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Electronic transport properties of K,C thin films
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Transport properties of K.C7o thin films doped to their maximum conductivity are studied.
At this doping level, K.Cr7o (nominally K4C7) is characteristic of a disordered metal with room-
temperature conductivity close to 600 S/cm. The conduction bandwidth is estimated as 0.5-0.6 eV.
The thermopower and magnetoconductance data are similar to those of K3Ceo and intercalated
carbon materials. No superconducting transition is observed above 1.35 K.

Recently, fullerenes have attracted a great deal of at-
tention in the scientific community following the dis-
covery of superconducting phases in alkali-metal doped
Cego samples. ® A superconducting transition tempera-
ture of T.=18-19 K for potassium-doped K3Cgo has been
reported.! Transport studies on K3Cgo in the forms of
single crystals?® and thin films3* have illustrated that
the normal state of K3Cgp is a metallic state with a band-
width of ~0.6 eV.5 In single-crystal K3Cgq, the electron-
phonon interaction dominates? the T dependence of the
normal-state conductivity o(T'), while weak localization
(WL) phenomena and electron-electron (e-e) interactions
are important for charge transport in thin-film samples.*
Although K3Cg¢ has been extensively studied over the
last two years, few studies have been reported on the
physical properties of other doped fullerenes.

The extraction of C7¢o can now be made in suffi-
cient quantities to allow experimental studies on this
system.6 8 While Cyq is very interesting in its own right
due to its relatively high molecular symmetry (Ds}), the
study of doped C7¢ in comparison with Cgg is also useful
for understanding the mechanism of superconductivity
in fullerenes. Based on its symmetry, Cro has two lowest
unfilled levels: A} and Ey, which are singly and doubly
degenerate, respectively.”® One thus expects that K;Crg
and K4C7g are metallic due to the half-filling of their low-
est unoccupied molecular orbital (LUMO) bands. The
K4C70 compound is supposed to be more conducting ow-
ing to its higher density of states.®

Preliminary transport studies on alkali-metal doped
Cro were reported by Haddon et al.,° who found that
o for K,Cz¢ initially increases with doping and reaches
a maximum value (¢ ~ 2 S/cm), but decreases with fur-
ther doping.® Imaeda et al.® have performed EPR stud-
ies on K,C7 and found that the spin concentration goes
through two maxima as a function of doping. The sus-
ceptibility at the second maximum in the doping process
showed Pauli-like behavior and the stoichiometry at this
doping level was found to be K4Crg, consistent with the
band structure calculation,®® but inconsistent with the
results of Haddon et al.® who reported only one maximum
in o upon doping. Since the above studies on K,Cro
thin films were preliminary and contradictory, further
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transport studies are reported here to directly probe the
electronic states of K;Cyp in the maximum-conductivity
phase.

The room-temperature conductivity for our films is
nearly as high as ~ 600 S/cm with a typical T de-
pendence characteristic of disordered metals'® and o(T)
can be fit by the fluctuation-induced-tunneling (FIT)
model!! over the range 4 < T < 300 K. The ther-
mopower (S) is negative (electronic conduction) and lin-
ear in T (metallic) with a deviation from linearity at
approximately 100 K, similar to that of graphite interca-
lation compounds (GIC’s).!? The magnetoconductance
(MQ) is similar to that of disordered carbon fibers!?® and
K3Cpgp films* for which the T and H dependences are ex-
plained by weak localization (WL) and electron-electron
(e-e) interaction effects.!* 1 We suggest that our K,Cro
thin films at the maximum-conductivity phase have a
microstructure characteristic of a heterogeneous system
in which small insulating barriers separate metallic re-
gions. Within the metallic regions, electron states are
weakly localized. We estimate the electronic conduction
bandwidth as 0.5-0.6 eV, similar to that of K3Cgg. No
superconducting transition occurs for T' > 1.35 K.

Pristine Cyo films, approximately 96% pure (with Cgo
as a major impurity) and 2500 A thick, were deposited
on glass substrates with precoated silver pads by thermal
sublimation of C7o powder which was purified by liquid
chromatography. The doping was carried out in a sealed
Pyrex ampoule, with tungsten-wire feed-throughs attach-
ing to the sample leads (copper) to monitor the conduc-
tivity. The films were baked overnight at 160-180°C
under a dynamic vacuum of 5 x 107 Torr, and approx-
imately 10~2 Torr of He low-temperature exchange gas
was introduced into the ampoule before sealing. The
films, maintained at 100-120°C, were slowly interca-
lated with K vapor at 90-100°C over a period of one
or two days. The temperature gradient prevented ex-
cess potassium from condensing on the K,C7o film sur-
face. Typically the conductivity o initially increases to
a maximum value of ~15 S/cm and the thermopower
(S) of the sample at this doping level is positive with a

room-temperature value of S ~ 15 uV/K. Upon fur-
ther doping, o decreases to a minimum value of ~5
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S/cm, but increases again to another maximum value,
Omax ~ 600 S/cm. (We refer to this phase as the
maximum-conductivity phase.) Doping at higher tem-
peratures or faster rates results in a lower omax, pre-
sumably due to the disorder induced during the doping
process.* We found that the oyax of K;Crp films, mea-
sured over a few samples, ranges between 10 and 600
S/cm, and omax is sensitively dependent on the doping
conditions.

