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Frustrated triangular molecular magnets (MMs) with antiferromagnetic ground states (GSs) are an impor-
tant class of magnetic systems with potential applications in quantum information processing. The twofold
degenerate GS of these molecules, characterized by spin chirality, can be utilized to encode qubits for quantum
computing. Furthermore, because of the lack of inversion symmetry in these molecules, an electric field couples
directly states of opposite chirality, allowing a very efficient and fast control of the qubits. In this paper we present
a theoretical method to calculate the spin-electric coupling for triangular MMs with eftective local spins s larger
than 1/2, which is amenable to a first-principles implementation based on density functional theory (DFT).
In contrast to MMs where the net magnetization at the magnetic atoms is ug/2 (up is the Bohr magneton),
the DFT treatment of frustrated triangular MMs with larger local magnetizations requires a fully noncollinear
approach, which we have implemented in the NRLMOL DFT code. As an example, we have used these methods to
evaluate the spin-electric coupling for a spin s = 5/2 {Fes} triangular MM, where this effect has been observed
experimentally for the first time quite recently. Our theoretical and computational methods will help elucidate

and further guide ongoing experimental work in the field of quantum molecular spintronics.

DOLI: 10.1103/PhysRevB.109.214407

I. INTRODUCTION

Since the synthesis of a {Mnj;} molecular magnet
(MM) [1] and the subsequent investigation of its potential
as a magnetic storage device and its remarkable macro-
scopic quantum effects [2], many different types of MMs are
presently being studied for possible applications in quantum
spintronics and quantum information processing [3—11]. The
ability to manipulate the spin states of a magnetic molecule
efficiently is a crucial aspect for the successful realization of
molecular quantum spintronics devices. The spin states in a
MM can be manipulated naturally by an external magnetic
field. However, focusing a magnetic field on a nanoscale re-
gion is hard, expensive, and inefficient. Alternatively, for a
system with a strong spin-orbit coupling, an electric field can
be used to control the spin states via a modification of the
electronic orbitals. However, this method is not efficient either
as the spin-orbit energy scales with volume of the system and,
therefore, is weak for molecules.

Therefore, a molecular system that does not require strong
spin-orbit coupling but for which the spin states can be ma-
nipulated by an external electric field is highly desirable for
the practical implementation of MM devices. Frustrated tri-
angular MMs are very promising candidates of this system.
The antiferromagnetic (AFM) ground-state (GS) manifold of
these molecules is fourfold degenerate [12] and comprises
states characterized by a total spin projection quantum number
S, = £1/2 as well as by a twofold spin chirality eigenvalue
C, = £1, which can be used to encode qubits for quan-
tum information processing. The mechanism of spin-electric
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coupling in frustrated triangular molecules has been proposed
independently by two groups of researchers. Using a Hubbard
model at half filling, Bulaevskii et al. [13] have shown that for
a frustrated equilateral triangular system, the average charge
density at a given site depends on the spin configuration and
it is not uniform for the antiferromagnetic spin configurations
that contribute to the GS manifold. This leads to a net electric
dipole moment in the triangle, which, in turn, can couple with
an external electric field. Soon after, Trif et al. [14], using
a group theoretical approach, have shown that in triangular
molecules with D3, symmetry, the electric field can couple
states of the GS manifold with opposite spin chirality. While
these methods explain the basic physical mechanism of the
phenomenon, they are not able to elucidate the microscopic
details and especially to evaluate the strength of the spin-
electric coupling in realistic triangular MMs with complicated
crustal and electronic structure. In order to resolve the issue,
we have developed a method that allows us to calculate the
coupling strengths of realistic spin s = 1/2 MMs using den-
sity functional theory (DFT) methods and have applied them
to calculate coupling strengths in {Cus} [15] and {V3} [16]
triangular spin s = 1/2 MMs. Following early theoretical
work, a few other theoretical papers were published on the
subject over the years, mainly reviewing the basic principles
of the spin-electric coupling [17,18] or extending the orig-
inal analysis to more general settings [16,19,20]. However,
the first experimental evidence of spin-electric coupling in
frustrated molecules had to wait a decade after the original
theoretical predictions, when Boudalis et al. [21] published a
study carried out in a spin s = 5/2 triangular MM, namely
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in the [Fe;0(0,CPh)s(py)3]ClO4 - py molecular complex,
henceforth called here the {Fe;} MM. By employing electron
paramagnetic resonance (EPR) techniques, they observed that
the intensity of the absorption spectrum increases when a
static electric field is applied parallel to the triangular plane of
the molecule, a conclusive signature of spin-electric coupling
in this molecule. More recently, a direct observation of the
spin-electric effect in the same {Fes} single molecule magnet
(SMM) has also been reported by Lewkowitz et al. [22].
The spin-electric coupling has also been observed in different
{Cus} [23] and {Cos} [24] triangular molecular complexes.
This series of successful experimental observations of the
spin-electric coupling in different types of triangular MMs has
strongly renewed interest in this class of MMs.

