
 

 

CHAPTER 6 

 

On the control of magnetic anisotropy through  

an external electric field 

 

 

 

 

Abstract 

 

 The effect of an external electric field on the magnetic anisotropy of a single-
molecule magnet has been investigated, with the help of DFT. The magnetic anisotropy of a 
pseudo-octahedral Co(II) complex namely, [CoII(dmphen)2(NCS)2],  has been investigated in 
the present chapter in connection to the tunability of the magnetic anisotropy through external 
electric field. The application of an electric field can alter the magnetic anisotropy from 
“easy-plane” (D>0) to “easy-axis” (D<0) type. The alteration in the magnetic anisotropy is 
found due to the change in the Rashba spin-orbit coupling by the external electric field. This 
variation in the Rashba spin-orbit coupling is further confirmed by the generation of the spin 
dependent force in the molecule which is later found to manifest separation of α- and β- spins 
in opposite ends of the molecule. The excitation analysis performed through time-dependent 
DFT also predicts that the external electric field facilitates metal to π-acceptor ligand charge 
transfer, leading to uniaxial magnetic anisotropy and concomitant spin Hall effect in a single 
molecule. 
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6.1. Introduction  

Magnetic anisotropy is of central importance in the understanding of single-molecule 
magnets (SMM).1 Molecules that exhibit slow relaxation of their magnetization, leading to a 
magnetic hysteresis at low temperatures, are termed as SMMs.2 The genesis of this interesting 
magnetic property in a molecule is the existence of two ground states of magnetization +MS 
and −MS separated by an energy barrier. This bistability of the SMMs makes them 
indispensable in the domain of data storage3 and quantum computing.4 SMMs are often 
characterized by a large easy-axis-type magnetic anisotropy and concomitant high energy 
barrier (U), which restricts the reversal of the magnetization from +MS to −MS. To reorient 

spin in the magnetic molecules, the barrier U can be given by 2SD for molecules with 

integer spins and ( )4
12 −SD

 
for molecules with half integer spins. D is the zero-field 

splitting (ZFS) parameter and S is the ground-state spin. The large negative ZFS parameter 
(D) causes the spin (S) of the molecule to point along a preferred easy-axis and makes it a 
nanomagnet. The requirement of proper SMMs for apposite needs prompted researchers to 
study the tuning of magnetic anisotropy.  

The most investigated molecule of this type is [Mn12O12-(CH3COO)16(H2O)4], which 
is popularly known as Mn12-ac.5 A central tetrahedron of four Mn4+ ions (S=3/2) and eight 
surrounding Mn3+ (S=2) ions construct the magnetic core of Mn12-ac. This compound, which 
was first synthesized by Lis,6 has drawn the attention of the scientific community because it 
has a strikingly large molecular magnetic moment,7 and magnetic bistability with a high 
magnetization reversal barrier.8 It is evident from the above discussion that the spin-reversal 
barrier is dependent on the total spin, S, and the ZFS parameter, D. The most convenient way 
to increase the energy barrier within a SMM is through the ground-state spin S. However, 
increasing S leads to an effective reduction in the ZFS parameter, D,9 which results in a net 
decrease in the spin-reorientation barrier, U. Thus, the only way to control U is through 
modulation of the ZFS parameter, D. Although a plethora of compounds with properties that 
resemble those of Mn12-ac have been synthesized to date,10  the rational design of SMMs with 
tunable S and D is far from being achieved. Thus, modulation of the ZFS parameter is now a 
promising field of research for its wide-ranging applications in high-density information 
storage, quantum computing, and spintronic devices.11  

Cobalt(II) complexes are known to exhibit strong spin–orbit coupling in comparison 
to manganese(II–IV), iron(III), or nickel(-II), to which the distinguished members of the 
SMM family belong.12 This is because such octahedral or pseudo-octahedral cobalt(II) ions 
are known to exert strong first-order orbital magnetism. The ground-state spin configuration 
for Co(II) in an octahedral coordination environment is t2g

5eg
2, which designates a 4F ground 

state.13 The 4F ground state is split into two triplet states (4T1g,
4T2g) and one singlet state 

