
H

S
P
a

b

a

A
R
R
A
A

K
F
M
T
S
S

1

m
f
t
f
(
A
t
f
s
s
m
p
r
c
t
F
t
r
t
w
w

0
h

Synthetic Metals 173 (2013) 22– 25

Contents lists available at SciVerse ScienceDirect

Synthetic  Metals

j o ur n al hom epa ge: www.elsev ier .com/ locate /synmet

igh  spin  polarization  at  the  Fe/C60 interface  in  the  Fe-doped  C60 film

eiji  Sakaia,∗, Yoshihiro  Matsumotoa,  Manabu  Ohtomoa, Shiro  Entania,  Pavel  V.  Avramova,
avel  B.  Sorokina,b,  Hiroshi  Naramotoa

Advanced Science Research Center, Japan Atomic Energy Agency, 2-4 Shirakata-Shirane, Tokai, Naka 319-1195, Japan
Technological Institute of Superhard and Novel Carbon Materials, 7 a Centralnaya Street, Troitsk, Moscow Region 142190, Russian Federation

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 1 October 2012
eceived in revised form 24 October 2012
ccepted 29 October 2012
vailable online 20 December 2012

a  b  s  t  r  a  c  t

A  process  of tunneling  conduction  and  the  spin-dependent  resistivity  change  (so-called  tunneling
magnetoresistance  effect)  in the  Fe-doped  C60 film  with  a granular  structure  is  investigated  for  the
current-into-plane  device.  Cooperative  tunneling  (cotunneling)  through  several  Fe  nanoparticles  is  sug-
gested  to be  operative  at temperatures  lower  than  20 K.  By  considering  the  effect  of  cotunneling  on the
magnetoresistance  ratio,  it is successfully  shown  that  the  spin  polarization  of  tunneling  electrons  gener-
eywords:
ullerene
agnetic metal

MR  effect
pin polarization

ated at  the  Fe/C60 interface  is  much  higher  than  that  in  Fe  crystal  at  low  temperature  in  a  similar  fashion
to that  at  the  Co/C60 interface  in  the  Co-doped  C60 films.  A strong  temperature  dependence  of  spin  polar-
ization  is  observed,  suggesting  a possible  influence  by  the thermally  induced  disorders  ascribed  to  the  Fe
atoms  bonded  with  C60 in  the  C60 Fe  compound.

© 2012 Elsevier B.V. All rights reserved.

pinterfaces

. Introduction

Molecular materials (MMs)  including �-conjugated organic
olecules and nanocarbons are expected to offer a great potential

or the development of nano-spintronic devices. In order to explore
he spintronic applications of MMs,  considerable attention has been
ocused on the efficient spin-injection from ferromagnetic metal
FM) contacts that is the most fundamental aspect of spintronics.
lthough the MM/FM interface would have a predominant role in

he spin-injection efficiency and is attracting attention as “spinter-
ace” [1], the details of spin polarization at the MM/FM interface are
carcely known due to the difficulty in fabricating magnetoresistive
pin-valve devices with well-defined structures, and more funda-
entally due to insufficient information on the material states and

roperties of the interfaces [2–4]. Recent spectroscopic and theo-
etical studies [5–9] have pointed out that the interface interactions
ause significant changes in electronic and magnetic structures of
he MM/FM interfaces, which possibly depend on the species of
M as well as MM.  Previously, we have successfully demonstrated
hat the magnitude of the interface spin polarization (Pint) can be
emarkably high compared to that in FM based on the analysis of

he spin-dependent tunneling in the cobalt (Co)-doped C60 films
ith a granular structure of a C60-based insulating matrix and
ell-dispersed Co nanoparticles [10–12]. In the present study, we

∗ Corresponding author. Tel.: +81 29 282 6582; fax: +81 29 282 5927.
E-mail address: sakai.seiji@jaea.go.jp (S. Sakai).

379-6779/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.synthmet.2012.10.027
conducted a comparative study on the spin-dependent transport
property of the iron (Fe)-doped C60 film for the sake of gaining addi-
tional insights into the spin polarization at the interface between
C60 and FM by changing the FM species from Co to Fe.