As mentioned above, all these first experimental observa-
tions deal with spin s = 5/2 triangular MMs. However, most
of the theoretical analysis carried out over the past decade
deals with spin s = 1/2 triangular MMs. In particular, no the-
oretical and computational method has been developed yet to
calculate the spin-electric coupling for the s = 5/2 MM [25].
Importantly, the use of first-principles methods to evaluate the
strength of this coupling for s > 1/2 triangular MMs requires
a nontrivial extension of the DFT approach that we have
developed for the s = 1/2 case [15,16,20,26], since in this
case a fully noncollinear (NCL) approach is unavoidable in
order to handle frustrated spin configurations [27].

In this paper we have developed such a NCL first-
principles approach and implemented it in the NNLMOL DFT
code [28-30]. Although our method is valid in general and ap-
plicable to any spin s = (2N 4 1)/2, N > 0 triangular AFM
MM, we have applied it only to the most complex s = 5/2
case, which is the one relevant for ongoing experiments on
real MMs. The theoretical method is described in Sec. II.
Details of the implementation in the DFT code are discussed
in Sec. III. The results of the calculations of the spin-electric
coupling for the spin s =5/2 {Fe;} MM are discussed in
Sec. IV.

II. THEORETICAL MODEL: SPIN-ELECTRIC COUPLING
IN SPIN s = (2N + 1)/2 TRIANGULAR MAGNETS

In this paper we have developed a general formula for
the spin-electric coupling in the AFM ground state of any
frustrated triangular SMM with half-integer spin. By utilizing
this approach, the strength of the coupling can be calculated
suitably using DFT methods. To study the magnetic properties
of any frustrated triangular SMM, we first solve the Heisen-
berg model in the spin manifold of the triangular spin system:

3

H=7) 55, ij>0. (1)

ij

Here §;, S; = 2N +1)/2, where N =0, 1,2,3,.... The GS
of the Hamiltonian is two doublets with total spin Sy = 1/2:
one doublet is associated with spin projection S, = +1/2 and
the other one is for S, = —1/2. Since we are interested in the
coupling in the GS of these systems, for this paper, we focus
only on the spin-1/2 subspace of the Heisenberg model. While
the spin manifolds of three (2N + 1)/2 spins have a total of
(2N + 2)? spin configurations, only 3(N + 1)? states form the

bases for each of the spin projections S, = £1/2. It should
be noted that out of 3(N + 1)? states, only (N + 1)? states are
independent. For each of these independent states, two more
states are related by C;3 symmetry of the molecule.

The solutions to Eq. (1) are real, which are not manifestly
chiral. Therefore, to construct the chiral form of the GS we
consider only the GS manifold, and we note that the scalar
chiral operator for the three-spin system is defined by

Cz = %Szl '§2 X §3 (2)

with eigenvalues £1. Since the chiral operator, C,, commutes
with the spin Hamiltonian in Eq. (1), they share common
eigenstates. We can obtain the chiral states by diagonalizing
the chiral operator on the basis of real GSs [16], but here we
have adopted an alternative approach. We consider the chiral
operator as a small perturbation to the Hamiltonian:

3
H=J) 5 -8;+rC.. ij>0. 3)

ij
Here A is a very small number, say 1076, As in the case of
Hamiltonian Eq. (1), the GS is twofold degenerate for each
of the spin projections, S; = £1/2, but the amplitudes of the

spin bases are now complex. One of the GSs associated with
S, = +1/2 is obtained as