(4A2g). The triplet nature of the 4T1g ground state is responsible for first-order orbital 
momentum.13 The large unquenched orbital angular momentum in CoII makes it an important 
candidate for the study of magnetic anisotropy. Current literature in the domain of SMM 
research suggests a drift towards the tuning of the magnetic anisotropy through various 
means.  
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The modulation of the ZFS parameter by ligand substitution has recently 
Structural modification in an octahedral CrIII

magnetization behavior of a molecule from easy-plane to easy-axis type. Herein, we 
investigate the effect of an external electric field on the ZFS parameter of a pseudo

(NCS)2] complex (dmphen=2,9-dimethyl-1,10
1) to control magnetization through external stimuli. The use of an electric field in 

transport properties has also been demonstrated recently.
magnetization, the use of an electric field is highly advantageous.16 Although the bulk 

 documented in their unperturbed state,17  the study of the
of an external electric field on the magnetization of SMMs is relatively recent.

 

Structure of the pseudo-octahedral CoII-complex, [CoII(dmphen)

6.2. Theoretical Background and Method  

The formation of a static electric field between two oppositely charged parallel plates 
is well known from the laws of classical electrophysics. It is also common practice to create a 
uniform static field between the central area of large parallel plates because in that area the 
electric lines of force become parallel. This simple concept from elementary physics 
encouraged us to construct a device to calculate ZFS under the influence of an external 
electric field. Thus, to realize the magnetization behavior of the molecule under an electric 
pulse, we placed the molecule between two oppositely charged parallel plates with 

. We chose the atomic arrangements of the Pt (111) surface, and subsequently, 
replaced the atoms with point charges uniformly to create the charged plates. The plates were 

apart, which maintained a distance of at least 18 Å from the molecule and would avoid 
any structural deformation due to point charges. The whole arrangement is pictorially 

2. This is typically the same arrangement as a parallel

has recently been studied 
III  system can switch 

axis type. Herein, we 
parameter of a pseudo-

1,10-phenanthroline; 
1) to control magnetization through external stimuli. The use of an electric field in 

demonstrated recently.15 To control 
Although the bulk 

the study of the effect 
SMMs is relatively recent.18 

(dmphen)2(NCS)2] . 

The formation of a static electric field between two oppositely charged parallel plates 
is well known from the laws of classical electrophysics. It is also common practice to create a 

ecause in that area the 
electric lines of force become parallel. This simple concept from elementary physics 
encouraged us to construct a device to calculate ZFS under the influence of an external 

of the molecule under an electric 
pulse, we placed the molecule between two oppositely charged parallel plates with an area of 

the Pt (111) surface, and subsequently, 
uniformly to create the charged plates. The plates were 

from the molecule and would avoid 
any structural deformation due to point charges. The whole arrangement is pictorially 

2. This is typically the same arrangement as a parallel-plate capacitor. 



 

The left plate is charged as positive, while the right plate contains negative
the same magnitude in the platinum atomic positions. In this way, we create an electri
along the positive z-axis. Calculations of the ZFS parameters were performed
the methodology discussed in the following paragraphs.

 

Figure 6.2. The arrangement of [Co
charged parallel plates. 
 

ZFS lifts the degeneracy of the
an external magnetic field. It is customary to treat the spin
through an uncoupled perturbation theoretical approach 
formalism.19 The corresponding correction to the total energy can be expressed as 

                                           

∆2

in which 
' 'σσ σ σ

i iS = χ | S | χ

degrees of freedom and the coordinate

The matrix elements σσ'
ijM in eqn

                                           

M =

In this equation εlσ and εkσ’ are energies of the occupied,
respectively. In the absence of a magnetic
second-order is written as eqn

                                              

∆
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charged as positive, while the right plate contains negative
the same magnitude in the platinum atomic positions. In this way, we create an electri

axis. Calculations of the ZFS parameters were performed
the methodology discussed in the following paragraphs. 

 
The arrangement of [CoII(dmphen)2(NCS)2] complex between two oppositely 

ZFS lifts the degeneracy of the MS states in a molecule with S>1/2, in the absence of 
an external magnetic field. It is customary to treat the spin–orbit coupling contribution to ZFS
through an uncoupled perturbation theoretical approach in unrestricted Kohn

The corresponding correction to the total energy can be expressed as 

∑∑
σσ' ij

σσ'
j

σσ'
i

σσ'
ij SSM=2 ,                                                  

' 'σσ σ σ
χ ; χσ and χσ′are different spinors; σ denotes different spin 

degrees of freedom and the coordinate labels, x, y, and z are represented by 

qn (6.1) are described by eqn (6.2) 

lσ i kσ' kσ' j lσσσ'
ij

kl lσ kσ'

