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Electric control of spin states in frustrated triangular molecular magnets
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Frustrated triangular molecular magnets are a very important class of magnetic molecules since the absence of
inversion symmetry allows an external electric field to couple directly with the spin chirality that characterizes
their ground state. The spin-electric coupling in these molecular magnets leads to an efficient and fast method
of manipulating spin states, making them an exciting candidate for quantum information processing. The
efficiency of the spin-electric coupling depends on the spin-induced electric-dipole moment of the frustrated
spin configurations contributing to the chiral ground state. In this paper, we report on first-principles calculations
of spin-electric coupling in a {V3} triangular magnetic molecule. We have explicitly calculated the spin-induced
charge redistribution within the magnetic centers that is responsible for the spin-electric coupling. Furthermore,
we have generalized the method of calculating the strength of the spin-electric coupling to calculate any
triangular spin-1/2 molecule with C5 symmetry and have applied it to calculate the coupling strength in {V,s}

molecular magnets.
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I. INTRODUCTION

One of the most exciting applications of molecular magnets
in quantum technologies is that the quantum ground states of
certain magnetic molecules can be used as qubits for quantum
information processing [1]. Molecules offer the advantage
that their properties can be tailored chemically [2,3], which
is efficient and cost-effective. The ability to manipulate the
spin states of a molecule by external fields is one of the cen-
tral issues addressed in molecular spintronics. Traditionally,
magnetic fields are used for controlling magnetic states. But
the efficient manipulation of spins by an external magnetic
field at the nanoscale level has significant drawbacks. The
manipulation of spins in this regime has to be performed at
very small spatial (approximately nanometers) and temporal
(~1ns) scales. This requires large magnetic fields and high
spatial resolution, which is very difficult to achieve.

An alternative is to apply an electric field for spin manip-
ulation. However, since spin does not couple to the electric
field directly, the electric manipulation of spins requires the
presence of strong spin-orbit coupling. In a system with strong
spin-orbit interaction (SOI), an electric field can modify or-
bitals which in turn can change the spin states, since spin
states are coupled to the orbitals through the SOI. The electric
control of spins through spin-orbit coupling has been studied
in magnetic semiconductors since the spin-orbit coupling is
stronger in such systems [4]. Multiferroic compounds are
another class of systems where the spin-electric coupling is
intensely investigated because of their strong magnetoelectric
effects [5-7].

However, since SOI scales with the size of the system,
it is very weak in molecular magnets (MMs). Thus, electric
control of the spins through SOI is inefficient and hence,
alternative approaches are being investigated. It has been
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proposed that in spin-frustrated MMs with triangular sym-
metry (C3 symmetry), the electric control of spin states can
be achieved via the spin chirality of the system [§8—11]. The
lack of inversion symmetry in these systems allows the spins
to couple with an electric field to linear order. The strength
of this coupling is a crucial quantity as it determines the
efficiency of this mechanism in these systems. Calculation of
the coupling constant by ab initio methods is a challenging
task. Previously, we have developed a method that allows one
to calculate the strength of the spin-electric coupling by ab
initio methods and have applied it to a {Cuz} MM [12].

A decade after theoretical prediction, the spin-electric cou-
pling in triangular single-molecule magnets (SMMs) was
eventually observed experimentally in an {Fes} triangular
SMM [13] in the crystal phase. By employing electron para-
magnetic resonance (EPR) techniques in the presence of an
in-plane external static electric field, Boudalis et al. [13]
observed that the intensity of the absorption spectrum in-
creases with increasing in-plane static electric field, which
conclusively demonstrates that the spin-1/2 chiral ground-
state doublets couple to the electric field. More recently, a
direct observation of the spin-electric effect in the same {Fes}
SMM has also been reported [14]. The spin-electric coupling
has also been observed in {Cus} [15] and {Cos} [16] trian-
gular complexes. The successful experimental observation of
SMMs has renewed interest in this class of MMs.

The three-center systems discussed in this paper provide
ideal models for isolated spin-1/2 centers and for further
understanding/the role of Dzyaloshinskii-Moriya coupling
[17,18] in systems lacking an inversion center. The focus
of this work is on identifying structural features that can be
correlated with the strength of the one-molecule spin-electric
coupling, in perfectly symmetric qubits, and provide an in-
depth explanation of the method for building simple model
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Hamiltonians that can be quantitatively built from density
functional theory (DFT) calculations. The specific study of
systems with spin-1/2 centers provides a baseline theory for
cases where more complex magnetocoupling arises due to the
possibility of on-site localized spin excitations. Such work
is needed as the basis of future model Hamiltonians that
can be used to understand more complicated physics asso-
ciated with an entanglement between three-fermion systems
with inequivalent spins or for systems of coupled three-center
qubits. Nonequilateral arrangements of spin-1/2 particles are
relevant to investigations of single electrons interacting with
two-center systems [19], cases where structural distortions or
spin crossover break the C; symmetry [20,21], or systems
where low-lying spin crossover may be observed on one of
the metal centers. Examples of experimentally synthesized
systems that may be viewed as n-tuples of three-center qubits
include Mnj3 dimers [22-24].