(N+1)?
Whs(S: =+1/2)= > (an |Bi) + an |Bi) + a3 |Bis))

i=1
“
where B;;’s i=1,2,...;j=1,2,3) are basis states in the
GS manifold and the corresponding amplitudes are a;;. All
the 3(V + 1)? basis states in the GS are grouped into (N + 1)?
subgroups. The three bases in each subgroup are related by C3
symmetry.
To recast the GS Eq. (4) into the chiral form, we take the
first amplitude a;; from each subgroup as a common factor.
Then the resulting GS takes the form

WEs(S: = +1/2, x = +1)
(N+1)?
ap aps
= > an(|Ba) + = |Bo) + — |B3))
aijl ai

i=1

(N+1)?
= > an(|Bi) + @ |Bo) + @ |Bi3)) )
i=1
where w = ¢/>"/3. The state is also the eigenstate of the chiral

operator, C,, with eigenvalue +1. Similarly, we can obtain
the chiral form of the second degenerate GS with opposite
chirality and the same spin projection from the second GS of
the Hamiltonian Eq. (3):

Wa (S, =1/2,x =—1)

(N+1y
= Z (bi1 |Bi1) + biz |Bi2) + bi3 |Bi3))
i=1
(N+1)?
= Y ba(Bi) + @’ Ba) + @|B3)).  (6)

i=1
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TABLE I. The complex coefficients of 12 spin bases contained
in the W/ of the s = 3/2 triangular MM. The row labels B;s (i =
1,2, 3, 4) correspond to the subgroup of spin states that are related
by C; symmetry and a;;s (j =1, 2,3) are the amplitudes of the
corresponding spin states in Eq. (4).

TABLE II. The complex coefficients of 27 spin bases contained
in the ‘l’és of the s = 5/2 triangular MM. The row labels B;s (i =
1,2,---,9) correspond to the subgroup of spin states that are related
by C; symmetry and a;;s (j =1, 2,3) are the amplitudes of the
corresponding spin states in Eq. (4).

B, (=R 1233 |213)
222 ) 2722 ) 22 )

a;; —0.1581 +0.2739i —0.1581 — 0.2739i  0.3162 + 0.0000i

B Hsh 1340 43

a; —0.0000 4 0.18261 —0.1581 —0.0913i  0.1581 — 0.0913i

By 122) 5'23) 23'2)

azj —0.3162 —0.0000i 0.1581 —0.27391  0.1581 + 0.2739i
3-1-1 131 -1-13

B, 333 233h 333

22 2
asj —0.2739 — 0.1581i —0.1581 — 0.27391 —0.0000 + 0.3162i

We note that the magnitude of b;; is the same as corresponding
a;; but has opposite phase, confirming the orthogonality of the
two degenerate chiral GSs.

A. Spin-electric coupling in triangular MMs

The spin-electric coupling between the two GSs of op-
posite chirality and the same spin projection is the matrix
element of the dipole operator in these two states and can be
expressed as

(Whs| 1eE - 7| [WEs) = €E - (WSs| IFI |WEs) = ¢E -d  (7)

where E is the applied electric field. Substituting Eqs. (5)
and (6) and using orthogonality of the spin states, we obtain

(N+1)?
d= Z a; bi((Bi1| 7 |Bj1) +  (Bi2| 7 |Bip)
i=1
+” (Bi| 7 |B3))
(N+1)?
= Z alibi (P + wpp + ©*pi3)
i=1
(N+1)?
= > aybupi. ®)

i=1

Here, the sum is over the (N + 1)? inequivalent basis states
(the states that are not related by Cs symmetry, i.e., the states
in the first column of Table II). p;;, P, and p;3 are the dipole
moments of the three spin configurations (see Fig. 1) and have
the same magnitude due to the C; symmetry. Furthermore, the
oy, mirror plane of the {Fes;} molecule constrains the dipole
moment to lie parallel to the plane of the triangle (i.e., p, = 0).
We can express p; as

-

Pi = it + opn + 0’ pi3
= pi({cos¢ + wcos(p + B) + w>cos(p + 2B)3
+ [sing + wsin(¢ + B) + w’sin(¢p + 28)9]
2 pil(cosgp — ising)% + (sing — icosg)91}
ipiy)X + (piy + ipi)9]). )

