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Enhancement of Anomalous Hall Effect via Interfacial 
Scattering in Metal-Organic Semiconductor Fex(C60)1−x 
Granular Films Near the Metal-Insulator Transition

Lingcheng Zheng, Zhihao He, Rui Zhang, Jiangtao Qu, Deqiang Feng, Jie He, 
Hansheng Chen, Fan Yun, Yahui Cheng,* Zhiqing Li, Hui Liu, Xixiang Zhang, 
and Rongkun Zheng*

Ferromagnetic metal-insulator granular films suffer from superparamag-
netism, which causes a decrease in the values and temperature stabilities 
of the anomalous Hall effect (AHE). In this work, organic semiconductor 
(OSC) fullerene (C60), instead of the traditional inorganic insulators, is 
used as the matrix and a series of Fex(C60)1−x (x = 0.58–0.91) granular films 
are fabricated. By utilizing the strong metal/OSC interfacial hybridization, 
the temperature stability of both magnetization and AHE is significantly 
improved, and the disordered scattering and consequently the anomalous 
Hall coefficient is enhanced. The saturated anomalous Hall resistivity of 
Fe0.58(C60)0.42 is 74 µΩ cm at 300 K, which is over three times larger than 
that of Fe0.59(SiO2)0.41 granular film, and it remains 63 µΩ cm at 2 K. The 
anomalous Hall coefficient of Fe0.58(C60)0.42 is 9.9 × 10−8 Ω cm G−1, which is 
four orders larger than that of pure Fe and larger than most of the existing 
inorganic granular films. The roles of the intergrain Coulomb interaction, 
skew-scattering, side-jump, and intrinsic mechanism in AHE are evaluated. 
These results indicate that the organic materials have clear advantages in 
developing anomalous Hall devices.
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1. Introduction

Since the discovery of Hall effect in 
1879, the family of Hall effects has been 
extending with the continuous accession 
of new members, including anomalous 
Hall effect (AHE),[1] quantum Hall effect,[2] 
quantum AHE,[3] spin Hall effect,[4] 
quantum spin Hall effect,[5] topological 
Hall effect,[6] etc., and being aroused great 
research enthusiasm. As an important 
member of the Hall effects family, AHE 
was discovered more than one century 
ago, and has attracted extensive attention 
for its significance in both basic physics 
and technical applications, such as in 
magnetic sensors.[7–9] In particular, due to 
the common origin with spin Hall effects, 
the AHE received renewed interest in 
recent years.[10]

Hall resistance (Rxy) in ferromag
netic materials can be expressed as 
R t

R B
t

R M
txy

xyρ π= = + 40 s , where ρxy, B, 
M, R0, Rs, and t are Hall resistivity, magnetic induction, mag
netization, ordinary Hall coefficient, anomalous Hall coeffi
cient and thickness, respectively. The first term in the expres
sion describes the ordinary Hall resistance, and the second 
term describes the anomalous Hall resistance (RAH). In fer
romagnetic materials, Rs is much larger than R0,[11] so RAH 
dominates the total Hall resistance, i.e., R R

R M
txy
π≈ = 4

AH
s . In 

practical sensor application, Rxy determines the performance 
of the device, i.e., under a certain external magnetic field, the 
larger the value of Rxy, the better the device performance.[12] 
The Rxy values of conventional ferromagnetic metals are much 
lower than those of semiconductors such as Si and Ge, so fer
romagnetic metals cannot replace semiconductors in Hall sen
sors. In 1995, Pakhomov et al. found that the granular film can 
increase AHE by several orders of magnitude compared with 
ferromagnetic metals,[12] making the application of AHE pro
mising.[13] Thereafter, similar enhancements were observed in 
various magnetic metalinsulator granular films.[14–16]

Two decades after Pakhomov's work, the AHE in magnetic 
metalinsulator granular films still receive extensive attention. 
From a theoretical point of view, the origin of AHE in granular 
film has remained confusing and become a major challenge in 
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fully understanding AHE. So far, the known physical origins of 
AHE include intrinsic mechanism and extrinsic mechanism: 
intrinsic mechanism comes from spinorbit coupling together 
with interband mixing, also known as the Berry curvature con
tribution;[17] while extrinsic mechanism comes from impuri
ties scattering by side jump or skew scattering.[18,19] Different 
scaling laws between anomalous Hall resistivity (ρAH) and 
longitudinal resistivity (ρxx) have been exploited to describe 
these physical origins: both intrinsic spinorbit coupling and 
extrinsic side jump mechanism obey xxρ ρ∝AH

