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We investigate the electronic and magnetic properties of the spinel materials MgCr, Xy (X = O, S, Se) and
ACr;S4 (A = Ca, Sr, Ba), a special type of mono-transition metal spinel material. The magnetic properties of
these materials are understood by inspecting the competition between the 90° ferromagnetic superexchange
interactions and the antiferromagnetic direct exchange interactions. We found the direct exchange interaction
is extremely sensitive to the distance between the Cr ions, dc.c. The overall magnetic interaction can be
transformed from antiferromagnetic at short dc..c; to ferromagnetic at larger dc..c;. Therefore, we can realize
different magnetic states in the same material by controlling the dc,.c; with external strain. Furthermore, the
ferromagnetism is strengthened as tensile strain is employed, and a strategy to improve the Curie temperature,

which is essential for spintronics devices, is proposed.
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I. INTRODUCTION

Ferromagnetic semiconducting materials that integrate the
functionalities of semiconducting and ferromagnetic (FM)
properties play important roles in spintronics, modern tran-
sistor applications of ultrahigh-density integrated circuits,
and magnetic random access memories [1-4]. Unfortunately,
the low transition temperature 7, of ferromagnetic semicon-
ductors limits their applications in spintronic devices. The
previously reported common ferromagnetic semiconductors,
including EuO (77 K) [5], CdCr;S4 (90 K) [6], and SeCuOs3
(25 K) [7], have low transition temperatures. Their T are close
to room temperature for only a few ferromagnetic and semi-
conducting double perovskite materials, such as La,NiMnOg
(280 K) [8], and the recently reported Sr3O0sOg [9] films have
an evaluated 7, of about 1060 K. But the ferromagnetic state
at such a high temperature is unexpected and counterintuitive,
which has not been fully understood [10].

In the present work, we propose that strain engineering
(we consider hydrostatic strain, which maintains the cubic
symmetry of the original crystal) can be used to improve T,
of the mono-transition metal (MTM) spinel semiconducting
and ferromagnetic materials by studying the dependence of
magnetic coupling on the strain. The spinel structure can
provide versatile compounds to realize a variety of function-
alities for device applications. In the normal spinel structure
AB,0Qy, the A** ions are tetrahedrally coordinated (A site),
while the BT ions are octahedrally coordinated (B site) by
oxygen ions. In some spinel compounds, however, partial
A”* jons exchange with the B** ions to form inverse spinel
structures. In CoFe,04 [11,12], the Co** ions occupy the B
sites, with half of the Fe*>* ions occupying the A sites and the
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other half occupying the B sites. In partial inversion spinel
structures, the ratio of the A and B site interchange can range
from O to 1, resulting in spinel compounds possessing various
properties. In addition, the cations in A sites and B sites can
be both transition metal and non-transition metal elements. In
CoFe,04 [11,12], both A sites and B sites are occupied with
transition metal elements. However, in MgAl,O4 [13], the A
sites and B sites are both non-transition metal elements. The
magnetic and electronic properties in double transition metal
elements spinel materials are complicated because of multiple
exchange interactions involved [14-22]. In the present work,
we focus on only the AM,X, type spinel materials, where A
is +2 nonmagnetic cations, M is 43 magnetic cations, and X
is chalcogenide anions. Since M is the only transition metal
element in AM,Xy, we call it a MTM spinel material, such as
SiF6204, SiC0204, and SiNizO4.

Here we study one type of MTM spinel material, the
thiospinels, as an example [23-25]. Our study shows that
they are tunable semiconducting and ferromagnetic materials.
The magnetic state in these compounds is determined by the
competition between the direct exchange interaction J;,; and
the 90° superexchange interaction Jz,4. When J;,4 dominates
all exchange interactions, the materials will manifest ferro-
magnetic features. On the other hand, the classical frustrated
antiferromagnetic (AFM) states will emerge. J;4 and Jy,4 are
closely related to the hopping between the orbitals, and their
strength is determined by the distance dy, .y, of the two metal
ions. As dy,.u, can be manipulated with external strain, the
magnetic states in MTM spinel materials can be controlled
correspondingly by the strain method. Furthermore, the ferro-
magnetic properties can be enhanced under appropriate strain.