%[(pix -

B, |;5§§> |§;5§) 335
222 222 22 2

a; 01260 —0.2182i  0.1260 + 0.2182i  —0.2520 — 0.0000i
B 123 122 213
ay;  0.0445 —0.2315i  0.1782+ 0.1543i  —0.2227 + 0.0772i

35-1 —1-35 5-1-3
By 1523) 1575 3) 2 2)
as; 0.1782 - 0.1543i  0.0445 + 0.2315i —0.2227 — 0.0772i
By 1333) 333) 337
as; —0.0996 + 0.1725i —0.0996 — 0.1725i  0.1992 + 0.0000i
B 12 133 243
as; —0.0996 +0.17251 —0.0996 — 0.1725  0.1992 F 0.0000i
B 13 13 3
ag;  0.0797 —0.1380i  0.0797 + 0.1380i  —0.1594 — 0.0000i
B 124D 1 2b 132
a7;  0.0398 4 0.1380i —0.1394 — 0.0345i  0.0996 — 0.1035i
B IFh  uEh 142
ay; —0.1394 1 0.03451 00398 — 0.1380i  0.0996 -+ 0.1035i
Bo 113 ERE SR

2 22 22 2 222

as; —0.1127 —0.0000i  0.0563 — 0.09761  0.0563 + 0.09761

Here 8 = 120° as shown in Fig. 1. The angle ¢ is, in general,
nonzero since the magnitude of the spin projection at each
magnetic site is different. Substituting Eq. (9) in Eq. (8), we
can express the dipole matrix element Eq. (7) as

(N+1)?
=e5 D aibul(pi = ipw)Ee + (piy + i)y

i=1

-

ek -

Uy

(N+1)?

= eE ; albi[(pi — ipiy) + (piy + ipi)]. (10)

The second line in Eq. (10) is obtained by assuming that
the electric field is applied in the plane of the triangle such

Pin = pia (Ecosd + Gsing)

d
ey

I

FIG. 1. Orientation of the dipole moments of the three spin con-
figurations related by C; symmetry.
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that E, = E, = E. The strength of the dipole coupling can be
expressed as

(N+1)?
= 3| D aibul(pic+ pi) +i(pic = p)l|. (A1)

i=1

Therefore, the strength of the spin-electric coupling de-
pends on the dipole moments of all the (N + 1)? inequivalent
spin configurations. Since for a given spin configuration, we
can calculate the components of the dipole moment from DFT
calculations, Eq. (11) provides a way to calculate the coupling
strength of any realistic triangular single molecule magnet
with half-integer spin.

In this paper we are primarily interested in the s = 5/2 tri-
angle. Therefore, our paper mostly focuses on the {Fe;} MM.
However, in the next subsection, we briefly discuss s = 1/2
and 3/2 triangular MMs to illustrate how Eq. (11) can be
utilized to calculate spin-electric coupling in these MMs.

B. Spin-electric coupling in s = 1/2 and 3/2 triangular MMs

For s = 1/2 molecules, N =0 in Eq. (11). The GS for
each S, consists of three spin configurations, which are re-
lated by Cs; symmetry. Therefore, only one spin basis state
is independent, and the spin-electric coupling is determined
by the dipole moment of that state. For a s = 1/2 triangle,
the coefficients a = b = 1/+/3, and p = ¥/p? + p2. Then the
coupling strength in Eq. (11) reduces to V

d=-"2_ (12)

V2
This is precisely the coupling that we have obtained in our
earlier work on {Cus} and {V3} MMs [15,16].

For s =3/2 molecules, N =1 in Eq. (11). The chiral
ground state of the s = 3/2 triangular MM consists of 12 basis
states, of which, only four of them are independent. We solve
the Hamiltonian [Eq. (3)] in the GS manifold. The amplitudes
of the basis states of Wl (S, = 1/2, x = +1) are listed in
Table 1. We note that the ratios a;3/a;; and a;3/a; in each
subgroup of bases are w and w?, respectively. The amplitude
of each basis state in Wiq(S, = 1/2, x = —1) has the same
magnitude as listed in the table but the phases are opposite.
Since now all the coefficients are known, one can calculate
the spin-electric coupling in s = 3/2 molecules using Eq. (11)
simply by calculating dipole moments of the four independent
spin states.

