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We use density functional theory to study the structural, magnetic and electronic structure of
the organo-metallic quantum magnet NiCl2-4SC(NH2)2 (DTN). Recent work has demonstrated
the quasi-1D nature of the molecular crystal and studied its quantum phase transitions at low
temperatures. The system includes a magneto-electric (ME) coupling and, when doped with Br,
the presence of an exotic Bose-glass state. Using the generalized gradient approximation (GGA)
with inclusion of a van der Waals term to account for weak inter-molecular forces and by introducing
a Hubbard U term to the total energy, we systematically show that our calculations reproduce the
magnetic anisotropy, the inter-molecular exchange coupling strength and the magneto-electric effect
in DTN, which have been observed in previous experiments. Further analysis of the electronic
structure gives insight into the underlying magnetic interactions, including what mechanisms may
be causing the ME effect. Using this computationally efficient model, we predict what effect applying
an electric field might have on the magnetic properties of this quantum magnet.

I. INTRODUCTION

Interest in materials that exhibit sizable magneto-
electric (ME) effects has grown considerably within the
past decade. New classes of materials exhibiting the phe-
nomena hint at applications where it can be harnessed,
and materials can be designed for use in potential low-
power spintronic devices[1] and future computing appli-
cations. The ME effect is characterized by a coupling
between the magnetization and electric polarization of
a material, that is, the application of a magnetic field
induces a change in the electric polarization of a ma-
terial and similarly, the application of an electric field
causes a change in the magnetization. Investigations
into the ME effect have largely focused on its presence
within transition-metal oxides[2]. Recent studies have
shown that this coupling between the electric and mag-
netic properties may also be present within the class of
materials known as organo-metallic molecular crystals[2].

The fundamental building block of these solids is a
molecule where individual molecular units are held to-
gether by relatively weak inter-molecular interactions. At
the center of each molecule is a magnetic metal ion, and
the interactions between neighboring magnetic moments
dictate the magnetic properties of the crystal. Given
the weak interactions between molecules, molecular crys-
tals are often easily strained under external magnetic and
electric forces[3]. This soft lattice structure may provide
a degree of freedom through which the ME effect may
be tuned. The potential to synthesize organic ligands
may also allow future flexibility in designing and tuning
properties of such materials[4].

The subject of this work is the organic quan-
tum magnetic system dichloro-tetrakis-thiourea nickel,
NiCl2-4SC(NH2)2 (DTN),[5] which has been studied in
experiments and by quantum Monte-Carlo simulations
based on model Hamiltonians [2, 3, 6–10]. The molecu-
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lar unit of this system (Figure I) has a central magnetic
Ni cation surrounded by four electrically polar ligands,
C(NH2)2S (thiourea). DTN and its doped derivatives
have been studied extensively due to the rich physics
present at low temperatures. The phase diagram[2, 3, 7]
of pure DTN shows that, at temperatures below 1.2 K
and below a critical magnetic field, Hc1, it is a quantum
paramagnet. As the magnetic field, applied perpendic-
ular to DTN’s ab-plane, reaches the first critical field,
it experiences a quantum phase transition into an XY -
antiferromagnetic (XY -AFM) state where all spins now
lie within the ab-plane. As the field is increased further
the spins begin to cant, with a corresponding increase
in magnetization. When a second critical field, Hc2, is
reached, the magnetization saturates and the material
enters a spin-polarized state where all spins are pointing
along the c-axis and parallel to the applied magnetic field.
Within this XY -AFM region DTN exhibits the ME ef-
fect where, along with an increase in magnetization, there
is a correlated increase in the electric polarization. In
this paper we investigate the structural, electronic and
magnetic properties of DTN from first principles. Us-
ing appropriate levels of approximation within density
functional theory [11, 12] (DFT) we are able to balance
accurate structural predictions with computational effi-
ciency to gain insight into DTN’s electronic and mag-
netic structure, the possible mechanisms responsible for
its ME effect, and investigate properties of the solid not
yet studied in the literature.

The rest of the paper is organized as follows. Section
II A presents an overview of the computational details
involved in the calculations. Section II B discusses the
theory behind modelling dispersion interactions and the
approximations we made in attempting to obtain accu-
rate structural properties. In section II C we discuss
the addition of Ueff and the justification for our choice.
In Section III we discuss our results relating to the sys-
tematic improvements made to our model, comparing to
experiments along the way. Finally we go on to predict
experimentally unverified properties of the material and
summarize our conclusions in Section IV.
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FIG. 1. (Top) Two views of the the molecular unit making up
the DTN molecular crystal. Four thiourea ligands surround
the magnetic Ni ion. (Bottom) The DTN unit cell.

II. METHODOLOGY

A. General

We performed first-principles calculations using the Vi-
enna ab initio Simulation Package (VASP)[13, 14] within
the density functional theory (DFT) framework.