2. Experimental

A Fe-doped C60 film was fabricated by using the co-deposition
method in UHV. C60 (99.99% purity, sublimed grade) and Fe (99.99%
purity) were deposited on a mirror-polished MgO(0 0 1) substrate
from a Knudsen cell and an electron-beam (EB) evaporator, respec-
tively, in the vacuum of 10−7 Pa. A two-terminal device with
the current-into-plane (CIP) geometry was prepared by deposit-
ing a Fe-doped C60 film with a film composition of C60Fe7 and
with thickness of 100 nm on a pair of 50 nm thick platinum (Pt)
electrodes with a 40 �m separation. The film composition was
determined from the thickness of the areas of pure C60 and pure
Fe which were simultaneously deposited by using shadow masks.
The surface of the CIP device was coated with a 100 nm thick
aluminum oxide (AlO) layer for preventing oxidation. The chem-
ical state and magnetic property of the C60Fe7 film were checked
utilizing a micro-Raman spectrometer (Nano-Finder, Tokyo Instru-
ments) and SQUID magnetometer (MPMS, Quantum Design) for
the AlO coated samples, respectively. Raman measurements were

performed using the 488 nm line of an argon-ion laser in a backscat-
tering geometry. Spin-dependent transport property of the CIP
device under an in-plane magnetic field (H) was investigated
in the temperature (T) range of 1.9–100 K by using the SQUID

dx.doi.org/10.1016/j.synthmet.2012.10.027
http://www.sciencedirect.com/science/journal/03796779
http://www.elsevier.com/locate/synmet
mailto:sakai.seiji@jaea.go.jp
dx.doi.org/10.1016/j.synthmet.2012.10.027
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analysis of granular TMR  at low temperatures.
Fig. 4 displays the MR–V characteristics at H = 70 kOe at the sim-
Raman shift   (cm )

ig. 1. Raman spectrum of the C60Fe7 film and that of a pure C60 film for comparison.

agnetometer. Throughout this study, the pessimistic definition
f the MR  ratio is employed as MR(H) = (Rmax − R(H))/Rmax, where
(H) and Rmax are the electrical resistances at the arbitrary magnetic
eld and also at the maximum, respectively.

. Results and discussion

A Raman spectrum of the C60Fe7 film is represented in Fig. 1
ogether with that of a pure C60 film for comparison. Although,

 C60 molecule with the icosahedral (Ih) symmetry has only 10
aman active modes (8 Hg modes and 2 Ag modes), one can
ecognize much more peaks in the spectrum of the C60Fe7 film.
bvious shifts of the Raman peak positions compared to those in
ure C60 are observed for the Ag(2) and Hg(8) modes; the Ag(2)
eak (1452 cm−1) and the Hg(8) peak (1564 cm−1) for C60Fe7 are
own-shifted by 18 cm−1 and 13 cm−1 compared to pure C60. The
ppearance of the numerous peaks and the down-shifts of the Ag(2)
nd Hg(8) peaks are attributed to the symmetry lowering of C60 by
he covalent bond formation associated with the �-d hybridization
nd a charge transfer between the Fe atom to C60, respectively,
s analogous to the C60 Co compound [13]. It is noteworthy that
eak components characteristic to the oxidized compound [13] are
ot recognized in the Hg(8) and Ag(2) regions. The magnetization
easurement suggests the existence of Fe nanoparticles with a

ow blocking temperature (7 K) and a high saturation magnetiza-
ion (>1.0 × 104 emu/mol) which appears to be higher than that of
ulk bcc-Fe. Such magnetization behaviors are possibly attributed
o the Fe nanoparticles with sizes less than a few nm [14]. There-
ore, it is reasonable to interpret that the C60Fe7 film has a granular
tructure composed of the C60 Fe compound matrix and small Fe
anoparticles.
Fig. 2 displays the current–voltage (I–V) characteristics of the
60Fe7 film measured at different temperatures. A transition from

 linear I–V relationship to a power-law one is observed when the
oltage increases higher than about V = 10 V. As can be seen from
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ig. 2. Current–voltage characteristics of the 100-nm-thick C60Fe7 film measured
nder the CIP geometry at different temperatures.
Fig. 3. Cotunneling order j as a function of temperature. The solid line represents
the fit with the theoretically proposed dependence for granular systems (see text
for  details).