While significant progress has been made in understand-
ing the properties of different triangular molecular complexes
since the original prediction, both theoretically and experi-
mentally [25,26], it is not yet clear what kind of molecules
have strong spin-electric coupling. To address this issue,
in this work, we have investigated K;3[(VO)3(BiW¢Os3); -
29H,0 MM [27] (hereafter {V3}), which is very similar to
{Cu3} MM except that the distance between V atoms is larger
than that between Cu atoms in {Cusz}. We also have stud-
ied KG[V15A86O42(H20)]8H20 MM [28] (hereafter {V15})
which, unlike {Cus} and {V3}, has 15 magnetic atoms. The
spin-electric coupling in triangular molecules is achieved
through the chirality of the ground state of these molecules.
Construction of the chiral ground states for triangular MMs
such as {Cus} and {V3} is rather simple as only three magnetic
centers are involved. On the other hand, the construction of
chiral states for the {Vs} MM requires some generalization
as it involves 15 magnetic centers. Therefore, here we also
present a method for constructing the chiral states of the
{Vis} molecule and the calculation of spin-electric coupling
in generalized chiral states.

The organization of this paper is as follows. In Sec. II we
describe the mechanism of spin-electric coupling in frustrated
antiferromagnetically ordered MMs with Ds, symmetry. In
Sec. IIT we discuss the details of electronic structures of the
{V3} and {V;5} molecules we have investigated in this work,
and finally in Sec. IV we discuss the results of our calcula-
tions. The estimation of different Hubbard model parameters
is discussed in the Appendix.

II. SPIN-ELECTRIC COUPLING VIA CHIRAL STATES
IN C53-SYMMETRIC MMS

The lower energy regime of a spin-frustrated triangular
MM is composed of two twofold degenerate chiral states.
Based on a spin model and symmetry properties of the trian-
gular molecule, one can demonstrate that electric fields can
couple states of opposite chirality but with the same spin
through the spin-induced dipole moment [9,11].

The strength of the spin-electric dipole coupling constant
determines the effectiveness of the manipulation of the spin
states by electric fields. A precise estimate of this strength

FIG. 1. Spin structure of one of the ground-state spin config-
urations of the {V,s} molecular magnet. There are six exchange
parameters in this molecule, namely, J,, J,, J3, J, J', and J”. These
parameters have been calculated previously by ab initio methods
[30]. See Fig. 7 for the full molecular structure.

constant cannot be obtained analytically and has to be de-
termined by ab initio calculations or through experiments.
Note that, apart from the EPR techniques mentioned above,
a direct way to probe the strength of the spin-electric coupling
d would be via Coulomb-blockade transport experiments on
individual molecules in the cotunneling regime [29]. To date,
such experiments have not been carried out yet, due to the dif-
ficulty of realizing molecular systems anchored to conducting
leads, where the crucial C3 symmetry is preserved.

In this section, we first describe the generalization of chiral
states in a MM of 15 magnetic centers called {Vis} MM (see
Fig. 1). We then derive an expression for the spin-electric
coupling in the generalized {V s} MM chiral states.

A. Construction of chiral ground state of {V5} MM

Chiral states have usually been well defined for a three-
site triangular MM such as {Cusz} [12]. However, the unique
cluster anion {Vis} [31] contains 15 V** ions (S; = 1/2).
It exhibits layers of different magnetization. There are two
hexagon layers sandwiching a triangular central belt layer.
The isotropic Heisenberg exchange Hamiltonian for the {V s}
MM can be written as

15
Hy = ZJijSi -s;, Jij >0, (D
(i,J)

where J;; is the Heisenberg exchange parameter between the
spins s; and s;.

The size of the Hilbert space for this molecule is 2!5 =
32768. To obtain all the spin states of the system one needs to
diagonalize the Hamiltonian in this large basis set. However,
to study the spin-electric coupling in {V 5}, we need to focus
only on the S, = 1/2 ground-state subspace. Since total spin
projection S, of the system commutes with the Hamiltonian,
we can express it in block diagonal form and work only in the
S, = 1/2 subspace.
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By diagonalizing the Hamiltonian in the S, = 1/2 sub-
space we obtain a twofold degenerate ground state. It contains
only 1200 different spin configurations that have total spin z
projection S?ex = 0 on the hexagonal layers of the molecule
(see blue and green balls in Fig. 1). Only 1/3 of these spin
configurations are associated with each of the three 1/2-spin
triangular configurations at the central belt layer (see red
balls labeled as 1, 2, and 3 in Fig. 1). In addition, for each
of the three spin configurations of the central triangle, only
64 hexagon spin configurations are related by C; symmetry.
These last 192 spin states contribute about 99.9% to the total
S, = 1/2 ground state. The two real solutions of the ground
state are

64

Ul =Y (anilhiduu) + byilhudu) + cyilhuud)),
i=1
64

V§ = (asilhidun) + byilhudu) + coilhuud)),

i=1

@)

where /s are different hexagon configurations for each spin
arrangement of the central triangle |duu), |udu), and |uud).
Here u and d stand for up and down spin, respectively, and
dj;s and b';s are real coefficients. The states |hduu), etc.,
contain information of both the orbital and the spin degrees
of freedom.

