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Motivated by recent synthetic and theoretical progress we consider magnetism in crystals of multinuclear
organometallic complexes. We calculate the Heisenberg symmetric exchange and the Dzyaloshinskii-Moriya
antisymmetric exchange. We show how, in the absence of spin-orbit coupling, the interplay of electronic
correlations and quantum interference leads to a quasi-one-dimensional effective spin model in a typical trinuclear
complex, Mo3S;(dmit);, despite its underlying three-dimensional band structure. We show that both intra- and
intermolecular spin-orbit coupling can cause an effective Dzyaloshinskii-Moriya interaction. Furthermore, we

show that even for an isolated pair of molecules the relative orientation of the molecules controls the nature of
the Dzyaloshinskii-Moriya coupling. We show that interference effects also play a crucial role in determining
the Dzyaloshinskii-Moriya interaction. Thus, we argue that multinuclear organometallic complexes represent an
ideal platform to investigate the effects of Dzyaloshinskii-Moriya interactions on quantum magnets.

DOLI: 10.1103/PhysRevB.95.094432

I. INTRODUCTION

There has recently been significant interest in the
Dzyaloshinskii-Moriya (DM) interaction [1] in organic mag-
nets [2-7]. At first sight it may be surprising that the DM
interaction, an effect due to spin-orbit coupling (SOC), is
significant in organic materials as they typically contain only
light elements, in which SOC is weak. However, one should
note that in organic materials all energy scales are typically
much smaller than in atomic crystals [8]. For example,
organic charge transfer salts show very similar physics to
the cuprate high-temperature superconductors, but with all
energy scales [Néel temperature, superconducting critical
temperature, upper critical field, nearest neighbor hopping
integral (¢), effective on-site Coulomb interaction (U), etc.] an
order of magnitude smaller in the organics [9]. It is therefore
interesting to ask what role SOC plays in organometallic
magnets where the small energy scales due to the small ¢
and U typical of molecular systems may be combined with the
larger SOC associated with metals.

Multinuclear coordination complexes (i.e., coordination
complexes containing multiple transition metals) have the
potential to realize a wide range of exotic many-body physics
[10,11]. Until recently the primary focus has been on single-
molecule magnetism [12,13], but an emerging paradigm is the
fabrication of multinuclear clusters with ligands that facili-
tate intermolecular charge transport [14—16]. Intermolecular
hopping integrals are typically rather small (0.1 eV) [17]
which means that, even if the absolute values of the parameters
describing intramolecular interactions are smaller than those
for inorganic materials, electronic correlations will be strong;
cf. organic charge transfer salts [18]. For example, density
functional calculations predict that Mo3S7(dmit); is metallic
[14,17], but experimentally, it is found to be an insulator with
a charge gap ~150 K.

The DM antisymmetric exchange interaction, Hpy = D;;j -
S; x §;, results from the exchange of angular momentum
between the spin and orbital degrees of freedom of a system
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[1]. This interaction favors the alignment of the spins S; and
S perpendicular to one another and mutually perpendicular
to D, inducing an easy-plane anisotropy. Therefore, the DM
interaction can have important consequences in both the
ferromagnetic and antiferromagnetic cases, even when the
usual (Heisenberg) symmetric exchange is significantly larger.
For example, it has been argued that even moderate DM
interactions (| D| a few percent of J) can drive long-range an-
tiferromagnetic ordering in some frustrated antiferromagnets
[20,21].

A long-standing problem for strongly correlated molecular
materials is how to determine the relevant simple model that
captures the essential physics of the material. The construction
of Wannier orbitals has proven a powerful tool as it allows one
to derive tight-binding models from first-principles calcula-
tions without having to guess what the appropriate model is or
needing to fit parameters to a guessed model [19].

A tight-binding model for Mo3S7(dmit); derived from the
Wannier orbitals calculated from density functional theory
(DFT) has recently been reported [17]. This model contains
three molecular orbitals per Mo3;S;(dmit); molecule [cf.
Figs. 1 and 2(a) and Table I]. Mo3S;(dmit); forms layered
crystals, Fig. 3. Within the ab plane Mo molecules form a
corrugated hexagonal lattice, with an inversion center between
nearest neighbors, Figs. 3(c) and 3(d). In contrast along the
¢ axis molecules are related to one another by translational
symmetry, Figs. 3(a) and 3(b). This leads to rather different
intra- and interlayer electronic molecular couplings. The in-
plane hopping ¢, links single vertices on neighboring triangles
[Fig. 2(c)], which leads to a decorated hexagonal lattice
in-plane, Fig. 3(d), whereas the interlayer hopping ¢, connects
each Wannier orbital with the equivalent orbital in the unit
cell above it [Fig. 2(b)], leading to triangular tubes of Wannier
orbitals perpendicular to the plane [Fig. 3(b)].

On average, four electrons occupy the three Wannier
orbitals per cluster; therefore, DFT predicts that Mo3S7(dmit);
is metallic in the absence of long-range antiferromagnetic
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FIG. 1. A Wannier orbital on a single M03S;(dmit); complex. The
other two Wannier orbitals are related by the C; rotational symmetry
of the molecule. Data from Ref. [26].

A

2
tcb--‘--
lg
3 3

FIG. 2. Sketches of (the tight-binding terms in) the effective
Hamiltonians discussed in this paper. (a) A single molecule. The local
x and y axes, defined by the phase convention for the SMOC [Eq. (3)],
are shown. (b) Interlayer coupling model discussed in Sec. IIIB;
see particularly Eq. (21). (c) Inversion-symmetric interlayer coupling
discussed in Sec. III A; cf. Eq. (5). The inversion center is marked by
the X. (d) C5-symmetric interlayer coupling discussed in Sec. III A 3.
The rotation axis is marked by the oval. Note that in panel (c) the
numbering on both molecules runs counterclockwise, whereas in
panel (d) the numbering is clockwise on the molecule labeled v.
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TABLE 1. Parameters of the minimal tight-binding model for
MosS7(dmit);, from [17,26]. This model is sketched in Figs. 2 and
3(b), 3(c), and defined by Eqs. (1), (5), and (21).

