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Fe-Doped All-Boron Fullerene Byy with Tunable Electronic and Magnetic
Properties as Single Molecular Devices *
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Systematic theoretical calculations are performed to investigate the dopant effect of Fe on stability, electronic
and magnetic properties of the newly synthesized all-boron fullerene Byo. The results reveal that as a typical
ferromagnetic element, Fe atoms can either be chemically externally adsorbed on, or internally encapsulated
in the cage of Bao, with the binding energies ranging from 3.07 to 5.31eV/atom. By introducing the dopant
states from the doped Fe atom, the energy gaps of the Fe-doped Bao-based metallofullerenes are decreased. Our
spin-polarized calculations indicate that Fe-doped metallofullerenes have attractive magnetic properties: with
alternative binary magnetic moments between 4.00u, and 2.00uy, depending on the resident sites of the doped
Fe atom. The findings of the tunable electronic properties and binary magnetic moments of the Fe-doped Bao-
based metallofullerenes imply that this type of metallofullerene may be applied in single molecular devices.

PACS: 73.61.Wp, 61.72.U—, 81.05.Zx, 81.05.ub

Inspired by the Cgg, boron fullerene has attracted
especial attention since boron is the nearest neighbor
of carbon.!' " To date, many boron clusters (B,,) have
been reported with n = 3-30, 33-38,..., and so on.
Frustratingly, these boron clusters cannot form the
fullerene-like structures but possess the geometrical
characteristic of the planar, quasi-planar or double-
ring tubular-like. In 2008, an eye-catching cage-like
Bgg has been theoretically reported and that immedi-
ately intrigued many academic followings about this
Bgo.! However, later theoretical computational stud-
ies have shown that Bgg is a high-energy isomer com-
pared with the isomer of core-shell structures.l” Sub-
sequently, a research also reported the theoretical pre-
diction of a Bag cage,l’! while the results are still not
of experiment but only from first-principles swarm
structure searching calculations. Therefore, over a
period of time, whether all-boron fullerene exists or
not has remained an open problem. Gratifyingly, this
situation was broken by the first discover of the fas-
cinating all-boron fullerene cage-like structure By,
which is uncovered and reported through the com-
bination of the photoelectron spectroscopy and the
corresponding theoretical studies.[’] Whereafter, the
experimental and theoretical researches jointly con-
firmed its fullerene hollow cage-like structural charac-
teristic and explicitly proposed the atomic distributed
arrangement.!” ] This fullerene structural character-
istic is quite distinguished from the boron clusters of
planar, quasi-planar or double-ring tubular-like struc-
tures reported previously and thus Byg is looked as
the second type of single-element fullerene after Cgg.
Therefore, this By is greatly expected to have ex-
tensive and promising applications just like those of
carbon fullerene.l”'") Considering the special hollow
cage-like structures, it is natural for this all-boron
fullerene as a container to encapsulate the foreign
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atoms or small molecules. Moreover, the large sur-
face of the fullerene cage is much favorable for the
foreign dopant to be adsorbed on. Among all the pos-
sible adulterant candidates, transition metal (TM) el-
ements have their own unique prominent advantages
and are especially appropriate as dopant due to their
commonly appearance during the synthesis of nano-
materials, more dispersive valence electron distribu-
tions, as well as much larger covalent radius. For
a long time, transition metal based metallofullerenes
have been the important study object in the fullerene
research field.['"1? Moreover, motivated by the rise
of the spintronics, the magnetic dopant and insertion
based on the novel nanostructures have attracted ex-
tensive interests for the magnetic applications. Fe is
the typical and most common ferromagnetic element.
Further investigations into the magnetism and func-
tional properties of Fe atom-dopant newly synthesized
Byo are thus warranted. In the present work, we per-
form further study on the functionalized design of the
newly synthesized By, by introducing the Fe atom, to
obtain significant novel properties for the applications.
This result would be expected to give valuable infor-
mation for applications of Byy on fabricating novel
single molecular electronic and spin electronic nan-
odevices.