To construct the chiral operator for this system we note that
the exchange parameters for different pairs shown in Fig. 1
are J =290.3, J' =222.7,J" =159, J, = 13.8, J, = 23.4,
and J3 = 0.55meV [30]. Clearly, the exchange interaction
between the pairs in the central triangle is much weaker
compared to the exchange interaction between other pairs.
Therefore, the low-energy magnetic structure is determined
by the three magnetic sites at the central triangle of the
{Vis} molecule, while the remaining 12 spins are frozen in
an unfrustrated antiferromagnetic configuration with a total S,
component equal to zero. The chiral operator for this system
can be defined only by these three sites as

C, = ——=S] - S X 83. 3)
V3
Since the chiral operator, C;, defined in Eq. (3) commutes
with the spin Hamiltonian in Eq. (1), they share common
eigenstates. We have obtained the chiral states by diagonal-
izing the chiral operator on the basis of real ground states,
Egs. (2), that gives
W=y iy
Wy =y — iy @)
Substituting Eqs. (2) in Egs. (4), and after some algebra,
we obtain
64
U, = Z a;(|hiduu) + w|Wudu) + *|huud)),
i=1
64
W, = Zbi(|h,~duu) + ?|Wudu) + w|h/uud)).  (5)
i=1
Here, w = ¢2"/3 and a;, b; are complex coefficients. In these
complex solutions of the Heisenberg model, the hexagonal

X

FIG. 2. Dipole moment of one of the spin configurations in
Eq. (8). The absence of o, symmetry in {V;s} allows the dipole
moment to point away from the central triangular plane.

parts contributing to the three terms of the chiral GS are not
the same as those appearing in the real solutions of Egs. (2).
In this case, the three terms in the sum are related by C3 sym-
metry. To distinguish this case, we have labeled the hexagonal
parts by h, i/, i in Egs. (5). Note that ¥ and W, are states of
opposite chirality. An external electric field can couple these
states through the induced dipole moment.

Alternatively, we can treat the effect of the chiral operator
as a small perturbation and diagonalize the Hamiltonian,

15
HH:ZJijSi'Sj +)‘sz Ji' >0, (6)
(i)
in the basis of 1200 spin configurations of S, = 1/2 subspace
and obtain the same chiral ground state as above.

B. Spin-electric coupling in the {V;5} MM

An external electric field couples states of opposite chiral-
ity but same spin. Therefore, we are interested in calculating
the matrix element

—
(W, [eE - T W) =eE - (W|T|W) =¢E - d. (7)

Substituting Eqgs. (5) in Eq. (7) and using the spin orthogonal-
ity of different basis states |h;duu), etc., we obtain

64
d = Z &b ((hiduu| 7 |hiduu) + w(Wudu| 7 |Rudu)

i=1

+ @* (W uud | 7 W uud))

64
_ * —>duu —>udu 2—>uud
_Zaib[(pi +op! "+ P
i=1

64
=D abpi. ®)
i=1

. — —
The magnitudes of pf"“‘, 77);“’“, and p ;‘”d are the same

because of the C; symmetry. Thus, we can express Pias
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(see Fig. 2)

7 i = pilsin 6; cos ¢;x + sin 6, sin ¢,y + w(sin 6; cos(¢; + @) X + sin 6; sin(¢; + &) ) + w*(sin 6; cos(¢; + 2a)x

+ sin 0 sin(¢ + 2a)y)] + 3p; cos 6,2

= p; sin 6;[{cos ¢; + wcos(¢; + a) + w® cos(¢; + 2c)} X + {sin ¢; + w sin(¢; + ) + w? sin(¢; + 2a)} V]

+ 3picos b7

= %pi sin 6;[{cos ¢; — i sin ¢;} ¥ + {sin ¢p; + i cos ¢;} V] + 3pi cos ;7

= 3[(pix — ipy)X + (piy + ip) V1 + 3piz.

