it, three times in a row!. The
deposition rates were 0.2 Å/sec for C60 and 0.1 Å/sec for K.
For each 1500-Å step, the four-wire resistance of the fi
was monitored using a SiN substrate with prepatterned c
tacts. The K was deposited until the film reached a resistiv
minimum, which corresponds to K3C60.20 Then the next
layer was grown in a similar fashion. The resistance of
film after the second layer did not drop by a full factor of
compared to the first layer, which we take as evidence
the second and third C60 layers had smaller grains than th
first due to potassium from the lower layer~s! diffusing into
the fresh C60. The film grown by this method showed resis
tivity characteristics similar to those seen in single crysta
It had positive~‘‘metallic’’ ! slope at high temperatures, low
room-temperature resistivity for K3C60 ~2.5 mV cm!, a high
superconducting onset temperature~19.2 K!, and a relatively
narrow superconducting transition~2 K! ~see Fig. 1!.

C. Cryostats

Due to the great air sensitivity of K3C60, all measure-
ments on this material must be performedin situ or on
samples otherwise sealed from oxygen exposure. We m
sured the heat capacity of the K3C60 samplein situ using a
4He cryostat mounted on top of the UHV deposition syste
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with a cold finger which extends into the chamber. This c
ostat has been constructed with UHV-compatible mater
~for example, high-melting-temperature solder was used
vacuum grease was not!. Its temperature range of operatio
is 2.5 K to 500 K; other details have been publish
previously.8

The calorimeter device with the less air-sensitive pure60
was removed from the deposition chamber and measureex
situ in two systems. The low-temperature cryostat, desig
by RMC ~now Desert Cryogenics!, has a standard coppe
cold finger and radiation shield, and a brass vacuum attac
by a greased taper seal. The temperature range of oper
is 1.5–310 K. For the high-temperature C60 data ~300–400
K!, a differentex situsetup was used, which has been d
scribed previously.21

III. RESULTS AND DISCUSSION: C 60 AND K 3C60

Figure 2 shows the specific heat of C60 and K3C60 as a
function of temperature in units of J/g K. Both these un
and J/mol K have conceptual advantages and disadvant
for these materials. Comparing units, numbers of modes,
the density of states for C60 and K3C60 is subtle; the details
are worked out explicitly in the Appendix. For convenien
in this text, we will treat the units of J/g K as primary; t
convert to J/mol K, where a mole refers to carbon atoms
C60 and average atoms for K3C60, multiply the C60 data by
12 and the K3C60 data by 13.3. For moles of molecule
multiply the per gram results by 720 for C60 and 837 for
K3C60.

A. Pure C60: Separation of energy levels

Our C60 measurement covers the widest temperat
range for a clean~sublimed! sample. A number of earlie
results over smaller ranges or with lower quality samp
have been published in the literature,9–14 and we note that
our data match well with previous results.

The first-order orientational transition is clearly visib
near 250 K. UsingS5*(C/T) dT andH5*C dT, we found
the changes in entropyDS and enthalpyDH at the transition

FIG. 1. Resistivity of K3C60 sample, 4500 Å, substrate temper
ture during deposition 135 °C. The substrate wasa-SiN covered by
2500 Å polycrystalline gold. This sample was grown simul
neously with the heat-capacity sample, next to theCp device.
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from our data by measuring the excess specific heat abo
smooth background through 250 K: 30.5 J/g K and 6.67 J
respectively. These values are in good agreement with m
calculations22 ~26.5 J/g K and 6.7 J/g!, as well as previous
experimental results23 ~41.7 J/g K and 5.9 J/g!.

The overall shape of the C60 specific-heat curve can b
understood in the following way, as articulated by Ols
et al.13 Note that there is an initial rise in the specific he
followed by a plateau near 80 K, then another steep, ne
linear rise. This two-tiered behavior corresponds to asepa-
ration of energy levelsin the phonon spectrum. The low
energy excitations are translations and rotations~also called
librations! involving the entire C60 cage. Because the bond
between cages are weak van der Waals bonds, these
energy modes saturate below 80 K. With six modes~three
translational and three librational! and a molecular numbe
density (N/60), the Dulong-Petit limit for the C60 molecules
is 6(N/60)kB5 69.3 mJ/g K, which matches the level of th
plateau. Calculations24 and measurements25 of the speeds of
sound in C60 give a Debye temperature of about 90–100
reasonably consistent with this saturation occurring near
K in our data.