φ |V |φ φ |V |φ
M =

ε ε
−

−∑  .         

are energies of the occupied, φlσ, and unoccupied,
respectively. In the absence of a magnetic field, the change in energy of the system in the 

qn (6.3): 

j
ij

iij SS=∆ ∑ γ2  .                                           

charged as positive, while the right plate contains negative point charges of 
the same magnitude in the platinum atomic positions. In this way, we create an electric field 

axis. Calculations of the ZFS parameters were performed by following 

 

] complex between two oppositely 

>1/2, in the absence of 
orbit coupling contribution to ZFS 

unrestricted Kohn–Sham 
The corresponding correction to the total energy can be expressed as eqn (6.1):20 

                                             (6.1) 

denotes different spin 

are represented by i, j, and so forth. 

.                           (6.2) 

, and unoccupied, φkσ’, states, 
, the change in energy of the system in the 

.                                                       (6.3) 
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Upon diagonalization of the anisotropy tensor, γ, the eigenvalues γxx, γyy, and γzz are obtained 
and the second-order perturbation energy can now be written as eqn (6.4) 
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(6.4) 

These anisotropy tensor components (γxx, γyy, γzz) are parameterized to obtain eqn (6.5) as a 
simplified expression: 

                                          
][)]1(

3

1
[ 2

y
2
x

2
zZFS SSESSSDH −++−=

                      
(6.5) 

in which D and E are axial and rhombic ZFS parameters, respectively. Calculation of 
parameters D and E was performed in the ORCA suit of a density functional package.21 The 
methodology adopted herein was the BPW91 functional,22 TZV basis set,23 with the auxiliary 
TZV/J Coulomb-fitting basis set.24 This methodology, under unrestricted Kohn--Sham 
formalism, as adopted herein, is being widely used to compute ZFS parameters.22a,25 
Although there are several methods available for the computation of the ZFS parameter, the 
Pederson and Khanna (PK) method is known to produce the correct sign of the ZFS 
parameter;22a,26 therefore, we use this methodology20 to calculate the ZFS parameters. The 
ZFS contributions predicted by this method show fair agreement with accurate ab initio and 
experimental results. 

 

6.3. Results and Discussions 

Single-point calculations on the crystallographic structure, which are available in 
ref.28, were performed and used for further calculations. It is known from the EPR spectra of 
complex [CoII(dmphen)2(NCS)2] that it has ground-state spin S=3/2. The value of D is 
calculated for the complex in its unperturbed ground state and also under the application of 
bias voltage in the range of −4×10−3 to 4×10−3a.u. Herein, the positive and negative values of 
the external electric field are designated with the application of the field along the positive 
direction of the z axis, that is, along one axial direction of the Co-NCS bond. The complex is 
put under a static electric field of different strengths, according to the arrangement discussed 
in the previous section. It was shown previously that typically a critical electric field in the 
order of 0.01a.u. was required to bring about ionization in a molecule.27 Hence, application of 
an electric field in the order of 0.004a.u., as in the present case, is not expected to bring about 
any undesired polarization or ionization of the molecule. 
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In the ground state, the ZFS parameter of the complex is positive, which signifies 
easy-plane type magnetic anisotropy. The computed value of D is given in Table 6.1, along 
with individual excitation contributions. The MAE barrier, U, was also computed and 
compared with experimental values.28 We found reasonable agreement of the calculated value 
of U with the experimentally obtained MAE barrier. However, from experimental results 
reported previously,28 we also find an ab initio CASSCF result of D = +196 cm−1 with a clear 
dictation of the disagreement between the calculated and experimental values of U. There has 
been a debate about whether DFT is better than ab initio methods in the logical prediction of 
ZFS parameters. Nevertheless, in a recent study, it was categorically shown that DFT 
provided efficient estimates of the ZFS parameters compared with popular ab initio 
methods.29 

Table 6.1. A comparison of the experimental magnetic anisotropy energy (MAE) barrier with 
that computed at the BPW91/TZV level and the individual excitation contributions towards 
the ZFS parameter in the ground state.  