The projector augmented wave pseudopotentials[15,
16] and generalized gradient approximations (GGA) of
Perdew, Burke, and Ernzerhof [17] were used for the
exchange-correlation energy. To give an appropriate
description of the on-site Coulomb interaction between
Ni(3d) electrons, we apply the plus U method [18]
(GGA+U) with Ueff = U − J = 6.0 eV on Ni when
investigating the exchange couplings and the magnetic
anisotropy of DTN. The D3[19] dispersion correction
combined with GGA (GGA-D3) and/or GGA+U (GGA-
D3+U) was used to take into account Van der Waals
(vdW) interactions. The damping parameter for D3 was
set to SR = 1.5. Wavefunctions were expanded in plane
waves and an energy cutoff of 520 eV was used for all
calculations.

The Brillouin zone of the DTN unit cell containing two
Ni2+ ions was sampled on a 6×6×6 Monkhorst-Pack[20]
mesh for total energy and structure optimizing calcula-
tions with an applied Gaussian smearing of 0.01 eV. A
10 × 10 × 10 Γ-centered K-mesh with the tetrahedron
smearing method was used for the density-of-state (DOS)

FIG. 2. The 2 × 1 × 1 (ab, green) and 1 × 1 × 2 (c, pur-
ple) supercells used to calculate respective exchange coupling
J values. The nodes correspond to Ni ions and red arrows
indicate the exchange interactions.

and orbital-resolved projected DOS (PDOS) calculation.
The structure of DTN was relaxed for both the lattice
constant and the atomic positions until atomic forces on
each atom were converged to within 0.01 eV/ Å.

Calculations of the exchange coupling J between mag-
netic Ni ions were performed by creating a supercell com-
posed of two DTN unit cells with four Ni atoms, as shown
in Figure 2. In order to compare to experiment, we fo-
cused on the Jc coupling along the c-axis of the unit cell
and Jab coupling between Ni ions within the ab-plane,
or along the a/b axis. In addition, the Jdiag coupling,
which connects the corner Ni with the body-centered Ni
ion was also considered. Two supercells, one of 1× 1× 2
extending along c-axis and the other of 2× 1× 1 extend-
ing along a/b-axis, were created to isolate inequivalent Ni
ions. The corresponding K-mesh was therefore 6× 6× 2
or 2× 6× 6, respectively.

In order to gain insight into the magnetic interactions
in DTN, we transformed the plane-wave-based Bloch
states from VASP into Wannier function- (WF-) based
local states by using the maximally-localized Wannier
functions method [21] implemented in the Wannier90
package[22]. By choosing an initial guess of projections
from the outer energy window, an effective tight-binding
Hamiltonian H was built in a downfolded Hilbert sub-
space where the eigenvalues in the inner energy windows
are exactly the same as those of DFT results[23]. Mi-
croscopic insights into the relevant orbitals and superex-
change paths in DTN are based on the hopping integrals
and on-site energies of the WF-based Hamiltonian, H.

Magnetic anisotropy is a consequence of spin-orbit in-
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teractions; we, therefore, performed non-colinear mag-
netic DFT calculations including spin-orbit interactions.
We obtained the total energies for various configurations
with each having a set of constrained directions of the
local magnetic moments for the Ni atoms. The resulting
total energy difference between configurations with mo-
ments perpendicular to one another gave the magnetic
anisotropic energy. The direction with the lowest total
energy is usually labeled as the easy axis.

It is worthwhile mentioning that when we study ef-
fects of an electric field, VASP calculates the response of
system properties to the electric field without applying
an explicit external global field. This approach is based
on the modern theory of polarization, [24, 25] in which
the electric polarization is written in terms of a Berry
phase in order to circumvent the periodic boundary con-
dition problem. The energy includes a term that is a
function of polarization, a variational principle is applied
with the inclusion of such term, and the total energy in
the presence of an external electric field is thus obtained.
The implementation of such a treatment is not a simple
matter. A brief description can be found in the VASP on-
line manual. [26] Further references include the paper by
Souza et al.[27] which follows the PEAD (Perturbation
Expression After Discretization) approach of Nunes and
Gonze [28]. One can also apply an electric field by setting
dual gate configurations, in which the Poisson equation
is solved with given boundary conditions to obtain the
unique solution for the electrostatic potential. A review
of this subject can be found in our recent article. [29]

B. Test of Van der Waals correction

TABLE I. Lattice constants of DTN with optimized struc-
tures obtained using different exchange-correlation function-
als.