Above the temperature where the low-energy modes s
rate, the higher-energy excitationson the ball start to be ac-
tivated and contribute to the specific heat, causing the sh
rise above 100 K. The Dulong-Petit limit for the carbonat-
omsis equal to 3NkB5 2.08 J/g K. The saturation tempera
ture is not reached in our experiment or any other publis
specific-heat results; based on the highest-energy on
mode~196 meV!,26 this temperature is expected to be abo
2500 K. ~Since C60 sublimes around 300 °C, it could not b
observed anyway.! It is the large difference in bond strengt

FIG. 2. Specific heat of C60 and K3C60. For the C60, the lower
plateau corresponds to the saturation of intermolecular modes;
three translational~acoustic! and three librational modes, the sat
ration value is 69.3 mJ/g K. The equivalent saturation for K3C60

~i.e., all modes not on the ball! is 150 mJ/g K. The saturation value
for the total DOS are 2.08 J/g K (C60) and 1.88 J/g K~K3C60),
which are not reached at the temperatures shown. Note tha
specific heat of K3C60 exceeds that of C60 from 6–140 K, and on a
molar plot ~J/mol K!, this difference is further enhanced~details of
the Dulong-Petit limits and conversion to molar quantities a
worked out in the appendix!. Inset: an expanded view of the regio
below 50 K.
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11 768 PRB 60K. ALLEN AND F. HELLMAN
between the covalent bonds on the cage and the molec
bonds between the cages that leads to the separation o
ergies in the phonon spectrum.

We note briefly that the roughly linear dependence ofCp

above 100 K corresponds to a broad, nearly constant den
of phonon states, which arises from the multitude of on-b
modes~see Sec. III C!.

Looking in more detail, we consider the low-temperatu
behavior ofCp . In the Debye model, theT3 regime can be
expected no higher than about 1/10 the saturation temp
ture, and a common rule of thumb~accounting for deviations
from the Debye model! is 1/50. From the data, we see th
the intermolecular modes of C60 saturate near 80 K, an
therefore theT3 regime for the specific heat is not expect
above 8 K and could occur below 2 K. Recall also that t
intermolecular modes consist of both acoustic~translational!
modes and librations. There is no reason to assume that t
two kinds of excitations have the same saturation temp
ture; therefore, the shape of theCp curve below 80 K may be
non-Debye-like even if both kinds of modes are well d
scribed by Debye functions. Indeed, Beyermann, Hund
and Thompson10 have analyzed their specific-heat data in t
regime 1–20 K, and they find that a sum of two Einste
terms, a Debye term, and a linear term is required to ac
rately model the data. Our data are nearly identical to th
in the overlapping region~6–20 K!. Therefore, there is no
true low-temperature ‘‘Debye regime’’ above 6 K in which
the excitations are in the long-wavelength continuum lim

A low-temperatureT3 behavior inCp arises from a pho-
non density of statesD(v) that varies asv2. The lack of a
T3 regime implies that the DOS does not vary asv2 until
below the energy corresponding to 6 K@50.52 meV/\#.