Parameter Value (meV)
t. 60
t, 47
t, 41
Ay 4.9
Axy 2.5

order, which is not observed experimentally. On the other hand,
Mo3S7(dmit); is found to be an insulator experimentally [14].
However, Mo3S7(dmit); cannot be a simple Mott insulator as
the relevant tight-binding model is two-thirds filled, i.e., four
electrons per triangular molecule [17]. The three-site Hubbard
model with four electrons has a triplet ground state for any

st

FIG. 3. Crystal structure of Mo;S;(dmit);, after [14]. (a), (b)
Triangular tubes perpendicular to the plane (along the ¢ axis). (c), (d)
Truncated hexagonal net within a plane. (a), (c) The full molecular
structure: with carbons black, sulphurs yellow, and molybdenums
cyan. (b), (d) Simplified model showing only the Mo atoms, which
are in a one-to-one correspondence to the Wannier orbitals; cf. Fig. 1.
A unit cell is marked in all panels.
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t > 0and U > 0 [22]. The Wannier/DFT calculations suggest
that in Mo3S7(dmit); hopping in the plane (z,) is similar to
(indeed slightly larger than) the interlayer hopping (z,); cf.
Table I. Surprisingly, we have recently found that correlations
drive Mo3S7(dmit); to the quasi-one-dimensional limit in
the insulating phase [11]. Our analytical treatment, below,
will allow for a full elucidation of the mechanism behind
this. In particular, we will demonstrate that the emergent
one-dimensionality of Mo3S;(dmit); is a consequence of the
interplay between the internal molecular electronic structure
and its crystal structure.

Furthermore, it has recently been shown that in one
dimension the tendency towards molecular triplet formation
remains and drives an insulating state with spin-one molecular
moments [23-25]. In particular the model is insulating at two-
thirds filling even when only on-site interactions are included;
no charge order is predicted [23-25]. In the insulating phase
the molecular moments are coupled by an effective Heisenberg
interaction [24] causing the one-dimensional model to realize
the Haldane phase [23].

In order to calculate the DM interaction we must first
understand how SOC enters the problem. One possibility is
via intra-atomic effects on the Mo or perhaps the S atoms, but
these are suppressed by the large energy gaps to the atomic
excited states. A more interesting route is that spin couples
directly to the angular momenta associated with the currents
running around the three Wannier orbitals on each molecule
[10]. Indeed, it has been shown that this spin molecular-orbital
coupling (SMOC) provides an accurate description of the
(single-particle) electronic structure of Mo3S7(dmit); [10,26].

Given the flexibility of organometallic chemistry, it is
natural to ask what physics could be relevant in other
trinuclear complexes. For example, the selenated analogs of
Mo3S7(dmit); have been synthesized, but little is known about
their magnetic properties. Further, it has been shown from
first principles that the SMOC is greatly enhanced in tungsten
trinuclear complexes [10].

In this paper we consider the general problem of two neigh-
boring trinuclear complexes at two-thirds filling. We consider
both in-plane [Figs. 2(c) and 2(d)] and interlayer [Fig. 2(b)]
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coupling. We show that the combination of electron-electron
interactions, SOC, and intermolecular hopping can lead to
a DM interaction between neighboring spin-one molecular
moments (when not symmetry forbidden). In this sense the
molecules act like complex artificial atoms. In natural atoms,
the relative orientation of atoms is defined by the orientation
of their local environments, e.g., the oxygen octahedra in
iridates; cf. [27]. In organic systems the relative orientation
of the molecules drives large changes in the DM interaction
between molecules, independent of their local environments.
Furthermore, the inherent flexibility of the molecular platform
suggests that synthetic chemistry will allow one to tune the
interactions so as to enhance or suppress particular physical
effects.

The remainder of this paper is laid out as follows: In Sec. II
we study the #-J model of a single molecule in the presence of
SMOC. In Sec. III, we consider the effects of SMOC on the
effective interactions between a pair of trinuclear clusters. Here
we show that the packing motif of the crystal has a dramatic
effect on the DM interactions between neighboring clusters.
We also explain how the interplay of electronic correlations
and quantum mechanical interference leads to a quasi-one-
dimensional effective Hamiltonian, even if the material has an
underlying three-dimensional electronic structure. In Sec. IV
we allow for a fully general SOC and show that intermolecular
SOC can also lead to DM interactions.

II. SINGLE MOLECULES

As discussed above, an accurate tight-binding model of
Mo3S7(dmit); can be constructed with just three Wannier
orbitals per molecule. The Wannier orbitals are hybrids of
the dmit molecular orbitals with a single d orbital per Mo and
orbitals on the S atoms in the core (see Fig. 1). It is natural that
only a single d orbital per Mo atom contributes to the Wannier
orbitals as the Mo atoms sit in low-symmetry environments and
so the degeneracy of the Mo d orbitals is entirely lifted. These
arguments apply to many multinuclear complexes; therefore,
one expects that a three-orbital description will suffice in many
trinuclear complexes [28].

Thus, we model the pth molecule by the three-site single-band #-J model for holes [31], cf. Fig. 2(a):

3

; J
HY = P, Ztc(aLjGaWHa+&,Ljaaﬂj_lg)+Z” 37> auied);, (1- 40 (1= 4l o), [P0 (D)

o,j=1

where @'

i#j#k=1 0,0’

ujo creates an electron with spin o in the jth Wannier orbital, ﬁgi = )?{Ty})?{y}, and Py projects out states that contain

empty sites. In an effective low-energy theory of the Hubbard model J. = 4t2/U + O(t?/U?). Note that the second term in
Eq. (1) retains the “three site” terms that are often neglected near half filling [31], as that limit will not be uniformly applicable
below.

The SMOC is most naturally written in terms of the “Condon-Shortley” operators [10], ¢, that create an electron on
molecule p with angular momentum L, = k about the z axis and spin o'

ikilkl

3
A AT igik
Cuke = 7 ;aﬂjae i, 2)
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where ¢; = 27(j — 1)/3. Thus one finds [10,11] that
()

(20— fz oz Xy £ — o+ F+o—
HSMO = )‘iﬂ)LuS/ZL + 2 (L/l. S/L + L/LS/L) (3a)
MY © © © M i i f
z AlC Alc AlcC AlC ) A A A A A A A A
=7 (num Ay Ayt Aylyy) + N3 (€14 €u0y F €04 Cury + €y Cuor + €0 Cuiy) (3b)
in i : (’CI;) 7 '
Z A AT . Xy AT —id: —7 AT i ich -
=73 Z(%T“MT =y apey) singj_g + m[“ﬁnam(e =T — a4y — )] (3¢)
it

In this paper, we will primarily be interested in the DM interaction, which has leading terms at linear order in the SOC.
Therefore, we analyze the Hamiltonian H,; + Hgy o, Where Hyy = Y u H,(j‘ )and H sMo = Y W H é’;} o» viafirst-order perturbation
theory below, with Hgyso taken as the perturbation.