2 , while extrinsic 
skew scattering mechanism satisfies ρAH ∝ ρxx. These scaling 
laws have been valid in many systems, including magnetic 
metals, alloys, single crystalline or polycrystalline compounds, 
etc.,[12,13,20,21] but usually invalid in inhomogenous ferromag
netic systems, such as granular films around the percolation 
threshold with resistivity between typical metal and insu
lator.[14,22] Some researchers reported that the interface scat
tering plays a significant role and influences the AHE evidently 
in these granular systems.[15,22–25] On one hand, the interface 
scattering causes the AHE deviating from the existing scaling 
laws;[24] on the other hand, it brings in the giant enhancement 
of the Rs and RAH.[16] Up to now, an appropriate scaling relation
ship between ρAH and ρxx in the granular film is still lacking.

From the view point of practical application, compared with 
the semiconductor ordinary Hall effect (OHE) devices, granular 
film AHE devices have the advantages of easier fabrication, 
smaller size, and wider operating temperature. However, the 
value of RAH is still too small to be applied. In the expression of 
Hall resistance, it is noted that M is hard to be further improved 
due to the limitation of ferromagnetic material type, so the 
realistic way to improve RAH is to increase Rs or reduce t while 
maintaining M. It is expected that if the film thickness can be 
reduced to several nanometers or less, the value of anomalous 
Hall resistance can reach the order of ordinary Hall resistance 
and the AHE devices can be applied in practice. Nevertheless, 
in the granular films, the magnetic granules are well separated 
by the insulator matrix. When continuously decreasing the 
grain size to reduce the device thickness, the magnetic anisot
ropy energy per grain will be comparable to the thermal energy, 
resulting in the random flipping of magnetic moment of the 
grains, and the film will become superparamagnetic.[26] As a 
result, both the values of M and RAH become very small, and 
anomalous Hall devices lose their advantages. Obviously, fur
ther increasing the anomalous Hall coefficient and improving 
the magnetic stability are vital.

Although a lot of efforts have been made, it is still difficult 
to make breakthrough using existing granular films: in various 
ferromagnetic metalinorganic insulators granular films, the 
Hall coefficient cannot be further improved, and the sharp 
decrease of RAH after the decrease of granular size is inevitable. 
It is urgent to find new ways to solve these problems. In this 
work, we designed novel ferromagnetic metal granular films 
using organic semiconductor (OSC) fullerene (C60) to substi
tute traditional insulators as the matrix and obtained a series 
of Fex(C60)1−x granular films used for AHE devices. The OSCs 
have been widely investigated in magnetoresistance (MR) spin
tronic devices such as organic spin valves and organic tun
neling junctions as the spin transport medium due to their 
long spin diffusion length.[27] In those MR spintronic devices, 

because OSCs are soft, metals can easily penetrate into and 
interact with the OSCs to form a large amount of magnetic 
hybridized interfaces, degrading the MR performances. In con
trast to the situation in MR devices, the interfaces are favorable 
in AHE devices because they cause additional interfacial scat
tering contribution to AHE. Thus, it is expected that the intro
duction of OSC will significantly enhance the anomalous Hall 
coefficient of the granular films. In addition, due to the remark
able interfacial hybridization, charge transfer, and the induced 
magnetic moments were produced by metal penetrating,[28] the 
magnetic anisotropy increases, which will improve the mag
netic stability with temperature, and correspondingly increase 
the room temperature AHE. This is the first time to study the 
AHE of magnetic metalOSCs granular films and to improve 
the Hall coefficient and magnetic stability simultaneously, 
which will lead to the practical highperformance Hall devices. 
Moreover, by investigating the scaling relationship between ρAH 
and ρxx around percolation threshold, the physical mechanism 
and role of the interface scattering in AHE can be understood 
more deeply.