The thiospinels possess a variety of magnetic characters
depending on the type of anions. MgCr,0O4 is AFM with a
reported Néel temperature in the range of 15-20 K [26-28].
MgCr,S4 is FM according to first-principles calculations.
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Although it has been synthesized by different methods
[24,25], its magnetic and electronic properties have not been
explored in detail. Here we also study the isoelectronic com-
pound MgCr,Sey, which is formed by substituting the S atoms
in MgCr,S,4 with the larger Se atoms and was predicted to be
thermodynamically stable [29]. Furthermore, by substituting
the Mg atoms in MgCr,Ss with the larger Ca, Sr, or Ba
atoms, we obtain the new isoelectronic compounds (Ca, Sr,
Ba)Cr,S,4. Our first-principles calculations show that, com-
pared to MgCr, Sy, the magnetic exchange couplings in these
new compounds are also enhanced. Based on experimental
observations and our theoretical calculations, we conjecture
that the magnetic states in the MTM spinel materials can be
tuned by external strain instead of only by substituting the an-
ions. There is a critical point where materials are transformed
from AFM states to FM states. As a consequence, we can
implement both FM and AFM states in the same material by
controlling only the strain strength.

II. METHODS

First-principles density functional theory (DFT) [30,31]
simulations were performed based on the plane-wave basis,
as implemented in the Vienna Ab initio Simulation Package
(vasP) [32,33]. The projector augmented wave [34,35] po-
tentials were used, and the wave functions were expanded on
the plane-wave basis with a kinetic energy cutoff of 500 eV.
In most of the calculations, the exchange-correlation energy
functional was described by the generalized gradient approx-
imation (GGA) with the Perdew-Burke-Ernzerhof scheme
[36]. The Brillouin zone integration was sampled by a4 x 4 x
4 k-point mesh for structure relaxation, an 8 x 8 x 8§ mesh
for self-consistent electronic calculation, and a 10 x 10 x 10
mesh for the density of states (DOS) calculation [37]. To relax
the original structure, the positions of the ions and the crystal
lattice were both relaxed until the Hellman-Feynman forces
became less than 1073 eV/A.

The dynamical stability of MgCr,Ss and MgCr,Ses was
studied by calculating their phonon spectra, with the help of
the PHONOPY package [38] using density functional perturba-
tion theory [39,40]. To test whether our results are robust, the
electron correlation effect of the Cr 3d electrons in MgCr, Sy
was also treated with the GGA + U approximation. Here
we applied a spherically averaged scheme where only U =
U — J is independent [41].

III. STRUCTURAL AND ELECTRONIC PROPERTIES

A. Crystal structure

MgCr Xy (X = O, S, and Se) crystallize in the nor-
mal spinel structure, with Cr** ions octahedrally and Mg?*
tetrahedrally coordinated by X ions. All three materials are
predicted to be dynamically stable by first-principles ther-
modynamics calculations [29]. The lattice constants in both
the experimental and computationally optimized structures
are summarized in Table I. The lattice constants predicted
by the non-spin-polarized DFT calculation are smaller than
the experimental structure. The structure parameters of the
compounds (Ca, Sr, Ba)Cr,S4 are given in Table I, which
shows our idea for the scheme of substituting ions for

TABLE I. The lattice constants ay of MgCr, X, (X = O, S, and
Se) in the experimental and relaxed structures and dc,.c, between the
nearest-neighbor (NN) and the next-nearest-neighbor (NNN) Cr ions
of the relaxed structure. By A site substitution of MgCr,S, with Ca,
Sr, or Ba atoms, the relaxed structures of the three new compounds
are also listed.

ap (A) dCr-Cr (A)

Expt. DFT relax NN NNN
MgCr,0,4 8.334 8.254 2918 5.054
MgCr,S4 10.143 9.968 3.524 6.104
MgCr,Sey 10.535 3.725 6.452
CaCr,S4 10.358 3.662 6.342
SrCr, Sy 10.550 3.729 6.459
BaCr, S, 10.726 3.792 6.567

high-7, FM materials. We also list the nearest-neighbor (NN)
and next-nearest-neighbor (NNN) distances dcy.c; in Table 1.
dcrcr plays an essential role in the magnetic properties of the
thiospinels, which will be shown clearly in the following.

MgCr,S4 was synthesized recently with different experi-
mental techniques [24,25]. For the isoelectronic compound
MgCr;Sey, however, a valuable synthesis technique is still
lacking. We calculated the phonon spectrum of MgCr;Sey,
which shows the compound is dynamically stable. It is ex-
pected that MgCr,Ses will be synthesized in the future, as it
was also predicted to be thermodynamically stable [29].