Mo3S7(dmit); is two-thirds filled (i.e., an average of two holes per molecule). Furthermore, we will see below that there is
a strong analogy between the molecular problem and the Hund’s physics at play in many transition metal oxides [27,29]. For a
1, orbital near the Fermi energy the most interesting effects occur at the generic fillings, two electrons or two holes in the three
orbitals; half filling (three electrons/holes) and one electron or hole per molecule are special cases. Furthermore, in the molecular
case with 7. > 0 the two-electron case is a trivial band insulator. Therefore, we focus on the two-thirds-filled insulator below.

At first order in the SMOC the four-electron ground state is threefold degenerate in the physically relevant parameter regime
0 < 2J. < t., with energy E;* = —2t.. Henceforth we label the energies E>S*DT' where n is the number of electrons, S is
the magnitude of spin in the absence of SMOC, and I' € {A, E} labels the representation of the orbital part in the absence of
SMOC; A (E) irreducible representations require singly (doubly) orbitally degenerate wave functions. Similarly, we will label
the eigenstates |®S+TDI(j)), where j runs over the degenerate states, and is somewhat analogous to a projection of the total

angular momentum in the spherically symmetric case. The ground state wave functions, |d>iA (j)), are

|D34(D) =

idgye 'O

— § Apjapj—1y — —=—(@ujrauj—1y — Apujyauj-11)
\/5 ; x/E(JL —2t.)

—ﬂe—f@“(a Aoy + Auil@uio1r) |Ivacy) (4a)
6\/51‘ wjtGuj—1y wjdGuj—11 hils
;
1 A A A, A A
|®340)) = % > [(amaw—u + Ayjydyj-11) — m(amaw—w = L duj-11)
j c c
Aey igia Axy igiiia A
+ 6? Py a1y + 6?6 ’¢"’+'amam—1¢]|VaCh>’ (4b)
C C
and
1 idygyel Pt
P-D) = — [a-a~_1 + (A1 Qpj-1y — ApjyApj-11)
‘ 4 ) ﬁ; wjtGuj—11 \/E(JC—ZZ‘C) wjtGuj—1y wjd G uj—11
)ny idivi(n A A A
+m€ P (Qujrapj-1y + Ay auj-11) [Ivacy), (40)
;

where |vac,) = &Ll ¢&};2 ¢&L3 ¢&L1 T&ZZT&ZS 1 |0) is the vacuum for holes and we have suppressed the molecular indices, 1, on )»5(’;)

and Ag“ ) for clarity (as we will do henceforth when the context is clear).

The excited states are described in Appendix A. In Fig. 4
we compare the first-order spectrum with the exact solution
of the three-site #-J model with SMOC. We see that for
weak to moderate SMOC the first-order expressions provide
an adequate description of the single-molecule spectrum.
Furthermore, we see that there is a large gap (¢, — J./2) to the
first excited states, |©iE (£1)). Note that the 7-J model is only
validin the limit U > t., which implies thatz, > J. ~ 4tC2 JU.
So this gap cannot close in the regime in which our current
treatment in valid. Numerical investigations of the Hubbard
model with SMOC on three sites [11,30] find that this gap
does not close for reasonable values of U, unless an explicit
antiferromagnetic exchange interaction between neighboring
Wanniers on the same molecule is also included.

(

In the absence of SMOC the ground states reduce to a
spin triplet (S° € {—1,0,1}) with angular momentum k = 0
about the z axis. SMOC mixes these states with higher lying
states with the same j = k 4 S*. Here there is an important
difference from the atomic case: the addition of angular
momentum occurs modulo three onto the interval (—3/2,3/2].
At linear order in the SMOC the ground state is also a
spin triplet. This changes at second order: nevertheless the
low-energy physics can still be understood in terms of a
pseudospin, S, triplet. At second order the degeneracy is
lifted by a trigonal splitting of the triplet: A(S%)?, where
A= [2tc)é — Jck)zfy] /12(2t. — J..); generically one expects
A > 0ast. > J.;however it is possible to have A < 0 due to
the anisotropy in the SMOC if (Ayy/A;)* > t./J. =~ U/4t..
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FIG. 4. Comparison of the exact solution for a single molecule with the energy to first order in the SMOC. For small J, the spectrum is
not strongly affected by the value of J;; here we set J. = 0.3¢, in all panels. The perturbation theory is most accurate for A,, = 0. This is
unsurprising because, at first order, there are corrections to the energies due to A, but not A,. This is natural because in the absence of SMOC
Bloch’s theorem requires that the single-molecule-energy eigenstates also be eigenstates of ii.

Furthermore the Heisenberg exchange interactions become
spatially anisotropic. We will not discuss second-order effects
further here; see [11,30] for details.

Note that in specifying the eigenstates above one has
picked an explicit relative gauge in the effective low-energy
Hamiltonian. The above choice simplifies the analysis as it
ensures that the spin-1 Pauli matrices take their usual form.

The physics of the singly charged cation and anion, which
will be required to derive the effective low-energy spin models
below, are described in Appendices B and C, respectively.

III. EFFECTIVE INTERACTION BETWEEN MOLECULES

We now consider a variety of potential couplings between
molecules within the context of the #-J model. Intramolecular
couplings are considered within perturbation theory. Thus, we
derive effective low-energy Hamiltonians for the interactions
between the pseudospin-1 moments in the ground state of the
trimer with two holes. We use the DiracQ [32] package for
Mathematica to evaluate the matrix elements for the effective
spin-1 model, using the wave functions calculated to first order
in SMOC (Sec. II and Appendices A-C).

In this section we consider both packing motifs relevant
to Mo3S7(dmit); and natural generalizations of these packing
motifs, which may be realized in other trinuclear complexes.

First, we discuss the molecule coupled by hopping between
a single orbital on each molecule. The internal structure of
the molecule means that the DM coupling between pairs
of molecules related by inversion [Fig. 2(c); Sec. IIT A 1]
is significantly different from that for pairs related by 7
rotations [Fig. 2(d); Sec. IIT A 3]. The former case is relevant to
Mo3S7(dmit); and the later emphasizes the additional physics
due to the internal structure of molecular crystals. It is also
natural to consider what happens when these symmetries are
broken, which we do in Secs. III A2 and III A 4.

Second, we discuss molecules coupled by hopping from
each Wannier orbital to the equivalent Wannier orbital on a
neighboring molecule [cf. Fig. 2(b)] in Sec. I B. This is the
case relevant to interlayer hopping in Mo3S7(dmit)s.

A. In-plane coupling

We first consider a pair of molecules coupled through
a single hopping integral t,, as sketched in Fig. 2(c). For
example, this is the strongest in-plane coupling between
molecules in Mo3S7(dmit); [17]; see Table I.