B. K3C60: Small electronic term

Figure 2 shows our measurement of the specific hea
K3C60 compared to that of C60. We first note that K3C60
shows no orientational transition below 400 K associa
with the breaking of spherical symmetry when the balls s
rotating freely, consistent with NMR experiments.27 The
presence of the potassium hinders rotation. The balls s
one of two inequivalent orientations, which is called ‘‘mer
hedral disorder,’’ at all temperatures relevant to this stud26

We now turn to the analysis of the electronic contributi
to the specific heat: the value ofg and the jump atTc . The
first has only been measured indirectly, and the second
measured once. The relevant experiments were performe
Ramirezet al.15 and Burkhart and Meingust.28 Ramirezet al.
measured the heat capacity of a thick film of K3C60 deposited
on the inside of a quartz ampoule from 4–25 K. Using t
jump in the specific heat atTc and information about the
superconducting parameters from other experime
Ramirezet al. calculated a value forg: 3.131025 J/g K2.
Burkhart and Meingust measured the volume expansion
efficient of K3C60 pellets, from whichg can also be calcu
lated; they found 3.731025 J/g K2. For comparison, a typi-
cal metal hasg about an order of magnitude smaller.29 The
large value in K3C60 is due to a high density of electroni
statesN(Ef), which results from the narrow conductio
band.
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The electronic term associated with the average calcula
g value (3.431025 J/g K2) is plotted in Fig. 3, along with
the low-temperature portion of our K3C60 data and Ramirez’
results, which span the range 4–25 K. We see that e
below 50 K, the electronic contribution to the total speci
heat of K3C60 is small; it is even smaller at higher temper
tures. The superconducting transition is at 19 K, and be
Tc , the electronic heat capacity drops exponentially16 and is
even less of the total.

The dashed vertical line in Fig. 3 representsTc , the su-
perconducting transition temperature. By plotting their d
on a log-log scale, Ramirezet al. find an experimental value
of DC51.6 mJ/g K. Using the calculated g of
3.131025 J/g K2, Celectronicat Tc is 5.8931024 J/g K, so that
the ratio ofDC to Celectronic at Tc is 2.72, somewhat highe
than the predicted BCS value of 1.43~Ref. 16! ~this has been
interpreted as strong electron-phonon coupling in fullere
superconductors!. Going the other way, Burkhart’sg of
3.731025 J/g K2 in conjunction with these values for th
ratio gives a jump in the specific heat of 1–2 mJ/g K. The
values for the jump are below the level of the noise in o
data, and indeed, we see no evidence of a jump, so it was
possible for us to estimateDC.

It is clear from Fig. 3 that the specific heat of K3C60 is
dominated by nonelectronic terms to which we now turn.

C. Blurred energy levels and the density of states

Figure 2 shows that in K3C60, unlike C60, there is no
clear saturation of low-energy modes and no plateau inCp .
As determined in the Appendix, the saturation value for
modes not on the ball in K3C60 is 150 mJ/g K. There is a
slight flattening inCp(T) near this value, but not as distinc
as in the case of C60.

The differences betweenCp in C60 and K3C60 can be ex-
plained by the changes in the acoustic modes due to th
ions, as well as the appearance of new alkali optical mod
Some of the modified modes are very soft, contributi
weight at the lowest energies, which accounts for K3C60’s
larger specific heat at low temperature, while the alkali op
cal modes appear in the gap between interball and intra
modes26 and cause the blurring of the separation.

FIG. 3. Low-temperature portion of K3C60 specific heat.
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For K3C60, the charge transfer is nearly complete,30 so
the crystal consists of K1 and C60

32 ions, giving K3C60 a
different intermolecular potential than that of the neutral m
lecular solid C60. It is not clear what the effect on th
phonons will be: On the one hand, ionic bonds should stif
the lattice because the attraction of the charged units exc
the attraction of the induced dipoles of van der Waals bon
and steric hindrance could possibly play a stiffening r
also. On the other hand, metallic screening tends to so
the phonons. Raman and IR spectroscopy indicate that m
shifts in on-ball modes between C60 and K3C60 are small
(< a few percent!.31 Further, neutron studies show that th
repulsive part of theA-C60 potential is as important as th
Coulombic part in determining the orientational potentia32

Note from Fig. 2 that the specific heat of K3C60 exceeds that
of C60 from ;6–140 K, indicating that the low-energy inte
molecular modes shift to lower energy, and therefore th
cannot be the source of the lack ofCp plateau and blurred
energy levels.