C. Spin-electric coupling in the s = 5/2 {Fe;} triangular MM

We now turn our focus on the s =5/2 triangular MM,
namely the {Fe;} SMM. It has three magnetic centers arranged
in an equilateral triangle with local spin of each Fe atom
s = 5/2. The spin manifold of the molecule is much larger
compared to the s = 3/2 manifold, and is given by the irre-
ducible representations of the rotation group of the form nD’
(n is the number of identical irreducible representations D%) as
D15/2) @ 2D(13/2) @ 3pU1/2) @4D(9/2) @ 5D(7/2)@6D(5/2)
@ 4D%? @ 2D1/? and has a total of 216 spin states. For
the s = 5/2 triangular MMs, N = 2 in Eq. (11). The chiral
ground state consists of 27 basis states but only nine of them
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FIG. 2. Probability of the nine inequivalent spin configurations
in the GS.

are independent, and the remaining states are related by Cz
symmetry.

As in the case of s = 3/2, we have solved the Hamiltonian
[Eg. (3)] in this GS manifold. The amplitudes of the basis
states of \I"éS(SZ =1/2, x = +1) are listed in Table II. It
is important to note that the spin configurations in Table II
corresponding to the s = 5/2 spin triangle appear to contain
those states that are involved in the s = 3/2 or 1/2 triangles.
However, they are not actually the same states. The spin
configurations are labeled by the projection of the local spins
along the global quantization axis. Therefore, the spin con-
figuration associated with |_71%%) in the s = 5/2 triangle is
not the same as |_Tl%%) in the s = 3/2 triangle or the |_71%%)
in the s = 1/2 triangle. For instance, the noncollinear angle
between the local spins in the |’Tl%%) state of the s = 5/2
triangle is different from the noncollinear angle between the
local spins in the |_71%%) state of the s = 3/2 triangle, and
they have different dipole moments.

In Fig. 2, we have plotted the probability of the nine in-
equivalent basis states in the GS of the molecule. We note
from the figure that the state |_75 % %) has the highest probabil-
ity and, therefore, is the basis state with the lowest energy in
the GS. It is also evident that there are three pair of states that
are degenerate. Therefore, the GS contains basis states with

six different energies.

III. COMPUTATIONAL METHODS

Implementation of noncollinear magnetism
in NRLMOL DFT code

In Sec. II we have discussed the theoretical method for
calculating spin-electric coupling in the s = 5/2 triangular
molecule. The calculation of the coupling strength requires
one to calculate electric dipole moments of nine different NCL
spin configurations. In Fig. 3, we have plotted the schematic
of one of the spin configurations, | %‘73 _71) in the GS. The state
is labeled by the spin projections at the respective sites of the
{Fe;} triangle as shown in the figure.

The previous version of the DFT code NRLMOL [28-30]
that is used for electronic structure calculations works only
for collinear magnetic molecules. Therefore, to calculate
spin-electric coupling in the {Fe;} molecule, we have first
implemented NCL magnetism in NRLMOL following the pro-
cedure described by Kiibler er al. [31,32]. Note that this
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FIG. 3. A visual representation of one of the spin bases |%‘73 _71)

involved in the GS of the {Fe;} MM. Note that the local spin of each
Fe atom is 5/2 but the spin projections at different sites are different,
resulting in NCL magnetism.

approach has some similarity with a theoretical formalism that
we introduced a few years ago to describe the many-electron
GS spin multiplet wave functions of a Mn;, molecular magnet
by means of DFT methods [33]. An overview of NCL mag-
netism and its implementation in NRLMOL is described below.

In Kohn-Sham (KS) DFT, the effective potential within the
local spin density approximation (LSDA) [34] is the sum of
three contributions:

Vett = VeoullProt] + Vexe[ o] + Vxelor, o] (13)

The Coulomb potential Vo and the external potential Vex: do
not depend on the spin, so they can be calculated using the
total density pic. The exchange-correlation (XC) potential in
standard DFT is well defined only for collinear magnetism
and is a functional of pure spin-up density o4 and spin-down
density p, .

