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Inspired by recent experiments on the successful synthesis of hydrofullerene C66H4 in Tian et al. (2019) 
[12] with two negatively curved heptagons. Based on the density functional theory and nonequilibrium 
Green’s function method, we report the spin-dependent transport through transition-metal-atom-
encapsulated C66H4 hydrofullerene, i.e., X@C66H4(X=Fe, Co, Mn, Ni), contacted by single gold atoms 
via semi-infinite non-magnetic Au electrodes. It is found that, Mn- and Fe-doped systems show highly 
spin-polarized transmission as well as considerable magnetic moments whereas Ni-doped systems 
show completely spin-unpolarized transmission and nonmagnetic. Interestingly, Co-doped systems show 
two spin states, i.e., spin-polarized and spin-unpolarized ones. Further analysis shows that, for Mn-, 
Fe- and Ni-doped systems, the spin-polarized/unpolarized state is caused by the finite/(nearly-)zero 
magnetism of the encapsulated metal atom. While the magnetism in Co-doped systems is quenched 
for the top hexagonal doping case, but not for the side heptagonal doping one, which induces the spin-
unpolarized/spin-polarized state. And the screening effect of electrodes on the magnetism of Co is the 
underlying physical mechanism. Our findings would be beneficial to the design of spintronics devices.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, fullerenes have attracted extensive interests 
for next-generation spintronic applications due to their spin-
related features, such as spin transistors, spin light-emitting diodes 
and spin filters [1–5]. Since the discovery of the first buck-
minsterfullerene (C60) [6], extensive studies on fullerenes have 
been carried out, e.g., C70, C80, and their endohedral metallo-
fullerenes(EMFs) [7–10]. Particularly, EMFs, as a novel form of 
fullerene-based materials, have also aroused significant interests. 
Due to the charge transfer between the encapsulated metal atoms 
and the fullerene cage, such a kind of molecules open up many 
possibilities for studies [9–11]. Very recently, Tian et al. [12]. re-
ported the experimental evidence for the existence of an unprece-
dented hydrofullerene C66H4, which does not satisfy the empirical 
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isolated pentagon rule (IPR) [13,14]. The C66H4 cage with the D2v

symmetry possesses nineteen hexagons, fourteen pentagon and 
two negative curvature heptagons, which differs from all the pre-
viously reported fullerenes [15]. Such a new geometric structure 
is expected to exhibit interesting electronic features, especially the 
spin-dependent transport properties used for spintronic devices. As 
is well known, one of the key issues in spintronics is the manip-
ulation of a spin current. Previous studies have shown that mag-
netic atoms embedded in fullerenes or carbon nanotubes (CNTs) 
can modulate the electron transport properties [16–19]. However, 
the spin-dependent electron transport properties of endohedral 
transition-metal-fullerene X@C66H4 is still lack of study. And there 
is considerable interest in the magnetic-atom-encapsulated C66H4

hydrofullerene.
In the present work, using the density functional theory (DFT) 

combined with nonequilibrium Green’s function (NEGF), we fo-
cus on the spin-dependent electronic transport of endohedral 
transition-metal-fullerene X@C66H4 (X=Fe, Co, Mn, Ni) under fer-
romagnetic state (FM), contacted by single gold atoms via semi-
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infinite non-magnetic Au electrodes. Considering the symmetry 
and the negative curvature fragment of C66H4, the top hexagon 
and side heptagon holes of C66H4 are suitable candidates to trap 
magnetic atoms [20]. Therefore, in this work, we focus the stud-
ies on these two hole sites for doping transition metal atoms. One 
finds that Mn- and Fe-doped systems exhibit highly spin-polarized 
transmission, whereas Ni-doped systems show completely spin-
unpolarized transmission. Interestingly, Co-encapsulated systems 
show two spin states, i.e., spin-polarized and spin-unpolarized 
ones. Through further investigations, one finds that the spin-
polarized/unpolarized state is caused by the finite/(nearly-)zero 
magnetic moment in Mn-, Fe- and Ni-doped systems. For Co-doped 
systems, the screening effect of the electrodes on the magnetism 
of the Co atom induces the spin-unpolarized state. Our findings 
may throw light on the development of future C-based spintronic 
nanodevices.