Figure 1 presents o(T) of a K,Cyy sample at the
maximum-conductivity phase. The data in Fig. 1 can be
fit over the whole T range (4-300 K) by the fluctuation-
induced tunneling (FIT) model (solid line in Fig. 1),!!

orrr = 0p exp[—T1 /(T + To)], (1)

though the fitting parameters T3 and Ty vary from sam-
ple to sample. For the particular sample presented in
Fig. 1, the fitting parameters are 7; = 35.5 K and
To = 27.5 K, but for another sample (see inset) T = 29 K
and Tp = 9.7 K when fitting these o(7") data above 5 K.
The o(T) data for the inset to Fig. 1 extend to a lower
T range and are taken on a less conducting sample (used
also for magnetoresistance measurements). Below 5 K, o
decreases faster than what the FIT model predicts.!” The
o(T) data did not display a linear relation in the plots
of In o(T) vs T~Y/P (p=1, 2, 3, 4) and o(T) vs T/? or
In T, the relations for the variable-range-hopping!® and
the weak localization'¥ 718 (WL) models, respectively. To
the lowest T'(=1.35 K) reached in our experiment, we did
not observe any sign of a superconducting transition.

In the thermopower measurements, the sample with
two leads at the ends was mounted between two cop-
per blocks between which a T difference of AT ~ 1 K
was maintained [AT is scanned up to 1 K to confirm
the linearity of S(T') prior to the measurement]. Ther-
mal contact to the copper blocks was made using silver
paint, and two junctions of a thermocouple were glued
to the sample substrate near the electrical leads to mea-

600

Conductivity (S/cm)

100

0 50 100 150 200 250 300
T (K)

FIG. 1. T dependence of o for a typical K,Cro film at the
stoichiometry of the maximum-conductivity phase (z =~ 4).
The solid line is the theoretical fit of the FIT model to the
data. The inset plots the data taken on a less conducting
sample. The solid line in the inset is also a fit to the FIT
model.
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FIG. 2. The T dependence of the thermopower of K,Cro
at the stoichiometry of the maximum-conductivity phase
(z =~ 4). The circles and triangles are for the data from sam-
ples with orr = 550 S/cm and 10 S/cm, respectively.

sure the AT. The measured thermopower (S) at the
maximum-conductivity phase is negative, with roughly
a linear T dependence for T < 100 K (Fig. 2). In
this T range, the slope C = S(T')/T is approximately
—(0.12 to 0.15) uV/K2. A large change in slope is, how-
ever, found near T ~100 K. For T > 100 K, S(T) de-
viates from the linear relation and only decreases slowly
as T. The T dependence of S(T') for different samples
with very different room-temperature ogry values is qual-
itatively the same, as is shown in Fig. 2.

The magnetoconductance (MC) data are presented in
Fig. 3 as Ao(H)/o vs magnetic field (H) at various tem-
peratures T', where Ao(H) = o(H) — 0(0). Note that
Aoc/o is negative at low T and becomes positive for
T > 20 K, qualitatively similar to that for K3Cgo thin
films.* The solid lines are theoretical fits as discussed be-
low.
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FIG. 3. Transverse magnetoconductance data plotted as
Ao /o vs H at various T. Solid lines are theoretical curves
calculated according to the weak localization and e-e interac-
tion model of Eq. (3). The inset shows a plot of D (plotted
on a log scale and normalized to its 30 K value) as a function
of temperature.
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The stoichiometry of our samples at the maximum-
conductivity phase is estimated to be K4Crq, as inferred
by comparing the variation of o as a function of dop-
ing with the band structure calculations”® and the EPR
results of Imaeda et al.® A direct stoichiometry measure-
ment has not been performed on these samples. For
simplicity, we refer to our samples at the maximum-
conductivity phase as K4Cro.

Our room-temperature value for ort and the T de-
pendence of o for K4Cy¢ are characteristic of disordered
or heterogeneous metals. For disordered metals, a semi-
conductorlike T' dependence of o is often observed for
samples with orr < 10%® S/cm.1® Various models have
been proposed to explain the o(7T) for these disordered
systems.11,14716,18 Qur best fit to the measured o(T') over
the T range of 4-300 K is the FIT model Eq. (1). This
model assumes that the sample is heterogeneous, con-
sisting of large metallic regions separated by thin in-
sulating barriers. The charge transport is limited by
tunneling across these barriers via thermal fluctuations.
The model has been applied to a few disordered metal-
lic systems and metal-insulator composites.!! To apply
this model to a system, the charging energy E. ~ e2/d
(where d is the dimension of a metallic grain) must be
much smaller than the thermal energy kpT (kp is the
Boltzmann constant).!! Thus on the basis of the model,
the size of the metallic regions in K4Cr¢ must be larger
than several pum for the FIT model to fit the data at
T ~4 K (see Fig. 1).