To examine the phonon density of states in these ma
als more carefully, we first compared our specific-heat d
to published neutron-scattering results. The DOS~Ref. 33!
can be calculated from neutron-scattering results, comb
with appropriate force constants known from theory.34 Go-
mpf et al.17 have done this for C60 and K3C60 using a model
based on strong~covalent! nearest-neighbor interactions o
the C60 molecules and weak van der Waals or weak io
interactions between balls.

Using this calculated DOS for both C60 and K3C60, we
have done the integral in Eq.~1! to determine the corre
spondingClattice in the range 1–400 K.~As a check, we also
did the calculation up to 3500 K and confirmed that it a
proached the correct Dulong-Petit limit in each case.! The
results are shown in Figs. 4 and 5, along with our own mo
which will be described shortly. For C60, the calculated
Clattice has the correct qualitative two-tiered shape but d
not quantitavely match the data at low temperature, due
ther to inaccuracy of the low-energy neutron data or to
correct mode counting in the model used to convert the n
tron data to a DOS. For K3C60, the problems are more
serious; the calculatedClattice does not even qualitatively
match the blurred shape of the K3C60 Cp data. First, it retains
the two-tiered shape because too few modes appear in
gap to blur the separation of energy levels. Also, there is
little weight at the lowest energies; K3C60’s greater specific
heat below 140 K requires the interball modes to beco
even softer than they are in pure C60. ~More detailed infor-
mation about this comparison to neutron results can be fo
in Ref. 35.!

Using a different neutron scattering technique, Neuma
et al.32 focused their studies on the low-energy regime~<10
meV! in C60, K3C60, and other fullerenes. Since they we
primarily interested in the orientational potential of the
materials, they did not calculate a phonon DOS, but som
their findings can be compared with our specific heat resu
In particular, they find significant neutron-scattering intens
near 2.5 meV in C60, which is due to the very soft librationa
modes. This is very close to the librational energy we fou
to best match our specific-heat results, as described be
However, Neumann’s results indicate that in K3C60 the
-
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acoustic modes are stiffer than those in C60 ~peaked near 4
meV!, while we found that they had to be slightly softer
account for the largerCp in K3C60 at low temperature.

To understand more clearly how the differences betw
the specific heats of C60 and K3C60 result from differences in
the DOS, we constructed two crude model densities of sta
based on knowledge of the relative weights of differe
modes~see the Appendix!. We have confirmed that they ap
proach the correct Dulong-Petit limits at high temperatu
2.08 J/g K for C60 and 1.88 for K3C60. The models are
shown in Fig. 6. The simple rectangular shapes are fa
accurate in the case of C60, which has many excitations o
similar energy,26 but less accurate for K3C60. ~Note that at
the lowest energy, the true DOS must drop asE2 in the
elastic limit, so this simple model will not produce a speci
heat that approaches zero correctly at the lowest temp
ture.!

FIG. 4. Our C60 data compared to our model~Fig. 6! and to the
specific heat calculated@using Eq.~1!# from the published neutron
DOS~Ref. 17!. Neither our model nor the neutron result is expect
to display the orientational peak because no provision was mad
the calculations for the number of modes to change with temp
ture. Inset: The region below 50 K.

FIG. 5. Our K3C60 data compared to our model~Fig. 6! and to
the specific heat calculated@using Eq.~1!# from the published neu-
tron DOS~Ref. 17!. Inset: The region below 50 K.
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11 770 PRB 60K. ALLEN AND F. HELLMAN
For C60, we chose two regions separated by a gap, ind
tive of the separation of energy levels. To obtain the corr
Cp shape in the range 100–200 K, it was necessary to
some structure to the intraball phonons, with less wei
from 30–50 meV and more from 50–70 meV. The result
specific heat is shown in Fig. 4 along with our C60 data. Note
that this sort of model is not expected to reproduce the
entational peak in the specific heat because that peak oc
when the number of phonon modes abruptly changes at
K. The overall match between our model and the data
excellent, including the initial rise at low temperature.