B. Electronic structure

The electronic band structures were calculated in ferro-
magnetic configurations for thiospinels. Since the magnetic
ground state in the spin of Cr is geometry frustrated [42],
the band structures are calculated without spin polarization
for MgCr,04. Figure 1(a) indicates that MgCr, Oy is a metal.
The local coordinates used in the calculations are shown
in Fig. 1(d). MgCr,Xy (X = S and Se) are indirect band
gap semiconductors, which agree well with the results calcu-
lated with the full-potential linearized augmented plane-wave
with local orbitals method [23]. The band gaps are 0.82 and
0.70 eV for MgCr,S, [Figs. 1(b) and 1(e)] and MgCr,Sey
[Figs. 1(c) and 1(f)], respectively. The atomic orbital projec-
tion of the band structures shows that the t,, orbitals of Cr
ions are half occupied, while the e, orbitals are empty, which
agrees with the magnetic moment of ~3 ug per Cr ion with
Cr’* in the high-spin state. Furthermore, exchange splitting
between the f,, majority spin and minority spin is sizeable. As
a result, an insulating gap emerges between the majority spin
I, and minority spin e, orbitals.

IV. MAGNETIC PROPERTIES

A. Heisenberg exchange model

According to our understanding of the electronic structures
of thiospinels in Sec. III, the magnetic moment in Cr ions is
localized, and the materials are insulating. Hence, we project
the exchange interactions between Cr ions in thiospinels
to the Heisenberg model, which will make it easy to under-
stand the magnetic states. As indicated by the lattice constants
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FIG. 1. The energy band structures of (a) MgCr,Qy, (b) the majority spin of MgCr, Sy, (e) the minority spin of MgCr,S,, (c) the majority
spin of MgCr,Sey, and (f) the minority spin of MgCr,Se,. (d) The crystal structure; blue, light green, and brown spheres are B site, anion, and
A site atoms. x-y-z and a-b-c are the local and global coordinates, respectively. Here the #,, orbitals of Cr are shown by red solid dots, and the
e, orbitals are represented by blue solid dots; the size of the dots represents the weight of the orbitals in the band wave functions. The valence

band maximum is set to zero for clarity.

and the distance between the ions of thiospinels summarized
in Table I, the distance of Cr ions with the third NN is sub-
stantially longer than the first-NN distance. The long-distance
separation between ions implies that the exchange interactions
in the third NN are negligible. Therefore, we ignore the ex-
change interactions beyond the NNN to make the problem
tractable, as shown in Fig. 2(d). Under this approximation, the
Heisenberg Hamiltonian H is written as

1 1
H:—E;JIS,SJ_E;JZSlSlv (1)

where J; and J, are the nearest-neighbor and next-nearest-
neighbor exchange interactions, respectively. S; and S; are
classical spin vectors, with the magnitude set to 3/2. We set up
three magnetic configurations [as shown in Figs. 2(d)-2(f)] in
cubic unit cells to extract these interaction coefficients, which
illustrate the magnetic properties of the materials directly.
For example, if J > 0, FM exchange interactions between
the corresponding neighbors are preferable. Otherwise, AFM
exchange interactions are preferred.

Based on the three magnetic structure configurations, the
Heisenberg Hamiltonian simplifies to the following parame-
terized forms:

Epy = —108J, — 216, + Ej. @)
Earvi = 18J1 — 36/, + Ey, 3)
Earvz = 1871 — 18/, + Ey, 4

where J; and J, can be obtained by solving the three linear
equations, in which the total energy for the three magnetic
configurations of the cubic unit cell was computed with the
DFT method. In the relaxed crystal structure, the three J; are
—10.92, 1.01, and 2.32 meV for MgCr, X4 (X = O, S, and Se),
respectively. The NNN exchange coupling coefficients J, are
0.42 meV (MgCr,04), 0.36 meV (MgCr,S4), and 1.52 meV
(MgCr,Sey). It is not a surprise that J, are much smaller
than J;. According to these J; and J,, we conclude that the
MgCr,0y is strongly AFM and the other two are FM. The
different magnetic states in MgCr, X4 provide us a way to
manipulate the magnetic materials by substituting the anion.
The FM and AFM states in thiospinels can be under-
stood based on the direct exchange interaction J;; and 90°
superexchange interaction Jy,4s exchange mechanism in tran-
sition metal compounds [43]. The latter is an important part
of the Goodenough-Kanamori-Anderson rules [44-46]. As
schematically shown in Fig. 2, the exchange interactions in
the edge-sharing octahedra of Cr ions in spinel structure in-
clude two exchange channels. The first one is J;pq, as shown
in Figs. 2(a) and 2(b), in which the exchange interactions
between Cr ions are mediated by the anions. The second
exchange channel is J;4, as depicted in Fig. 2(c), and orig-
inates from the Cr 1, orbitals overlapping directly in the
diagonal direction of the Cr square lattice. J;; in the AFM
arrangement are more energetically competitive than in the
FM alignment. The energy in the AFM order is lowered by
about AE ~ tjd /U with respect to the FM state (where 7,4
is the direct hopping parameter between the two #,, orbitals
of Cr and U is the Coulomb repulsion energy) [43]. On the
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(a) FM