Here o = 120° and pj,, piy, and p;; are the components of the
dipole moment p;. Note that the out-of-plane component does
not have any o term since it coincides with the C3 symmetry
axis. The coupling matrix element is then

64
- = 3 . )
E-d == e) abil(pin—ipy)Es+ (piy + ipi)Ey]
2 i=1
64
+ 3e Z a}"bip,-ZEz
i=1
3 64
= ek Y aibil(pi = ipiy) + (piy + ipio)]
i=1
64
+eE3 ) abipi.. (10)

i=1

e

Since the electric field is an external control parameter and
does not affect the strength of the coupling, we can apply it
in any convenient direction. To simplify the calculations, we
apply the field in a direction such that E, = E, = E. We can

—
split the spin-electric-coupling vector, d , into two parts: The
in-plane contribution d); and the out-of-plane (perpendicular
to the triangular plane) contribution d_,

64

3 .
| =3 Earbiup,«x + piy) +i(pic — pi)1|, (1)
64
| = 3| arbips|. (12)
i=1

Since the coefficients a; and b; are already known from the so-
lution of the Heisenberg model, we can calculate the coupling
strength by calculating the components of the dipole moment
by using DFT, which we have performed in this work. It is im-
portant to note that the symmetry of the molecule determines
which components of the dipole moment contribute to the
spin-electric coupling. For example, in triangular molecules
with D3 symmetry, which is the case for the {Vs} SMM, both
the in-plane and the out-of-plane components of the dipole
can contribute to the spin-electric coupling. Therefore, in the
case of the {Vs} SMM, both the in-plane (£ ||) and the out-
of-plane (E;) external electric fields can be used to manipulate
the chirality qubit states.

On the other hand, in triangular molecules with D3, sym-
metry, which is the case for the {Cus} and {V3;} SMMs, the

©))

(

z component of d is zero, since the the z cannot couple the
states of the opposite chirality for this symmetry. Therefore,
only the d; component of the dipole contributes to the electric
coupling and therefore, only an E field can manipulate the
chirality qubit states. For a Dsz;-symmetric MM with three
magnetic centers such as {Cus}, {V3}, etc., only three spin
configurations are involved and they contribute equally to the
ground state. In this case Eq. (5) reduces to

1
W = —(|duu) + wludu) + *|uud)),
G

L
J3

The D3, symmetry constrains the dipole moment to lie in the
plane containing the three magnetic centers, along the straight
line joining the midpoint between the two magnetic centers
in the spin-|1) state and the third magnetic center Yvithin

the spin-||) state (see Fig. 8). In this case, a = b = 7 and

p =~ p}+ p. Then the dipole coupling in Eq. (11) reduces
to that of the three-center triangular SMMs obtained in our
earlier work [12],

U, = (|duu) + *|udu) + wluud)). (13)

d= (14)

£
5

III. DFT CALCULATIONS OF THE ELECTRONIC
STRUCTURE OF TRIANGULAR MOLECULAR MAGNETS

In this work we have investigated the {V3} and {V 5} MMs.
Here we present the electronic structure of these molecules.
Our results show that a spin model of three exchange-coupled
spins s = 1/2 is useful to understand the magnetic proper-
ties of triangular MMs. However, all the other atoms in the
molecule are essential for its geometrical stability and for
the resulting superexchange interaction among the spins at the
magnetic sites. Therefore, for a proper ab initio description of
the molecule, these atoms must be included to a certain extent
in the calculations.

The theoretical studies have been carried out using the
NRLMOL ab initio package (Refs. [32,33]) that uses a Gaussian
basis set to solve the Kohn-Sham equations using Perdew-
Burke-Ernzerhof [34] generalized gradient approximation.
All-electron calculations are performed for all elements of
the molecule except for tungsten and bismuth, for which we
have used pseudopotentials. Prior to geometry relaxation, an
initial net total spin configuration for the triangular core was
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FIG. 3. Ball and stick model of the {V;} molecular magnet with
chemical composition K;,[(VO);(BiW0s3),] - 29H,0 [27].

assigned to S = 3/2. Self-consistency was reached when the
total energy converged to 107% hartree or less. After opti-
mization, the net spin was changed to S = 1/2 to obtain the
ground-state energy.

A. {V3)

The model of a {V3} MM used in this calculation consists
of 104 atoms. The molecule has D3, symmetry with three V4
ions forming an equilateral triangle as shown in Fig. 3. While
the chemical composition of {V3} is not exactly the same
as that of the {Cuz} SMM [Na;;[Cu3;(AsW90s33),3H,0] -
32H,0], the two molecules are structurally similar except that
the distance between the V ions in {V3} is 5.69 A, which is
larger than the separation between the Cu ions in the {Cus}
MM. More importantly, their symmetry properties are iden-
tical as both MMs belong to the same point group. In this
section we will focus on the electronic properties of {V3} only,
since the details of the electronic properties of the {Cuz;} MM
are discussed in Ref. [12].

