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Efficient control of magnetic anisotropy and the orientation of magnetization are of central

importance for the application of nanoparticles in spintronics. Conventionally, magnetization is

controlled directly by an external magnetic field or by an electric field via spin-orbit coupling.

Here, we demonstrate a different approach to control magnetization in small clusters. We first

show that the low magnetic anisotropy of a Co5 cluster can be substantially enhanced by attaching

benzene molecules due to the mixing between p states of C and the d states of Co sites. We then

show that the direction of magnetization vector of Co5 sandwiched between two benzene molecules

rotates by 90� when an electron is added or removed from the system. An experimental set up to

realize such effect is also suggested. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4898670]

The realization of spin based devices1 is currently one

of the most aspiring goal of nano-scale research. Since mag-

netic nano-structures are the building blocks for the design

of spintronic devices, recent advances in nano-fabrication

and development of sophisticated experimental techniques2–5

not only enhanced our understanding of underlying physics

at nanoscale but also have taken us a step closer to develop-

ing usable devices.6–9 Since electronic spin is central to any

spintronic device, it is imperative that the spin states of the

system remain stable under thermal fluctuation. Since mag-

netic anisotropy energy (MAE) can provide such stability,

significant efforts have been made to synthesize systems

with large MAE, both by synthesizing new magnetic materi-

als10 or by depositing nano-structures on substrates.11–13

Apart from stabilizing magnetic properties, efficient manipu-

lation of magnetization is also crucial for spintronics applica-

tion. At nano-scale level, manipulating magnetic states with

magnetic field requires one to focus the field at very small

spatial and temporal scale, which is very difficult to achieve.

In recent years, however, methods for controlling magnetiza-

tion with an electric field have been developed where mag-

netic states of a system with strong spin-orbit coupling can

be manipulated by modifying orbital distribution by the

field,14–17 which is more efficient as strong electric field can

be easily created at nano-scale level by scanning tunneling

microscope (STM) tip.

While most of the previous studies in spintronics are

based on semiconductors,8 one of the novel classes of sys-

tems that have attracted recent attention is one-dimensional

organometallic molecular magnets.18 In particular, using the

gas phase techniques, it is possible to synthesize molecular

wires composed of metallic clusters sandwiched between or-

ganic molecules.19 These systems are appealing as numerous

experiments have shown that the magnetic moments in small

metallic clusters can be around 30% more than that in

bulk.20–25 The reduction in size, however, reduces magnetic

anisotropy that leads to fluctuation of orientation of magnet-

ization preventing any application as memory or spintronic

devices. If the organic linker could stabilize the orientation,

and since it is possible to stabilize multiple decker com-

plexes, it could provide a novel class of one-dimentional sys-

tems with stable magnetic order for potential applications.

In this work, we have studied electronic and magnetic

properties of Co5 cluster and a simple method to enhance the

MAE by sandwiching the cluster between two benzene rings.

We show that MAE enhances by a factor of 2.5 when Co5

cluster is sandwiched between two benzene. We also propose

a method to rotate magnetization vector simply by adding or

by removing a charge from the system. Unlike conventional

methods, this approach does not require any external field,

magnetic or electric, to rotate magnetization. Microscopic

origin of magnetization rotation is also discussed. To study

the effects of environment, we have attached the cluster with

gold (Au) leads and have investigated its influence on elec-

tronic and magnetic properties of the system.

The theoretical studies are carried out using density

functional theory (DFT) as implemented in NRLMOL pack-

age,26,27 which uses Gaussian type orbital as basis. The

exchange correlation effects are included using generalized

gradient approximation (GGA) as proposed by Perdew

et al.28 Previous studies have indicated that this approach

can lead to quantitatively accurate results in molecular mag-

nets composed of magnetic clusters linked by organic link-

ers. For example, our earlier studies of Mn12O12-acetate lead

to a theoretical MAE of 56 K compared to the experimental

value of 55.6 K.29 All calculations are performed at an all

electron level except for the calculations with gold (Au) lead

where pseudo potential is used for Au atoms. For each case,

clusters are relaxed until the forces dropped to about 0.001

Hartree/bohr. Magnetic anisotropy energy (MAE) is calcu-

lated by exact diagonalization. In this approach, change in

the ground state energies for different magnetization direc-

tions are calculated by diagonalizing spin-orbit Hamiltonian

in the basis of all Kohn-Sham (KS) orbitals within a given

energy window, typically about 50 eV around the Fermi

level. MAE is then the difference between the largest and the

smallest total energies. While exact diagonalization method

is more accurate for MAE calculation, perturbative approach

0003-6951/2014/105(15)/152409/5/$30.00 VC 2014 AIP Publishing LLC105, 152409-1

APPLIED PHYSICS LETTERS 105, 152409 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

213.112.68.232 On: Thu, 16 Oct 2014 17:14:37

http://dx.doi.org/10.1063/1.4898670
http://dx.doi.org/10.1063/1.4898670
http://dx.doi.org/10.1063/1.4898670
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4898670&domain=pdf&date_stamp=2014-10-16


is very useful for analyzing the results as we can identify dif-

ferent contribution to MAE in a physically transparent way.