XC Functional a (Å) c (Å)

GGA 9.70 9.35

GGA-D3 (SR = 1.2) 9.55 8.78

GGA-D3 (SR = 1.5) 9.58 8.92

DF2 9.77 9.02

optB88 9.54 8.63

Experiment[5] 9.56 9.08

Molecular crystals pose a challenge to theorist when
trying to predict their structural properties. This has
been especially true for GGA exchange-correlation func-
tionals in DFT calculations, which struggle to account
for long-range correlations like the Van der Waals (vdW)
force [30] and hydrogen bonding. New functionals,
optB88 [31] and DF2 [32], have been introduced recently
to model these dispersive interactions accurately. In or-
der to balance the computational cost of calculations
while still accurately predicting molecular structures,

we also consider the D3[19] dispersion correction, which
is frequently cited for successfully predicting molecular
crystal structures. The D3 dispersion adjusts the inter-
nuclear energy to account for long-range asymptotic be-
haviour with little effect at short range, giving an aug-
mented DFT total energy.

We chose the vdW correction for our study after per-
forming a benchmark test for the lattice constants of
DTN. The DTN unit cell with two Ni atoms was used.
The co-linear magnetic moments on the two magnetic Ni
atoms in the unit cell are aligned anti-parallel. Structures
were optimized for both lattice and atomic positions. The
lattice constants for the DTN molecular crystal were in-
vestigated with various functionals and were compared
with experimental data. The resulting tetragonal lat-
tice constants, a and c, are listed in Table I. Without
any vdW correction, both the lattice constants, a and
c, are severely overestimated while using the GGA func-
tional, the c lattice constant is especially, being 0.27 Å
larger than the experimental value, indicating the fail-
ure to consider long-range vdW interactions with GGA.
Among the three vdW corrections GGA-D3, optB88 and
DF2, optB88 underestimates lattice constants, especially
c with a 0.45 Å difference compared to the experimen-
tal values. DF2 has small deviations, 0.21 Å for a and
0.06 Å for c, respectively, compared to the experimental
values. GGA-D3 with the default value of damping pa-
rameter SR = 1.217 overestimates the vdW interaction,
so that it has a relatively large deviation of 0.30 Å for
c, compared to the experimental value. GGA-D3 with a
damping parameter SR = 1.5 gives the best agreement
with the experimental data. The deviation is only 0.02 Å
for a and 0.16 Å for c. Considering that the D3 disper-
sion correction has less computational cost and performs
better than optB88 and DF2, we employed GGA-D3 and
GGA-D3+U , with the adjusted damping parameter, for
our future calculations on DTN. The lattice constants of
DTN were set to a = 9.58 Å and c = 8.92 Å, the GGA-D3
result, for the rest of our calculations.

C. Estimation of Ueff

Constrained Random Phase Approximation (cRPA)
calculations [33, 34] for the Ni site were carried out us-
ing the full-potential linearized augmented plane wave
method implemented in the Exciting-Plus code [35] to
have a reasonable estimate of the on-site Coulomb inter-
action of the Ni(3d)-orbitals.

The basic idea of cRPA is to calculate a partial RPA
particle-hole polarization with the constraint of a phys-
ically motivated correlation window, for example the d-
like bands around the Fermi level. The on-site screened
Coulomb interaction strength then can be determined
from the partial RPA particle-hole polarization and the
bare Coulomb interaction. The RPA polarization is ob-
tained from Kohn-Sham susceptibility, which is com-
pletely based on the DFT ground state. We benchmarked
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it against other implementations using late transition
metal monoxides and got consistent results[36].

The molecular unit of DTN, as shown in Figure I, that
was used has the Ni sitting in the center of the octa-
hedron formed by four S atoms and two Cl atoms. A
unit cell with bulk lattice constants but containing a
single DTN molecule with 35 atoms in total was taken
into account. This is enough for the calculation of the
Kohn-Sham susceptibility and partial RPA polarization
because the molecule is well separated from its nearest
neighbors in the diagonal directions, and the feature of
the strong interaction along the c-axis is preserved. The
resulting diagonal elements of the U matrix, the on-site
U , of d orbitals is ∼ 4.9 eV and J ∼ 0.5 eV. The cRPA
calculation scheme is based on a paramagnetic ground
state and magnetic properties of the material are not
taken into account, so that the Pauli exclusion principle
is not included in the calculation. This ignorance causes
underestimation of the U values[36]. Thus, U = 4.9 eV
is considered as a lower bound for the value of Ueff for
our GGA-D3+U calculations.

A self-consistent calculation using the +U approach
may possibly leave the system trapped in local a mini-
mum. To resolve this problem, we performed occupation
matrix control for the Ni atoms in the DTN system. In
our calculation, we used a Ueff = 6.0 eV following the
Dudarev scheme and without spin-orbit coupling as im-
plemented in VASP. [37] Since each Ni2+ ion has eight d-
electrons, they fully occupy all five d orbitals in the spin-
majority channel and three in the spin-minority channel.
We thus manually set C3

