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Metallic phase in potassium fulleride KxC70: Electrical, magnetic, and structural properties
of K4C70
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The metallic phase in potassium fullerides KxC70 was researched using electrical resistivity measurements in
the case of film samples and magnetic susceptibility measurements in the case of powder samples. The K
concentration dependence of the electrical resistivity of the KxC70 film at 423 K showed two minima: namely,
1.031021 and 6.131023 V cm atx51.1 and 4.1, respectively. The temperature dependence of the resistivity
of the K4C70 film showed a disordered-metallic behavior. Superconducting quantum interference device
~SQUID! measurements for K4C70 powder revealed a temperature-independent magnetic susceptibility contri-
bution of 3.4731024 emu/mol. This contribution was attributed to Pauli paramagnetism, and it was also
observed in electron spin resonance~ESR! measurements. Futhermore, ESR spectra for K4C70 powder showed
that the linewidth broadened with increasing temperature. It was clearly established that K4C70 is a metallic
phase in KxC70. The crystal structure of K4C70 was found to be simple tetragonal witha51.266 nm andc
51.098 nm. No superconductivity was observed in K4C70 above 2 K.

DOI: 10.1103/PhysRevB.68.045401 PACS number~s!: 72.80.Rj, 71.20.Tx, 61.48.1c
al

e
di

i

io
m
nd
le

C
d
-

o

id
he
id

lts

con-

ion

ary
er-
hat

ata
nd
es.
hio-
of

l

for

high
ur
I. INTRODUCTION

Since the discovery of the superconductivity of K3C60,1

several fulleride superconductors have been found in alk
alkaline-earth- or lanthanide-doped C60. However, no bulk
fulleride superconductors originating from higher fulleren
have been confirmed so far, though a small degree of
magnetic susceptibility has been observed below 12 K
rhombohedral KxC70 with x'3.2 According to the electronic
structure calculated based on a local density approximat
the C70 cluster has a nondegenerated lowest unoccupied
lecular orbital ~LUMO! and a twofold-degenerated seco
LUMO.3 On the basis of a rigid band model, it is possib
that the doping of one, three, four, or five electrons per70

molecule would realize 1/2 filling of the LUMO-derive
band and 1/4, 1/2, or 3/4 filling of the second-LUMO
derived band, respectively. ThereforeMxC70 (M is a
monovalent element! with x51, 3, 4, and 5 are expected t
be metallic.

In potassium-doped C70, the stoichiometric phases KC70,
K3C70, K4C70, K6C70, and K9C70 have been identified.2,4

Imaedaet al. have measured the doping-time dependence
electron spin resonance~ESR! spectra for KxC70 powder.5

They observed a sudden broadening of the ESR linew
and Pauli paramagnetic behavior in the ESR intensity. T
concluded that the sudden broadening of the ESR linew
corresponded to the phase change from insulating K3C70 to
metallic K4C70. It should be noted that their ESR resu
were obtained for nonstoichiometric samples. Wanget al.
have reported that the conductivity of KxC70 films increased
0163-1829/2003/68~4!/045401~5!/$20.00 68 0454
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up to 600 S/cm and the temperature dependence of the
ductivity of the KxC70 film with the maximum conductivity
was characterized as a disordered-metallic system.6 The
composition of the most conductive KxC70 film has not been
confirmed, though they have assumed it to be K4C70 by con-
sidering the ESR results of Imaedaet al. in Ref. 5. These
ESR and conductivity results suggested that the K4C70 phase
was possibly metallic. However, Knupferet al.have reported
that they found no metallic character in the photoemiss
spectra for KxC70 up to x56.7 The metallic phase in KxC70
remained unresolved. We have recently reported prelimin
results of resistivity and superconducting quantum interf
ence device~SQUID! measurements and suggested t
K4C70 was metallic.4

In the present paper, we report electrical resistivity d
for KxC70 film samples as a function of K concentration a
temperature in order to reveal possible metallic phas
SQUID and ESR measurements were performed on stoic
metric K4C70 powder samples to confirm the contribution
Pauli paramagnetism. X-ray diffraction results for K4C70 are
presented also.