Therefore, we have also calculated MAE using 2nd order

perturbation theory. The spin-orbit Hamiltonian can be

expressed as

HSO ¼ kL � S; (1)

¼ k LfSf þ
1

2
LþS� þ L�Sþð Þ

� �
; (2)

where, k is the spin-orbit coupling constant, L6 and S6 are

the ladder operators for orbital and spin states, respectively.

The change in the groundstate (GS) energy due to spin-orbit

coupling30 (SOC) can be expressed using single particle

spin-orbital as (Perterbative method in NRLMOL is imple-

mented slightly different but equivalent way, details of

which can be found in Ref. 29)

dE ¼ �k2½að"; "Þ þ að#; #Þ � að"; #Þ � að#; "Þ�; (3)

where

a r; r0ð Þ ¼
X
kk0

h/k; rjL � Sj/0k; r0ih/k0 ; r
0jL � Sj/k; ri

�k � �k0
: (4)

Here, k and k
0

represent occupied and unoccupied states,

respectively, and /0ks are Kohn-Sham orbitals. Comparison

of MAE obtained from the two approaches can be a useful

guide for understanding electronic structure of a cluster. An

agreement between exact diagonalization and perturbative

calculations indicates that the 2nd order correction is the

main contribution to GS energy. We note from Eq. (3) that

the contribution of spin-orbit energy to the GS comes from

both spin conserving and spin-flip terms.

First, we discuss the electronic structure of the Co5 clus-

ter. The free Co5 cluster23 has D3h symmetry with three

atoms forming a triangular plane, and the other two atoms

are symmetrically placed above and below the plane and on

the C3 axis. Since atomic Co has 3d74s2 configuration with a

spin multiplicity of 4, the majority of spin states are fully

occupied. This persists in going to Co5 and unoccupied states

are dominated by minority spins as shown in Fig. 1 (left

panel). All the five Co atoms contribute to the states around

HOMO-LUMO (HL), which are shown in Figure 1.

The free Co5 cluster used in this work has MAE of only

8 K due to its symmetrical structure. However, recent studies

have indicated that the transition metal based nanoparticles

where the transition metal layers are separated by carbon (C)

layers, exhibit large MAE.31,32 We have also shown recently

that small Co clusters diluted with C undergo significant

enhancement in MAE.33 Such enhancement of MAE in tran-

sition metal carbide (TMC) results due to the mixing of p

states of C with d states of transition metal. In this work, we

have adopted a different approach to enhance the MAE of

the cluster simply by sandwiching the cluster between two

benzene rings (C6H6), as shown in Fig. 1. The binding of

Co5 cluster with benzene is quite strong as our calculation

shows that the binding energy of the combined system is

about 3.4 eV. Electronic and magnetic properties of the

cluster change significantly due to the bonding with benzene.

We note from Fig. 1 that the contribution of the two Co

atoms on C3 axis, which are directly linked with benzene, to

the states near HL reduces considerably since these two

atoms are affected most by the hybridization between the d

states of Co5 cluster and p orbitals of benzene. This mixing

reduces total magnetic moment from 13 lB to 7 lB. The local

moments of the three Co atoms at the central plane of the

cluster reduce slightly from free cluster value of 2 lB to

�1.9 lB but the other two Co atoms that are directly linked

to benzene suffer large reduction to 0.7 lB. The calculated

charge within each atomic sphere of Co atoms is unaffected

by benzene, indicating that charge transfer has little effect in

these systems. The HL gap also reduces from 0.40 eV to

0.18 eV as shown in Table I. Since the change in GS energy,

according to Eqs. (3) and (4), depends on the energy gap

between occupied and unoccupied single particle states

around HL, the reduction in HL gap, consequently, enhances

MAE to about 21 K with easy magnetization direction along

the C3 axis of the cluster.