5 = 10 constrained occupation
matrix configurations (1.0 for each occupied orbital and
0.0 for each empty one for the diagonal elements of the
matrix) in the spin-minority channel. After running self-
consistent calculations using constrained occupation ma-
trices, we removed the constraint and continued the cal-
culations. Both the FM and AFM spin orderings in one
unit cell, with two Ni atoms, were employed for the test.
The results show that two self-consistent solutions for the
Ni ion were identified. One is the non-magnetic solution
with S = 0 on Ni, and the other has S = 1 on Ni, which
is the same on-site spin state we used throughout our
calculations in the manuscript. The non-magnetic solu-
tion is 3 eV higher in total energy than the S = 1 state.
The numerical difference for matrix elements with various
spin ordering and/or U/Ueff values is within 0.02, indi-
cating the robustness of the ground state. We therefore
confirmed that we were able to obtain the Kohn-Sham
ground state in the DTN system using the occupation
matrix control method. A similar procedure is applied
to a few other spin configurations to make sure we ob-
tain the desired states.

To further understand the influence of Ueff on the re-
sults of our GGA-D3+U calculations, we calculated Jc,
couplings along the c-axis, for various Ueff values. We
used the structures obtained with the GGA-D3 func-
tional for this benchmark test. The results are shown in
Table II. The value of Jc for Ueff = 4.9 and J = 0.52 eV

(calculated by cRPA) is −0.31 meV and for Ueff = 4.9
and J = 0.0 eV is −0.28 meV. The experimental value
[7] is −0.19 meV (−2.2 K) where the negative value corre-
sponds to an antiferromagnetic coupling. This is a signifi-
cant improvement over the GGA-D3 value of −1.05 meV.
Since U − J only adds a small correction, for the rest
of the test we set J = 0.0 eV for simplicity: Then the
values of Jc for Ueff = 6.0 and 7.0 eV are −0.21 and
−0.16 meV, respectively. Considering the Ueff values
used in the previous experimentally validated bulk NiO
calculations[18, 38] and the results mentioned previously,
we finally chose Ueff = 6.0 eV for our GGA-D3+U calcu-
lations.

Both the Liechtenstein and Dudarev schemes, with an
isotropic correction of U or Ueff, may violate Hund’s first
rule and result in artificial spin angular momenta, lead-
ing to a unsatisfactory description of magnetic anisotropy
energies. An anisotropic correction was suggested by
Ylvisaker et al. [39] to resolve the problem. In the
DTN system, Ni2+ ions have L = 0, S = 1 orbital
and spin states, respectively, which are determined cor-
rectly before the spin-orbit interaction is applied. The
anisotropic correction only adds a constant term in this
case making the isotropic correction enough here. The
Ueff-dependent magnetic anisotropy energies were ob-
tained with various Ueff values. The energy difference
between spins along the c-axis and spins along the a-axis
is 0.78–0.79 meV (9.05–9.16 K) per unit cell for GGA-
D3+U with Ueff = 4.9–7.0 eV, showing the anisotropy is
insensitive to Ueff. Here we set J = 0 eV. An effort to im-
plement the correction of Ylvisaker et al. [39] is needed
for future investigations. Here, we present the results
from +U approach along with U = 0 results with the un-
derstanding of its potential drawbacks in MAE. For com-
pleteness we calculated the magnetic anisotropy using
U = 4.9 eV and J = 0.52 eV in the Liechtenstein scheme,
giving an anisotropy value within the 0.78–0.79 meV win-
dow, which will be discussed again in Section III C.

III. RESULTS AND DISCUSSION

A. Structural properties

The Ni atoms in DTN form a body-centered tetrag-
onal lattice so that there are two Ni atoms, one at the
corner and the other at the body-center, in each tetrag-
onal unit cell of DTN. Each Ni, with a +2 valence state,
is surrounded by four S atoms in the ab-plane and two Cl
atoms along the c-direction, leaving them in an octahe-
dral crystal field. In each NiS4Cl2 octahedron, Cl atoms
are located exactly on the apical sites along the c-axis,
while S atoms in the polar thiourea ligands, C(NH2)2S,
deviate a little from the ab-plane containing the central
Ni.

A comparison of bond lengths and bond angles be-
tween the DFT relaxed structure using GGA-D3 and
experiment[5] is given in Table III. Bond lengths are all
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TABLE II. Average exchange coupling Javg in units of meV
along the c-axis and in the ab-plane using GGA and GGA+U ,
compared to the experimental results,

XC Javg
c Javg

ab Jdiag

GGA-D3 −1.05 −0.149 −0.033

GGA-D3+U (4.9) −0.28 −0.023 −0.010

GGA-D3+U (6.0) −0.21 −0.018 −0.008

GGA-D3+U (7.0) −0.16 −0.015 −0.006

Experiment −0.19 −0.016 N/A

within 0.02 Å and bond angles are within 2.5◦ of the ex-
perimental values. This further confirms the consistency
between the GGA-D3 approach and experiment.

TABLE III. Bond lengths and bond angles of structurally
relaxed DTN using GGA-D3 compared to experiment.