We first consider an intermolecular hopping, which, without
loss of generality, we take to couple the Wannier orbital labeled
“1” on each molecule:

ng = —t, Z P()(&Lwavlg +allg&vla)PO~

(mv)o

&)

For t, = 0 the ground state is ninefold degenerate (as the
ground state of a single molecule is threefold degenerate).
Making a canonical transformation one finds that, to second
order in 1, the effective interaction between the degenerate
ground states of the 7, = 0 problem is described by

(82,8

w

n

2
EYYY ey

n3=1ns=1 0,0’

1S5,

(S5 (S5 | i, In) 1 Hy, | S5)] S5)
E, —2E}*

2E;"

x((Sila ma|”%>(”3 |,10°]S5:)
x(S 157)
(S |au10|”5)< g“iuw’ 8u>
x(8lay, |m3)ins|ans|S5)). ©)

where S; (Sli) € {—1,0,1} is the initial (final) spin on the uth
molecule, i.e., [S5) = [93*(S3)), and n3 (ns) runs over all
eigenstates of the three (five) electron monomer problem; see
Appendix B (C).

As the r-J model is derived from the Hubbard model at
lowest order in /U only including the terms described by
Eq. (6) neglects virtual transitions that change the occupation
of the “1” orbitals on either molecule. To correct this we also
include a Heisenberg coupling between the 1-Wannier orbitals
on the monomers. As there are no “three-site” terms relevant
to this interaction the relevant term in the Hamiltonian is

A (h) ~(h)
Hj, =Y J.Py )Po,

( nul vl
vl -
(uv)
A(x)

Z(r Nyio> Oui = Zaﬂ hjtiao'aﬁhll-iﬂ is the spin
operator for holes, lAsz = Qyiq, and, in the Hubbard model,

A

ayle

5 )ins )

Z
v

+

(M

where n(x)
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Jo = 4tg2/U + O(t4/U3) and hence J,/J. = (z‘g/tc)2 +
As J, is already an effect at second order in ¢, we only consider
perturbations at first order in J, for consistency.

1. Molecules related by inversion symmetry

This is the case relevant to nearest neighbors in the plane
in MO3 S7(dmit)3.

As angular momenta [including spin and the molecular
angular momentum, L ; cf. Eq. (3a)] are pseudovectors H é’;} 0
must be identical for two molecules related by inversion.
Therefore we set Ay, = A, and AL = A, for all molecules.

We find that, to linear order in HSMo, SMOC has no effect
and the effective Hamiltonian is

N ABAW
HSE = —2Nte + Y T 81 80 — ) ®

Y

where N is the number of molecules, ﬁff) = Z A(X) , and if
@ and v are nearest neighbors in the plane [i.e., w1th the
intermolecular coupling through a single orbital per molecule,
as described by Egs. (5) and (7); cf. Fig. 2(c)] the effective
Heisenberg exchange constant is 7, = J|, where
J 4J.1;
Ji=3g+ 8121, — J)t. ©)

It is not surprising that there is no DM interaction for the
inversion-symmetric case [1]1: 2D - S, X S,I'=D-S8, x
S,=-D -8, xS,,whereZ is the inversion operator. Thus,
inversion requires that D = 0.

2. Broken inversion symmetry

If there is no symmetry relation between molecules, e.g.,
they sit in crystallographically distinct locations, then there is
no a priorirelationship between the intramolecular terms in the
Hamiltonian. Nevertheless for otherwise identical molecules
the differences may be small. Therefore, in this section we
assume that the intramolecular Hamiltonians are the same for
all molecules and explore the direct consequences of molecular
packing on the effective pseudospin model.

A natural approach to this is to start from the inversion-
symmetric problem and rotate one of the molecules around
some axis. One is not free to choose the x and y axes arbitrarily

J
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as, in specifying the form of the SMOC, we have implicitly
defined the coordinate system. In particular, it follows from
the definitions given in Egs. (2) and (3) that

J2

L =5 D e (e = &), (10)
ljo
RN —ig;
Ly =5 Y al,due(e ™ =), (D
ljo
LY = l(L+ +L))
" Iz Iz
z«/_
= T amaauja(snl ¢] — sin¢y), (12)

ljo

) —i + —
L;)L = _(th —-L))

iN2
T aulaawg(cosqb] — CcoS ¢@y). (13)

ljo

Thus the x axis is parallel to R,3 — R, (i.e., perpendicular
to the intermolecular bond linking the sites labeled 1) and the
y axis is parallel to 2R, — R,3 — R, (i.e., parallel to the
intermolecular bond linking the sites labeled 1); cf. Fig. 2(a).

As we are dealing with spin-1/2 particles we rotate by an
angle ¥ about the # axis on the z+th molecule by applying the
unitary transformation

i Ziaﬂ &;iaﬂ - 0 opdyip (14)
2 b

R (@) = exp (—

where # = 99 and o is the vector of Pauli matrices.

The simplest method to implement this is to work always
in the local frame of each molecule; this requires that we
perform the inverse transformation on the intermolecular terms
in the Hamiltonian. For concreteness we take the rotation to
occur on the B molecule. We represent an arbitrary rotation
by the Euler angles ¢, 6, and ¥ taken to be about the
z, x', and z” axes, respectively, where the primed (double
primed) coordinate system is that of the molecule after one
(two) rotations, as sketched in Fig. 5. Setting R(Bl/ 2 () =

Ry P (@2)RY 7 0x Ry (92" yields

i . 6 . %
[Rg/z)(—ﬂ)] ' Hthg/z)(—#) = —1, Z Py [&Lw (&Blae’(‘b*‘/’)" cos > — idgize " V)% sin 5)

a

+ (&Jlr?lﬂe

. 0 0
—i@+¥)o o 5 + la _e' @7 gin 2>&A10i|Po. (15)

The generalization of the matrix elements in Eqs. (6) for this rotated operator is trivial. Further, it is straightforward to confirm
that the spin operators transform as expected under rotation when written in terms of Eq. (14). Therefore,

[Rg/z)(—ﬂ)]TH,gRg/z)(—ﬂ) = JCPO{sg1 [S5, cos B + (83, cos ¥ + S5, sin ) sin 6]

2

2

1+ cosfO .
+SA1(S§1—6

1 I +cosf _; I —cosf A _
+—|:SX1<SBIT ¢+S;lTe¢+lS§lsm0)e v

1 —-cosb
B1 2

e — i85 sin9)6i¢i| - ”AZ’BI }PO. (16)
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However, the final effective Hamiltonian should be written
in a well defined single frame. In a specific material one
would usually choose this frame from crystallographic con-
siderations. But, as we are currently considering the general
case we choose to work in the local coordinate system of
the A molecule [see Fig. 2(a)]. Thus the pseudospin on the B
molecule in the effective model should be rotated back into the
local frame of the A molecule. As we are dealing with effective
spin-1 degrees of freedom the appropriate transformations are