II. EXPERIMENTAL DETAILS

Toluene-extracted C70 powder of over 99% purity~MER
Corp.! and K metal of 99.95% purity~Soekawa Chemica
Co. Ltd.! were used.

Electrical resistivity measurements were carried out
KxC70 film samples. Pristine C70 films of 100 nm thickness
were deposited on glass substrates at 423 K under
vacuum of the order of 1024 Pa. The glass substrate had fo
©2003 The American Physical Society01-1
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predeposited gold stripes as electrodes for a resistivity m
surement. Resistivity measurements were performed by
ther a two- or four-probe method depending on the resista
of the sample.

K concentration dependences of the resistivity of KxC70
films were obtained by monitoring the resistance change
the film during K deposition. The C70 film was maintained at
373, 423, or 523 K throughout the K deposition process
metal was deposited onto the film in an evaporation cham
under high vacuum of the order of 1025 Pa. The composi-
tion of the KxC70 film was estimated from the thickness rat
of K to C70, which was measured by a quartz oscillat
thickness monitor. In order to examine the uniformity of t
KxC70 film with regard to the doping process, we compar
the results from two K deposition runs: a continuous de
sition run and an intermittent run at 10-min intervals per
incrementDx50.5. The K deposition rate was 0.01 nm/s
both cases.

KxC70 films for temperature dependence measureme
were prepared in a Pyrex glass tube with electri
feedthroughs. The pristine C70 film and K metal were set in
the middle and bottom of the Pyrex tube, respectively. T
Pyrex tube was evacuated to a high vacuum of 1024 Pa and
heated at 383 K in an electric furnace. When the resistivity
the film reached the expected doping level, the Pyrex t
was transferred from the furnace into a liquid nitrogen r
ervoir in order to stop the reaction. The temperature dep
dence of the resistivity was measured between 90 and 20
as the temperature was raised.

SQUID and ESR measurements were performed
K4C70 powder samples. Stoichiometric K4C70 powder
samples were synthesized by thermal treatment of a mix
of K9C70 and C70. Starting C70 powder was washed with
tetrahydrofuran in an ultrasonic cleaner and heated at 57
overnight under vacuum to remove the solvent. To prep
K9C70, a K-saturated phase of KxC70, the pristine C70 pow-
der and excess K metal were sealed into each end of a P
glass tube after evacuating, and heated at 573 K for a w
The formation of K9C70 was confirmed by x-ray powder dif
fraction with Mo Ka radiation and by weight measuremen
The stoichiometric mixture of the K9C70 and the pristine C70
(K9C70:C7051:1.25 molar ratio! was sealed into a Pyre
glass tube after evacuating and heated at 723 K for a w
The product was confirmed to be K4C70 single phase by
x-ray powder diffraction using synchrotron radiation~SR! at
the Photon Factory~KEK-PF, BL-1B! and an imaging plate
as detector. For SQUID measurements the K4C70 powder
was sealed, together with He gas at about 63103 Pa for
thermal exchange, into a quartz tube that had a partitio
the center. SQUID measurements were performed betwe
and 300 K under an applied field of up to 5 T using a Qu
tum Design MPMS-5SH SQUID magnetometer. For ES
measurements, the K4C70 powder was sealed into a comme
cial ESR quartz tube together with He gas at about 63103

Pa to allow thermal exchange. ESR were measured betw
4 and 300 K using a JEOL JES-RE2X ESR spectrome
operating at 9.1 GHz with a field modulation frequency
100 kHz with a JEOL ES-LTR5X cryostat. Mn21 was used
as a marker of a reference for ESR intensity and 4-hydro
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2,2,6,6-tetramethylpiperidinyloxy~TEMPOL! was used for
the estimation of spin concentration.