Bond Length (Å) Experiment Calculated

Ni-Cl(1) 2.40 2.41

Ni-Cl(2) 2.52 2.54

Ni-S 2.46 2.44

S-C 1.73 1.72

C-NH2(1) 1.34 1.34

C-NH2(2) 1.32 1.33

Bond Angle (degrees)

S-Ni-Cl(1) 96.7 96.8

S-Ni-Cl(2) 83.3 83.2

Ni-S-C 113.9 114.2

S-C-NH2 (1) 116.9 119.4

S-C-NH2(2) 122.3 121.3

NH2(1)-C-NH2(2) 120.8 119.2

B. Exchange coupling

Each magnetic Ni ion in molecular crystal DTN has
spin S = 1. The tetragonal DTN bulk has two nonequiv-
alent Ni-Ni spin couplings, one along the c-axis and an-
other in the ab-plane. The corresponding spin Hamilto-
nian in terms of Ni magnetic spins is

Hs = −Jc
∑
〈i,j〉

Si · Sj − Jab
∑
〈l,m〉

Sl · Sm

+D
∑
i

(Sz
i )2 − gµBH

∑
i

Sz
i (1)

where 〈i, j〉 and 〈l,m〉 are the out-of-plane and in-plane
neighbors, respectively, D is the coefficient of on-site uni-
axial magnetic anisotropy, also known as the zero-field
splitting, and gµBH is the interaction with an external
magnetic field.

Experimentally it has been found that the exchange
coupling Jc between Ni ions along the c-axis is an order
of magnitude larger than the coupling Jab within the ab-
plane [7]. It is thus suggested that spins in DTN behave
as quasi-1D spin chains. Therefore, we investigated the
exchange coupling using the molecular crystal structures
obtained from GGA-D3. As described in the methods
section, the calculations for the exchange coupling J val-
ues involved creating two supercells, shown in Figure 2,
extended along ab (green) and c directions (purple), to
isolate the couplings of interest. We computed DFT total
energies for various inequivalent spin configurations and
fit the exchange coupling J parameters to the Heisenberg
model. Table II gives the calculated results for the ex-
change coupling J for GGA-D3 and GGA-D3+U (with
Ueff = 6.0 eV) compared to the experimental data. Both
experiments and theory show that Jc is negative, an an-
tiferromagnetic coupling, with strength an order of mag-
nitude larger than Jab.

Compared with the experimental value of −0.190 meV
(−2.2 K), Jc with GGA-D3 is severely overestimated
to be −1.05 meV (−12.2 K). The calculated Jab is
−0.149 meV (−1.73 K) using GGA-D3, which is also an
order of magnitude larger than the experimental value
−0.016 meV (−0.18 K). On the other hand, the GGA-
D3+U with the adjusted Ueff value gives results consis-
tent with the experimental values for both Jab and Jc.
Although the two Ni ions are nearest neighbors, values
of Jdiag, the coupling between a corner Ni and a body-
centered Ni, are even weaker than Jab for both function-
als. Because of the negligible values of both Jab and Jdiag,
the strong Jc coupling makes DTN a quasi-1D antiferro-
magnetic chain along the c-axis.

Experiments suggest that strong exchange-coupling
along the c-axis is via the Ni-Cl-Cl-Ni chain[7]. To ex-
amine the interatomic interactions, we investigated the
electronic structure of the DTN unit cell with antiferro-
magnetic ordering. The resulting density of states (DOS)
is shown in Figure 3. The total DOS in panel (a) shows
that DTN is insulating, with a wide band gap of about
2.5 eV. In panel (b), the Ni d3z2−r2 (red) and dx2−y2

(blue) orbitals, often called eg orbitals in an octahedral
crystal field, are fully occupied in the spin-majority chan-
nel, and those in the spin-minority channel are almost
fully empty, indicating a S = 1 spin state of the Ni2+

cation. In panels (d) and (e), Cl-Cl bonding and anti-
bonding states are identified. The cross sections of the
partial charge densities for these states are shown in panel
(f). In the bonding state, an overlap between the two
Cl(3p) ions appears, while there is a node between the
two Cl ions in the anti-bonding state. The splitting be-
tween them is about 0.4 eV. The Cl-Cl distance is about
4.0 Å, much larger than the Cl-Cl bond length in Cl2, and
the energy splitting is smaller than typical ppσ bond but
is still much larger than the energy of the Van der Waals
interaction. Therefore, it reflects strong inter-molecular
interactions through the Cl-Cl chain along the c-axis. We
note that Cl(3p) orbitals hybridize with the Ni(d3z2−r2)
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FIG. 3. Density of states (DOS) of the DTN unit cell us-
ing the GGA-D3+U approximation. Panel (a) is the total
DOS. Panels (b)–(e) are orbital-resolved projected DOS, or
PDOS. Panel (b) shows d3z2−r2 (red) and dx2−y2 (blue) (eg)
orbitals of Ni(3d); (c) S 3p orbitals forming S-Ni σ bonds
and π bonds respectively; and (d)(e) Cl(3p) orbitals of Cl1
and Cl2 identified in (f). Positive and negative values cor-
respond to spin-majority and spin-minority channel, respec-
tively. The Fermi level is set to zero. The shaded region is
the inner energy window for constructing the Wannier-based
tight-binding Hamiltonian. The cross section in a 1 × 1 × 2
supercell in (f) shows the partial charge densities of Cl-Cl
bonding and anti-bonding states labeled in (d)(e).