The three V** ions are the sites of three identical s = 1/2
quantum spins. The frontier electrons on each of these sites
are primarily of d character. Figure 4 shows the density of
states of the {V3;} MM where the highest occupied molec-
ular orbital (HOMO) and the lowest unoccupied molecular
orbital (LUMO) are dominated by V d electrons. The energies
of the minority spin HOMO and LUMO levels are found
to be —4.22 and —4.03 eV, respectively, while the majority
spin HOMO and LUMO levels are found to be —4.20 and
—3.96 eV, respectively. The majority-minority and minority-
majority spin-flip gaps (0.17 and 0.26 eV, respectively) are

N
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Energy (eV)

FIG. 4. The majority (blue) and minority (red) density of d
states of the {Vi;} MM. The dotted line corresponds to the Fermi
level. The inset shows the states near the Fermi level and the
HOMO-LUMO gap.

both positive, which ensures that the system is stable with
respect to the total magnetic moment. The ground state of the
molecule is antiferromagnetic with total spin § = 1/2. The
exchange constant, defined as proportional to the difference
between the ground S = 1/2 energy, E;.,, and the first excited
S = 3/2 energy, Eu, 18 J = 2(Eyy — Equu)/3 =~ 1.2meV.

The magnetic interactions among the magnetic ions in a
molecule may be of either the direct exchange or the su-
perexchange type. Interactions mediated through the direct
overlap of electronic orbitals are called direct exchange. The
exchange interaction between d electrons of two V in the
{V3} MM is mediated either by an intermediate oxygen ion,
V-O-V, or by more complicated exchange paths involving
other nonmagnetic atoms such as V-O-W-O-W-0O-V shown by
the yellow line in Fig. 5. Superexchange interaction through
two or more nonmagnetic ions is also called by some authors
super-super-exchange [35]. We will, however, refer to it sim-
ply as superexchange.

Qualitative relationships for signs and values of spin-
exchange interactions, for simple systems, were first devel-
oped by Goodenough [36,37], and extended by Kanamori
[38]. The strengths of the superexchange interactions can
be estimated in terms of the angle sustained in the V-O-V
bond and the symmetry properties of the vanadium d orbitals.
Superexchange involving more nonmagnetic ions, such as a
V-0-W-0O-W-0O-V path shown in Fig. 5 (top), is far from being
a trivial problem. So far there are no such qualitative rules
for predicting the magnitude and sign of these interactions. In
some cases, a longer-path superexchange interaction through
nonmagnetic atoms can be even stronger than the direct su-
perexchange interactions [39].

In order to understand the magnetic properties and su-
perexchange path of the {V3;} MM we note that the local
crystal-field symmetry of V ions is square-pyramidal as shown
in Fig. 5 (bottom). The vanadyl (VO?*) bond, the apex of
the pyramid, is 1.59 A, while the other, almost coplanar, V-O
bonds are 1.91-1.94 A. The d orbitals of the V ion split into
different energy levels under the influence of this crystal field.
In the ground state of a V4* (3d') ion in a pyramidal crystal
field (distorted octahedral [40]) containing a vanadyl bond,
the unbounded electron is placed in the d,, orbital of the #,,
subspace (see Fig. 6).
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FIG. 5. Top: Superexchange coupling between two V atoms. The
yellow line connecting two V atoms shows the superexchange path
through three O and two W atoms. The numbers near the atoms are
the magnetic moment (in units of pug) of the corresponding atoms
along the superexchange path. Local VOs complex is marked by a
blue circle. Bottom: Local square-pyramid coordination polyhedra
of a V4 atom.

The energy gap A, between the nondegenerate orbital d,,
and the first degenerate excited state, dy, or d,, orbitals, is
much larger than kg7 [41]. The spatial location of the d,,
orbital is perpendicular to the vanadyl bond (see Fig. 5). The

e .
g
d v S ij'—\:
-\ d...d
\ XZ>7VzZ
' r2g‘ .-
\\\ - A
‘fjxﬂ !
N ——
Free Cubic Octahedron
lon field (pyramid) with

Vanadyl bond

FIG. 6. Crystal-field splitting of d orbitals for the cubic field and
octahedron symmetry.

FIG. 7. Atomic configuration of the {V;s} molecular complex.
Three V atoms are placed in a central triangle sandwiched by two
distorted hexagons.

overlap between the d,, orbitals of the V** and the surround-
ing equatorial p orbitals of the oxygen atoms is of 7 type. The
d-orbital energies are shown in Fig. 6. The dominant magnetic
interactions take place through these equatorial atoms while
the interaction with the apical oxygen atom is expected to be
much weaker.

The magnitude and sign of the resulting magnetic su-
perexchange interaction between V** ions is much more
complicated than in the case of cuprates like Cu’* com-
pounds. In the latter, the unbound electron is placed in the
d,>_,» orbital, which takes part in the o bond between cop-
per and oxygen. Thus, the overlap and angle involved in the
exchange path are clearly well defined. On the other hand,
the 7 bond between d,, of V4* and surrounding oxygen ions
is less well defined because its overlap strongly depends on
the relative orientations between the vanadium ion and the
surrounding oxygen ions.