All the present calculations are based on the
density-functional theory by performing the program
SIESTA.!'">~ 121 A flexible linear combination of nu-
merical atomic-orbital basis sets was used for the de-
scription of valance electrons, and norm-conserving
nonlocal pseudopotentials were adopted for the atomic
cores. The generalized gradient approximations
(GGA) with the Perdew-Burkle-Ernzerhof (PBE) cor-
rections were adopted and the atomic orbital set em-
ployed throughout was a double-( plus polarization
(DZP) functions. The 3d electron orbitals of the Fe
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atom were also taken into account. The numerical
integrals were performed on a real space grid with an
equivalent cutoff of 120 Ry. We use periodic boundary
conditions and a supercell large enough to keep a dis-
tance of at least 15 A between neighboring images to
avoid the interactions. All the atomic coordinates are
relaxed using the conjugate gradient (CG) algorithm,
until the maximum atomic forces less than 0.02eV /A.
To evaluate the stability of the Fe-doped Byg-based
metallofullerenes, the binding energy (Ey) is calcu-
lated by the difference between the total energy of the
metallofullerenes and the sum of the total energies of
the pristine Byg and the isolated Fe atom.

Fig. 1. The optimized configuration of the pristine Byg:
(a) sideview, and (b) topview.

First, we constructed the exact atomic distribu-
tion of B4y and performed fully structural optimiza-
tion. The optimized configuration is shown in Fig. 1.
Obviously, the obtained equilibrium configuration ex-
hibits typical fullerene cage-like structural character-
istic, with the surface comnsist of two six-membered
rings, four seven-membered rings and several interwo-
ven double boron chains (IDC). The whole fullerene
cage shows perfect symmetry of Dogq point group. The
calculated diameter is 6.36 A, consistent with that
of 6.22A° and slightly smaller than the diameter
of 7.10A of the Cgo.l'%) According to the symmetri-
cal feature, initially, different representative B4g-based
metallofullerenes were considered with the doped Fe
atom at different sites. After completely structural re-
laxations, the doped Fe atom obviously tends to reside
at different symmetrical sites and correspondingly six
stable configurations of the Fe-doped Byp-based met-
allofullerenes were obtained. According to the resident
site of the doped Fe atom, the Byg-based metallo-
fullerenes are distinguished by designating different
names. For the endohedral Fe@QB,o metallofullerenes,
the names of Fe@B4p-6R, Fe@B4y-7TR and Fe@By4q-
IDC are respectively corresponding to the Fe atom in-
side the center of six-membered ring, inside the center
of seven-membered ring and inside the center of the
overlapping of the IDC. Similarly, for the exohedral
Fe-B,4o metallofullerenes, the names of Fe-B4o-6R, Fe-
B4o-7TR and Fe-Byo-IDC are respectively correspond-
ing to the Fe atom outside the center of six-membered
ring, outside the center of seven-membered ring and
outside the center of the overlapping of the IDC. All
the stable equilibrium configurations are shown in
Figs. 2(a)-2(f). To evaluate the stability, the binding
energies of the considered Fe-doped metallofullerenes

are calculated according to the definition mentioned
above. The results are listed in Table 1. Herein, the
positive values indicate that the hybridization process
for the Fe atom to dope Byg is exothermic. As listed
in Table 1, the larger binding energies ranging from
3.07 to 5.31eV/atom indicate that the Fe atom can
either be chemically encapsulated inside the cage or
adsorbed on the surface of B,y and form stable Fe-
doped metallofullerenes. Among them, the binding
energy of the Fe-Byy-IDC metallofullerene is about
1eV/atom lower than those of other isomers of the
Fe-doped metallofullerenes and thus has less stabil-
ity. However, it is noteworthy that the binding energy
of the Fe-B4p-IDC metallofullerene is positive and of
the value of 3.07¢V/atom. This illustrates that the
process of the Fe atom adsorbed outside the center
of the overlapping of the IDC is exothermic and the
value of 3.07eV/atom ensures that the correspond-
ing reaction process is chemically adsorbed. There-
fore, in spite of the relatively lower binding energy,
the Fe-B4o-IDC metallofullerene is deduced to be in a
metastable state. At present, a number of theoretical
and experimental studies have been carried out about
the synthesis and properties of the nanomaterials with
metastable state. Commonly, the novel nanostructure
in metastable states could be synthesized using spe-
cial methods. For example, the pulsed-laser induced
liquid-solid interface reaction (PLIIR) is a specialized
method having unique advantage to synthesize the
metastable nanomaterials. Therefore, for the ener-
getically favored isomers, it is certainly stability and
much easily to be obtained in experiment, while for the
metastable Fe-doped metallofullerenes such as the Fe-
B4o-IDC, we think that the experimental researchers
can adopt special experimental methods to synthesize
the novel nanostructure.