We now focus on the effects of charging on MAE and

magnetization vector of the cluster. When a charge is added

or removed from the system, both electronic and magnetic

properties change since the single particle states are now

modified. Fig. 2 shows that while for a neutral state both

FIG. 1. Single particle states (without SOC) around HOMO and LUMO of

Co5 cluster (left), benzene ring (right) and Co5 cluster sandwiched between

two benzene. The red dotted line indicates the Fermi level. HOMO and

LUMO of each cases are plotted. All the energies are in units of eV.

TABLE I. Electronic and magnetic properties of different charged states of

Co5 cluster sandwiched between two benzene rings.

System Charge HL gap Spin moment MAE

state (eV) (lB) (K)

Co5 0 0.40 13 8.5

Co5 þ �1 0.41 6 17.2

2 benzene 0 0.18 7 20.6

þ1 0.32 8 53.5
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occupied and unoccupied levels around HL are dominated

by minority electrons, Q¼�1 charge state has a majority

spin state above the Fermi level, which contributes to the

reduction of SOC energy (Eq. (3)) as well as orbital moment

(Eq. (7)). However, for Q¼þ1 charge state, spin ordering

remain unchanged. The HL gap for both charged states are

larger compared to neutral state, but for Q¼�1 state, the

gap is largest. The magnetic moment increases (decreases)

by 1 lB for Q¼þ1 (Q¼�1) charge state. The calculated

ionization energy and electron affinity of the cluster is

4.91 eV and 0.66 eV, respectively.

The MAE for Q¼�1 charge state is slightly reduced

compared to the neutral case, whereas for Q¼þ1 charge

state, MAE is increased by a factor of 2.5. The changes in

MAE due to charging of the system can be understood from

electronic structure of the respective charge states shown in

Fig. 2 in conjunction with Eq. (3). The presence of a majority

spin state above the Fermi level in Q¼�1 case implies that

spin flip term also contributes to the SOC energy but its con-

tribution has opposite sign to that of spin conserving terms.

Total magnetic moment also decreases for negative charge

states, thus overall energy is reduced. On the other hand,

increase in MAE in Q¼þ1 charge state is primarily due to

increase of moment by 1 lB and reduction in HL gap.

In order to understand the rotation of magnetization

direction with charge, we have calculated the orbital moment

of the system for each of the three charged states. Since the

single particle orbitals are mostly non-degenerate due to

crystal field splitting the orbital moment of these states are

quenched. However, when SOC is turned on, these non-

degenerate states are coupled by spin-orbit Hamiltonian,

resulting in non-zero orbital moment. The 1st order change

in occupied KS orbitals due to SOC is given by

j/k; riSO ¼ k
X

k0

j/k0 ; r
0ih/k0 ; r

0jL � Sj/k; ri
�k � �k0

: (5)

The total orbital moment is then the sum of the contributions

from all occupied orbitals, which can be expressed as

hLi ¼ k
X
kk0

h/k; rjLj/k0 ; r
0ih/k0 ; r

0jL � Sj/k; ri
�k � �k0

: (6)

Since orbital moment operator, L, does not change the spin,

only excited states with the same spin can be reached, i.e.,

only the 1st term in Eq. (2) contributes to the orbital

moment. Therefore, the projection of orbital moment along a

given magnetization direction can be expressed in simplified

form as30

Ŝ � L ¼ �4k½að"; "Þ � að#; #Þ�: (7)

We note from Eq. (7) that spin up and spin down electrons

have opposite contribution to the moment. Clearly, for Co,

which has more than half-filled d electrons, the 2nd term in

Eq. (7) will have dominant contribution and according to

Eqs. (3) and (7), the easy magnetization axis is along the

direction of maximum orbital moment. For the neutral sys-

tem, calculated orbital moment is largest when magnetiza-

tion is along x direction with hLi � hLxi¼ 0.53 lB and MAE

calculation by exact diagonalization also confirms that the

easy axis is along x direction. For the Q¼�1 and Q¼þ1

charged states, maximum orbital moments are calculated to

be hLi � hLyi � hLzi¼ 0.47 and 0.69 lB, respectively (It

should be noted that there are several magnetization direc-

tions within 10� of the yz plane that have orbital moment

close to that obtained for y and z directions). Therefore, the

easy magnetization axis also rotates towards the yz plane,

perpendicular to that of the neutral system. A qualitative

understanding of this rotation can be obtained from the or-

bital character of the single particle orbitals of the system.

Fig. 2 shows that when an electron is added or removed from

the system, orbital character of the states also changes. For

instance, while the LUMO of the neutral cluster is

FIG. 2. Single particle states (without

SOC) around HOMO and LUMO of

Co5 cluster for different charge states

which are dominated by minority

spins. All the energies are in units of

eV. Predominant d orbital character of

two occupied and two unoccupied

states are also shown in the figure.