B. Vs

The chemical composition of the {V;5} MM, synthesized
by Gatteschi et al. [28], is Kg[V15A86042(H,0)]8H,0. It has
15 spins s = 1/2 transition metal atom V as shown in Fig. 7,
which are the magnetic centers of the molecule. As shown
in Fig. 7, {Vs} MM has three V atoms at the central region
forming an equilateral triangle (red balls). The rest of the
12 atoms form two hexagons, one above and one below the
triangle. However, the hexagons are slightly distorted. Let us
consider the upper hexagon. Three of the atoms (blue upper
balls) lie in a triangular plane slightly below the other three
atoms of the hexagon (green upper balls). The same applies to
the lower hexagon. The {V5} MM does not have o;, symmetry
operation but the atoms in the upper hexagon are related
to the corresponding atoms in the lower hexagon by the S
symmetry. Thus, {V;s5} has D3 symmetry.

Although {V5} has 15 V atoms, it can be viewed as a com-
bination of three pentanuclear subsystems. Each subsystem
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TABLE I. Exchange constant J;3 between the magnetic atoms at
the central triangle, dipole coupling d, distance between magnetic
centers dis, majority HOMO-LUMO gap, and minority HOMO-
LUMO gap for MMs investigated in this work.

dist. Js d Maj. HL  Min. HL
Mol. A) (meV) (a.u.) eV) V)
{Cus} 4.88 3.7 2.56 x 107* 0.72 0.69
{Vs} 5.70 1.3 3.56 x 1072 0.24 0.21
{Vis} 7.00 1 4.07 x 1073 1.12 1.11

consists of one V atom in the central belt and two pairs V-V
from the upper and lower hexagons. For example, in Fig. 1, a
subsystem consists of the balls numbered as 2, 5, 6, 14, and
15. The atoms of this pentanuclear subsystem are connected
by a black line.

At low temperatures, the total magnetic moment of the ions
on the hexagons is quenched due to the strong antiferromag-
netic coupling between them. Thus, only the spin of the V in
the central belt is active and it determines the spin of the whole
subsystem. Therefore, the subsystem can be considered as an
effective quasiparticle of spin s = 1/2 placed on the corner of
a central triangle (ball number 2 for the subsystem connected
by black lines). As a consequence, the entire molecule can
be viewed as an effective trinuclear system of spins s = 1/2.
[31]. This model of an effective three magnetic sites makes
{Vis} a perfect candidate for spin-electric coupling just as
{Cus}, and {V3} MMs.

Note that although the magnetic ions on the hexagons do
not contribute to the magnetic moment of the molecule, they
are involved in the superexchange path between subsystems.
Similarly, the construction of the chiral ground states of this
molecule, which is necessary for spin-electric coupling, in-
volves all of them (see Sec. II).

IV. RESULTS AND DISCUSSION

The ab initio calculations of exchange parameters and
strength of spin-electric coupling for different triangular
molecular magnets investigated in this work is summarized in
Table I. We can note from Table I that the exchange constants
of these MMs, as expected, decreases exponentially as the
distance between the magnetic centers increases. A shorter
superexchange path between Cu atoms in {Cusz} results in
the strongest exchange coupling among the molecules inves-
tigated in this work. We also note that among the molecules
listed in Table I, {V3} has the strongest spin-electric coupling.
It is interesting to note that even with 15 magnetic centers the
{Vis} MM has a weaker coupling than in {V3}. The reason
is that in {V s} the dipole moments of all the spin configura-
tions involved in the chiral ground state point along different
directions, which combines to give a weaker overall coupling.
Our calculations also show that in this case the strength of the
in-plane and out-of-plane couplings are of the same order of
magnitude.

The differences in spin-electric coupling between different
molecules, as discussed in Sec. II, depend on the spin-induced
electric dipole moments of the three spin configurations as-
sociated with S, = 1/2. Their magnitudes are the same due

FIG. 8. Cartoon of the spin-induced dipole moment in triangular
molecular magnets.

to symmetry. When the molecule is in the S, = 3/2 config-
uration, the center of the positive and the negative charges
coincide, resulting in zero dipole moment. On the other hand,
if one of the spins is flipped, charges are redistributed which
gives rise to a net displacement of positive and negative charge
centers as shown in Fig. 8. Therefore, the average charge at a
site may be different from 1.

We have carried out a calculation of the charge density of
the uuu and duu spin configurations for the {Cus} and {V3}
molecules and then have calculated the difference in density
to show the spin-induced charge transfer as shown in Fig. 9.

Our results show a charge redistribution when one spin is
flipped. This leads to the appearance of a spin-induced dipole
moment. In Fig. 9, blue (red) corresponds to excess (lack) of
charge. From Fig. 9, we note that for the {V3} MM there is
a much greater concentration of blue regions at the spin-flip
magnetic site compared to the {Cusz} MM, where an excess
of charge exists. This visible charge redistribution leads to a
larger dipole moment in the {V3} MM than in {Cus}. It is also
interesting to notice that the color-coded charge redistribution
shows the superexchange path of the molecule (see the yellow
path in Figs. 5 and 9), consistent with the superexchange path
specified in the experimental work on the {Cu3;} MM [42].
Therefore, this simple model can be used for a visual aid to
obtain superexchange paths and, more importantly, to predict
which molecules have stronger spin-electric coupling.