2. Computational method

To explore the electron transport properties of the endohedral 
transition-metal-fullerene M@C66H4 system, the first-principles 
method based on DFT coupled with NEGF is implemented, through 
the Atomistix Toolkit package [21–23]. The electron exchange-
correlation function is treated by the Perdew-Burke-Eenzerhof 
(PBE) formulation of the generalized gradient approximation (GGA) 
[24,25]. The mesh cutoff energy is set to be 150 Ry, with 1 ×
1 × 100 (for the transport calculations) k-point meshes in the 
Monkhorst-Park scheme. Such the applied cutoff energy and k-
point mesh are widely used in the transport investigations, which 
achieves the calculation efficiency and the accuracy [26–28]. The 
double-zeta polarized basis set is chosen for the local numeri-
cal orbitals. Previous reports [29–32] show that the double-zeta 
polarized basis set are suitable for transport calculations in the 
spintronic device. The geometric structures for the metal atom-
encapsulated C66H4 are fully optimized until the residual force 
on each atom is less than 0.02 eV/Å. To eliminate the interac-
tions adjacent layers, sufficient vacuum space of supercell (more 
than 20 Å) is applied. The distance between electrode surface and 
molecule is 2.2 and 2.0 Å for the metal atoms on the hollow 
top hexagon and side heptagon sites, respectively. The electrode-
molecule distance is determined by minimizing the total energy of 
the whole system [33].

In the NEGF scheme, the spin-dependent transmission probabil-
ity through the two-probe system is calculated by

T↑/↓(E) = T r[�L(E)G R↑/↓(E)�R(E)G A↑/↓(E)], (1)

where G A/R
↑/↓ (E) is the spin-dependent advanced or retarded Green’s 

function for the scattering region (E represents energy), and �L/R

is the coupling matrix between this region and the left/right elec-
trode. T↑/↓(E) represents the probability that an up/down spin 
electrons with energy E transmits from one electrode to another.

3. Results and discussions

In order to explore spin-dependent electron transport prop-
erties of endohedral transition-metal-fullerene, the corresponding 
two-probe systems are constructed, as shown in Fig. 1. Such a 
two-probe model consists of three regions, i.e., the central scat-
tering region and semi-infinite left/right electrode. We choose the 
(001) surface of centered cubic (fcc) Au with a pyramid tip as a 
left/right electrode to contact with the embedded metal fullerene. 
For the sake of clarity, a transition metal atom (X) encapsulated in 
C66H4 is denoted by X@C66H4 (X=Fe, Co, Mn, Ni). Additionally, in 
our systems, the metal atoms are inside the hydrofullerene C66H4. 
The Au-X@C66H4-Au refers to the two-probe system coupled with 
Fig. 1. (a) The schematic plots of the Au-X@C66H4-Au system (X=Fe, Co, Mn, Ni). 
The X@TEM1 refers to the configuration X-doped on the top hollow hexagon site 
and the front-contacted with Au electrodes. (b)-(e) The endohedral transition-metal-
fullerene part for X@TEM1, X@SEM1, X@TEM2 and X@SEM2, respectively.

Fig. 2. The transmission spectra for Au-Fe@C66H4-Au system. (a)-(d) Stand for 
Fe@TEM1, Fe@SEM1, Fe@TEM2 and Fe@SEM2, respectively. The blue solid line de-
notes the up-spin transmission, and red dashed line denotes down-spin one. The 
Fermi level (E F ) is set to 0. (For interpretation of the colors in the figure(s), the 
reader is referred to the web version of this article.)

Au electrodes. Considering the orientation of C66H4 relative to the 
electrodes, the doping site of the metal atoms and the D2v sym-
metry of C66H4, we define four kinds of two-probe models, i.e., 
X@TEM1, X@SEM1, X@TEM2 and X@SEM2, respectively (herein, we 
only present the endohedral transition-metal-fullerene part), as 
shown in Fig. 1(b)-(e). For example, the X@TEM1 stands for the 
configuration where the X atom is doped on the top hollow hexag-
onal site of C66H4 and the front-contacted with Au electrodes, see 
Fig. 1(a). It is well known that the transport properties are pri-
marily dependent on transmission around E F , especially for low-
bias conditions, and we focus on transmissions within this energy 
range. As the ferromagnetic (FM) state could be easily stabilized in 
experiment, we limit our work to this state in the present work 
[34].