The thermopower S(T') data of K4Cryg is similar to that
of graphite intercalation compounds!? (GIC’s) and the
negative sign of the S(T') data indicates that the charge
carriers are electronlike. In the case of GIC’s, the flat
plateau for T > 100 K is attributed to strong electron-
phonon (e-p) interactions so that the phonon-drag ther-
mopower S; dominates. At low T' (< 100 K), however,
the diffusion thermopower S; dominates.!? Anomalies in
S along the ¢ axis are found in the range 50 to 100 K
for K-intercalated GIC’s,'? similar to the behavior ob-
served for K4Cro (see Fig. 2). It has been suggested that
the anomalies in the thermopower of GIC’s are related
to structural changes in the intercalate layers.!?1® For
K4Cro, the large change in the slope of S vs T" at ~100 K
is perhaps also associated with a structural phase transi-
tion. A more recent study'® shows a sign change in the
Hall coefficient Ry for K4Crg at approximately 100 K as
well. However, by analogy to the importance of the Sy
contribution to GIC’s and disordered graphite!?20 it is
likely that S, also contributes to the S(T) of K4Cro. As
for the GIC’s, we assume that S; dominates the low T
(< 100 K) behavior of S(T') for K4Cro so that?!

k3T [ 3  OlnN(E) @)
3e |2E OE |,

S4(T) =

where e is the electron charge, N (F) the density of states,
and Er the Fermi energy. Because K4Cr¢ has a half-filled
conduction band and this band is fairly symmetric,® we
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assume that [0In N(E)/0F]g, ~ 0. Comparing Eq. (2)
to the measured slope C = S(T)/T for T < 100 K,
we find, in the same way as was previously done for
K3Cgo,° that Er ~ 0.25-0.3 eV. Since the conduction
band is half-filled, we obtain an estimate for the conduc-
tion bandwidth of ~0.5-0.6 eV. This value is similar to
that deduced from S(7T') data for K3Cgo (~ 0.6 €V).®
The qualitative features of the magnetoconductance
(MC) for K4Crg are similar to those of K3Cgo thin films*
and disordered carbon fibers.1?:13 For both K3Cgo thin
films and disordered carbon fibers, weak localization and
e-e interactions explain the observed charge transport
phenomena. The Ao (H)/o data for K4Crg for T > 5 K
appears to fit the three-dimensional WL and e-e inter-
action theory (see Fig. 3) although the T dependence of
o for K4Cro does not follow the T'/2 law as predicted
by these theories.!4 ¢ One possible explanation for this
discrepancy is as follows. As we mentioned previously,
the FIT model fits the o(T) data. On the basis of the
FIT model o(T) is limited by the thin insulating barriers
which separate the metallic regions. Within the metallic
regions, the electronic states appear to be weakly local-
ized. As long as only the relative MC, Ao (H)/o, is con-
sidered, the formulas for the H-dependent part of Ao /o
(Refs. 14 and 15) can be applied to the system such as'®

Ac(H)/o = AcoL(H)/o + Aci(H) /o, (3)

where the weak localization contribution Ao (H) and
the e-e interaction contribution Acj(H) are given by

1/2
2
Aazzy(H) — k12i2h<g&%) f3(4e[c)hTH)’
Aoy (H) 2 kT 12 H (4)
o
< = _k24;2h(2€D) 93(g:§T )v

in which g is the Landé g factor, up is the Bohr mag-
neton, D is the diffusion constant, 7 is the inelastic
scattering time, f3 and g3 are two functions given by
Kawabata'4 and Lee,!'® respectively, k; and k; are two
weakly T-dependent coefficients, and D should be T in-
dependent for a simple metal.!* ¢ Since the negative
MC arises predominantly from the contribution from e-e
interactions in GIC fibers and K3Cgq films, the domi-
nance of the negative MC in the experimental results
suggests a strong e-e interaction in K4Cro. The solid
lines in Fig. 3 are the calculated curves from Eq. (3), and
while a good fit is obtained for the data at T > 6 K,
deviations at low T are observed. To improve the fit,
the diffusion constant D is assumed to be temperature
dependent, and using the D(T) dependence shown in the
inset to Fig. 3, the fits to the MC data were made. The
appearance of a discrepancy between the measured and
the calculated Ao /o at low T might be connected to the
dramatic decreases in the diffusion constant D(T) (see
inset of Fig. 2) and in o(T) (see inset to Fig. 1 below
5 K). This low-temperature discrepancy might be caused
by the charging energy of small metallic grains which be-
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comes increasingly important at low T.

In conclusion, K4Cro films are characteristic of dis-
ordered or heterogeneous metallic systems. The tem-
perature dependence of the conductivity, thermoelectric
power, and magnetoconductance are very similar to that
observed for K3Cgg films and for intercalated carbon ma-
terials. We estimate the conduction bandwidth for K4C~o
to be 0.5-0.6 eV, similar to that of K3Cgo. No supercon-
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ducting transition is observed above 1.35 K.
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