In the case of K3C60, some weight is shifted to eve
lower energies to reproduce the greater magnitude of
K3C60 specific heat over the C60 specific heat. Note that if the
data were plotted as J/mol K instead of J/g K the differenc
low temperature would be further enhanced, because K3C60
has larger mass per mole than C60. We also added alkal
optical modes in the gap to blur the separation of ene
levels. The specific heat calculated from this model is co
pared to our K3C60 data in Fig. 5. The match is again qui
good for such a simple model.

IV. CONCLUSIONS

In summary, our specific-heat measurements~6–400 K!
indicate that the lattice contribution dominatesCp in K3C60
and that C60 and K3C60 have significantly different densitie
of phonon states. Pure C60 exhibits a separation of energ
levels in its DOS due to differing bond strengths on a
between molecules, which results in a two-tiered shape to
specific heat as the intermolecular modes saturate before
on-ball modes become excited. The intermolecular mo

FIG. 6. Model densities of states for C60 and K3C60. The solid
line model represents C60, with a well-defined separation of energ
levels. The dashed line model simulates the case of K3C60, with
weight shifted to lower energies and states in the gap. The stat
the lowest energy~<5 meV! are associated with acoustic mode
the large blocks at high energy~>30 meV! with the numerous
on-ball modes, and the peak between 10–15 meV with the op
modes of K3C60. The integrated DOS under each block was co
strained to match the number of modes of each type~see the Ap-
pendix for details!. Both models were tuned to produceCp curves
that resemble our experimental results. Inset: The low-energy
gion. The real DOS must approach 0 asE2; this has no impact on
Cp in the measured temperature range.
-
ct
dd
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are very soft, so that there is noT3 dependence toCp down
to at least 6 K. In K3C60, the separation of energy levels
blurred so that the two-tiered behavior is not evident.

Using published densities of states for C60 and K3C60 cal-
culated from neutron results to determine the specific h
we find a consistent qualitative picture for the case of C60:
the modes are separated into two regimes. But for K3C60,
too few modes are added at low temperature and in the
so the model does not match the specific-heat data. M
significant changes are needed to give K3C60 a higher spe-
cific heat at low temperature and to eliminate the two-tie
shape ofCp .

Our own simple model densities of states, constructed
resemble our specific-heat results upon integration, show
adding alkali optical states in the gap and at the lowest
ergies accounts well for the differences in specific heat
tween C60 and K3C60.

APPENDIX: MODE-COUNTING AND THE DENSITY OF
STATES IN C60 AND K 3C60

Enumerating the vibrational modes in these materials
become confusing, especially when translating between g
and molar quantities. In this appendix, we explicitly cou
the nonelectronic modes contributing to the specific hea
C60 and K3C60, divide these into low- and high-energy po
tions, and calculate the weights of these modes in the de
ties of states.

C60 is a pure material, so it is unambiguous to consid
the density of states peratom ~of carbon!. We write this as

D~E!5
number of modes

eV ~carbon atom!
. ~A1!

Since the total number of modes is 3N, whereN is the num-
ber of carbon atoms, the area underD(E) is constrained:

E
0

`

D~E! dE53. ~A2!

Each unit cell contains 60 carbon atoms. Therefore, th
are 180 total modes of vibration in this material. Recalli
that C60 displays a separation of energy levels between lo
energy interball modes and high-energy on-ball modes
makes sense to divide these modes into two categories
first consisting of rotations of the entire ball, called libratio
~three modes!, plus acoustic phonons~three modes!, and the
second consisting of on-ball modes. Thus, the interb
modes account for 6 out of 180 modes, and the on-b
modes are the remaining 174. Integrating just the area of
DOS under the interball modes should give a value 33 6