III. RESULTS AND DISCUSSION

K concentration dependences of the resistivity of KxC70
films at 423 and 523 K are shown in Fig. 1. The result at 3
K was similar to that at 423 K. No essential difference w
found between the results of the continuous and intermit
K deposition. In the case of intermittent deposition, the
sistance change ceased within a minute after interruptin
deposition. This suggests that deposited K atoms could ea
diffuse into the film above 373 K and that the K concent
tion in the film rapidly reached its equilibrium state. Ther
fore we assume that the KxC70 film composition estimated
from the thickness ratio is sufficiently representative of t
bulk composition. At 423 K, the resistivity decreased with
doping and showed two minima: namely, 1.031021 V cm at
x51.1 and 6.131023 V cm atx54.1. We believe that thes
minima signal the formation of the KC70 and K4C70 phases,
respectively. The lowest resistivity value, 6.131023 V cm at
x54.1, is the same order of magnitude as the resistivity
the metallic K3C60 film.8 The resistivity peak of 12V cm at
x52.3 can be assigned to the formation of K2C70, which is
supposed to be an insulator if two doped electrons per70
molecule fully occupy the LUMO-derived band of C70.
However, the existence of a stable K2C70 phase has not bee
confirmed yet. For the K deposition at 523 K, the lowe
resistivity minimum occurred atx53.2, while the resistivity
behavior belowx'2.3 was similar to that at 423 K. Th
resistivity minimum atx53.2 corresponds to the formatio
of a K3C70 phase at 523 K. The discrepancy between
results at 423 K and 523 K is attributed to the phase stab
of K3C70. In case of the preparation of KxC70 powders, we
could synthesize K3C70 single phase only by rapid coolin
from 700 K to 77 K, whereas K4C70 powder could be ob-
tained easily under any cooling condition. This suggests
K3C70 is stable only at high temperatures. The resistivity
the K3C70 film was roughly on the same order as that of t
K4C70 film.

Temperature dependences of the resistivity for KxC70
films at the first and second minima are shown in Figs. 2~a!

FIG. 1. K concentration dependence of the electrical resistiv
of KxC70 films. Solid and open circles show the results of K dep
sition at 423 and 523 K, respectively.
1-2
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and 2~b!, respectively. From the resistivity behavior up
each minimum and the resistivity values, the composition
the films in Figs. 2~a! and 2~b! were estimated to be KC70
and K4C70, respectively. The temperature dependence of
resistivity of the KC70 film in Fig. 2~a! follows a simple
thermal activation behavior and can be expressed as

r5r0expS Eg

2kBTD , ~1!

whereEg is the energy gap andkB is the Boltzmann con-
stant. For this KC70 film, r0 and Eg were found be
0.10V cm and 0.21 eV, respectively. As its resistivity w
higher than the usual metallic fulleride films by two orders
magnitude, and also based on Eq.~1!, we characterized the
KC70 film to be a semiconductor. The temperature dep
dence of the resistivity of the K4C70 film in Fig. 2~b! can be
described using the fluctuation-induced tunneling~FIT!
model.9

r5r0expS T1

T1T0
D . ~2!

Fitting parametersr0 , T1, and T0 are 1.9031023 V cm,
856 K, and 373 K, respectively. Other models describing
relationship betweenr and T, such as the variable-rang
hopping model or the weak-localization model, could n
trace the data in Fig. 2~b!. We conclude that this K4C70 film
has a disordered-metallic character. Wanget al. have re-
ported that the KxC70 film with the highest conductivity ex-
hibited the characteristics of a disordered-metallic system
ing the FIT model with fitting parametersT1 andT0 equal to
35.5 K and 27.5 K, respectively.6 They also reported tha
these fitting parameters were highly sample dependent.
parametersT1 and T0 were about one order of magnitud
larger than those of Wanget al. In the FIT model, the param
eterT1 is given by

FIG. 2. Temperature dependence of the electrical resistivity
KC70 ~a! and K4C70 ~b! films. Solid lines show the fitting curve
with Eq. ~1! for KC70 and Eq.~2! for K4C70, respectively.
04540
f

e

f

-

e

t

s-

ur

T15
aE 0

2

kB
, ~3!

wherea andE0 are a measure of the junction volume and t
normalized thermal fluctuating field, respectively. The p
rameterT0 varied in proportion to the parameterT1. Our
largeT1 andT0 could have arisen from a largea value which
might indicate a large junction volume. We used a film
100 nm thickness, while they used one of 250 nm thickne
The geometry or quality of the film may be related to t
junction volume.