For NCL magnetic systems such as frustrated triangular
MMs, the single-particle states are mixed states of spin-up and
spin-down states. Such single-particle states are described by
spinors and the corresponding density matrices are 2 X 2 ma-
trices with both diagonal and off-diagonal elements as shown
in Eq. (14). Note that the spin-orbit coupling also mixes the
spin-up and spin-down states but in this case noncollinearity
arises from geometric frustration:

Vi) = [W”},

@iy (1)

|ir ()2 ()i (r)
(r) = . 14
o) [;(r)m(r) 61, (P } 4

This generalized density matrix must be used to calculate the
potential at each point 7 specified by a predetermined mesh to
solve the KS equation. Therefore, for NCL DFT, the calcula-
tion of the XC potential Vxc requires spacial considerations.
In order to utilize the standard XC potential to calculate the
XC potential at a point for a NCL magnetic system, we first
perform a unitary transformation that diagonalizes the density

z LOC
| Local spin z a/SD/};

g-axis

U Q\e’\'/.s

y *
g Yy
X X
|¢3(r)[? ¢T(T)*¢¢(T)] [|¢’T(7")|2 0

Su(r)*or(r) oy (r)? 0 ¢} (r)]?

FIG. 4. On the left a general NCL density matrix at a point (blue
dot) expressed with respect to the global ¢ axis, which is transformed
to a diagonal density matrix (on the right) with respect to a local
q axis by the unitary transformation U. This local diagonal density
matrix is used to calculate XC potential of a NCL magnetic system
at that point.

matrix at that point which is schematically described in Fig. 4.
The eigenvalues of the density matrix correspond to the spin-
up and spin-down densities in rotated coordinates in which
the quantization axis (g axis) coincides with the local spin
direction at that particular point of the mesh. We can now use
|q§’T (r)|* and ) (r))? to calculate the XC potential at 7 using
the standard collinear XC potential. To add this XC potential
with other potentials in Eq. (13), we must rotate it back in the
global quantization direction, which is performed by applying
the inverse transformation U ~!. We have implemented this
procedure in NRLMOL, both for LSDA and Perdew-Burke-
Ernzerhof generalized gradient approximation (GGA) [35].
Note that for GGA, potentials are functional of both density
and gradient of density. The gradient of density is evaluated
from |(;5/T(r)|2 and |/ (r)|* in the rotated coordinates.

While a collinear spin system may be described by a global
q axis (typically along the z axis of the coordinate system)
for all magnetic atoms, in a NCL system, the ¢ axis of each
magnetic atom is described locally. In NRLMOL, a NCL spin
configuration, for example, the one shown in Fig. 3, is realized
by applying magnetic atom-centered bias magnetic fields of
the form

Bioe = Boe? "R (15)

along a direction determined by the spin configurations. Here,
By and « are the parameters to control the strength and the
extent of the local magnetic field centered at the atom at R,.
For {Fes;} the bias potential is applied only on the three Fe
atoms in the molecule. The exponential decay of the bias field
ensures the potential confined within the atomic sphere of the
atoms.

In order to obtain a smooth convergence of a specific spin
configuration within the ground state, the DFT calculations
are performed in three steps. In the first step, we perform
a collinear spin-polarized calculation of the {Fe;} molecule.
The converged density is then used as the starting density
for all NCL calculations. In the second step, we add a bias
field to realize a specific spin configuration. It requires several
iterations to stabilize local spin orientations of the Fe atoms.
Then, in the third step, we remove the bias field to achieve
self-consistent convergence of a specific spin configuration.
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X Top view

Side view

FIG. 5. Structure of the {Fe;} molecule showing the three mag-
netic centers (red) forming an equilateral triangle in the x-y plane.

A final remark on the computational aspect of this paper. In
the third step, as described above, when we remove the local
bias field, the spins maintain the desired spin configuration in
all cases except for | 21 ! 1) For this configuration we have
used the dipole moment in the presence of the local bias
field which gives a slightly larger p, component but does not
have significant effect on the dipole coupling of the molecule.
Furthermore, in order to realize different NCL spin configura-
tions within the ground-state manifold, we have relaxed all the
symmetry constraints of the D3, point group. This introduces
small numerical differences for different degenerate states.
Despite this small numerical issue, we believe our calculations
provide a good estimate of the spin-electric coupling in the
{Fes} molecule.

IV. RESULTS AND DISCUSSION

A. Electronic structure of the {Fe;} MM

The molecular structure of the {Fe;} MM that is used to
study spin-electric coupling in this paper is shown in Fig. 5.
It belongs to D3, point group symmetry, which contains 12
symmetry operations including C3 rotation and a ¢ mirror
plane. These two symmetries play an important role in spin-
electric coupling in this molecule. The C; results in a chiral
GS whereas o, constrains the dipole moment of different spin
configurations in the GS to lie in the plane of the triangle. Pre-
viously we have studied electronic properties of this molecule
using collinear DFT [26].