Fig. 2. The sideview and topview of the optimized con-
figurations of the Fe-doped Bgyp-based metallofullerenes:
(a) for the Fe@B4p-6R, (b) for the Fe-B4o-6R, (c¢) for the
Fe@By40-7R, (d) for the Fe-By4o-7R, (e) for the Fe@Byo-
IDC, and (f) for the Fe-B4o-IDC. The blue for B and the
red for Fe.

To gain additional insights into the interactions of
the Fe atom with the fullerene B4g, we performed the
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calculations of the scan of potential energy by mov-
ing the Fe atom from the outside into the inner along
with the path crossing the center of six-membered and
seven-membered ring respectively by keeping the Byg
cage intact. The results indicate that there are en-
ergy barriers during the approaching process of the Fe
atom to Byg, which is consistent in the situations pre-
viously reported. For example, in the previous work,
the energy barriers for the Na atom are about 10 eV for
its moving IN and OUT through the heptagon-ring,
respectively.l'”l Due to the existence of the energy
barriers, the metallofullerenes cannot spontaneously
adsorb the foreign doped atom into the inner of the
cage. However, this does not mean that the synthe-
sis of endohedral metallofullerenes is impossible. Ac-
tually, in the past years, the explorations to synthe-
size the endohedral metallofullerene have been per-
formed extensively and considerable progress has been
achieved. In view of the previous numerous reports on
endohedral carbon fullerenes, the formation of endo-
hedral metallofullerene, for example, endohedral met-
allofullerene La@Cgy was immediately synthesized af-
ter the discovery of Cgg fullerenes. Subsequently, vari-
ous endohedral metallofullerenes were reported exper-
imentally having different atoms or clusters inside the
cage. To date, there are many synthesized methods for
the preparation of endohedral metallofullerenes such
as DC-arc discharging methods, and chemical vapor
deposition. The different dopant types are impor-
tant for the chemical reaction process and thus de-
termine the corresponding synthetic methods of endo-
hedral metallofullerenes. Furthermore, unlike the Cgg
molecule, B4y has larger entrances to the inner: four
seven-membered rings and two six-membered rings.
The presence of such large holes raised expectations
that the penetration of B4y by small guest atoms and
molecules should be easier than in the case of the car-
bon fullerenes. Therefore, based on the above discus-
sions, although the energy barriers exist when the Fe
atom approaching into B4y, the endohedral Fe@QB,q
metallofullerenes could be possibly synthesized.

Table 1. The binding energies of the Fe atom hybridized with

By, the bond length of the formed Fe-B and the elongation of
the B-B bonds near the doped sites.

Ey, (V) Fe-B(A) Elongation of B-B (%)

Fe-position

Fe@B4p-6R 4.55 2.35 1.52
Fe@By4o-7R 4.31 2.25 0.40
Fe@B4o-IDC 4.54 2.34 1.11
Fe-B4o-6R 4.39 2.06 3.22
Fe-B4o-7TR 5.31 2.06 2.50
Fe-B4o-IDC 3.07 2.44 2.05

We analyze the structural parameters of the
equilibrium geometry of each metallofullerene. For
the Fe@B4y-6R metallofullerene, the encapsulated-Fe
atom connects with the B atom by forming the Fe-B
bonds of the average length of 2.35A. In accompa-
nying, the B-B bonds near the B atoms connecting
with Fe atom are elongated, with the average bond
length from 1.71A to 1.73A and the elongation of
1.52%. The corresponding values for other Fe-doped

B4p-based metallofullerenes can be seen in Table 1.
Obviously, for all the metallofullerenes, local struc-
tural deformations occur due to the formation of the
Fe-B bonds, as can be seen from Figs.2(a) and 2(f).
The explicit hybridization between the doped Fe atom
and boron cage and the consequent structural defor-
mations will apparently modulate the electronic in-
teractions, and thus tune the corresponding electronic
and the magnetic properties, as discussed in the fol-
lowing.

We then performed the calculations of the elec-
tronic properties of all the considered Fe-doped Byo-
based metallofullerenes. The calculated energy gaps
of the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
are listed in Table 2. Obviously, when the all-boron
fullerene By is doped by the Fe atom, the dopant
states are introduced in the energy gap and thus the
energy gaps of the metallofullerenes are adjusted and
reduced in comparison with 1.72eV of the pure By,
no matter whether the Fe atom encapsulated in or
adsorbed outside the cage. Although the energy gaps
based on density functional theory are always under-
estimated, the change of energy gaps is relative and
obtained from the same theoretical levels and thus still
significant. Consequently, the electronic properties of
the Fe-doped Byg-based metallofullerenes can be tai-
lored by changing the position of the doped Fe atom,
which is significant for application.