Computed ZFS parameter D and U at BPW91/TZV level 
Experimental28 
MAE barrier in 

cm–1 
Individual excitation 
contributions to ZFS 

Calculated ZFS 
Parameter D in 

cm–1 

Calculated MAE 
barrier in cm –1 

α→α 0.178 

6.561 13.122 ~17 α→β 1.385 
β→α –0.266 
β→β 5.265 

 

Computation of the ZFS parameters is also executed under different external electric 
fields. The values of D, along with the individual excitation contributions towards ZFS, are 
given in Table 6.2. A plot of the variation in D with applied electric field in Figure 6.3 
suggests that after certain critical field strength the easy-plane magnetization of the CoII 
complex changes to easy-axis type. Thus, it can be interpreted that, after a threshold field, the 
molecule starts to behave as an SMM. Moreover, the switch in the D value in both field 
directions is also clear from Figure 6.3. This flip in D is in the range of 1.6×10−3 and 
1.7×10−3a.u of electric field strength when the field is applied along the positive z axis. 

 



 

 

Figure 6.3. A plot of the variation in 

 

Table 6.2. The ZFS parameters computed at the BPW91/TZV level and the individual 
excitation contributions towards ZFS under the influence of a finite electric field.

External 
Electric Field 

(in a.u.) 

ZFS parameter 
(in cm

–0.0040 –5.828
–0.0035 –5.762
–0.0030 –5.700
–0.0025 5.668
–0.0020 5.909
–0.0015 6.133
–0.0010 6.325
–0.0005 6.470

0.0005 6.578
0.0010 6.537
0.0015 6.428
0.0020 –6.593
0.0025 –6.835
0.0030 –7.059
0.0035 –7.254
0.0040 –7.406
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A plot of the variation in D with external electric field. 

The ZFS parameters computed at the BPW91/TZV level and the individual 
towards ZFS under the influence of a finite electric field.

ZFS parameter D 
(in cm–1) 

Different Excitation Contributions to 

α→α α→β β→α

Under negative applied field 
5.828 –0.132 –1.288 0.211
5.762 –0.131 –1.267 0.216
5.700 –0.130 –1.236 0.222
5.668 0.168 1.429 –0.230
5.909 0.172 1.451 –0.238
6.133 0.175 1.463 –0.247
6.325 0.177 1.460 –0.255
6.470 0.178 1.436 –0.261

Under positive applied field 
6.578 0.177 1.323 –0.268
6.537 0.177 1.231 –0.270
6.428 0.179 1.105 –0.273
6.593 –0.107 –0.646 0.258
6.835 –0.107 –0.602 0.255
7.059 –0.104 –0.560 0.249
7.254 –0.107 –0.516 0.248
7.406 –0.110 –0.477 0.246

The ZFS parameters computed at the BPW91/TZV level and the individual 
towards ZFS under the influence of a finite electric field. 

Different Excitation Contributions to D 

β→α β→β 

0.211 –4.619 
0.216 –4.580 
0.222 –4.557 
0.230 4.301 
0.238 4.524 
0.247 4.742 
0.255 4.943 
0.261 5.117 

0.268 5.347 
0.270 5.399 
0.273 5.418 
0.258 –6.096 
0.255 –6.380 
0.249 –6.644 
0.248 –6.879 
0.246 –7.066 



98 

 

It can be seen from Tables 6.1 and 6.2 that the major excitation contribution towards 
D comes from the β→β excitation. To further investigate the effect of electric field on the 
excitation pattern of the molecule, we performed time-dependent (TD) DFT calculations at 
the same computational level by using the Gaussian09W30 suite of programs. Excitations 
with maximum oscillator strengths are characterized to involve β electrons only. The 
molecular orbitals (MOs) from and to which excitation occurs are summarized in Table 6.3. 
In the ground state, the source MO involves the metal d orbitals and the thiocyanate ligands. 
The destination MOs in the unperturbed state corroborate the interaction of the dmphen 
ligand with the central metal ion. No significant change in the picture is observed for a field 
strength lower than that of the critical value at which D is still positive. On the other hand, 
above the critical field strength, the excitation spectrum reverses. At a field strength of 0.004 
a.u., the source MO is essentially centered on the dmphen ligand, whereas the destination is 
the MO based on the NCS ligands. Hence, from the above discussion, it is evident that the 
natural tendency of the electrons to flow towards the π-acceptor NCS ligands is developed at 
a field strength higher than that of the critical field. It follows from our previous work that the 
π-accepting tendency of the ligands exerts easy-axis-type magnetic anisotropy (D<0) in a 
molecule.14 Thus, it can be concluded that the switch in the D value arises from metal-to-
ligand back charge transfer in the molecule facilitated by exposure to the external electric 
field. 