orbitals at about 0.5 eV below the Fermi level in the spin-
up channel and about 3 eV above the Fermi level in the
spin-down channel [Figure 3(b)(d)(e)]. In the plane of
NiS4 in the NiS4Cl2 octahedron, S atoms along S-Ni-S
and along the a- and b-axes are labeled as Sx and Sy, re-
spectively. In this case, Sx(px) and Sy(py) form σ bonds
with Ni(dx2−y2) so that they are labeled as S(σS−Ni) in
panel (c). Just below the Fermi level, Ni(dx2−y2) hy-
bridizes with S(σS−Ni).

To understand the hybridization and the magnetic in-
teraction pathway, we performed a unitary transforma-
tion on Bloch states to construct Wannier orbitals and
the tight-binding Hamiltonian. We used a 1 × 1 × 2 su-
percell with antiferromagnetic coupling along the c-axis,
and Ni(eg) orbitals on each Ni ion were used as initial
projections. In this case, a total of eight Wannier func-
tions for each spin channel are localized exclusively on
Ni ions. The inner energy window we chose, from −0.25
to 3.2 eV, is shown in Figure 3. It covers both the va-
lence and the conduction bands and so captures features
of the gap for the virtual excitation in the exchange pic-
ture. The outer energy window covers all occupied states
and the unoccupied states below 5.0 eV. The isosurface
in Figure 4 shows one of the Wannier orbitals, which has
features of Cl(pz), S(σS−Ni) and Ni(eg). These character-
istics signal strong hybridization. The corresponding ma-
trix elements, in units of eV, including nearest-neighbor
hopping t and the on-site energy ε in the WF basis, are
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Hmn (eV)
∣∣1o3z2−r2

〉 ∣∣∣1ox2−y2

〉 ∣∣2u3z2−r2
〉 ∣∣∣2ux2−y2

〉 ∣∣3o3z2−r2
〉 ∣∣∣3ox2−y2

〉 ∣∣4u3z2−r2
〉 ∣∣∣4ux2−y2

〉
〈
1o3z2−r2

∣∣ −5.540 0.000 −0.031 0.000 0.000 0.023 0.000 0.000〈
1ox2−y2

∣∣∣ −0.287 0.000 0.001 0.002 0.004 0.001 0.000〈
2u3z2−r2

∣∣ 2.570 0.000 0.005 −0.006 0.005 −0.008〈
2ux2−y2

∣∣∣ 2.405 −0.008 −0.002 −0.004 0.000〈
3o3z2−r2

∣∣ −5.547 0.000 −0.031 0.000〈
3ox2−y2

∣∣∣ −0.287 0.000 0.001〈
4u3z2−r2

∣∣ h.c. 2.570 0.000〈
4ux2−y2

∣∣∣ 2.405

(2)

FIG. 4. (a) Isosurface of a Wannier function for the AFM c-
axis supercell, indicating hybridization of Ni and Cl orbitals
leading to a superexchange path along the Ni-Cl-Cl-Ni chain;
(b) Wannier orbital in a cross section containing two Ni ions
along a diagonal line of the lattice; and (c) in the ab plane of
the lattice.

The position labels 1 to 4 of the WFs are the same as
those in Figure 2. The subscripts 3z2 − r2 and x2 − y2

represent the 3z2− r2-like and x2−y2-like WFs centered
on each Ni. Superscripts o and u refer to WFs with
negative and positive on-site energies, respectively.

In particular, the largest hopping t between occupied
and unoccupied WFs is −0.031 eV (indicated in bold
in Eq. 2), which comes from two 3z2 − r2-like WFs of
neighboring unit cells along the c-axis. Considering the
difference in on-site energies, ∆, of associated WFs on
Ni ions along the c-axis, we can estimate the magni-
tude of their exchange interaction by Jc ∼ 4t2/∆, to
be about 0.474 meV (5.5 K). Other hopping elements be-
tween WFs centered on Ni ions with distinct occupied
states are much smaller (around −0.001 eV or less), indi-
cating a smaller exchange interaction along the diagonal
direction and the a/b-axis directions. Overall, our results
show that, although our estimate is of the right order
of magnitude using a tight-binding model in the Wan-
nier basis, using energetics and fitting to a Heisenberg
model provides better J coupling values compared to ex-

periment. An alternative WF-based Hamiltonian using
atomic-centered projection [See Supplemental materials
for details[40]] further confirms the strong hopping be-
tween intermolecular Cl(pz)-Cl(pz) orbitals that plays a
key role in the superexchange interaction. What we gain
from our Wannier analysis[41] is more insight into the
orbital contributions to the superexchange pathway.