(b) AFM

(c) AFM

FIG. 2. The exchange interactions and the magnetic configurations in the thiospinels. (a)—(c) are plotted in the x-y plane involving the B
sites and the anion sites in the spinel structure. The 90° superexchange interaction J;,4 between the nearest-neighbor (NN) Cr ions is shown
for (a) the FM and (b) AFM spin configurations; (c) the direct exchange interaction J,;4 between the NN Cr spins in the AFM configuration.
The gray arrows represent the intermediate states after the electron hopping. The Cr ions are represented by red squares, and the anions are
shown by blue spheres. Three magnetic configurations, (d) FM, (e) AFM1, and (f) AFM2, are considered to compute the exchange coupling
coefficients. J; and J, are the NN and the next-nearest-neighbor (NNN) exchange interactions, respectively. Only the cations at B sites in cubic
spinel are shown for clarity. The blue and red arrows denote spin-up and spin-down sites, respectively.

contrary, J4,4 in the FM configuration gains more energy than
in the AFM configuration. The FM arrangement is preferred
because it satisfies Hund’s first rule in the single anion since
the parallel arrangement of the remaining electron in anions
[the gray arrows in Fig. 2(a)] gains Hund’s energy Jy .

The competition between Jy; and J,4 is the reason for the
complex and diverse magnetic structures in spinel materials.
Previous research results show that MgCr,0; is a classical
pyrochlore Heisenberg antiferromagnet with frustrated mag-
netism [26,42,47]. The strong antiferromagnetic state is due
to the formidable overlapping of #,, orbitals between the Cr
ions. The small radius of the oxygen ions results in a shorter
distance between Cr ions. That is, J;; dominates the overall
exchange interactions in MgCr,0O4. On the other hand, the
p-d hybridized bonding becomes stronger from oxygen to
sulfur compounds. As a result of the ionic radius being larger
in sulfur than oxygen, the distance between the Cr ions in
MgCr;,S4 becomes much longer than that in MgCr,QOy; the
NN dcy.cr in MgCr,Oy4 15 0.6 A smaller than that in MgCr,Sey,
as summarized in Table I. Now, J;,4 is the most important
exchange interaction in MgCr, S, and MgCr;,Sey, giving rise
to their FM property.

We conjecture reasonably that MgCr,S4 is a FM mate-
rial because of the long dcr.c;. As shown in Table I, dep.cr
in MgCr,X; becomes longer as X varies from O to Se.

Consequently, the transition between AFM and FM orders
is intimately related to the type of anions. Looking into the
structure of the two different magnetic materials, we envisage
the direct overlap of £, orbitals between the Cr ions becomes
weak in MgCr,S4 and MgCr,Sey. Inspired by the transition
of the magnetic state, in the following we propose a scheme
that controls the magnetic properties in MTM spinel materi-
als through external hydrostatic strain engineering which is
directly related to the distance between the cations.

B. The mechanism of tunable magnetism

Strain has been widely used to manipulate the actions of
electrons and magnetic states of functional materials [48—51].
As we have found, the FM and AFM states in thiospinels
correlate closely to the distance between the nearest-neighbor
Cr ions. Thus, we have come up with hydrostatic strain as an
effective method that can be used to tune the magnetic states
in MTM spinel materials. The effects of the strain strength
are equivalent to expanding or reducing the distance between
Cr ions microscopically. In the equilibrium relaxed struc-
ture, MgCr,04 is AFM since J < 0, as shown in Fig. 3(c).
In fact, MgCr,0O4 has been regarded as a classical py-
rochlore Heisenberg frustrated magnet with Néel temperature
(15-20) K [26-28]. In contrast, MgCr,S4 and MgCr,Se4 are
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FIG. 3. (a), (c), and (d) The variation of the NN exchange interaction J; (red triangles) and the NNN exchange interaction J, (blue circles)
of MgCr, X, (X = O, S, and Se) with the distance between the Cr ions and the anions. The vertical dotted lines represent the equilibrium
distances. (b) The computed exchange interactions’ variation with the on-site U of MgCr,S.