2. Results and Discussion

2.1. Structure and Composition

Figure 1 shows the Xray diffraction (XRD) patterns of silicon 
substrate and S1–S5 films with different metal volume frac
tion x. For all samples, the diffraction peaks locating at 15.8° 
and 22.0° separately correspond to the (200) and (220) planes of 
C60.[29] Although the (200) peaks of C60 are somewhat concealed 
by a hump of Si substrate around 15.0°, the obvious (200) dif
fraction peaks at 22.0° confirm the existence of C60 phase. The 
diffraction peaks locating at 49.5° correspond to the (110) plane 
of bcc Fe.[30] With the Fe fraction decreasing from S5 to S1, 
the intensity of (110) peak reduces accordingly. The vanishing 
of Fe (110) peak on the spectrum of S1 and S2 indicates the 
decreased Fe relative content and/or crystalline grain size. The 
existence of Fe will be furtherly proved by transmission elec
tron microscopy (TEM) measurements.

Adv. Funct. Mater. 2019, 1808747

Figure 1. XRD patterns of S1–S5 films and Si substrate.
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To investigate the composition and microstructure of the 
deposited Fex(C60)1−x films, TEM analyses were performed. 
The bright field TEM images, highresolution TEM (HRTEM) 
images, and selected area electron diffraction (SAED) patterns 
of two typical samples, S1 and S3, are shown in Figure 2. In 
Figure 2a,e, the morphologies of S1 and S3 are very similar, 
which are granular films composed of aggregated Fe black 
granules and C60 matrix. Clearly, the volume fraction and size 
of the black granules in S3 are much larger than those in S1. 
Figure 2c,g are the SAED patterns of S1 and S3, respectively. 
The diffraction rings of bcc Fe were observed and become 
sharper with increasing Fe content, indicating the crystalliza
tion and size of Fe grains become better. Furthermore, it is also 
visible from the SAED patterns of S1 that there is a broad dif
fraction halo locating at the inner side of Fe (110) ring, which 
is from C60 and are consistent with the lower 2θ angle than Fe 
(110) peak as shown in the XRD pattern. With the Fe content 
increasing, the wide diffraction ring of C60 faded gradually, 
agreeing with the XRD patterns. From the HRTEM of S1 and 
S3 in Figure 2b,f, the films consist of granules with diameter 
of several nanometers dispersing in the poorly crystallized or 
amorphous matrix. The granules in the images are guided by 
red circles. The magnified granule of S1 in Figure 2b shows 
fuzzy lattice fringes. While the magnified granules of S3 in 
Figure 2f show much clear lattice fringes corresponding to Fe 
(110) planes with the interplanar distance of 0.20 nm,[30] indi
cating the improved crystallinity. Figure 2d,h are the Fe granule 
size (d) statistics of over 100 particles for S1 and S3. From the 
Gaussian fitting, the average d increases from 2.8 nm of S1 
to 3.4 nm of S3, indicating the average granule size becomes 
larger with increasing Fe fraction.

Xray photoelectron spectroscopy (XPS) spectra of C 1s and 
Fe 2p states of Fex(C60)1−x samples are shown in Figure 3. 
These spectra demonstrate strong interfacial charge transfer 
between Fe and C atoms, proving the existence of severe 
interface hybrid effect in these metal/OSC granular films. 

As shown in Figure 3a, C 1s corelevel XPS spectrum of C60 
shows a single peak at the binding energy of 284.6 eV, which 
can be assigned to the sp2 hybridized carbon (CCsp2) of C60. 
For the Fex(C60)1−x granular films, a distinct peak shift toward 
lower binding energy was observed. The C 1s peak shifts from 
284.0 eV for S1 to 283.6 eV for S5, exhibiting a strong charge 
transfer characteristic. This is the same as the charge transfer 
of FeC bond in Fe1−xCx films, indicating that the electrons 
transferred to C atoms. Fe 2p XPS spectra also show significant 
peak shift. It was reported that Fe 2p peaks site at 706.7 and 
719.9 eV separately for the standard Fe 2p3/2 and Fe 2p1/2 spec
trum of pure Fe. However, in our samples, the predominant 
peaks of Fe move to higher binding energy, which is opposite 
to the moving direction of C peaks. The Fe 2p3/2 and Fe 2p1/2 
peaks of S1 locate at 710.2 and 723.5 eV separately as can be 
seen in Figure 3b, showing evident givingelectrons features. 
The similar phenomena were also observed in Fe1−xCx films 
and other transition metalcarbon hybrid films.[31] It has been 
known that carbon atoms are more electronegative than transi
tion metal atoms such as Fe. Therefore, electrons transferred 
from Fe surface atoms to C atoms in the matrix. In our granular 
films, the grain size is very small according to the TEM images, 
so the relative amount of surface atoms of grain is very large, 
and the surface state dominates the XPS spectrum, resulting 
evident shift of the XPS peaks. However, with the increase of 
Fe volume fraction, the content of C decreases gradually, so the 
ratio of Fe–C interfaces decreases. Therefore, it can be observed 
that the Fe 2p peaks move to the lower binding energy gradu
ally from S1 to S5 due to the increase of the bulk Fe0 signa
tures, and the peak is getting closer to pure Fe.