RY@) = exp(—id - 8,). (17)

Carrying out this process yields the effective pseudospin
Hamiltonian:

ﬁ(h)ﬁgl)
H = 2Nt + ) [j,w(su S, - )
v
+D,,. S, x sv}, (18)

where J,, = J) [cf. Eq. (9)] and

wa = Dy(sin¢ cos 6 cos ¥ + cos 6 sinyr), (19a)
Dlyw = Dy(cos ¢ cosO cosyy —sinfsiny — 1), (19b)
(a)
2 3
1 1
tel u Ng------
{g X
I; *2]
(c) “
2 o
1

3

FIG. 5. Molecules packing with a rotation relative to one another
leads to a DM coupling. (a) Initial arrangement with inversion
symmetry and hence no DM interaction. The local axes of the vth
molecule are marked (the z axis is perpendicular to the page). (b) The
vth molecule is rotated by an angle ¢ about the z axis, defining a new
local coordinate system, (x',y’,z’). (¢) The vth molecule is rotated
by an angle 6 about the x’ axis, defining a new local coordinate
system, (x”,y”,z”). To produce an arbitrary rotation #, one must also
complete another rotation about the z”, not shown here. Translations
have a less complicated effect on the effective Hamiltonian (only via
changes of the parameters of the microscopic Hamiltonian) and are
therefore not shown in this figure.

PHYSICAL REVIEW B 95, 094432 (2017)

(19¢)

Aoy | 8t — T Je(t. + Jo)i?
Dy = V222 & _ £ 1. (19d
0 1 |:54(2tc — 1) 2432t — J ), (19d)

wa = Dy sin6 cos ¥,

Note that A, does not appear; this can be readily understood
as the DM coupling arises from the transfer of angular
momentum between the spin and orbital degrees of freedom
and the molecular orbitals of a C3-symmetric molecule only
carry angular momentum around the z axis. Figure 6 displays
the variation of Do/ with the strength of the electronic
correlations. One clearly sees that this ratio saturates in the
strongly correlated limit.

3. Molecules related by a m rotation about the
z axes (C5 symmetry)

‘We now consider a pair of molecules related by a rotation of
7 about a z axis, Fig. 2(d). In the absence of SMOC the tight-
binding model is identical to that of a pair of molecules related
by an inversion center. But C3 molecules have structures that
differentiate between “up” and “down” physical orientations;
e.g., the ps sulfur in Mo3S7(dmit); (above the center of the
three Mo atoms; see Fig. 1) has no counterpart below the
plane of the molecule. Thus it is clear that the Mo3S7(dmit);
molecules in the plane are related by an inversion center and
not a rotation. Nevertheless, in other materials the converse
may be the case and so we briefly consider molecules related
by a 7 rotation in this section.

C} and inversion have different effects on H ;‘;} o- Inversion
leaves H ;’;4)0 unchanged as both L, and S, are pseudovectors.
However, phases arise under C; rotations. Spin-% particles pick
up a phase of wo,, cf. Eq. (14), while angular-momentum-1
particles pick up a phase of —wL}; cf. Eq. (17). Therefore,

A9 = 1, on all molecules, but Xffj) = Ay = =), where u

and v are a pair of molecules related by a C5 symmetry.

0 1 1 1 1 1
0 5 10 15 20 25

U/t.

FIG. 6. Relative strengths of the effective DM and exchange
interactions as a function of the interaction strength. Here we
have set J. =412/U, J, =41;/U, and J. = 42/ U to reduce the
parameter space. The ratio of the in-plane DM and Heisenberg
exchange constants saturates to Dy/J) =\f2()»xy/t(.)[(l9/33)—|—
(92/121)(t,/U) + O((t./U)*)] in the strongly correlated regime
(U — o0), whereas J| /J = (t./1,)*[(3/22)(U /1.) + (324/121) +
(702/1331)(t./ U) 4+ O((t./ U)*)] grows linearly.
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Carrying out the perturbation theory as in the inversion-
symmetric case one finds that the effective low-energy model
is described by Hamiltonian (18) with 7, = J| [cf. Eq. (9)]
and the Dzyaloshinskii-Moriya interaction given by D, =
(0, Dy,0), where Dy is given by Eq. (19d). We stress that it is
the internal structure of the molecule that drives the differences
between the inversion- and C5-symmetric cases.

4. Broken C5 symmetry

We can consider rotating one of the pair of molecules
without affecting the intramolecular terms in the Hamiltonian.
This is entirely analogous to the calculation in Sec. IIT A 2.
Again we find that the effective low-energy model is described
by Hamiltonian (18); the parameters of the model are as in
Egs. (9) and (19) except that

Dlyw = Dy(cos¢p cosf cosyy —sinfsiny + 1).  (20)

B. Interlayer coupling

We now consider a pair of molecules coupled by three
hopping integrals of equal strength, 7., such that electrons
in the ith Wannier orbital on molecule p can hop to the
ith Wannier on molecule v; cf. Fig. 2(b). To allow for a
consistent treatment of the Hubbard model we also include
a superexchange interaction between the ith Wanniers on
molecule 1 and v; J, = 412/U + O(12/U%) + 0212/ UY).
Thus the intermolecular coupling Hamiltonian is

3

H =Py | Y t.(hl;,hjo +He)

Y o,j=1
A~ (h) ~(h)
non.
+ U (Sm -8y — %)}Po. @1
This describes the dominant interlayer coupling in

Mo3S7(dmit); [17]. If a pair of molecules, u and v, are
related by translational symmetry [as is the case for layers
of Mo3S7(dmit)s] HYi ) = HS .

To first order in Hgpo and J; and second order in ¢, we
find that there is no DM coupling. This is not a consequence
of symmetry and indeed we will see below that an interlayer
DM interaction is induced by longer range SOC. Thus, the
effective Hamiltonian is that given in Eq. (8), but with the
effective Heisenberg exchange constant 7, = J, for nearest
neighbors © and v perpendicular to the plane [i.e., with
the intermolecular coupling between each pair of equivalent
orbitals, as described by Eq. (21); cf. Fig. 2(b)], where

J; 41?