FM at optimal crystal structure, as shown in Figs. 3(a) and
3(d), in which J > 0. Figures 3(a), 3(c) and 3(d) show that the
Heisenberg exchange coupling coefficients J; are extremely
sensitive to variation of the distance between the Cr ions and
the anions (dcy.x).

The magnitude of J; depends on the strain strength. The
variation of J; is linear nearly to the bond length. The sign
of J; even becomes negative when the strong compress strain
is used, which indicates the system turns into a frustrated py-
rochlore antiferromagnet state. In contrast, the second-order
exchange coupling coefficient J, retains almost the same
value, which illustrates J, is nearly independent of the al-
teration of dc.x, as shown in Figs. 3(a), 3(c) and 3(d) by
the blue lines with dots. The distance-independent J, sug-
gests the overlap between Cr,; and Cry is negligible in the
second-order dcy.c;. Herein, we have shown that the magnetic
states of MgCr,Xs can be FM as well as AFM depending
on dcr.x. Here we are interested in the tensile strain since
enhancing J; will compensate the demands of applications for
strong coupling ferromagnetic (high-7;) and semiconducting
materials.

The origin of the magnetic properties evolving with the
distance between the cations can be understood by analyzing
the opposite relations between J;4 and J;,¢. The overall result
of exchange interactions, revealed by Ji.y, is decided by the
summation of Jzg and Jypq. As we described in Sec. IV A,
Jaa depend on the overlap of #,, orbitals between the two Cr
ions. When tensile strain is applied, dc.cr lengthens, and the
overlap of 1, orbitals between the two nearest Cr ions shrinks.
Jaa becomes weak simultaneously. Jg,q are little affected by
the tiny tensile strain since the hybrid bonding between the
e, orbitals of Cr ions and the p orbitals of anions is very
powerful. In other words, these are long-range interactions.
The total exchange interactions between the nearest neighbors
are their integral contributions.

As a result, J;,s dominates the exchange interactions as
the tensile strain is employed. On the other hand, when com-
press strain is applied, the overlap between the 1, orbitals
of Cr ions is substantial. The overall exchange interactions
in MTM spinel materials are dominated by J;,, which are
antiferromagnetic. Increasing the tensile strain will expand
the distance between the two Cr ions, but the 1, orbital
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FIG. 4. (a) and (c) The #,, and e, orbitals’ projected density of states (PDOS) of Cr ions of MgCr,S, at different on-site U and lattice
constants. The light blue lines show the PDOS in the equilibrium structure without the Hubbard U correction for majority spin and minority
spin channels. The indigo lines denote the PDOS from the spin-polarized GGA + U calculation with U = 4.0 eV, compared with the results
from the U = 0 calculation (the light blue curve). (b) and (d) The PDOS at lattice constants a = 10.14 A (optimal structure, light blue curve)
and 10.3 A (tensile strain applied, purple curve), respectively. The Fermi level is set to zero.

character almost remains in the same state whether or not
the tensile strain is applied, as shown by the density of states
at equilibrium and stretched lattice constants in Figs. 4(b)
and 4(d). The localization characters of #,, orbitals are not
affected by the tensile strain. The overlap of the two #,, or-
bitals decreases with the expansion of the distance between
the two Cr ions. We will show this phenomenon clearly
later.

To verify the robust exchange interactions beyond the GGA
approximations involved in the 3d transition metals, we also
employ the spin-polarized GGA + U method to correct the
Cr local 3d states. We take only MgCr,S, as an example
to inspect the effect of on-site U on the exchange coupling
coefficients. The results are shown in Fig. 3(b), which shows
that J; is always positive for all the tested on-site U values.
Moreover, the magnitude of J; increases almost linearly with
the on-site U. For the second-order exchange, however, J; is
not affected by the on-site U of Cr, as shown in Fig. 3(b).
The exchange splitting of d orbitals between the majority spin
and minority spin becomes broad with increasing on-site U
values, which is also related to the large band gap, as shown
in Figs. 4(a) and 4(c). Furthermore, the #,, orbitals become
delocalized when the on-site U is added, and the hybridization
between the d orbitals of the Cr ions and the p orbitals of the
anions is strengthened in more expansion d orbitals. Jg,q will
grow stronger as the hybridization between p and d orbitals
becomes more intense.