The microscopic origin of charge redistribution and the ap-
pearance of dipole moment in triangular 1/2-spin molecules
can be understood from a simple one-band Hubbard model,
and highlight the fact that frustrated quantum spin systems

{Cus} {Va}

FIG. 9. Charge redistribution of the {Cus}, {V3} triangular
molecular magnets when one of the up spins from the wuuu spin
configuration is flipped. Blue (red) corresponds to excess (lack) of
charge.
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have important quantum charge fluctuations present in their
ground state. As shown by Bulaevskii ef al. [8] and Khomskii
et al. [10,43], the charge redistribution at a magnetic site
i of a triangular molecule is related to the Hubbard model
parameters by

3
P\
8qg; = 8(;) [Si - (Sit1t +Siv2) = 28141 - Siz2],  (15)

where U is on-site interaction energy, ¢ is the hopping param-
eter of the Hubbard model, and S; is the spin operator on-site
i. The spin-induced dipole moment is given by

3
Px = 123(1(5) Si-(S2—83),

3 (16)
Py = 4«/§ea<a) [Si-(S24+S3) — 2S5 - S3],

where a is the distance between magnetic atoms in the
triangle. Clearly, the charge redistribution and thus, the spin-
induced dipole moment depends on the ratio, #/U. The
result is consistent with the dipole coupling between two
chiral states obtained by Trif et al. [11] and by Nossa and
Canali [29].

An approximate approach to extract these Hubbard model
parameters by ab initio methods is discussed in the Appendix.
Using this approach we have calculated the parameters
U{Cu;} =9.06eV, ticuy) = 50meV, U{V3} =1eV, and tvy) =
53meV. The corresponding dipole couplings are dcy,) =
3.48 x 107 a.u. and djv,) = 3.93 x 107> a.u. for the {Cus}
and {V3} MMs, respectively. The coupling strength obtained
from Hubbard model parameters is about one order of mag-
nitude smaller than that obtained directly from ab initio
calculations. However, we note that the ratio of the coupling
strengths is the same in both cases. The difference in the
strength is probably due to the approximate nature of these
calculations.

While we have not calculated the coupling strength of the
{Vis} MM from the Hubbard model, our DFT calculations
show that spin-electric coupling is weaker in {V s} compared
to {V3}. As shown in Table I, the distance between V atoms in
{V1s} is larger compared to the same atoms in {V3}, resulting
in weaker hopping parameter, ¢. Since the U parameter is not
expected to be different, we can conclude from Eqgs. (16) that
coupling is weaker in {V;5}. However, as discussed in Sec. I,
the chiral ground states of {V s} can be also manipulated by
an out-of-plane electric field. This can provide an additional
advantage for the application of this SMM as a qubit since
molecules are usually deposited on a surface and applying an
out-of-plane electric field for such a setup may be simpler to
realize.

V. SUMMARY

In this work we have calculated the spin-electric coupling
strength for different triangular MMs, such as {V3} and {V 5}
using a first-principles method. Among these MMs, {V3} has
the largest spin-electric coupling constant, d. Our calculations
show that the spin-electric coupling in {V3} and {V,s} are
two orders and one order of magnitude larger than {Cus},
respectively.

In these triangular systems, an electric field can couple
states of opposite chirality but of the same spin. While the con-
struction of chiral states in {V3} is rather straightforward as
only three spin configurations are involved, the construction of
chiral states in {Vs} is more complicated due to 15 magnetic
centers present in this MM. In this work, we have generalized
the construction of chiral states for {V;s} that has D3 sym-
metry. We have calculated the effect of the chiral operator on
these states and have also shown how the generalized chiral
states with C3 symmetry are coupled by an external electric
field. In particular, we have shown that triangular molecules
lacking the o, mirror plane results in an out-of-plane dipole,
which in turn allows an out-of-plane external electric field to
couple the chiral states.

We have carried out calculations of the charge redistri-
bution in triangular MMs. This charge redistribution occurs
when one spin is flipped in an antiferromagnetic triangular
MM to form a total S = 1/2 state. We have shown that a
simple method of calculating the charge redistribution could
lead to the determination of the superexchange path in such
systems. This method also could be used as a fingerprint in
the search for MMs with strong spin-electric coupling.
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APPENDIX: HUBBARD MODEL PARAMETERS

Here we discuss the method employed to extract Hubbard
model parameters from ab initio calculations [17].

1. Calculation of the Hubbard U

The most common approach for calculating U involves the
calculation of energy, E, of the molecule with N, N + 1, and
N — 1 electrons and extracting U from the equation

U=EWN+1)4+EWN—-1)—-2E(N)
=[EN+1)—EWN)] - [EWN)—-EN — 1]
=A-1I (A1)

In the above equation A is (minus) the electron affinity [44]
and [ is the ionization energy. For systems that are not closed
shell, such as those considered here, the U value is essentially
the second derivative of energy with respect to charge and
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FIG. 10. Dependence of the total energy on added fractional
charge §q for the {V3} molecular magnet. The (blue) circle repre-
sents the results of NRLMOL calculations and the dashed (red) line
represents a quadratic fit.

it is possible to determine U by calculating the energy as a
function of charge.