this figure, the resistivity (�) decreases with increasing tempera-
ture. A more detailed analysis shows that � under a small voltage
follows the characteristic relation (� ∝ T−1/2) for tunneling conduc-
tion in insulating granular systems in a broad temperature range
(not shown). The observed linear and power-law I–V relationships
depending on voltage are consistent not only with those for the Co-
doped C60 films [11,12] but also with those for the granular films of a
dodecanethiol matrix and Au nanoparticles with a regular arrange-
ment [15]. In Ref. [15], Trans et al. have demonstrated that these
characteristics are due to the occurrence of cooperative tunneling
(so-called cotunneling) through several nanoparticles. They have
also shown that the order of cotunneling j that is equivalent to the
number of metal nanoparticles taking part in an cotunneling event
can be derived from the value of exponent  ̨ in the power-law I–V
relationship (I ∝ V˛): j = (  ̨ + 1)/2.

In Fig. 3, the cotunneling order j calculated from the above
results for the C60Fe7 film is plotted as a function of the tem-
perature. The values of j are in the range of 3–7 at 1.9–20 K. The
j–T dependence seems to be in good agreement with the equation
j = �T−0.5 + 1 (� is a constant) that is proposed based on an analytical
model of cotunneling in granular systems [16]. The best-fit line is
drawn by the solid line in the figure. The above results show that
cotunneling can be a predominant transport process in the granu-
lar films whether the films are magnetic or non-magnetic. It can be
claimed that the effect of cotunneling must be considered on the
ilar temperatures. The results show an exponential MR  decrease
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Fig. 4. MR–V characteristics measured at different temperatures.
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Fig. 5. Plot of the MR ratios at H = 10 kOe (solid symbols) and 70 kOe (open sym-
bols) measured under V = 20 V (circles), 60 V (triangles) and 80 V (squares) and the
zero-bias MR  ratio at H = 70 kOe (crosses). The measurements were not made in the
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Fig. 6. Interface spin polarization (Pint) multiplied by the relative magnetization
(m  ≤ 1) of the Fe nanoparticles involved in the transport plotted as a function of
temperature. The solid circles, open circles and open triangles represent the data
for  C60Fe7 (present sample), C60Co6 and C60Co8 (Refs. [11,12]), respectively. The
ange of T < 8 K at V = 20 V and in the range of T > 10 K at V = 80 V because of the high
esistance and the temperature-rise of the device under these conditions.

ith increasing voltage at lower temperatures than T = 20 K. This
xponential relationship holds over a wider voltage range depend-
ng on the temperature (e.g., V < 110 V at T = 10 K and V < 80 V at

 = 20 K). Out of the voltage range, MR  shows an increase deviat-
ng from this relationship (T < 20 K) and a monotonic increase with

 (T > 20 K) and shows a monotonic increase with V at T ≥ 20 K.
oth of the observed I–V and MR–V characteristics are analogous to
hose reported for the Co-doped C60 films in the Coulomb blockade
egime.

Fig. 5 shows the temperature dependence of MR at different
agnetic fields (10 and 70 kOe) and voltages. The crosses represent
R  (70 kOe) at zero voltage given by extrapolating the exponen-

ial MR–V relationship into the lower limit. The solid/open circles,
riangles and squares represent MR  (70 kOe) and MR  (10 kOe)

easured at V = 20, 60 and 80 V, respectively. At higher temper-
ture than T = 20 K, the relative magnitude of MR  (70 kOe) to MR
10 kOe) is almost constant not depending on temperature and volt-
ge, which means that the shape of the MR  curve remains nearly
onstant, and the MR  magnitude is well represented by the rela-
ionship: MR  ∝ T−n (n = 1.8). The T−n dependence with n close to

 is reasonably attributed to the decrease of the spin polarization
MR∼P2

int in case of P � 1 and j ∼= 1) by the paramagnetic localized
-electron spins which would exist in the C60 Fe compound. Mean-
hile, the deviation from this relationship becomes obvious when

he temperature becomes lower than T = 20 K. In this temperature
ange, the relative magnitude of MR  (70 kOe) to MR  (10 kOe) shows
n increase with decreasing temperature. This is due to the weaker
aturation of the MR  curve under high magnetic field at lower tem-
erature (not shown). MR  (70 kOe) under zero bias and also at
arious voltages show a saturation tendency at low temperatures.