We can understand the variation of J with U by ana-
lyzing the d-p-d and the d-d hopping paths. The path that
dominates the FM superexchange, as denoted by Jypq, is
schematically shown2 in Fig. 1. This 90° FM superexchange
1 Jh
transfer energy and J/, is the Hund’s energy of the anions, and
the effective d-d hopping is determined by the d-p hopping:
toff = tjp /Act. Note that there is no explicit dependence of
Japa on the Hubbard Uy, of the transition metal d orbitals.
The value of Uzq may affect J;ps by indirectly changing
the charge-transfer energy Acr and/or the d-p hopping t;),.
Correspondingly, the enhanced d-p hopping is revealed by the
projected DOS (PDOS) in Fig. 4. The more expanded PDOS
of the f,, orbitals with U = 4.0 eV suggests an increased d-p
hopping compared to the hopping without U. Thus, the effec-
tive d-d hopping t.; increases as U increases, which results
in an increased superexchange J;,4. A more comprehensive
description of the magnetic exchange interactions in transition
metal compounds can be found in the book by Khomskii [43].

scales as Jypqg ~ where Acrt is the charge-

C. A model for the orbital-overlapping integrals

We quantitatively estimate the overlap between two differ-
ent ion orbitals to demonstrate the change in J; with dcr.c;.
For this purpose, we found that the normal Wannier func-
tions have a disadvantage and they are not a suitable basis to
use. In general, the spin magnetic moment that the magnetic
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FIG. 5. Distance-dependent orbital overlap S(r’) between two ion orbitals. (a) The local crystal structure, where the red squares represent
the Cr ions and the blue spheres are X anions (X = O, S, and Se). The orbital overlaps depend on the distance r' between the two ions:
(b) schematic diagram of the overlap along the x direction between the Cr d,2_,» orbital and X p, orbital and (c) the overlap in the diagonal
direction between the Cr d,, orbital and the Cr d,, orbital. (d) The radial part of the valence electrons’ pseudo wave functions of the Cr d
orbital and the X p orbital. (e) S(r’) of two different ion orbitals’ pseudo wave functions versus the distance r’ between the two ions. S4, Sp,
Sc, and Sp represent the overlaps between different orbitals. (f) The logarithm of the overlap versus the distance r’ between the two ions. The
vertical dashed lines in (e) and (f) represent r’ at DFT optimized structures, MgCr,0, (red), MgCr,S, (blue), and MgCr,Se, (green).

coupling affects is due to the electrons in spin-polarized or-
bitals. Considering the ligand orbitals are nearly not spin
polarized, the wave function corresponding to the spin mo-
ment should include no or a small orbital component from
the ligand. The Wannier functions are obtained with the ini-
tial projection on the Cr d orbitals and ligand p orbitals, in
which the non-negligible p-like wave functions at ligands are
included in the Wannier orbitals projected on Cr d orbitals.
If the Wannier functions are used, the spin magnetic moment
will also include orbitals that usually exhibit no spin polar-
ization. On the other hand, there is no preferred basis for
calculating Jyq and Jgpq in general. The key factor is that
the magnetic coupling is required to be consistent with the
spin magnetic moment obtained from the chosen basis. So
we instead employ the ion orbital model in this work. In this
model, the overlap integrals between orbitals that approxi-
mately represent the relations between the hopping integral
and displacement of r(, ., and r(, , are calculated.

We simulated the Cr ions in an octahedral crystal field. The
radial part of the ions’ pseudo wave functions Ry (r) (where X
= Cr, O, S, and Se) was computed with the OPIUM code [52],
as shown in Fig. 5(d). The remainder of the ion pseudo wave

functions in the octahedral crystal field was constructed from
spherical harmonics [53] Y;,,,,

L V15 x2 —y?

domy = 5l + o2 = —=— )
1 15
dy = —=[-Y22(F) + 12 2(F)] = L 6)

NGT 27
1 V3 x
=— 1@ -Y.1@®)]=—-.
Px \/5[ 1,-1(F) = Y1,1(@)] T
The ion orbital pseudo wave functions are built by multiplying
the two parts. Then the overlap S between two ions is formu-

lated by integrating the ion orbital pseudo wave functions in
spherical coordinates, and we define § as