For the single-band Hubbard model corresponding to the
molecules studied here, we are interested in obtaining energies
for the charge-transfer excitations involving the transfer of a
localized d electron on one ion site to a localized d electron
on another site. Specifically, we wish to know the energy of
IX) = |1, Vate) relative to |1, {»1c). There are a total of
12 charge-transfer excitations that can be made with one-site
doubly occupied and one electron on one of the other sites.
For the half-filled case of interest here, the energy difference
depends upon the electron affinity of the state on site a, the
ionization energy of the state on site b, and the residual long-
range Coulomb interaction between the negatively charged
electron added to site a and the positively charged hole that
is left behind on site b. Since site b and site a are equivalent, it
follows that we simply need to calculate U for any one of the
magnetic sites in the half-filled case.

For the molecules investigated in this work, we have cho-
sen to calculate U quasianalytically by gradually adding (or
subtracting) a small fraction of electronic charge dq to one
of the half-filled magnetic d states. The energy of the {V3}
molecular magnet as a function of §g is shown in Fig. 10. We
can see that it can be well reproduced by a quadratic fitting
curve. The figure shows that, upon adding a fractional charge
to a localized orbital, the total energy initially decreases,
since the orbital energy is negative. Eventually, however, the
competing Coulomb repulsion takes over and the net change
in total energy for adding one electron to a localized orbital
is positive. In contrast, with one extra electron delocalized
throughout the molecule, the total energy is usually smaller
than the energy of the neutral molecule.

The difference in the energy of the system before and after
adding a fraction of electronic charge 8¢ is given by AE =
Ut = USq* — €8¢ /Rcucus Where U = 3*E(q)/0q>. We
have calculated the effective parameter Uy by setting

1.4 )[Ea.4)
4.4)

Fermi

energy

FIG. 11. Schematic diagram of the Kohn-Sham energy levels
around the Fermi level.

g = 1:

2 2
d"E(q) e ) (A2)

Uett = 5612< -
¢ 3612 Rcu-cu
where E(q) = Ey + (U/2)(q — qo)* with E; being a constant.

2. Calculation of ¢

The Hubbard model approach is based on allowing the lo-
calized electrons to hop to its nearest-neighbor sites and in the
present work these localized electrons are d electrons. There-
fore, for calculating hopping parameter ¢, the relevant states
are those d electron states that lie close to the Fermi level. Let
|K, o) be the three relevant Kohn-Sham eigenstates calculated
from NRLMOL. We can write them as a linear combination of
the localized atomic orbitals, centered at the three magnetic
sites, {I¢a), [65), [6)} ® |xe), with & = 1, | for spin up and
down, respectively:

K, @) =) Cicy 190) 1 xa) (A3)

where Ck, is the weight of the localized |¢;)|x,) wave func-
tion.

For the |1 1) spin configuration the relevant three levels
around the Fermi level are doubly and singly degenerate.
These levels are sketched in Fig. 11.

We obtain the level structure by diagonalizing the three-site
Hamiltonian:

Ho =0 Y _ 1) (@il —1 ) 16) ()1,
i i#]

(A4)

where g is the on-site energy, ¢ is the hopping term, and i, j =
a, b, c represent the copper sites. We get the eigenvalues ¢y +
t and &y — 2t for the twofold and onefold degenerate states,
respectively. The Kohn-Sham eigenvectors can be defined as
a linear combination of the localized wave functions,

1
|E1, 1) = —=(¢a) — [#p))]1),

V2
1
E>, 1) = —=(¢a =2l , A5
|E>, 1) %(|¢)+|¢b) )| T) (A5)
1
A, = = a c .
1A, 1) ﬁ(|¢>+|¢b>+|¢>)|T>
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Now the localized states can be written in terms of the Kohn-
Sham functions

AN L EL) | B 1)
@) 1) = NG + 7 N
A, 1) IELT) B, )
= — , A6
ol =~ 7 NG (46)
|A, 1) |Ea, 1)
) = —= =2 :
9T =73 /6

Our calculations showed that these states are primarily
localized on the V and Cu atoms and have d character. We

have obtained the Kohn-Sham eigenenergies for the onefold
and twofold degenerate states

(E1, MHolE1, 1) = $((al — (PuDHo(I¢a) — 15))
& +1,

(A, MHolA, 1) = 3((dal + (d6] + (e Ho
(Ipa) + 1) + ¢c)) = €0 — 21.

From Egs. (A7) we can finally evaluate the value of the pa-
rameter ¢ as

t = 5((Ey, MHo|E1, 1) — (A, MHolA, 1)).

(A7)
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