2.2. Longitudinal Resistivity

To understand electrical transport properties of these metal
OSC granular films, we measured temperaturedependent 

Adv. Funct. Mater. 2019, 1808747

Figure 2. a–d) TEM, HRTEM, SAED, and Fe granule size (d) statistics of S1 (x = 0.58). e–h) TEM, HRTEM, SAED, and d statistics of S3 (x = 0.79).
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longitudinal resistivity (ρxx − T) curves in the temperature 
range of 2–300 K. Figure 4a shows the normalized resistivity 
ρxx(T)/ρxx(300 K) −T curves, where ρxx(300 K) is the resistivity 
at 300 K. It shows that the resistivity is weak temperature 
dependent for these samples, and the temperature coefficient 
of the resistivity (TCR) changes from negative to positive with 
increasing x. It is known that the electrical transport of pure 
Fe is metallic and governed by the phonon/magnon scatter
ings. For samples S3–S5, the resistivities have positive TCR at 
almost all tested temperature range, revealing a similar metallic 
electrical transport characteristic with pure Fe. A critical tem
perature (Tmin) corresponding to the residual resistivity can be 
observed in these samples, below which the resistivity slightly 
increased with the decrease of temperature. The origin of 
residual resistivity is because of the scattering of impurities and 
structure disorder which is temperature independent.[21] For S1, 
resistivity increases monotonously from room temperature to 
2 K, which is a common feature of granular film around perco
lation threshold. For all samples, the value of ρxx(T)/ρxx(300 K) 
is between 0.78 and 1.15, indicating that these resistivities 
are dominated by the impurities and disordered scattering in 
the whole temperature range. The unnormalized ρxx − T curves 
are shown in Figure S1 in the Supporting Information. The 
value of resistivity increases nearly three orders of magnitude 
from S5 to S1, indicating the scatterings by semiconductor 
impurities and structure disorder (including the interfacial dis
order) enhances evidently with the increased fraction of C60.

As mentioned above, the resistivity curves of all samples 
turn up slightly at lower temperatures (S3–S5) or in the whole 
temperature range (S1). To clarify the mechanism of these 
increased resistivities, σ(T)/σ(300 K) −T curves were plotted 
and good linear dependencies between conductivity σ and loga
rithm of T were found as shown in Figure 4b. This logarithmic 
behavior can be explained by intergrain Coulomb interaction 
effect, which is specific to granular materials and does not exist 
in homogenously disordered metals[32,33]

T
g d

g E

k T
σ σ

π
( ) = − 













1

1

2
ln0

T

T c

B


 (1)

where gT is a dimensionless intergrain tunneling conductance 
(expressed in units of 2e2/ℏ), Ec is the singlegrain Coulomb 
charging energy, d  is the dimensionality of the granular array, 
and σ0 is the classical conductivity without the Coulomb inter
action. By utilizing this model, the σ −T curves of S1, S3, S4, 
and S5 at low temperature are fitted by leastsquares method 
as shown in Figure S2 (Supporting Information) and the fit
ting parameters are listed in Table S1 (Supporting Informa
tion). Here, the fitting parameters of S5 are reference values 
marked with brackets due to its negligible increase of resistivity 
below Tmin. As shown in Table S1 in the Supporting Informa
tion, gT decreases from 218.12 to 2.09 as x is reduced from 0.91 
to 0.58, indicating the weaker intergrain coupling and more 
difficult electron tunneling between neighboring Fe granules 

Adv. Funct. Mater. 2019, 1808747

Figure 3. a) C 1s and b) Fe 2p XPS spectra of S1 (x = 0.58), S2 (x = 0.65), S3 (x = 0.75), S4 (x = 0.79), and S5 (x = 0.91). C 1s XPS spectrum of pristine 
C60 film is also shown in (a).