For Fe-doped systems, the spin-resolved transmission are calcu-
lated and plotted in Fig. 2(a)-(d). One finds that, for all the cases, 
the transmission of up-spin and down-spin are inconsistent. As a 
result, the electron transmission is spin-polarized. Herein, we de-
fine the spin polarization as [(Tdown − Tup)/(Tdown + Tup)] × 100%, 
which is denoted by ξ . Especially, for Fe@TEM1 configuration, there 
exists a larger down-spin transmission peak around E F . While 
the up-spin transmission is much smaller in this energy region, 
see Fig. 2(a). And the spin polarization has reached as high as 
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Fig. 3. The transmission spectra for Au-Co@C66H4-Au system. (a)-(d) Stand for 
Co@TEM1, Co@SEM1, Co@TEM2 and Co@SEM2, respectively. The blue solid line de-
notes the up-spin transmission, and red dashed line denotes down-spin one. E F is 
set to 0.

97.2%, which shows great application potential in spintronic de-
vices [35,36]. When we change the orientation of the molecule-
electrodes to the Fe@TEM2 configuration, the transmission for 
the up-spin and down-spin only changes sightly around E F , see 
Fig. 2(c). In other words, when the Fe atom is doped on the top 
hollow hexagonal site, i.e., Fe@TEM1 and Fe@TEM2, the electron 
transmission of Fe@C66H4 exhibits highly spin polarized transport 
behavior. However, when the Fe atom is doped on the side hol-
low heptagonal site, i.e., Fe@SEM1 and Fe@SEM2, the transmissions 
for the up-spin and down-spin are almost consistent around E F , 
see Fig. 2(b) and (d). This means that they are spin-unpolarized. 
Consequently, the spin polarization of the electron transmission is 
sensitive to the doping sites and irrelative with the orientation 
of the molecule-electrodes in Fe-doped systems. One finds that 
the transition from highly spin-polarized state to spin-unpolarized 
state could be achieved by modulating the configurations, i.e., from 
Fe@STM1 to Fe@SEM1, which would facilitate the design of spin-
tronics devices.

Interestingly, Co-doped systems exhibit a strange electron trans-
port behavior. When the Co atom is doped on the top hollow 
hexagonal sites, i.e., Co@TEM1 and Co@TEM2, the transmissions 
for up-spin and down-spin are well consistent with each other, in-
cluding the deep energy regions, see Fig. 3(a) and (c). As a result, 
they are completely spin-unpolarized (ξ = 0), which is different 
from the above two cases, i.e., Fe@TEM1 and Fe@TEM2. Particu-
larly, when we change the doping site from the top hollow hexag-
onal one to the side heptagonal one, i.e., Co@TEM1 and Co@TEM2 
to Co@SEM1 and Co@SEM2, respectively, the spin-polarized trans-
mission appears, see Fig. 3(b) and (d). Therefore, the doping site is 
crucial to the spin-dependent transport in Co-doped systems. Note 
that, the orientation of the molecule-electrodes has little effect on 
the spin-dependent transport of Co@C66H4.

For Mn-doped systems, the spin-dependent transmission is cal-
culated and plotted in Fig. 4(a)-(d). One easily finds that, both 
Mn@TEM1 and Mn@TEM2 systems exhibit highly spin-polarized 
transmission around E F , see Fig. 4(a) and (c). And their spin polar-
ization have reached to 89.4% and 74.5%, respectively. However, for 
Mn@SEM1 and Mn@SEM2, the trends of up-spin and down-spin 
transmission are the same around E F , which leads to the spin-
unpolarized cases, see Fig. 4(b) and (d). Similar to Fe-encapsulated 
cases, the configuration-modulated spin polarization effect is also 
found in Mn-doped systems.
Fig. 4. The transmission spectra for Au-Mn@C66H4-Au system. (a)-(d) Stand for 
Mn@TEM1, Mn@SEM1, Mn@TEM2 and Mn@SEM2, respectively. The blue solid line 
denotes the up-spin transmission, and red dashed line denotes down-spin one. E F

is set to 0.