The x-ray powder diffraction profile of a typical K4C70
powder sample for SQUID and ESR measurements is sh
in Fig. 3. The data were obtained using SRl
50.085 000 nm) at 298 K. The composition of this specim
was confirmed to be K4.0C70 by weight measurement. Al
peaks were indexed to the simple tetragonal structure w
a51.266 nm andc51.098 nm. We previously assigned
powder diffraction profile of K4C70 using Mo Ka radiation
to the body-centered tetragonal~bct! structure with a
51.263 nm andc51.095 nm, though the profile had an un
dentified peak near 2u'11°.4 The peak can now be assigne
to the 311 reflection from the simple tetragonal structure.
the bct structure, C70 molecules on the vertices and the bo
center of the unit cell were considered to be equivalent
orientational~perhaps merohedral! disorder. The simple te-
tragonal structure suggests that this tetragonal unit cell
commodates two C70 molecules that are not equivalent
each other by orientational order.

Figure 4 shows the temperature dependence of the m
netic susceptibility of the K4C70 powder determined by
SQUID. The net SQUID response signal for the K4C70 pow-
der was extracted by subtracting the response for a b
quartz cell from the combined (K4C70 powder and quartz
cell! response. The magnetization value was estimated b
on this net response signal. In aM -H curve, a small contri-
bution due to ferromagnetic impurities was observed an
was saturated entirely below 1 T. In order to eliminate t
ferromagnetic contribution, the magnetic susceptibility w
obtained using the formula

f

FIG. 3. X-ray powder diffraction profile of K4C70 at 298 K. The
data were measured by using SR (l50.08500 nm). Here 311 and
331 reflections are observed on a simple tetragonal structure, no
a bct structure.
1-3
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x5
M ~5 T!2M ~2 T!

3 T
, ~4!

whereM (5 T) andM (2 T) are the magnetization measur
under 5 T and 2 T, respectively. The fitting curve shown
Fig. 4 is given by the expression

x5
C

T1u
1x0 , ~5!

whereC is the Curie constant,u is the Weiss temperature
andx0 is the temperature-independent component in the
ceptibility. The spin concentration estimated fromC is 0.035
spins per one C70 molecule. This small spin concentratio
suggests that the temperature-dependent term in Eq.~5! is
attributable to impurities and/or defects in the sample. T
x0 comprises the contributions of the core diamagnetis
orbital paramagnetism, and moreover Landau diamagne
and Pauli paramagnetism if the specimen has conduc
electrons. As the core susceptibility contribution, we adop
susceptibilities of25.6831024 emu/mol for the C70 core
~this value was obtained from SQUID measurements on s
limed C70 powder! and 21.4931025 emu/mol for the K1

cation. Upon subtracting the core contributions fromx0, we
obtained a residual paramagnetic susceptibility contribu
of 3.4731024 emu/mol, which we believe is due to Pau
paramagnetism. In case of alkali-doped C60, it is considered
that Landau diamagnetism is quenched by molecular r
tional disorder.10 We treated the Landau diamagnetic cont
bution as negligible for K4C70 following the precedent of
alkali-doped C60. No indication of the significant orbita
~Van Vleck! paramagnetism was found at low temperature
the inset of Fig. 4.~The kink around 80 K is not intrinsic. I
is attributed to the enhancement of the unreliability of r
data because of the rather feeble SQUID response in
temperature area.! Based on a Pauli paramagnetic susce
bility of 3.4731024 emu/mol, the density of states at th
Fermi level was estimated to be 5.4 states/~eV spin C70).
This is about one-third that of the value for K3C60.10

FIG. 4. Temperature dependence of the magnetic susceptib
of K4C70 powder, as revealed by SQUID measurements. Solid
shows the fitting curve given in Eq.~5!. Inset shows the data afte
subtracting the contributions of the Curie component and core
magnetism.
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FIG. 5. ESR spectra of K4C70 powder at 7 and 295 K. PeaksA
andB correspond to the Pauli paramagnetic and Curie compone
respectively, as described in the text.