C. Magnetic anisotropy

Besides the exchange coupling J , another important
interaction in Eq. (1) is the magnetic anisotropy. To
study the magnetic anisotropy in DTN, we performed
spin-constrained DFT calculations including the spin-
orbit interaction and non-colinear magnetic moments for
both an isolated DTN molecule and a DTN molecular
crystal. We first look at the isolated molecule, which is
placed in a 20 Å × 20 Å × 20 Å supercell with adequate
vacuum space, and only the Γ point in reciprocal space is
calculated. The functional used in calculations is GGA-
D3. By setting a series of constrained directions of Ni
spin, the total energies E(θ, φ) as a function of direction
angles are obtained. In the crystal unit cell with two Ni
atoms, the corner Ni spin is fixed to be aligned along
the c-axis and a different spin direction for the body-
centered Ni is sampled using spherical coordinates. The
resulting relative energy maps for E(θ, φ) are shown in
Figure 5. In the case of a single DTN molecule, the low-
est energy is at θ = 90◦, the in-plane direction, and the
highest energies are at θ = 0◦ and 180◦, when the spins
are along the c-axis. Since the energy as a function of φ
is almost invariant, this indicates that the ab-plane is the
easy axis, with little φ dependence, and the c-axis is the
hard axis. The energy difference E(0◦, φ) − E(90◦, φ) is
0.20 meV (2.32 K). This result shows a uniaxial magnetic
anisotropy of the DTN molecule. For the molecular crys-
tal, E(0◦, φ) is the highest while E(180◦, φ) is the lowest.
The energy difference E(0◦, φ) − E(180◦, φ) is 0.59 meV
(6.84 K). Since the spin of the corner Ni is fixed along the
c-axis, the direction of the central Ni spin with lowest en-
ergy corresponds to antiferromagnetic spin-ordering with
the corner Ni spin.



8

The definition of D, the zero-field splitting, is the
energy difference between states with |Sz = ±1〉 and
|Sz = 0〉 for an S = 1 system. DFT calculations can
only give the quantum state

|Sx = ±1〉 =
1

2
|Sz = 1〉± 1√

2
|Sz = 0〉+ 1

2
|Sz = −1〉 (3)

instead of Sz = 0, when the spin is constrained along
a-axis. To calculate the magnetic anisotropy for the unit
cell with two Ni atoms, we take the energy difference
between configurations where the spins in one configura-
tion are aligned along the c-axis and along the a-axis for
the other configuration. The energy difference E(0◦, φ)−
E(90◦, φ) per Ni by DFT is D[12−[ 1

412+ 1
4 (−1)2+ 1

202]] =
1
2D. Therefore, D = 2[E(0◦, φ) − E(90◦, φ)] for DTN.
The experimental value. is D = 0.774 meV (8.98 K).

For the DTN crystal, we performed both GGA-D3 and
GGA-D3+U with Ueff = 6.0 eV. Using the GGA-D3
functional, we underestimate D to be 0.54 meV (6.26 K).
A GGA-D3+U calculation gives D = 0.78 meV (9.10 K),
consistent with the experimental results. We also ex-
amined U = 7.0 eV and U − J with U = 4.9 eV and
J = 0.52 eV calculated by cRPA and found that D is
insensitive corresponding to a D value of 0.78 meV for
both. It is worth noting that for heavy elements that
involve f electrons, a nonspherical U −J scheme may be
needed [42].

A fuller investigation of magnetic anisotropy, including
the effects of substitutions of Cl ions and ligands, will be
left for future work. Earlier results suggest a decrease in
magnetic anisotropy as the substitute ion gets larger[43].

D. Magneto-electric effect

With an understanding of the magnetic interactions in
DTN we turn to the magneto-electric (ME) effect. To in-
vestigate this effect we again performed spin-constrained
DFT calculations, including the spin-orbit interaction
and non-colinear magnetic moments. This was done for
the DTN molecular crystal with two Ni atoms and us-
ing the GGA-D3 functional and its corresponding relaxed
structure. Constraining the moment direction of each Ni
relative to the c-axis allowed us to simulate what mag-
netic configurations would result when a magnetic field
is applied parallel to the c-axis of the molecular crystal.
The spin canting angle in Figure 6 is equivalent to the
polar angle relative to the c-axis. A spin-canting angle
of 0◦ corresponds to spins that are parallel to the c-axis
and representing the spin-polarized state at high mag-
netic fields. Similarly, a 90◦ angle corresponds to spins
lying in the ab-plane and the XY -AFM state. For each
configuration we calculated the electric dipole moment
of the crystal within the modern theory of polarization
framework[44]. What we see in Figure 6 is that as the
canting angle θ increases and the spins approach the ab-
plane, there is a correlated decrease in the electric dipole
moment (blue) of the crystal together with the expected

FIG. 5. Relative total energy as a function of the angle be-
tween the c- axis and the spin of the Ni ion for (Top) the DTN
molecule and (Bottom) the DTN unit cell with the other in-
equivalent Ni ion spin fixed along the c-axis. The angles θ
and φ refer to the orientation angles in spherical coordinates.

decrease in Mz (red). This indicates the presence of an
ME coupling within the DTN molecular crystal.