J=757 92t — Jo) (22)
It is interesting to note, cf. Fig. 6, that J; — Oas J. — 0
(U — 00); cf. Eq. (9). However, [J, does not vanish in that
limit. We have previously observed this numerically in the
Hubbard model of Mo3S7(dmit); [11]. The Hubbard model
results asymptote towards the #-J results as U — oo, but only
very slowly. Nevertheless, the current analytical treatment
allows us to gain a deeper understanding of this emergent

quasi-one-dimensionality.
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AFE x t,

FIG. 7. Classical cartoon of a process that contributes to J,
in the strongly correlated limit, J.,J, = 0 (U — o0). On the
far left we sketch one of the states in the low-energy subspace,
[Sipper = 1:Siower = —1), with holes marked by (yellow) arrows;
the actual single-molecule eigenstates are linear superpositions of
cyclic permutations of the states sketched here. One hole hops
from the upper molecule to the lower molecule along the right-
hand bond with an amplitude proportional to z,. This leaves an
intermediate state that is higher in energy than the initial state by
AE = EX (ky,0) + ES*" —2E,. For A, = A,, =0 and J, — 0
we have E{*" = 0 for all $,T" and E2" (k;,0) = 21, cos(2k; /3)
for all T,o; hence AE = 2t.[1 + cos(2k;/3)]. This intermediate
excited state has an amplitude proportional to ¢, for the hole on
the left-hand site to hop back to the top molecule giving the
state |0,0), which is again part of the low-energy manifold. From
this and similar processes one expects J, o 2/t in the strongly
correlated limit, as we find explicitly; cf. Eq. (22). However, this
classical picture is somewhat oversimplified because the holes are not
localized in the true single-molecule eigenstates. Therefore a more
complete treatment must include quantum mechanical interference,
as described in the main text (Sec. III B).

Consider the processes sketched in Figs. 7 and 8. A
hole hops between a pair of molecules along a particular
“bond.” One molecule now contains one hole; the states of
the eigenstates on this molecule are trivial Bloch states (see
Appendix C), and will not concern us further. The other
molecule contains three holes and is described by a Heisenberg

Vv
A

FIG. 8. Classical cartoon illustrating the suppression of 7 — 0
in the strongly correlated limit, J;.,J, — 0 (U — o0). Electrons can
still hop between the two molecules, but no processes at second
order can change the net spin on either molecule. Thus, there is
a constant offset in the energy at second order, but the effective
exchange coupling between molecules vanishes.
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model in the U — oo limit. The eigenstates (cf. Appendix B)
are a two spin-doublets with energy E%E = —3J./2 and a
spin-quadruplet with energy E;‘A = 0. Note that as J. — 0
these states become (eightfold) degenerate. This enhances
the effects of interference between the different intermediate
excited states in the sum in Eq. (6). The interference is
destructive if the system returns to the low-energy subspace
by a hole hopping along the same “bond” as in the initial
step, but constructive if the second hop is along a different
bond. This explains why 7} vanishes in this limit, but 7, does
not. Conversely, if J. is increased from zero the degeneracy
between the spin quadruplet and the spin doublets is lifted and
the interference is suppressed.

IV. SPIN-ORBIT COUPLING ON THE
INTERMOLECULAR BONDS

So far we have assumed that SOC is a purely intramolecular
effect. This is not true in general. The Pauli equation [33] gives
the SOC as

HPauli — h

SO 4m?2c?
where p is the electronic momentum operator and V (r) is the
potential in which the electrons move. It is straightforward to
calculate the matrix elements between Wannier spin orbitals
| j,a) for this interaction, which yields

(1,0, | HES v, j, B) = iX i) - G aps (24)

where the pseudovectors A, ; are real, material-specific
constants; the reality of the X,,,;; is a consequence of SU(2)
invariance.

Carrying out the perturbation theory to first order in

[pxVV(r)]-o, (23)

3
Hsor=i) Y > Muvij - Oupllillijp + He.  (25)

wv i, j=1 af

and Hgjso and second order in

3
Hi=PyY Y tuij@ a0 +He)Py  (26)

nvo i, j=1

[the intramolecular exchange terms do not contribute to the
DM interaction beyond terms similar to Eq. (19d), and so we
neglect these for simplicity] one finds that

3

D= Mijhi (27a)
ij=1
3
D), =By + Y Tiihlie (27b)
i,j=1
3
DY, =By + Y Tijhhi- (27¢)

ij=1

The general expressions for Y;; and the E" are given
in Appendix D. However, given the complexity of these
expressions, it is more instructive to examine some special
cases.

PHYSICAL REVIEW B 95, 094432 (2017)

A. Simple tube

Here we consider the natural extension of the interlayer
model discussed in Sec. III B, i.e., t,,.ij = t,,8;; and A, =
A,08;;. This yields ¥ = 87 =0 and Y}; = §;;8¢,,/[9(J. —
2t.)]. Hence

8t
D, =—*" ), 28
B9, =2t (28)

B. M03 S7 (dmit)3

Recently Wannier orbitals for Mo3S7(dmit); have been con-
structed from density functional calculations [17]. These have
been used to provide parametrizations of the single-particle
electronic structure in terms of the tight-binding model.
Furthermore, similar calculations have been reported from
four-component relativistic density functional theory [26]. The
hopping integrals (f,,,;;) do not show significant changes from
the initial (scalar relativistic) calculations, but this process
does allow for the calculation of the parameters in Hgyo
and Hgo, from first principles. This parametrization contains
all of the terms in the simple tube model described above
and additional terms, for example hopping and SOC between
nonequivalent sites of different molecules (i.e., #,,.ij # 1.,6;;
and )‘;w;ij 75 )»lw(s,'j).

First we consider nearest neighbors along the ¢ axis. The
molecules stack above/below one another so as to retain
the C3 symmetry of the individual molecules. Therefore the
parameters are rotationally invariant and we can write f,,,,;; =
t(i — j)and A,,;;; =A@ — j), where we have suppressed the
molecular labels on the right-hand sides for clarity; in both
cases the subtraction is defined modulo 3. One finds that
EY = EY = 0 and hence the DM interaction between nearest
neighbors along the ¢ axis, D, is

8 o
D =555 2}: A(D)1(). (29)

Similarly, one finds that the effective exchange interaction
between nearest neighbors in the ¢ direction, J |, is

8 1
VI TR Z] r(z)r(;)(a,, 2>. (30)
We plot the variation of D and J, in Fig. 9, where we have
parametrized J, = 4t2/U. Note that the perturbation theory
breaks down for large J,. (small U).

It is interesting to note that the common denominators of
Egs. (29) and (30) imply that the D, /J, is independent
of J., which is not accurately known in Mo3S7(dmit);
due to the absence of a first-principles calculation of
U. For the tight-binding and SOC parameters calculated
from first principles for Mo3S;(dmit); one finds that
D, /7, = (0.006, —0.004,0.019). This could be enhanced
by an order of magnitude or more, by moving to systems
where the molybdenum is substituted by tungsten and/or the
sulfur is substituted by selenium [10], suggesting that in such
materials the DM interaction will play a significant role.