FIG. 6. Temperature dependence of the spin susceptibility e
mated from the integrated ESR intensity~a!, the peak-to-peak line-
width ~b!, and theg value ~c! for peakA in Fig. 5.
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ESR spectra of K4C70 powder at 7 and 295 K are show
in Fig. 5. Two sharp peaks, labeledA andB, were observed
at low temperatures. Theg values of peaksA andB at 7 K
aregA52.0012 andgB51.9993, respectively. PeakA broad-
ened with increasing temperature and showed Pauli p
magnetic behavior. By contrast, peakB showed Curie para
magnetic behavior and disappeared above 150 K. Figu
shows the temperature dependence of the spin suscepti
estimated from the integrated ESR intensity~a!, the peak-to-
peak linewidth~b!, and theg value ~c! for the peakA. The
enhancement in the spin susceptibility below 100 K was
tributed to the residual contribution of peakB, owing to the
incomplete subtraction of peakB from the ESR spectrum
Pauli paramagnetic behavior was observed above 100
Fig. 6~a!. The spin susceptibility of the K4C70 powder at 296
K was estimated to be 2.531024 emu/mol. This Pauli para
magnetic susceptibility is approximately consistent with t
derived from the SQUID measurement. The broadening
the ESR linewidth with increasing temperature is explain
by Elliot’s expression, which describes the relaxation mec
nism of a typical conduction electron in a metal.

Low resistivity and disordered metallic behavior were o
served in the case of the K4C70 film. Pauli paramagnetic
susceptibility was detected by SQUID and ESR measu
ments on the K4C70 powder. From these results, we conclu
that K4C70 is a metallic phase in KxC70. The metallic char-
acter of K4C70 is in sharp contrast to the insulating charac
of K4C60 despite the fact that the two have nominally ide
tical ionic charge numbers. In the case of K4C60, the com-
bination of electron correlations and Jahn-Teller effects
pear to stabilize the insulating correlated ground stat11

In K4C70, the Jahn-Teller effect is probably not observ
because of the lower molecular symmetry of C70 (D5h) as
.H
re

H

ra
A

.

04540
a-

6
lity

t-

in

t
f

d
-

-

e-

r
-

-

compared to C60 (I h). No superconductivity was observe
for K4C70 powder above 2 K bySQUID measurements unde
0.5 mT.

IV. CONCLUSION

The K concentration dependence of the resistivity of
KxC70 film measured at 423 K showed two minima atx
51.1 and 4.1 and a maximum atx52.3. These points cor
respond to the formation of the KC70, K4C70, and K2C70
phases, respectively. The resistivity atx54.1 (6.1
31023 V cm) is on the same order as that for metal
K3C60 film. The K concentration dependence of the resist
ity at 523 K suggested the formation of a K3C70 film. Tem-
perature dependence of the resistivity of the KC70 film
showed a semiconducting behavior with an energy gap
0.21 eV. Temperature dependence of the resistivity of
K4C70 film well fitted the FIT model expressing
disordered-metallic character. A Pauli paramagnetic con
bution of 3.4731024 emu/mol was observed for K4C70
powder by SQUID measurements. This result was confirm
by ESR. The x-ray powder diffraction profile of K4C70 was
assigned to the simple tetragonal structure witha
51.266 nm andc51.098 nm. K4C70 was concluded to be a
metallic phase in KxC70. No superconductivity was observe
for K4C70 powder above 2 K.
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