Figure 4. a) ρxx(T)/ρxx(300 K) − T curves and b) σ(T)/σ(300 K) − T curves of S1, S3, S4, and S5, the solid lines are their linear fittings.
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from metallic regime to the percolation regime. The gT value of 
2.09 is slightly larger than 1, the critical gT value of percolation 
threshold of granular films, indicating that S1 is very close to 
the percolation threshold. We can estimate the grain dimeter d0 
using the equation Ec = e2/4πε0εrd0, where ε0 and εr are permit
tivity of free space and C60, respectively. The grain dimeters are 
evaluated to be 3.8 and 4.6 nm for S1 and S3, respectively. To be 
more accurate, the intergrain spacing s should be considered, 

i.e., E e
d

s
d/ 4 1

2
c

2
0 r

0
0πε ε= +











. This will lead to a smaller grain 

diameter, which is comparable to the values obtained from 
TEM images. The estimated grain diameters proved that the 
manybody Coulomb interaction model is applicable in these 
Fex(C60)1−x (x = 0.58–0.91) granular films.

2.3. Anomalous Hall Effect

Figure 5 displays the ρxy − H curves of samples S1–S5 at room 
temperature with the magnetic field perpendicular to the film 

plane. Hall resistivities of all samples are nonlinear, presenting 
the anomalous Hall nature. With magnetic field goes up from 
zero, the Hall resistivity increases sharply which is related to the 
magnetization process of ferromagnetic components. When the 
magnetic field approaches 1 T, the magnetic field–dependent 
Hall resistivity suddenly changes to weak field dependence, i.e., 
the Hall resistivity increases slowly with magnetic field, which 
comes from OHE. The slope of OHE part of the Hall curve is 
negative, indicating the electronlike conducting behavior.[34] 
By extrapolating the linear OHE part to zero magnetic field, 
one can extract the value of saturated anomalous Hall resis
tivity ρAHS. In Figure 5, it is clear that the ρAHS varies with the 
metal volume fraction x. The sample around the percolation 
threshold (S1 with x of 0.58) has the largest ρAHS. When contin
uously increasing x, the ρAHS decreases rapidly. This regularity 
is consistent with other ferromagnetic metalinsulator granular 
films.

Temperaturedependent ρxy − H curves of S1 which has the 
most significant AHE in all samples are shown in Figure 6a. 
The Hall curves at all temperatures show good magnetic field 
linearity in the magnetic field range of less than 1 T. At 300 K, 
ρAHS reaches a value of 74 µΩ cm, which is more than three 
times larger than the room temperature ρAHS of Fe0.59(SiO2)0.41 
granular films,[15] exhibiting the advantage of the organic 
system. When the temperature drops, the Hall resistivity does 
not decrease obviously. At the lowest testing temperature of 
2 K, the ρAHS remains at 63 µΩ cm, which is 85% of the ρAHS at 
300 K, indicating the Hall resistivity of this sample has a good 
temperature stability.

The values of ρAHS of S1–S5 at different temperatures are 
shown in Figure 6b. All samples in the figure show good sta
bility of anomalous Hall resistivity, indicating that the organic 
granular films have obvious superiority in maintaining the sta
bility of AHE. ρAHS of S5 is 1.45 µΩ cm which is close to the 
polycrystalline Fe film of 0.9 µΩ cm.[34] This is because that the 
metal volume fraction of S5 is as high as 0.91, so the number 
of Fe/C60 interface is too small to have a significant effect on 
anomalous Hall resistivity. The ρAHS of S1 is 51 times larger 
than that of S5 and 82 times larger than that of polycrystalline 

Adv. Funct. Mater. 2019, 1808747

Figure 5. ρxy − H curves of Fex(C60)1−x films at room temperature. Inset is 
the enlarged ρxy − H curves of S3, S4, and S5 samples.