 

Figure 6.4. The spin-density plots (at an isosurface value of 0.004) of the Co(II) complex in 
a) the ground state and b) under the applied electric field with a magnitude of 4.0×103 a.u. 
The blue color specifies α-spin density and the green color indicates β-spin density. 
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Table 6.3. The excitation behavior of [CoII(dmphen)2(NCS)2] in the ground state and under 
application of a finite electric field computed at the BPW91/TZV level. 

Applied 
electric 

field 
strengt

h 
[a.u.] 

Source MO Destination MO 

0.000 

  

 136 β 138 β 

0.004 

  

 134 β 137 β 

 

A similar and more interesting portrayal of the phenomenon is found in the spin 
density plots depicted in Figure 6.4. We compared the spin densities of the complex at zero-
external field and finite external electric fields above the critical field. Separation of the α and 
β spins is observed at a higher electric field strength than that of the unperturbed state. This 
dispersion of the β spin is further confirmed from a comparison of the density of states (DOS) 
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plots at different electric fields given in Figure D.S1 in the Supporting Information. Close 
inspection of the DOS plots reveals the shift in the energies of the α and β electrons. 
Although electrons of both spins show a shift in the energy level, an alteration in the energy 
of the β spin is specifically observed. This interesting feature of a shift in the energy levels of 
different spins due to opposite spin accumulation on two different sides of a molecule is 
termed as the spin Hall effect.31 

The molecular origin of this correlation of the electron spin and applied electric field 
is steered by spin-orbit coupling. In this context, the Rashba-type spin-orbit interaction draws 
the attention of the scientific community due to its tunable nature under an applied electric 
field.32 The spin-orbit coupling Hamiltonian in eqn (6.6) describes the coupling of electron 
spin σ and momentum p under an external electric field E: 

                                







−=
2BSO 2

Ĥ
mc

E
pσµ

                                                      
(6.6) 

in which σ, µB, and c are Pauli spin matrices, the Bohr magneton, and the velocity of light, 
respectively. It is evident from eqn (6.6) that a momentum-dependent internal magnetic field 
is generated, as shown in eqn (6.7): 

                                                     
2int 2mc

E
pB =

                                                              
(6.7) 

and the resulting spin polarization is crucially dependent on both p and E and their relative 
directions.33 It can be argued that there is a generalized tendency of the electrons to move 
towards the π-accepting NCS ligands, and hence, the direction of the resultant momentum of 
the electrons can be along the +x axis (see Appendix D). The interaction of the electron 
momentum with the external electric field generates an internal magnetic field. A magnetic 
field thus generated, in turn, accelerates the α and β electrons in opposite directions through a 
spin-dependent force, represented by eqn(6.8) 

                                                     q

B
gF

d

d int
Bµ±=↑↓

                                                      
(6.8) 

in which g is the electronic g factor and µB is the Bohr magneton. The clear bifurcation of the 
α and β spin densities in opposite directions in the present complex indicates a modification 
in the spin-orbit interaction. It is also commonly understood that the ZFS in metal systems 
originates from spin-orbit coupling. Thus, modification in the spin-orbit coupling is further 
established through alteration to the ZFS parameter under an external electric field. 

 

6.4. Conclusion 

Emerging interest in mononuclear complexes, in comparison to polynuclear ones, has 
meant that the field of quantum magnets has turned to tuning of the ZFS parameter D through 
structural modification or external aids. This study contemplated the magnetic anisotropy of 
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an octahedral CoII complex, namely, [CoII(dmphen)2(NCS)2], in connection with the 
tunability of ZFS parameter D by exploiting an electric field as an external stimuli. 
Previously, it was shown that the presence of a π-accepting ligand in the axial position of an 
octahedral complex could result in magnetization of the molecular magnetic dipole along a 
specific direction. The external electric field in the present situation assisted such metal-to-
ligand charge transfer and led to a switchover in the anisotropic characteristics. A spin-Hall 
spatial spin separation was also observed due to modulation in the Rashba spin-orbit coupling 
in a single molecule, for the first time, rather than in mesoscopic systems. 
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