 decrease of MR  (10 kOe) with decreasing temperature and which
ecomes more prominent at higher voltage is seen in the temper-
ture range of T < 5 K. Voltage-dependent change in the average
ize of the Fe nanoparticles taking part in cotunneling may  give
ise to this phenomena, because in general (co-)tunneling proba-
ility in granular films is limited by the Coulomb blockade with
article size-dependent charging energy and hence the smaller Fe
anoparticles with higher electron charging energy and with lower
agnetic susceptibility is expected to be involved in the transport

nder higher voltage.
The cotunneling order j enables us to evaluate the magnitude

f the interface spin polarization (Pint). According to Takahashi’s

heory, the zero-bias MR  ratio (MR0) can be expressed as,

R0 = 1 − (1 + m2P2
int)

−j
(1)
solid  lines represent the best-fits to Eq. (2) for the respective samples.

where m = M/MS (M:  magnetization, MS: saturation magnetization).
MR0 is given by extrapolating the exponential MR–V relationship
to zero voltage (T < 15 K) and approximately as the measured value
at V = 1 V (T > 15 K) considering the weak voltage dependence at
near-zero voltage. The magnitude of m for the Fe nanoparticles
participated in tunneling conduction would be close to but less
than unity even at the highest magnetic field judging from the
incomplete saturation of the MR curve (not shown). Therefore,
one can obtain the magnitude of the interface spin polarization
multiplied by m (≤1). Fig. 6 shows mPint as a function of tempera-
ture together with the reported values for the Co-doped C60 films
with metal contents (C60Co6 and C60Co8) nearly identical to the
present film (C60Fe7). Two  striking features can be seen from this
plot. (1) The interface spin polarization is changeable depending
on the metal species. (2) The mPint–T relationships are represented
employing the following equation with the characteristic temper-
ature TC ∼= 15–16 K in common.

mPint(T) = mPint(0)exp
(−T

TC

)
(2)

The mPint values at zero temperature are 56%, 85% and 78% for
C60Fe7, C60Co6 and C60Co8, respectively. These values are remark-
ably higher compared to the spin polarization in Fe and Co crystals
(45% and 42%, respectively) [17] though Pint(0) for C60Fe7 appears to
be smaller compared to the Co-doped C60 films. A more systematic
study is required to clarify the effect of metal species. However, as
a summary of a series of our studies in the C60 Co and C60 Fe sys-
tems, it can be said that there exists very high spin polarization as a
nature of the interface between FM and C60 or C60 with bonded FM
atoms. This agrees with the theoretical predictions for the hybrid
materials and interfaces of 3d transition metals and nanocarbons
[7,8].

As for the robustness of the interface spin polarization, the
strong exponential mPint decrease is ascribed to the excitation of
magnetic disorders in the C60 Fe compound by taking account
of the XMCD study on the Co-doped C60 films [6,18]. It can be
speculated that the Fe and Co atoms covalently bonded with C60
would have localized d-electron spins with similar electronic and
magnetic states considering the similar TC values observed for
both films. The present results claims that the formation of hybrid
compounds and spinterfaces between FMs  and MMs  can lead to

possible problems in temperature robustness instead of very high
spin polarization at low temperature.
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. Summary

Spin-dependent transport property of a Fe-doped C60 film with
 composition of C60Fe7 was investigated at low temperatures in
he CIP geometry. The C60Fe7 film is suggested to possess a granular
tructure of the C60 Fe compound matrix and small Fe nanopar-
icles dispersed therein. The CIP device exhibits TMR  as large as
0% and it shows exponential MR–V dependence similar to the Co-
oped C60 films. The I–V characteristics are associated with the
rd–7th order cotunneling in the range of T < 20 K. The interface
pin polarization at zero temperature is estimated to be remarkably
igh (Pint ≥ 56%) compared with that in Fe crystal, though it seems
o be smaller than that in the Co-doped C60 films having the metal
ontents comparable to the present film. It is also suggested that the
nterface spin polarization in the Fe- and Co-doped films decreases
xponentially with temperature in the same manner, being pos-
ibly associated with the metal atoms involved in the C60-based
ompound. The present study suggests that the interface spin polar-
zation cited as the major factor for efficient spin-injection can be
ailored based on the molecule-level design of the MM–FM hybrid
tructures and spinterfaces.
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