(N

S = // Y (re(r — r)r’sin(0)drdd ¢, 8

where ¥(r) = Rer(r) X dya_y2 or ¥ (r) = Ree(r) X dyy, and
@(r— 1) =Rx(r —r') x p. ot @(r —r') = Ree(r —1') x
dy, (where X = O, S, and Se). We calculated four types
of overlap to estimate the distance-dependent S(r'). S(+)
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FIG. 6. (a) The normalized magnetization of MgCr,S,; (red
circles) and susceptibility (blue triangles) versus the temperature
simulated with the Monte Carlo (MC) method. The red curve
is the temperature-dependent magnetization fit to the Curie-Bloch
equation m(T) = (1 — T/T,)?. (b) The variation of the transition
temperature 7, with the lattice constant gy of the cubic spinel cell
predicted by the MC simulation for different MTM spinel materials.

between the Cr ion 1, orbitals in the diagonal direction,
as shown in Figs. 5(a) and 5(c), is defined as S;(+') =
[[[ ¥ (e — r)r’sin(0)drdod¢, where y(r), (r — r') =
Rece(r) X dyy, Ree(r —1') x dyy. The overlap between the Cr
ions and the X (X = O, S, and Se) ion p orbitals are the
same in both the x and y directions, as shown schematically
in Figs. 5(a) and 5(b). We define Sg(r’), Sc(r'), Sp(r') =
[[[ ¥ (r)er — r)r’sin(@)drdodp, where ¥ (r) = Rer(r) x
dyo_yand o(r — ') = Rx(r — ') x p, forX =0, S, and Se,
respectively.

The results for S4(r'), Sp(r'), Sc(+'), and Sp(r’) are shown
in Fig. 5(e). There are two points that concern S(r'). First,
S(") between Cr(d,,)-Cr(d,,) declines abruptly because the
two Cr ions are apart from each other (i.e., ' goes up). It
is even close to zero for the equilibration crystal structure,
while S(r) for Cr(d,2_,2)-X (py) are in the range of 0.3-0.4,
as shown in Fig. 5(e). Second, the variation of Sg(#'), Sc(r'),
and Sp(r’) is remarkably prominent in the zone of press strain
(G /x are smaller than that in the equilibration structure), in
which Sp(r’) is the largest, followed by Sc(#'), and Sp(r') is
the smallest. However, this order is overturned in the tensile
strain zone (r(, ¢, /x are larger than that in the equilibration
structure), and S ¢ p(r') varies with ' gradually. The varia-
tion of S(r’) and its alteration are quite similar to the variance

of the radial part of ion orbital pseudo wave functions [com-
pare Figs. 5(d) and 5(e)].

In general, the degree of locality of the X (p) orbitals is O >
S > Se. Meanwhile, both d,>_,» and p, orbitals are distributed
along the x-axis direction [see Fig. 5(b)], which leads to S(+)
aligning in the order Se > S > O. The d,, orbital is locally
distributed on the x and y axes, in contrast to the diagonal
direction, as shown in Fig. 5(c). As a result, Ss(#) drops to
zero swiftly with the increase of #'. It is more sensitive to the
variation of the distance between the ions. The variation ratios
are further revealed by the logarithm of S('). In Fig. 5(f),
the logarithm of S4(r") shows that In[|S4(r')|] is the steepest
of them. The variation with ' of In[|Sp(+')|], In[|Sc(*")|],
and In[|Sp(r)|] is similar to Sg(r’), Sc(r’), and Sp(r’), which
reduce to zero gently.

These distance-dependent relations for Ss(r'), Sp(r’),
Sc(r'), and Sp(r') imply the hoppings 744 and 2, between
the ion orbitals depend on dcy.cr/x. Jya related to the direct
hopping t;, between Cr(d) orbitals can be sustained only in a
small range of lattice constants, i.e., short dcy-cr, which can be
achieved by hydrostatic press strain on the spinel materials.
For J;,4, however, owing to the lower localization of X (p)
and the inline distribution of Cr(d,>_,2) and X (p,) orbitals, the
hopping ?4,, is robust in a wide range of 7’ and less sensitive
to dcr.x. The considerable and insensitive hopping 7, —a, ,
indicates the ferromagnetic exchange interactions are strong
and can be strengthened indirectly by expanding the distance
between the Cr ions with tensile strain. These results conform
well to our calculations of the exchange coupling coefficients
in thiospinels, as can be seen in Fig. 3. This again verifies
that distance-dependent J;4 and J;,4 are controllable in MTM
spinel materials.