To probe the mechanism responsible for the ME cou-
pling we investigate what effect straining the molecular
crystal has on the electronic polarization. The litera-
ture suggests magnetic field-induced strain, i.e. magne-
tostriction, changes the unit cell and a reorientation of
the electrically polar ligands may be responsible for the
change in polarization[3]. To test this, we used the DTN
molecular crystal and the GGA-D3 functional structures
from our ME calculations with colinear spins in an AFM
configuration and no spin-orbit interaction. We applied a
tensile strain on the DTN unit cell along the c-axis of up
to 0.1% while correspondingly compressing the a, b lat-
tice constants, keeping the volume constant, and allowed
the ions to relax to minimize the total energy. Similarly,
we applied a compression to the c lattice constant while
expanding the a, b constants. We calculated the polar-
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FIG. 6. Magneto-electric coupling in DTN. The electric dipole
moment (blue) and the z-component of the magnetization
(red) are plotted as a function of the spin canting angle of the
spin moment on the Ni cation.

FIG. 7. Ionic and electronic contributions to the change in
polarization of the DTN unit cell under applied strain.

ization as a function of applied strain. We distinguish the
change in polarization relative to the unstrained system,
∆P, resulting from ionic motion (blue) from that due to
changes in electronic density (green) in Figure 7. The re-
sults indicate that the main contribution to the change in
polarization comes from subtle changes in electronic den-
sity rather than a reorientation of the thiourea ligands.
An analysis of the molecular crystal structure shows lit-
tle variation in the Cl-Ni-S bond angles or bond lengths,
supporting this result.

To conclude our study of the ME effect in DTN, we
investigate what effect applying an electric field has on
the magnetic properties of the molecular crystal. Specif-
ically, we investigate the magnetic anisotropy (MAE) as
a function of electric field strength where the electric
field is aligned parallel to the a-axis and perpendicu-
lar to the 1D-chain. In these calculations we used the

FIG. 8. The dependence of the magnetic anisotropy of bulk
DTN on an electric field applied parallel to the ab-plane.

DTN molecular crystal unit cell structure with two Ni
atoms and the GGA-D3+U exchange-correlation func-
tional with Ueff = 6 eV. As with our previous MAE cal-
culations, we performed noncolinear magnetic DFT cal-
culations including spin-orbit interactions and obtained
the energy difference between two configurations of spins
aligned 90◦ relative to one another. The results show
that by increasing the strength of the electric field, we
are able to increase the MAE of bulk DTN (Figure 8).
This indicates the presence of a reverse coupling in this
molecular crystal, not observed experimentally, showing
that the magnetic properties may be tuned by electronic
means.

IV. CONCLUSION

Our aim in this paper has been an attempt to model
DTN within a DFT framework. This approach not only
provides a way to gain insight into the mechanisms re-
sponsible for structural, electronic and magnetic prop-
erties, but also allows us to make accurate predictions
while minimizing the computational cost. We were able
to show that the inclusion of the GGA-D3 correction
substantially improves the structure of the DTN molec-
ular crystal, providing accurate lattice constants, bond
lengths and bond angles. Adding the Hubbard term to
the standard GGA functional allowed us to improve our
modelling of the magnetic interactions in DTN, accu-
rately predicting the magnetic anisotropy and exchange
coupling constants and providing an additional Jdiag cou-
pling. The quasi-1D nature of DTN was indicated by the
hybridization of Ni(d3z2−r2) and Cl-Cl anti-bonding or-
bitals via a virtual superexchange path along the c-axis.
Finally, we showed the presence of a ME coupling and
predict an increase in magnetic anisotropy with the ap-
plication of an electric field. The results of this study are
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a first step towards understanding the detailed mecha-
nisms involved in the magneto-electric coupling in DTN.
Its presence in functional organic quantum magnets sug-
gests the possibility of future applications where the mag-
netic properties of materials may be fine-tuned through
more feasible structural and electronic means. Yet to be
explored in detail is the nature of Bose-Einstein conden-
sates (BEC) in organic quantum magnets[7] and the im-
portant role the ME effect plays in this state. xWe hope

this work puts forward the idea that these fundamental
properties may be investigated from first principles.
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