Figure 6. a) ρxy − H curves of S1 at different temperatures. The upper inset of (a) is the M − H curves of S1, and the lower inset of (a) is the saturated 
magnetization versus temperature (Ms − T) curves of S1. b) Composition dependence of the ρAHS of S1–S5 at different temperatures.
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Fe film. Based on the above results, we can conclude that the 
Fex(C60)1−x granular films around the percolation threshold 
have the enhanced anomalous Hall resistivity and excellent 
Hall resistivity stability with temperature.

According to the Hall resistivity expression, the anoma
lous Hall resistivity in magnetic material can be described as 
ρAH = 4πRsM. Obviously, ρAH associates with both Rs and M.  
The M − H curves of S1 are shown in the upper inset of 
Figure 6a. At all testing temperatures, typical ferromagnetic 
hysteresis loops are presented, and the magnetization tends 
to saturate at 1 T, which is in accordance with the satu
rated field of the ρxy − H curve. The saturated magnetiza
tion Ms can be read from the M − H curves. The lower inset 
of Figure 6a shows the temperaturedependent Ms (Ms − T) 
of S1. It shows that Ms increases slightly with decreasing 
temperature. Both the M − H and Ms − T curves show that 
by utilizing OSC C60 instead of insulator as the matrix, the 
superparamagnetism has been avoided in the granular films 
even though the grain size is as small as 2.8 nm, indicating 
that the OSC has great advantages in improving the mag
netic stability. As analyzed by XPS, electrons transfer from 
Fe atoms to C atoms at the Fe/C interface owing to the more 
electronegative of C than Fe. The charge transfer induces 
net magnetic moments in C60 which will couple with the 
magnetic moments of Fe grains to provide additional mag
netic anisotropy to overcome the thermal fluctuations. As a 
result, the temperature stability of the magnetic moment is 
improved.

Rs is an intrinsic parameter of magnetic materials to charac
terize the properties of AHE, which can be calculated from the 
value of ρAHS and Ms. The ρAHS and Rs of S1 at different temper
atures are listed in Table S2 in the Supporting Information. At 
300 K, the value of Rs reaches 9.9 × 10−8 Ω cm G−1 which is four 
orders larger than the pure Fe of 7.2 × 10−12 Ω cm G−1[34] and also 
larger than the previous reported granular systems, such as 2.6 ×  
10−8 Ω cm G−1 of Fe50Ge50,[34] 3.1 × 10−9 Ω cm G−1 of Fe67Ge33,[35] 
4.3 × 10−9 Ω cm G−1 of Fex(ZnO)1−x,[36] 2.5 × 10−9 Ω cm G−1  of 

εFe3N,[11] and 5.0 × 10−8 Ω cm G−1 of Nix(SiO2)1−x,[12] indicating 
that the OSCs matrix improved the anomalous Hall coefficient 
compared with the inorganic matrix.

In the previous report, Rs enhanced nearly four orders of 
magnitude in Nix(SiO2)1−x granular film comparing with pure 
Ni.[12] This significant Hall effect enhancement is called giant 
Hall effect (GHE). The GHE was also observed in NiFeSiO2,[22] 
FeSiO2,[15] and FeGe[34] et al. solid granular films, where all 
these materials are inorganic. Although these inorganic gran
ular films have large ρxy,[12,16] their M and RAH decrease with 
the decrease of granular size. In this work, the introduction of 
OSC C60 provides significant interfacial scattering and charge 
transfer, which improves Rs and stabilizes ferromagnetism in 
a wide temperature range. This work is the first report of the 
GHE in organic granular films, proving that organic granular 
films have the advantages of high Hall coefficient and high 
temperature stability. These properties are valuable in the 
practical application because the Hall resistances of these fer
romagnetic metalOSC granular films have broader improving 
space compared with inorganic granular films and may give 
potential application in flexible and highperformance Hall 
devices.