Fig. 5. The transmission spectra for Au-Ni@C66H4-Au system. (a)-(d) Stand for 
Ni@TEM1, Ni@SEM1, Ni@TEM2 and Ni@SEM2, respectively. The blue solid line de-
notes the up-spin transmission, and red dashed line denotes down-spin one. E F is 
set to 0.

However, for all the Ni-doped in C66H4 cases, the transmission 
for the up-spin and down-spin remain exactly the same through-
out the energy regions of [-2.0, 2.0] eV, see Fig. 5(a)-(d). This 
means that the transmission for Ni-doped systems are completely 
spin-unpolarized in the entire energy region (the spin polarization 
ξ maintains to be 0), which largely differs from Fe-doped and Mn-
doped systems, see Fig. 2(a)-(d) and Fig. 4(a)-(d). Meanwhile, these 
two cases, i.e., Ni@TEM1 and Ni@TEM2, exhibit the same electron 
transport behavior as Co@TEM1 and Co@TEM2, respectively, see 
Fig. 4(b), (d) and Fig. 2(b), (d). And they are all completely spin-
unpolarized. Moreover, the orientation of the molecule-electrodes 
and the doping sites in C66H4 have no impact on the spin-
polarization of the transport in Ni-doped systems.

To gain insight into the underlying mechanism of spin-depen-
dent transport on endohedral transition metallofullerene X@C66H4, 
we examine the Mulliken population of metal atoms in the iso-
lated X@C66H4(X=Fe, Co, Mn, and Ni), as shown in Table 1. Herein, 
the TE and SE denote the metal atom doped on the top hol-
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Table 2
The Mulliken population X metal atom in Au-X@C66H4-Au(X=Fe, Co, Mn and Ni) for up-spin, down-spin, and their difference (up-down, i.e., the magnetic moment). The unit 
of magnetic moment is μB .

Structure X@TEM1 X@SEM1 X@TEM2 X@SEM2

↑ ↓ ↑ − ↓ ↑ ↓ ↑ − ↓ ↑ ↓ ↑ − ↓ ↑ ↓ ↑ − ↓
Fe@C66H4 8.659 6.940 1.719 8.677 6.986 1.691 8.646 6.945 1.701 8.682 6.987 1.695
Co@C66H4 8.244 8.243 0 8.717 7.842 0.875 8.244 8.244 0.001 8.747 7.886 0.861
Mn@C66H4 8.829 5.404 3.425 8.851 5.434 3.417 8.840 5.384 3.456 8.830 5.447 3.383
Ni@C66H4 8.755 8.755 0 8.744 8.743 0.001 8.753 8.753 0 8.760 8.760 0
Table 1
The Mulliken population of X metal atom in isolated X@C66H4(X=Fe, Co, Mn, and 
Ni), which is not contacted with non-magnetic Au electrodes for up-spin, down-
spin, and their difference. Note that the difference (up-down), namely the magnetic 
moment. The TE and SE represent the metal atom encapsulated on the top hol-
low hexagonal site and the side heptagonal one of C66H4, respectively. The unit of 
magnetic moment is μB .

Structure TE SE

↑ ↓ ↑ − ↓ ↑ ↓ ↑ − ↓
Fe@C66H4 8.745 6.913 1.832 8.781 7.036 1.745
Co@C66H4 8.314 7.349 0.965 8.829 7.871 0.958
Mn@C66H4 8.863 5.346 3.517 8.849 5.370 3.479
Ni@C66H4 8.761 8.760 0.001 8.761 8.760 0.001