Table 2. The energy gaps Egap of Fe-doped B4o-based metallo-

fullerenes, the total magnetic moment M and its contribution
from 4s (ma4s), 3d (msq), and 4p (myp) orbitals.

M m4s M3q Map

Fe-position (pg) (pg) (ug) (ug)

Egﬂp

Fe@By4p-6R  1.56 2.00 0.031 2.651 0.108
Fe@Byp-7TR  1.43 2.00 0.029 2.755 0.073
Fe@B4o-IDC 1.60 2.00 0.031 2.629 0.110
Fe-B4o-6R  1.31 2.00 0.037 2.256 0.230
Fe-B4o-7R 1.50 2.00 0.074 2.194 0.093
Fe-B4o-IDC 1.11 4.00 0.451 3.264 0.280

Fe is a typical magnetic element of TM. The mag-
netic properties of the Fe-doped metallofullerenes are
crucial to reveal the nature of the foreign Fe atom
hybridization process with the Byg cage. The cal-
culated magnetic moments of the Fe-doped metallo-
fullerenes are listed in Table 2. It is obvious that when
the doped Fe atom resides inside Byg, the calculated
total magnetic moments of each Fe@QByg-based met-
allofullerene are 2.00u,, reduced just half compared
with that of 4.00p, of the isolated Fe atom. However,
for the Fe-B4p-based metallofullerenes, the total mag-
netic moments obtained are divided into two types:
(1) when the Fe atom is located outside the center
of multiple-membered rings, whether six-membered or
seven-membered rings, the total magnetic moments
of the corresponding metallofullerenes are 2.00u,,, the
same as those of the endohedral Fe-doped metallo-
fullerenes, and (2) when the Fe atom is located out-
side the center of the overlapping of the IDC, the total
magnetic moments of corresponding metallofullerenes
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are 4.00u,, just the same as that of the isolated Fe
atom. Therefore, the total magnetic moments of all
the Fe-doped Byp-based metallofullerenes are alterna-
tive between 4.00u, and 2.00u,, indicating binary
characteristic. Considering the structural character-
istic of Byg, Fig. 3 gives the theoretical sketch map of
how to selectively obtain the desired total magnetic
moments of the metallofullerenes. In Fig. 3(a), when
the Fe atom approaches to the boron cage along the di-
rection towards the center of the multiple-membered
rings, it will ultimately resides outside the center of
the multiple-membered ring or enter into the cage.
However, whether it is located outside or inside the
cage, the total magnetic moments of the correspond-
ing metallofullerenes are 2.00u,. On the other hand,
when the Fe atom approaches along the direction to-
wards the center of the overlapping of the IDC, it can-
not enter into the boron cage and thus ultimately the
Fe-B4o-IDC metallofullerene is formed with the total
magnetic moment of 4.00u,. Thus it is feasible to con-
trol the total magnetic moments of the Fe-doped met-
allofullerenes by controlling the ways along which the

Fe atom approaches to the B4y cage. The character-
istics of controllable alternative binary magnetic mo-
ments are noticeable for the experimental researchers
to find a path of synthesis of these promising metallo-
fullerenes.

Fig.3. A sketch map of the ways for the Fe atom ap-
proaching and entering into B4o: (a) along the way to-
wards the center of the multiple-membered rings, the green
and red respectively indicating towards the six-membered
ring and seven-membered ring, and (b) the way towards
the center of the overlapping of the IDC.

Table 3. Mulliken population analysis of the isolated Fe atom and the Fe atom in the Fe-doped Byp-based metallofullerenes. The
last column is the quantity of the electron transfer from Fe to B in Byg.

Fe-position Total s Sp1n3;p(T) ip 4sSpm (;)an(“ ip Charge transfer |e|/Fe to B
Isolated Fe atom 4.00 1.000 5.000 1.000 1.000
Fe@Byp-6R 2.79 0.219 4.479 0.371 0.188 1.828 0.263 0.652
Fe@By4o-7R 2.86 0.225 4.523 0.358 0.196 1.768 0.285 0.647
Fe@B4o-IDC 2.77 0.218 4.470 0.369 0.187 1.841 0.259 0.658
Fe-B4o-6R 2.53 0.378 4.306 0.493 0.341 2.050 0.263 0.169
Fe-B4o-7TR 2.36  0.416 4.232 0.449 0.342 2.038 0.356 0.167
Fe-B4o-IDC 3.71 0.713 4.712 0.426 0.280 1.448 0.146 0.544