2.4. Mechanism of AHE

In the last section of this article, we discuss the physical mech
anism of AHE in these organic granular films. The existing 
physical mechanisms of AHE include intrinsic mechanism 
with xxρ ρ∝AH

2 , side jump mechanism with xxρ ρ∝AH
2 , and 

skew scattering mechanism with ρAH ∝ ρxx. Traditionally, if 
a sample satisfies these mechanisms, it is believed that the 

xxρ ρln ~ lnAH  curve should be nearly linear with the slope 
between 1 and 2. Therefore, we first studied the xxρ ρln ~ lnAHS  
plots of all samples. As shown in Figure 7a, all samples have 
nearly linear correlation between lnρAHS and lnρxx. As the metal 
volume fraction decreases, the curve rotates counterclockwise, 

Adv. Funct. Mater. 2019, 1808747

Figure 7. a) The lnρAHS versus lnρxx curves of S1–S5, where the values of Hall and longitudinal resistivity were taken from measurements at different 
temperatures, and their linear fittings. The inset of (a) is the σAH0 versus σxx0 curve measured at 2 K. Red lines are the linear fitting with σAH0 = ασxx0 + 
(β + b). b–e) ~AHS

2
xxρ ρ  curves for different samples. The solid lines are fitting results with AHS

2a b xxρ ρ= + .
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i.e., with decreasing x, the slope of these lines increases first, 
and then changes to be negative. It is known that the slope 
of the xxρ ρln ~ lnAHS  curve represents the scaling coefficient n 
in xx

nρ ρ∝AHS . The value of n is 2.57 for S5, and it increases 
slowly to 3.58 for S4, and 3.93 for S3. These values are far away 
from the theoretical values of 1–2. It has been reported in other 
magnetic metalinsulator granular films, n is often larger than 
2 owing to the prominent interfacial scattering. In this work, 
the increased n is in accordance with other granular films, 
implying the significant interface scattering contributes to the 
AHE. When x decreases, the values of n increases, implying the 
interface scattering is enhanced, which is due to the increase of 
the Fe–C interfaces when the film approaches to the percola
tion threshold.

Interestingly, with further decreasing x, the slope of the 
xxρ ρln ~ ln lineAHS suddenly transforms to be negative, which is 

−3.32 for S2 and −2.74 for S1. This negative slop can hardly be 
understood in the existing model. Recently, Jin et al. proposed 
a new theoretical model to explain the origin of the AHE of Fe 
films.[20] They believed that the intrinsic, sidejump, and skew
scattering mechanisms have different temperature dependence 
in one system, in which the skewscattering and side jump are 
mainly come from the residual resistivity. As a result, the ρAHS 
can be expressed as

bxx xx xxρ αρ βρ ρ= + +AHS 0 0
2 2  (2)

or, in the form of conductivity

bxx xx xxσ ασ βσ σ( )= + +− −
AHS 0

1
0

2 2  (3)

where ρxx0 is the residual resistivity, σxx0 is the residual conduc
tivity, and α, β, and b represent the contributions from the skew
scattering, sidejump, and intrinsic mechanisms, respectively. 
If this model is established, the xxρ ρ~AHS

2  (or xxσ σ~AHS
2 )  

plot should be linear for a given sample. Figure 7b–e shows the 
xxρ ρ~AHS
2  plots of S1, S3, S4, and S5, respectively. It is clear 

that S3, S4, and S5 with positive TCR have good linearity. How
ever, in the negative TCR range, i.e., when temperature is lower 
than Tmin for S3–S5 sample, as well as the whole temperature 
range for S1, the intergrain Coulomb interaction appears, 
and the linear relationship of xxρ ρ~AHS

2 is broken. Accord
ingly, we can infer that the abnormal behaviors of the slope of 

xxρ ρln ~ lnAHS  curves come from the appearance of the elec
tron–electron Coulomb interaction (EEI) due to the presence of 
granularity.[34]

It should be mentioned that in the metallic conductive 
samples such as metal films,[20] alloys films,[21] metal/metal 
multilayers,[25] the contributions of intrinsic and extrinsic 
mechanism, as well as the surface and interface scattering, can 
be well distinguished. But these metalsemiconductor granular 
films are quite complicated. The electrical transport is deter
mined not only by the electron/magneton and electron/phonon 
scatterings, but also by the EEI effects. It was reported that the 
EEI effect has no quantum correction to AHE for both skew
scattering and sidejump mechanisms, but it provides the cor
rection to longitudinal conductivity.[37,38] So, it is not difficult 
to understand the anomalous scaling relation between ρAHS 
and ρxx for S1, which originates from the quantum correction 

of longitudinal conductance by the intergrain EEI. It is hard 
to distinguish these different contributions in the AHE in the 
present materials with EEI effect. However, for S3–S5 sam
ples, since their conduction behaviors are similar with metal, 
we can roughly separate the contributions of the three mech
anisms. First, according to Equation (2), the contribution of 
intrinsic mechanism b can be obtained which is the slope of 
the linear fitting of xxρ ρ~AHS