Nearest neighbors in the basal plane of Mo3S;(dmit); are
separated by an inversion center. It therefore follows trivially
that the in-plane DM interaction vanishes [1]. Thus in the
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------ D¥ [meV]
DY [meV]

-------- D7 [meV]

J1/20 [meV]

U/t.

FIG. 9. Effective interlayer DM and exchange interactions in
Mo3S7(dmit); as a function of the interaction strength. Here we have
set J. = 412/ U and taken all other parameters from first-principles
calculations [17,26]. Note that the perturbation theory breaks down
as U — 2t..

large-U limit the effective Hamiltonian is that of a spin-1
Heisenberg chain with DM interaction:

H =3 T8, Sps1 + D1 - Sy x Syl (31

n

where, we have dropped constant terms. Without loss of
generality we can choose the quantization (z) axis for the
effective spin (S,) to lie parallel to D, yielding

. 1
Hyjo =) {5[(& +iD)S! - S, +Hel

"
+JL8% -85y } (32)

where D, =|D,|. The gauge transformation S, —
S, explptan™' (DL /J1)] gives

Hyb =T [S5- S, +8) -8, + ASs - S5
"
(33)

where J* = v/ J? + D? and A* = cos(D, /J.). For the pure
spin-1 model the Haldane phase is believed to be stable for
0 A*Y/T* < 1.2[35].

The large charge fluctuations expected for Mo3;S7(dmit);
[25] imply that the value of the Haldane gap is likely to be
strongly suppressed from the value of the spin-1 Heisenberg
chain [24] (where the gap ~0.47, [34]). Nevertheless D, =
0.02.7, isstill likely small compared to the Haldane gap and so
the DM interaction is unlikely to destabilize the Haldane phase.
However, this does not mean that it does not have important
physical effects. For example, DM coupling is known to lead
to a significant enhancement in the magnetic susceptibility
[36]; furthermore it has been argued that this is relevant to
Ni(C,HgN;)>NO,(ClO4) where the DM coupling is estimated
to be the same order of magnitude as we have calculated above
[36]. It has also been proposed that the DM interaction will lead
to significant changes in the electron spin resonance spectrum
[37].

PHYSICAL REVIEW B 95, 094432 (2017)

V. CONCLUSIONS

We found that the effective Heisenberg exchange coupling
constants, J,,,, are strongly dependent on how the (spatially
separated; cf. Fig. 1) Wannier orbitals on the two molecules
couple. If the intramolecular coupling is purely through a
single orbital on each molecule then J — O in the strongly
correlated limit. In contrast if all three Wannier orbitals
couple to the equivalent orbital on the neighboring molecule
J # 0in the strongly correlated limit. This can be understood
by considering the interference between the many different
intermediate excited states contributing to effective exchange.
In the former case the interference is purely destructive,
whereas the latter case also contains constructive interference
effects, which allows the effective exchange coupling to remain
nonzero even as U — oo.

We have also seen that in multinuclear coordination
complexes the DM interaction is strongly dependent on factors
that are absent or significantly different in the atomic crystals
(as opposed to molecular crystals), such as transition metal
oxides.

We found that the nature of the coupling between
molecules, i.e., which orbitals electrons can hop between and
the relative strength of this hopping and its spin-orbit-coupled
analog, strongly affects the nature of the DM interaction.
This effect is somewhat analogous to atomic systems where
multiple orbitals on a single atom are relevant [27,38,39].

If two spherically symmetric objects are brought together,
the new system is inversion symmetric and therefore cannot
have a DM interaction. In atomic crystals the spherical
symmetry of the atom is broken by the crystal field due to
its local environment. It is the relative orientation of the local
environments of the heavy atoms with unpaired electrons that
determines the nature of the DM interaction. In molecular
crystals the fundamental building block is not spherically
symmetric. Therefore, one does not require a strong crystal
field to observe a DM interaction.

Furthermore, a wide variety of molecular packing motifs
and angles is found in the vast array of molecular crystals.
In contrast, the chemistry of, say, transition metal oxides
means that the vast majority of materials have similar
structures—typically 90° or 180° metal-oxygen-metal angles
and distortions of these structures. Therefore, one might expect
a greater range of possibilities to be realized in molecular
crystals. However, quantum interference due to hopping
between Wannier orbitals on the same molecule leads to new
effects not seen in atomic crystals where the atomic orbitals
on any individual atom can always be chosen so that there is
no direct hopping between them.

On the basis of the above results and recent DFT cal-
culations of the SOC in Mo3S;(dmit); we argued that the
Haldane phase is likely to be stable to the DM interaction
in Mo3S7(dmit)s, despite the strong charge fluctuations pre-
viously predicted due to the internal electron dynamics of
within the molecules. Nevertheless, comparison with previous
calculations suggests that the DM interaction may lead to
experimentally observable changes in Mo3S7(dmit);, such as
an enhancement of the magnetic susceptibility.

Key experimental tests of these predictions include the
detection of the spin-1/2 edge states characteristic of the
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Haldane phase [40] in Mo03S7(dmit)s. Suitable probes include
electron spin resonance (ESR) [41] or nuclear magnetic res-
onance (NMR) [42]. Magnetic resonance experiments should
also be sensitive to the enhancement of the magnetic sus-
ceptibility because of the DM coupling [36,37]. Furthermore,
the chemical replacement of Mo3S7(dmit); with nonmagnetic
impurities should lead to dramatic changes of density of edge
spins.

A number of synthetic approaches are also suggested by
this work. For example, growing materials with heavier metals,
or replacing S by Se or Te, should significantly enhance the

J

PHYSICAL REVIEW B 95, 094432 (2017)

SMOC [10]. More exotically, monolayer films could open up
the possibility of controlling the interactions within a two-
dimensional material.
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APPENDIX A: EXCITED STATES OF THE NEUTRAL MOLECULE

The lowest lying excited state of the neutral molecule is a doublet with energy E}* = —(J,/2) — . to first order in the SMOC.