Our calculations show that the GS spin configuration of
the molecule is antiferromagnetic with local spin of each Fe
atom, s = 5/2. However, our calculation also shows that there
exists a nearly degenerate spin configuration with local spin
s = 1/2 that differs only by about 8.2 meV. Therefore, this
molecule is also a good candidate for a spin-crossover MM.
Our calculations further show that the molecule has easy plane
magnetic anisotropy of 8 K in its GS spin configuration (s =
5/2), whereas for the s = 1/2 spin configuration it has easy
axis magnetic anisotropy of 3 K.

B. DFT calculations of spin-electric coupling in the {Fe;} MM

Since the spin-electric coupling in frustrated triangular
SMMs originates from the spin-induced electric dipole mo-
ment resulting from charge redistribution, we have calculated
dipole moments of all nine independent spin configurations

TABLE III. Dipole moments of the nine inequivalent spin con-
figurations in units of eay, where e is the electronic charge and ay
is the Bohr radius. The coefficients in the third column are obtained
from Table II.

Spin Inequivalent Dx Dy
group spin configuration azb; (eayp) (eap)
Bl 13222) 0.0635 0.001 0.070
B2 1233) 0.0556  —0.038 0.011
B3 15233h 0.0556 0.034 0.012
B4 1213) 0.0397  —0.080 0.088
B5 12221) 0.0397 0.086 0.081
B6 |5t4d) 0.0254 0.003 0.026
B7 |13212) 0.0206  —0.020 0.030
B8 |1221) 0.0206 0.021 0.031
B9 15t 5H2) 00127  —0.019  —0.005

in the ground state of the {Fes;} molecule using our NCL
DFT code. The results are shown in Table III. Because of
o, symmetry in {Fes}, dipole moments lie on the x-y plane,
and, consequently, p, = 0 (since we did not impose any sym-
metry explicitly, our numerical calculations show a small p,
component of order 10, which is negligible compared to the
in-plane components).

C. Spin-induced electric dipole moment for noncollinear spins

In all our prior works on spin-electric coupling we have
used spin-1/2 frustrated triangular SMMs. To calculate cou-
pling strength in the ground state of those molecules, we
need to consider only one spin configuration where the spin
projection of one of the three magnetic atoms in the triangle
is s, = —1/2, and for the other two atoms, projections are
s, = 1/2. However, for {Fe;}, the spin projections at differ-
ent magnetic sites are, in general, different. As discussed
in Sec. III A, realization of such spin configuration requires
NCL arrangement of the local spin of each Fe atom. In this
subsection we discuss how the spin-induced dipole moment
depends on different NCL spin configurations. Figure 6 shows
change of orientation of the dipole moments for the first three
spin configurations in Table III.

For the | 25 ; %) configuration, the dipole points along +y,
which is expected since the local spin projections at the Fe,
and Fej sites are the same and, therefore, expected to have
the same charge redistribution at these sites. The other two
configurations in Fig. 6, |5 _1 5) and |5 =33 _21 ), are related
by the interchange of local sprns between Fez and Fe; sites.
Consequently, the dipole moment has the same magnitude but
orientation changes from pointing along Fe, to Fes, respec-
tively, and their x components cancel out. This is also evident
for other degenerate pairs in Table III, namely (B4, B5) and
(B7, BS).

The dependence of spin-induced dipole moment on spin
configurations is also evident from Table III. We note from
the table that the more a spin configuration deviates from the
collinear configuration, the smaller is the dipole moment. For
example, | =213

=>53) has a larger dipole moment than |_1 L 1)
(s, =1/2 of a s =5/2 of Fe atoms implies larger polar
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FIG. 6. Spin projections of local spins of Fe atoms on the x-y
plane for (a) |’75%%), (b) |’73’7l%), and (c) |’73%’71) spin configura-
tions. The size of the arrow at each Fe site approximately represents
the magnitude of the projection. The S, = 5/2 projection is the short-
est since its projection on the x-y plane is smaller compared to the
other two S.’s. The arrow at the center of each Fes triangle shows the
direction of the spin-induced dipole moments of the corresponding

spin configuration.