2  plots. Then, if we consider that 
at very low temperature of 2 K, the σAHS ≈ σAH0 and σxx ≈ σxx0, 
Equation (3) becomes

bxxσ ασ β( )= + +AH0 0  (4)

The experimental data can be well fitted by Equation (4) as 
shown in the inset of Figure 7a. The corresponding parameters 
α and (β + b) can be extracted. These parameters are listed in 
Table S3 in the Supporting Information. It can be seen that 
in the metallic samples, the contribution of skewscattering 
is the same for all samples, while sidejump and intrinsic 
mechanisms varies with samples. Besides, the signs of β and 
b are opposite, indicating that the sidejump and intrinsic 
mechanism have opposite contributions on AHE. Although 
this process to separate the individual contributions of three 
mechanisms is an approximate process, the results should be 
reasonable because the electrical properties of samples S3–S5 
are almost metallic, the effect of EEI on residual resistivity is 
very weak, and the increase of resistivity is not obvious at low 
temperature. So, neglecting the contribution of EEI during fit
ting is justified.

3. Conclusion

In summary, organic granular films Fex(C60)1−x (x = 0.58–0.91) 
were fabricated by coevaporation method. XPS analysis shows 
evident charge transfer between Fe and C atoms at the inter
faces. Longitudinal resistivity measurements reveal that the 
resistivities are dominated by the impurities and disordered 
scattering as well as the intergrain Coulomb interaction. The 
ρAHS of Fe0.58(C60)0.42 film reaches 74 µΩ cm at room tem
perature and remains 63 µΩ cm at 2 K, exhibited excellent 
AHE performances. The Rs of Fe0.58(C60)0.42 film is as high as 
9.9 × 10−8 Ω cm G−1 which is four orders larger than pure Fe 
film and larger than most of previous reported inorganic gran
ular films. By fitting the xxρ ρln ~ lnAHS  curves, we proved that 
impurities and disordered scattering lead to the enhancement 
of the Hall coefficient. Our results demonstrate the organic 
granular films have great potential in the field of anomalous 
Hall devices, which makes it possible to break through the 
existing bottlenecks in inorganic AHE devices. In theory, it is 
helpful to deepen the understanding of the contribution of dif
ferent types of AHEs in different transport systems.

4. Experimental Section
Fe-C60 granular films were prepared by co-evaporation method using 
a thermal evaporator system. High purity Fe (99.99%) wire and C60 
(99.5%) powder served as the Fe source and C60 source, respectively. 
During deposition, the ratio of evaporated Fe and C60 were modulated 
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by tuning the applied current of heating source. The illustration diagram 
of evaporation process and sample photos are shown in Figure S3a 
in the Supporting Information. The deposited films were identified as 
Fex(C60)1−x (x = 0.58, 0.65, 0.75, 0.79, and 0.91) where x is the volume 
fraction of Fe determined by XPS. For convenience, these samples were 
marked as S1, S2, S3, S4, and S5 sequentially with the increase of Fe 
fraction.

Average film thicknesses were determined to be 110–200 nm by 
scanning electron microscopy (SEM, S-3500N). Figure S4 in the 
Supporting Information shows the cross-sectional SEM images of some 
typical samples. Crystal structures were investigated using XRD (D/max-
2500) with Cu Kα radiation (λ = 0.15406 nm). Chemical components and 
valence states were analyzed by XPS (Thermo Escalab 250Xi) with Al Kα 
X-ray source. Microstructures were characterized by TEM (JEOL 2200F) 
operating at 200 kV. Resistance and Hall resistance measurements were 
carried out via a four-probe DC technique using a physical properties 
measurement system (Quantum Design PPMS-9). Figure S3b,c in the 
Supporting Information is the Hall bar used in electrical measurements 
and the schematic of measurement circuit, respectively. Magnetic 
properties were measured using a superconducting quantum 
interference device magnetometer (MPMS-5S).

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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