180

50.1. The remaining 2.9 is the area under the on-ball mod
and a gap separates these two regions of the DOS.

The Dulong-Petit limit is 25 J/mol K. Since a mole o
carbon atoms has mass 12 g~i.e., a carbon atom weighs 1
amu!, this limit becomes 2.08 J/g K for C60. ~Caveat: the
orientational transition at 250 K slightly changes this resu
as described in the paragraph below. However, the sm
change does not affect the analysis in this paper.! Since the
interball modes account for 6/180 total modes, the satura
value for the interball modes is 1/30 of 2.08569 mJ/g K.
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As a brief aside, it is worth noting the effect of the orie
tational transition at 250 K in pure C60 on the specific heat
Above this transition, the balls spin freely, which means t
there is no potential energy associated with their rotatio
motion ~because there is no restoring force!. Recall that in
the classical, high-temperature limit, each squared term
the Hamiltonian~called a degree of freedom! contributes
1/2kB to the heat capacity per atom, so that usually a se
three modes will contribute 3kB , with three kinetic and three
potential degrees of freedom. However, the three rotatio
modes in C60 do not contribute the full 3(N/60)kB to the
specific heat above 250 K; they only contribu
3/2(N/60)kB . Thus, the true Dulong-Petit limit is 3NkB
2(3/2)(N/60)kB5119NkB/40524.79 J/mol K5 2.07 J/g K
instead of 2.08. This does not change any of our conclusi
and for convenience, we will treat the high-temperatu
Dulong-Petit limit as 3NkB .

Moving on to the case of K3C60 at high temperature, we
now must consider anaverage atomoccupying the unit cell,
which contains three potassium atoms and 60 carbon ato
This average atom has mass@(3)(39)1(60)(12)#/63513.3
amu. The density of states is now expressed as:

D8~E!5
number of modes

eV ~average atom)
. ~A3!

Equation~A2! is still true for D8(E)—it just refers to the
modes of the average atoms. The total area is still 3.

Dividing up the modes is somewhat more difficult. Co
sider all the modes that arenot high-energy~on-ball! modes.
This amounts to considering the C60 molecule as a large
‘‘atom’’—in other words, conceptually the material is K3X,
with four ‘‘atoms’’ per primitive unit cell. We consider an
fcc structure, ignoring the orientation of the balls becaus
does not affect the mode counting result. There are a tota
12 modes (5433), of which 3 are acoustic. Therefore, nin
are optical. We still must add in the three rotational mod
that we counted above for the case of C60. This makes a tota
of 15 modes not on the ball. The remaining 174 are
on-ball modes~the same number as we found in the case
C60).

Since there are now 63 average atoms per unit cell, th
are 189 total modes, which are distributed in the ratios
rived in the previous paragraph. This makes the rela
E.
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weights of the portions of the DOS slightly different: th
acoustic and rotational modes have total area 33 6

189

50.095; the optical modes 33 9
18950.143. Thus, the tota

weight of non-on-ball modes is 0.24 in K3C60 ~within round-
ing!. The on-ball modes have weight 33 174

18952.76. Note
that the total is still 3.

In terms of moles ofaverageatoms, the Dulong-Peti
limit is still 25 J/mol K. Since an average atom weighs 13
amu, this limit for K3C60 translates to 1.88 J/g K. Althoug
the modes do not clearly separate in this material~recall Fig.
2!, we can derive a theoretical saturation value for the mo
that are not on the ball. Since these modes account for 15
of 189 total modes, they should saturate at 1.883 15

189

5150 mJ/g K.
It is worth noting finally how to conceptualize the diffe

ence betweenD(E) for C60, which is expressed in terms o
carbon atoms, andD8(E) for K3C60, which is expressed in
terms of average atoms. We can write

modes

eV ~carbon atom!

5
modes

eV ~average atom)

number of average atoms

number of carbon atoms
, ~A4!

where there are 63 average atoms per 60 carbon ato
Therefore, we can understand why the on-ball modes h
different weights inD(E) and D8(E)—their weight in the
case of C60 ~2.9! is equal to their weight in the case of K3C60
~2.76! times the conversion factor63

60 .
Expressing theCp data in terms of J/g K is unambiguou

in the sense that there is no question what a ‘‘gram’’ ref
to; units of J/mol K must always be accompanied by a spe
fication of the molar quantity~carbon atoms, C60 molecules,
or average atoms!. Thus, we have chosen to present the d
in gram units, although they do carry the disadvantage
having different Dulong-Petit limits for different materials
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