angle with z axis). To illustrate better, we have calculated
the dipole moment of the |’75§%) configuration. Note that
this configuration is not a basis state of the ground state (5)
or (6) but closest to the classical collinear state. The dipole
moment is calculated to be 0.147 eap, which is larger than
any spin configuration in Table III. The dependence of dipole
moment on spin configuration can be understood intuitively
as follows. In the contest of a Hubbard model description, in
a frustrated system displaying NCL (and nonplanar) classical
spin configurations, the electron spins are effectively coupled
to the electron charge fluctuation, in a way somewhat mim-
icking an effective spin-orbit coupling. The quantum ground
state of Fes consists of nine independent spin configurations,
each with different energy expectation value and a different
degree of noncollinearity. A larger NCL angle implies that
bonds between the Fe atom and its ligands are more stretched,
which reduces the charge redistribution within the Fes trian-
gle, hence the reduced dipole moment.

D. Spin-electric coupling strength in the {Fe;} MM

Now we present the main result of this paper. We have
calculated the coupling strength from Eq. (11) using the
data obtained in Table III. Our calculation shows that the
strength of spin-electric coupling in the {Fe;} MM is 0.030
eay. It is slightly smaller than that obtained for the {V3;} MM
(0.035 eap) but one order of magnitude larger than the {V s}
MM [16]. Note that the strength is an order of magnitude
smaller compared to the dipole moment of water, which is
about 0.736 eay.

One important conclusion of our paper is that the spin-
electric coupling does not strongly depend on the local spin
moment of the magnetic atoms of the frustrated molecule. The
reason is that for larger spins, the quantum ground state con-
tains many spin configurations with different dipole moments
with different phases. The resulting interference effectively
reduces the dipole coupling of the triangular MM with larger
local spins. In this sense, the {V3} MM is more effective since
only one spin configuration determines the coupling strength.

V. SUMMARY AND CONCLUSIONS

In this paper we have studied the spin-electric coupling
in the frustrated triangular MM. We have developed a gen-
eral theoretical approach for calculating coupling strength
of any half-integer spin triangular magnet. The method in-
volves constructing chiral GSs of these systems by solving
the Heisenberg model in spin bases of the s = 2N + 1)/2
molecules, with N =0, 1, .... We have then shown that the
coupling strength depends only on the dipole moments of
different spin configurations involved in the GS, which can be
calculated using first-principles DFT method. In this paper we
have applied the method to calculate the spin-electric coupling
in the {Fes3} MM. Our paper shows that in {Fe;} the coupling
strength is of the same order of magnitude as in {V3}, which
is a bit surprising considering the large local spin moment of
Fe atoms. But we have shown that a triangular magnet with a
larger spin also leads to interference, which is detrimental for
coupling.

Since spin frustration in a system leads to noncollinear-
ity in spins, studying spin-electric coupling in any frustrated
system requires NCL magnetism. One of the very important
developments of this paper is to implement a tool to compu-
tationally realize NCL spin states within the framework of
the NRLMOL DFT code for molecules/clusters. This updated
version of the code is expected to play a significant role in
studying Dzyaloshinskii-Moriya (DM) interaction [36-38],
which is an important aspect of NCL spin systems, and plays
a crucial role in zero-field splitting in frustrated molecular
magnets.

In this paper we have focused on the theoretical method
and development of computational tools to calculate spin-
electric coupling in the {Fe;} MM. However, a direct
comparison with experimental observation requires further
development. First, to observe the transition between the
states of opposite chirality requires one to calculate zero-
field splitting between these states due to DM interaction. To
evaluate the DM parameters, it is important to identify the re-
lationship between the general form of the spin-orbit coupling
and the DM interaction in the GS manifold of the molecule.
While for the s = 1/2 triangle, the spin-orbit parameter and
the DM parameters are shown to be equivalent, more careful
investigation is needed for the s > 1/2 triangles [19]. Second,
the experimental observation of spin-electric coupling was
performed by measuring the change in the EPR spectra when
an in-plane electric field is introduced. The DFT calculations
of zero-field splitting and spectra are very challenging tasks,
particularly for a complex spin system like the {Fe;} MM. We
plan to address these challenges in our future work.
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