low hexagonal site and the side heptagonal one of C66H4, re-
spectively. For the sake of clarity, we define these two cases as 
TE-X@C66H4 and SE-X@C66H4 respectively. One easily finds that, 
Fe- and Mn-doped systems show high local magnetic moments, 
whereas Co-doped systems show low values and Ni-doped sys-
tems are completely non-magnetic, see Table 1. It should be noted 
that the magnetic moments of C and H atoms are almost 0 (here 
not presented). So, the magnetic moments are actually arisen from 
doped metal atoms. In other words, doped metal atoms are the 
origin of magnetism, which is considered as the center of mag-
netism. As a result, there is no antiferromagnetic (AFM) state in 
our systems. The magnetic behaviors for transition metal atoms 
(Fe, Co, Mn and Ni) in our systems are well in agreement with 
that of transition metal-doped carbon and silicon nanotubes [37,
17,38]. For Fe- or Mn-doped configurations, the magnetic mo-
ments of the Fe or Mn atoms are quite large, i.e., 1.832, 1.745, 
3.517 and 3.479 μB , corresponding to TE-Fe@C66H4, SE-Fe@C66H4, 
TE-Mn@C66H4 and SE-Mn@C66H4, respectively. These cases exhibit 
spin-polarized transmission behavior in their two-probe systems, 
see Fig. 2 and Fig. 4. Whereas Ni-encapsulated configurations, i.e., 
TE-Ni@C66H4 and SE-Ni@C66H4, are completely nonmagnetic (the 
magnetic moments are almost 0), and they are spin-unpolarized, 
see Fig. 5. Consequently, for Fe-, Mn- and Ni-doped configurations, 
finite/(nearly-)zero magnetic moments of the metal atoms triggers 
the spin-polarized/unpolarized transmission behavior.

Interestingly, it seems that the rule can not be applied to Co-
doped configurations. For Co-doped systems, the magnetic mo-
ment of the Co atom in SE-Co@C66H4 is 0.958 μB . Although the 
magnetic moment of Co atom is smaller than that of Fe and 
Mn in C66H4, it can still result in spin-polarized transmission, 
see Fig. 3(b) and (d). Compared with SE-Co@C66H4, the Co atom 
has a larger magnetic moments, i.e., 0.965 μB in TE-Co@C66H4, 
while the corresponding two-probe systems show completely spin-
unpolarized transmission, see Fig. 3(a) and (c). It would be inter-
esting to figure out such a transport behavior in Co-doped systems.

In this wok, although the Au electrode is nonmagnetic, it may 
still have an effect on the transport and magnetic properties of the 
molecule and then affect the electron transport. In order to con-
firm that, we explore the Mulliken population of metal atoms in 
C66H4 coupled with Au electrodes (Au-X@C66H4-Au), as shown in 
Table 2. One finds that, compared with the isolated Fe- or Mn-
doped configurations, the magnetic moments change quite a little 
in their corresponding two-probe systems (Au-X@C66H4-Au). Con-
sidering the orientation of the molecule-electrode, the magnetic 
moments of Fe atoms become 1.719, 1.701 and 1.691, 1.695 μB , 
corresponding to Fe@TEM1, Fe@TEM2, Fe@SEM1 and Fe@SEM2, 
respectively. And the magnetic moments of Mn atoms become 
3.425, 3.456, 3.417 and 3.383 μB , corresponding to Mn@TEM1, 
Mn@TEM2, Mn@SEM1 and Mn@SEM2, respectively, see Table 2
and Fig. 1. For Ni-doped systems, the magnetic moments of Ni 
atoms remain still zero (or almost zero) values. This is well consis-
tent with the results of the isolated X@C66H4 molecules. For these 
cases, Au electrodes have little effect.