The wave functions are

|[@,5 (1)) l Z[ei¢f+'(& a BBy 1) + 10 Ay B il
_ i 1L — Qi LGt — 4,44, — Ay A1
4 J@ : wjt%uj—1y wjduj—11 \/g(fc—Qlc) pjtlpj—11 + f(] + 41, ApjlAuj—1)
il A oA
+ m(“umauku + aujlaule)]WaCh), (AD
By iAx W
|d> (— 1) «/_Z[ ¢’“(aw¢aw 1y — Apjyapj-11) — V3. l2t apjdpj-1y
i e—1¢,+1 . . R . 20\ v€l¢/+l N N
+ —ﬁ(zj e )(amauj—u + Ay dpj-11) = mamaw—m]|vach>~ (A2)

In the absence of SOC the next manifold of excited states is a sextuplet (a spin triplet with twofold orbital degeneracy). SOC

splits these states into three doublets with energies E; Juk

=1t.+ksi;/2, where s =

—1, 0, or 1 is the projection of the spin in

the z-direction (i.e., eigenvalue of §;) in the absence of SMOC and £ is the molecular-orbital angular momentum in the absence

of SMOC. The corresponding wave functions are

1 :
|©3'5(0) = 7 > [eld’”'&mflwu
j

Axy
————(ApirApi—1y + Ay dui-11)
6\/_ wjirluj—1J wilCupj—11

Aay o o
_ m((luﬂaw—u — al‘flaﬂj—lT)iI |VaCh), (A3)
i ! - Dy
3E b o o
|27 0) = V3 Z [e PGy — 6\/% @ujrapj—1y + A auj—11)
j c
- 1 iyj 14 A4
- m(au.mauj—u — Qyj ) au-11) |Ivacs), (Ad)
Axy
‘CD%E( 1) \/_ Z |: it WaujrQpj—1y + QujL@uj—11) — )tc\ BBy
iAze’¢f+1 o o
m(“m“w—u = Auj\Auj-11) |Ivacy), (AS)
1 —id: ' ~ ~ n n )\’x - .
|¢20E(1)> = 7 Z [e ¢j+](“w’?“uj71l +ayjapj-11) + 6—)aﬂj¢aw,u
6 T ‘.
iAe it o
+m(aﬂnal‘j*u — Aujyayj-1t) |Ivacy), (A6)
1 o Didge it o
|¢Z*1E(1)) = e Z [ez¢,+lamauj—m - m ApjrQuj—1y — aﬂjlauj_1¢)]|vach), (A7)
J ¢
! ' 20k, e’¢1+1
3LE i A o
|CD4 | (_1)) - ﬁ Z [e ¢"““w‘¢auj—l¢ m AujrQuj—1y — llujLGM‘_lT):||VaCh>. (A8)
J Ic

094432-11



B.J. POWELL, J. MERINO, A. L. KHOSLA, AND A. C. JACKO PHYSICAL REVIEW B 95, 094432 (2017)

Note that |<i>3 Ey) = T|P; lE(O)) where 7 is the time reversal operator.
Finally, the highest lying excited state with two holes is a singlet with energy E;* = —2J, + 21, and wave function

)nyeid)jﬂ
\/§(4JC - 2tc)

@ujrapj—1y + auj apj—11) + ApjLapj-1,

|2,4(0)) = L > [(&mflw’u — Ay auj-11) + S
V6 5 V32— 41)

)nye—ldhﬂ
f 3(4J, —21,)

In the physically relevant parameter regime, 0 < 2J. < f., we have E34 < E}f < E3F < E}A.

MJT&MJIT]|VaCh)‘ (A9)

APPENDIX B: CATION

As we will be interested in the physics due to superexchange between neighboring molecules we also need to understand the
physics of the single anion and cation.

For three holes (half filling) the three-site #-J model reduces to the Heisenberg model. SMOC does not change the three-hole
states as H ;’;4)0 involves moving electrons between Wannier orbitals [cf. Eq. (3¢)] and thus would produce empty sites. Therefore,
we are left with the straightforward problem of solving the three-site Heisenberg model. The eigenstates include two pairs of
spin doublets with E symmetry, energy E3£ = —3J,./2, and wave functions

3
1 ibka AT A A
\(D%E(k,o'» == Z e”bjkaujaaLjﬁa;LlEa;ﬂEa;ﬁF|VaCh>’ (B1)
j=1

which describes a spin wave with angular momentum k£ = %1 and net spin 0 = £1/2. The remaining states comprise a fully
polarized spin quadruplet with A orbital symmetry, energy Eg‘A = 0, and wave functions

|®34(3/2)) = ayu1,8112, @3, [Vach), (B2)
3
|®34(1/2)) = Z il s u1,8,000,3) Ivacy,), (B3)
3,
|®54(~1/2)) = Z Ay,0) 11 811820 8,31 [Vacy), (B4)
and
|@34(—3/2)) = Gp118,01d,31 [Vacy). (B5)

APPENDIX C: ANION

For one hole the -/ model reduces to the tight-binding model. The eigenstates of H,; can be written as either the Bloch or
Condon-Shortley basis states (as these only differ by phase factors) and have energy €; = 21, cos k as expected. Clearly, even with
SMOC, this problem is straightforward to solve exactly. But, consistency requires the first-order energies and wave functions,
which are E24(0,0) = 2t,, E2E(k,0) = —t. — ko),

3
1 Ohsy 2o
|024(0,0)) = Z ( —’elz ¢faw-g)|vach), (C1)
V345 I
and
3
1 P e
|02 (k,0)) = -7 3 (ke’¢ H i — 3}\/‘%&”") [vacy), (C2)

j=1
where k = £1 and 0 = £1/2.

APPENDIX D: PARAMETERS IN EQUATIONS (27)

3

Z tgh{3tc(1 81g8]h)(261g +26 jh — 1) [COS(¢1 ¢g) + COS(‘bj - ¢h)]}v (Dl)
g,h=1

¢ 4
81, — 210,
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Axy Je

o)
I

81\/6(Jc - Ztc)z
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2
= —{[t_:| [ — t12,2 + (Strp — 203+ 4131 + 3130 + 213 3)t1 2 + t]2,3 + 122,1 + 2t22,3 — 132,1

2
=25, — 4t 31 — 201302 — Sty ity p — 3t 3003 — 31t 3 — 4otz + 20003 )

—2h3t3,1 + 20138530 + 201830 + 4otz 2 + 383,153,2
+ha(—to+t3+hy —4hs— 31 +4832) + (=5t 3 — 201 — 43+ 5131 + 4132133

J,
+ 2|:t_ci|[ =21}, = 2(10n — 13+ 2631 + 3632 + 153)1 2

c

+2(t13 + 1) + 41‘22,3 - 2l32,] — 4t32,2 + 213120 + 2012 1120 + 611 3123 + 612 1123 + 1312212 3
—20at31 + 203t + 11,1(Ttp — Tt 3 — Tty + 403 + T30 —4t32) — 2113132 — 20,1130

— 1300130 — 6131132 + (20013 + 21,1 + 13123 — 20131 — 13135)13 3
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