D. Estimation of transition temperature

With a deep understanding of the ferromagnetic properties
and these calculated Heisenberg exchange interaction coef-
ficients, we can use these results to evaluate 7, of AM,X,
using the Mote Carlo (MC) method. The classical Heisenberg
Hamiltonian H = ), _ jJijSi - S; has been employed to simu-
late this system, where the magnetic moments S; can change
their directions but the quantity is fixed. We simulate 7, based
on the MC method, which was performed using the VAMPIRE
software package [54].

The MC simulations use 50 000 equilibrations and aver-
aging steps. We consider a system in the simple cubic cell
with 16 Cr atoms with nearest- and near-nearest-neighbor ex-
change included. The periodic boundary condition was used,
along with a supercell size of 20 x 20 x 20 nm?, including
128 000 Cr atoms, which is large enough to lead to the
convergence of T, after different supercells are used in the
convergence test. The results of these calculations are shown
in Fig. 6(a), where the magnetization was normalized. From
the normalized magnetization and the magnetic susceptibility
X versus temperature, we can extract the transition tempera-
ture, which is 57 K in this case. The magnetization at 7, has
a tail because of the finite size supercell considered here. It is
hard to estimate the transition temperature from the original
MC normalized magnetic moments due to the tail. In the
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FIG. 7. The NN exchange interaction coefficients J; (red triangles) and the NNN exchange interaction J; (blue circles) of ACr,S, (A = Ca,
Sr, Ba) variation with the lattice constants. The vertical dashed line represents the lattice constants of the optimized structure.

susceptibility, however, there is a sharp peak at 7,. We can
determine 7, according to the peak position of x (7).

The temperature-dependent magnetization can be fitted
with the Curie-Bloch equation in the classical limit [55]:

T\?
m(T) = (1 - i) , ©)

where T represents temperature, 7T, is the Curie temperature,
and B is the critical exponent. The results of the fitting are
shown by the red curve in Fig. 6(a), which matches the MC
simulation results. From the classical fitting curve, we deter-
mine 7; is 57 K, which is equal to the result derived from the
temperature-dependent susceptibility, and the exponent 8 is
0.338 by fitting. Figure 6(b) indicates the T, increase with the
unit cell expansion. 7. depends on the exchange interactions
directly, while the exchange interactions correlate to dcy.c; be-
tween the ions and the on-site U of Crions. As a consequence,
T. is affected indirectly by both of them.

The ferromagnetism becomes remarkable in MgCr,Sey
and MgCr,S, as we increase dcr.cy, as shown in Fig. 3. We
conjecture that substituting A site ions with larger ions (such
as Ca, Sr, and Ba) to construct different MTM spinel materials
will result in higher 7;.. The exchange coupling coefficients of
ACr,S4 (A = Ca, Sr, Ba) are summarized in Fig. 7. Like for
MgCr,S4, J; increases linearly with the lattice constants. On
the contrary, J, changes slightly with the lattice constant. The
magnetic states are FM for ACr,S4 (A = Ca, Sr, Ba) in a large
range around the equilibrant structure. Our MC simulation
results for 7, are shown in Fig. 6(b), which demonstrates
the alternative alkaline metals in MTM spinel materials have
higher T, than that in MgCr,S4. These T, are also strain de-
pendent, which is in agreement with our proposal to envisage

a scheme to implement high 7, with tensile strain in MTM
spinel materials.

V. CONCLUSION

In conclusion, we uncovered the magnetic coupling mech-
anism of the FM and AFM states in thiospinels, where,
as a special example of the named MTM spinel materials,
MgCr Xy (X = O, S, Se) and ACr,S4 (A = Ca, Sr, Ba)
were used to explore the tunable properties of magnetism and
electronic structures. We verified that the magnetic states in
thiospinels can change between FM and AFM. Therefore, the
magnetic structures of the MTM spinel material can be tuned
by ion substitution and the strain method. The ferromagnetic
properties are strengthened with tensile strain, as J;; between
the cations becomes negligible.

Based on MC simulations, we predicted 7, of FM states,
and T, is considerable when tensile strain is applied. Cur-
rently, only MgCr,S4 has been synthesized in the experiment,
and 7, is too low for practical application. Our study results
suggest that 7. can be improved by tensile strain or the ion
substitution approach or both. Our results will expand the
applicability of spinel materials for applications in spintronic
devices because 7, are tunable by external strain and ion
substitution. In addition, the transition of the magnetic states
between FM and AFM will trigger the study of magnetic
mechanisms in MTM spinel materials. Especially, the AFM
state, which is the classical pyrochlore Heisenberg frustrated
magnet system, will lead to additional discovery of classical
spin liquids, spin glass states, frustrated magnetism, etc.
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