In Co-doped two-probe systems, the magnetic moments of Co 
atoms are 0.875 and 0.861 μB for the configurations of Co@SEM1 
and Co@SEM2 (see Fig. 1(c) and (e)), respectively. Although the 
magnetic moments of Co atoms are smaller than that of the 
isolated SE-Co@C66H4 molecule (0.958 μB ), they are still non-
zero values and can result in the spin-polarized transmission, 
see Fig. 3(b) and (d). However, for the systems of Co@TEM1 and 
Co@TEM2 (see Fig. 1(b) and (d)), the magnetic moments of Co 
atoms become zero (or almost zero), i.e., 0, 0.001 μB , respectively. 
In other words, these magnetic moments are completely quenched 
compared with that in the isolated TE-Co@C66H4 molecule (0.965 
μB ). Obviously, the coupling between the electrodes and the en-
dohedral transition-metal-fullerene molecule (Co@C66H4) induces 
different magnetic behaviors for Co atoms. This interesting phe-
nomenon could be seen as screening of the electrodes. Actually, 
such a screening has been reported before in transition-metal-
encapsulated Si cage systems [39]. In those systems, the magnetic 
moment of the Co atom is screened by the electrodes and becomes 
completely quenched, but that of Fe and Mn not. Therefore, Co-
doped systems exhibit completely spin-unpolarized transmission. 
While Fe- or Mn-doped systems show highly spin-polarized trans-
mission, which is well in agreement with our systems. Obviously, 
the screening effect of electrodes is crucial to such Co-doped sys-
tems. All in all, the completely spin-unpolarized transmissions of 
Co@TEM1 and Co@TEM2 are caused by the (almost) zero magnetic 
moment, see Fig. 3(a) and (c). So, we can draw the conclusion that 
it is the none-zero/zero magnetic moment in two-probe systems 
that triggers the spin-polarized/spin-unpolarized transmission.

To better understand the origin of these highly spin-polarized 
states, we take Fe@TEM1 and Mn@TEM2 (see Fig. 1(a) and (d)) 
as examples and examine their molecular projected self-consistent 
Hamiltonian (MPSH) of the two frontier molecular orbitals, i.e., 
the highest occupied molecular orbital (HOMO), the lowest unoc-
cupied molecular orbital (LUMO) for both spins, respectively, see 
Fig. 6. Actually, the eigenstates of MPSH could be seen as molec-
ular orbitals renormalized by the molecule-electrode interaction, 
which intuitively reflects the nature of transport. One easily finds 
that, for Fe@TEM1 system, the HOMO of down-spin is delocalized 
throughout the whole two-probe system around E F , which con-
tributes to a larger transmission for down-spin, see Fig. 6(c) and 
Fig. 2(a). However, the HOMO and LUMO of up-spin locally dis-
tributes on the left and right Au electrodes, indicating that the 
coupling between molecule and electrodes is very weak, which re-
sults in a much smaller transmission for up-spin, see Fig. 6(a), (b) 
and Fig. 2(a). As a result, the system of Fe@TEM1 shows highly 
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Fig. 6. The spatial HOMO and LUMO states distribution of molecular projected self-consistent Hamiltonian (MPSH) for both spins. (a)-(d) The HOMO and LUMO states of 
Fe@TEM1 for both spins, respectively. (e)-(h) The HOMO and LUMO states of Mn@TEM2 for both spins, respectively. The isovalue of all the plotted isosurfaces is 0.01e/Å

3
.

spin-polarized transmission. Meanwhile, a parallel analysis is also 
performed for Mn@TEM2 system, and the same conclusion can 
be drawn. Furthermore, to evaluate the stability of this endohe-
dral transition metal fullerene X@C66H4(X=Fe, Co, Mn, and Ni), we 
computed the cohesive energy of each system. These large cohesive 
energies (up to 8 eV/atom or more) indicate strongly bonded struc-
ture for each system in the present work. In particular, for these 
two doping configurations, TE- Fe@C66H4 and TE- Co@C66H4, the 
binding energies of up to 8.43 eV/atom suggests the most possible 
ones in experiment.

4. Conclusion

In conclusion, we have studied the spin-dependent electron 
transport properties of endohedral transition-metal-fullerene in 
C66H4 under first-principles method combined with non-equilib-
rium Green’s function technique. It is found that, Mn- and Fe-
doped systems show highly spin-polarized transmission as well as 
considerable magnetic moments whereas Ni-doped systems show 
completely spin-unpolarized transmission and nonmagnetic. How-
ever, for Co-encapsulated C66H4 systems, the transmission of the 
top hexagonal hole-doped case is completely spin-unpolarized, but 
that of the side heptagonal hole-doped one is spin-polarized. Fur-
ther investigation shows that, for Mn-, Fe- and Ni-doped systems, 
the spin-polarized/unpolarized state is caused by the finite/(nearly-
)zero magnetic moment. And for Co-doped systems, the screen-
ing effect of the electrodes is responsible for the spin-unpolarized 
state. These results are beneficial for spintronics as well as other 
nanoscale magnetic device applications.
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