152409-3 M. Fhokrul Islam and S. N. Khanna Appl. Phys. Lett. 105, 152409 (2014)
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predominantly of dxy character, the LUMO of Q¼þ1 state

is of dyz character. Consequently, orientation of the orbital

moment of the ground state also changes.

A possible experimental set up to detect magnetization

rotation in Co5 cluster is shown in Fig. 3. In the proposed

setup, the clusterþbenzene system is placed between two

gold (Au) leads which are connected to a bias voltage. For a

neutral system, magnetization points along the symmetry axis

of the combined system (x-axis in this case). When an elec-

tron is added or removed from the system via scanning tun-

neling microscope (STM) tip, magnetization vector rotates by

90�. When spin polarized electrons enter through the lead to

the cluster, resistance of the system is larger for the neutral

compared to the charged system. Thus, measuring the cur-

rent, one can detect the rotation of the magnetization vector.

In an attempt to examine the stability of the cluster under

external contact, we have calculated magnetic properties of

the system including leads but without STM tip as shown in

Fig. 4. Our calculations show that the magnetic moment of

both neutral and charged systems remain unchanged.

Interestingly, MAE of the cluster in this case increases further

by a factor of 2 to 39 K for neutral system. For Q¼�1 and

þ1 charge state, calculated MAE are 32 K and 36 K, respec-

tively. We note from Fig. 4 that HOMO has contributions

from Co as well as benzene and Au atoms. This mixing

results in a stronger orientation of Co d states, and hence

increases MAE. Thus, the presence of leads not only pre-

serves magnetic properties but also makes the magnetic prop-

erties more robust. However, while for Q¼þ1 state

magnetization rotates by 90�, no rotation is obtained when a

charge is added to the system. The reason is that magnetiza-

tion rotation in the cluster described above crucially depends

on the changes in the orbital distributions of electronic states

that are primarily localized within the cluster region when a

charge is added or removed from the system. While, this may

be achieved if the coupling between the leads and the cluster

is very weak, but it is difficult to show such effect due to ap-

proximate nature of DFT calculations implemented in this

work, in addition to the uncertainty associated with finding

an appropriate linker between the leads and cluster to make

the coupling weak. Since conventional DFT based calcula-

tions tend to delocalize electronic states more than they

actually are, the state around HL have significant presence at

Au leads as shown in Fig. 4 (only HL are shown). So when

an electron is added to the system, it spreads though out the

system and does not have much effect on orbital distribution

of the states localized within the cluster region; hence no

rotation. On the other hand, when a particle is removed from

the system, orbitals are modified significantly, which leads to

the change in orbital moment and consequently, the easy

axis. To circumvent this difficulty, special procedure such as

constrained DFT is desirable but such method is not imple-

mented in NRLMOL package as of the writing of this paper.

Alternatively, one can apply a potential confined within the

cluster region of the system. It has been shown that such

potential can pull down unoccupied states that are localized

within the cluster such that LUMO is dominated by atoms of

the cluster.34 Therefore, when an electron is added to the sys-

tem, it can reside within the cluster region, restoring the prop-

erties of the system without the leads.

We would like to stress that the rotation of magnetiza-

tion due to charging is not a general property of any cluster.

We have also performed similar calculations with highly

symmetric icosahedral Co13 cluster. While anisotropy of the

neutral cluster increases to 33 K when the cluster is sand-

wiched between two benzene rings, we have not noticed any

rotation of magnetization vector when the cluster is charged,

suggesting that the rotation of magnetization is a system spe-

cific property and one can observe such rotation only in cer-

tain class of clusters, possibly with similar symmetry as that

of Co5.

In conclusion, we have shown that a Co5 cluster has ro-

bust magnetic properties, which are further enhanced when

connected to Au leads. This cluster has an exciting property

that when a charge is added or removed from the system, its

magnetization vector rotates by about 90�, thereby allowing

a route to control magnetization even without external elec-

tric and magnetic field. Our studies show that small magnetic

clusters can be used for designing different spintronic

devices to complement more conventional approach based
FIG. 3. Schematic of proposed experimental setup for detecting magnetiza-

tion rotation in Co5 cluster attached to Au lead with STM tip.

FIG. 4. HOMO and LUMO (without SOC) of different charge states of the

Co5 cluster attached to Au leads.
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on molecules and semiconducting nano-structures. The sand-

wiched clusters studied in this work can be synthesized

experimentally using gas phase techniques,19 and their mag-

netic properties can be investigated using x-ray magnetic cir-

cular dichroism, which is recently employed to measure spin

coupling and orbital moment along with MAE of free iron

clusters.35
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