To lend further understanding of the distinctly al-
ternative binary magnetic property, we performed the
Mulliken population calculations for the isolated Fe
atom and the Fe atom in the metallofullerenes, as
listed in Table 3. From the total electron transfer
from the Fe atom to B atoms given in the last col-
umn in Table 3, the encapsulated Fe atom will intro-
duce more electrons transferring, as the quantities of
the transferred electrons (0.652e, 0.647¢ and 0.658e
respectively) are all more than those of the exohe-
drally adsorbed Fe (0.169¢, 0.167¢ and 0.544e, respec-
tively). Accompanying with the electron transfer from
the Fe atom to B atoms, the residual electrons in the
doped Fe will re-distribute due to the confinement ef-
fect of electronic orbitals, including spin-up and spin-
down. For the Fe-B4y-IDC complex, during the re-
distribution of the residual electrons, less electrons
transfer from 4s and 3d spin-up orbitals and simulta-
neously less electrons can be obtained for the 3d and
4p spin-down orbitals, which leads to minor compen-
sation of spin-up and spin-down and thus larger resid-
ual magnetic moments. However, for the Fe-B4y-6R
and Fe-B4p-7TR complexes, during the re-distribution
of the residual electrons, more electrons transfer from
4s and 3d spin-up orbitals but simultaneously more

electrons can be obtained for the 3d and 4p spin-down
orbitals. As a result, the major compensation of spin-
up and spin-down ultimately leads to smaller residual
magnetic moments. Therefore, the reason of the dif-
ference between the total magnetic moments of the Fe-
doped mellofullerenes is just the electron transfer and
the resulting redistribution of the electrons between
different electronic orbitals due to the confinement ef-
fect. The results of the magnetic properties can also
be seen from the spin polarized projected density of
states (PDOS), as shown in Fig.4. Wherein, the in-
set in Fig.4(a) is the PDOS of the pure Byg. As seen
in Fig.4, the majority (spin up) state and minority
(spin down) state are partly spin-compensated, result-
ing in different residues of net spin-states. Specially,
for the Fe-Byo-IDC metallofullerenes, the net spin-
states near the Fermi level introduced in the boron
cage are the majority (spin up) states, quite differ-
ent from the minority (spin down) states of the boron
in other metallofullerenes. This is consistent with
the calculated total magnetic moments and the al-
ternative binary magnetic properties discussed above.
The binary characteristic of the magnetic properties in
the Fe-doped Byo metallofullerenes are quite different
from the TM-doped B-N fullerene-like cage and the
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C fullerenes.'® 2] This indicates that the all-boron
fullerene B4g may have promising applications as sin-
gle molecular spin devices.

(a) Fe@B,o-6R (b) Fe-B4-6R
Hﬁp—ﬁ‘? —B —B
- Fe —Fe
(c) Fe@By-TR (d) Fe-Byy-TR —— g

Projected density of states

Fe@B,-1DC
-2 -1 0 1 2 _1 0 1 2

. . . Fe-By-IDC

Energy (eV) Energy (eV)

Fig.4. The spin polarized projected density of states
(PDOS) of the Fe-doped Byp-based metallofullerenes: (a)
for the Fe@By4o-6R, (b) for the Fe-B4o-6R, (c) for the
Fe@By4o-7R, (d) for the Fe-B4o-TR, (e) for the Fe@Byo-
IDC, and (f) for the Fe-B4o-IDC. The inset is the PDOS
of the pure B4o and the Fermi levels are all set to zero.

In summary, the stability, electronic and magnetic
properties of the Fe-doped Bg-based metallofullerenes
have been systematically studied. The results indicate
that the Fe atom can either be chemically adsorbed
on the surface or encapsulated inside Byg. Accompa-
nied with the local distortions, the energy gaps can

be tailored with different doped sites of the Fe atom.
The calculated magnetic moments of the different Fe-
doped metallofullerenes are binary, with alternative
values between 4.00p, and 2.00y,. The findings of
tunable electronic property and the binary magnetic
moment of the Fe-doped metallofullerenes proposed
here imply Byo fullerene, which may be used to de-
velop novel single molecular electronic devices, espe-
cially single molecular spin magnetic devices. We hope
that the present work can motivate further experimen-
tal research on the functionalized methods for the ap-
plications of the newly synthesized Byg.
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