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The layered material Mn3SioTeg, with alternating stacking honeycomb and triangular layers, is
attracting considerable attention due to its rich physical properties. Here, using density functional
theory and classical Monte Carlo (MC) methods, we systematically study this system with the
3d® electronic configuration. Near the Fermi level, the states are mainly contributed by Te 5p
orbitals hybridized with Mn 3d orbitals, resembling a charge transfer system. Furthermore, the spin
orientations of the ferrimagnetic (FiM) ground state display different conductive behaviors when
along the ab plane or out-of-plane directions: insulating vs. metallic states. The energy difference
between the FiM [110] insulating and FiM [001] metallic phases is very small(~ 0.71 meV/Mn).
Changing the angle 6 of spin orientation from in-plane to out-of-plane directions, the band gaps of
this system are gradually reduced, leading to an insulator-metal transition, resulting in an enhanced
electrical conductivity, related to the colossal angular magnetoresistance (MR) effect. Although the
three main magnetic couplings were found to be antiferromagnetic, overall the ground state is FiM.
In addition, we also constructed the magnetic phase diagram using the classical XY spin model
studied with the MC method. Three magnetic phases were obtained including antiferromagnetic
order, noncollinear spin patterns, and FiM order. Moreover, we also investigated the Se- and
Ge- doping into the Mn3SisTes system: the FiM state has the lowest energy among the magnetic
candidates for both Se- or Ge- doped cases. The magnetic anisotropy energy (MAE) decreases in
the Se-doped case because the Mn orbital moment is reduced as the doping = increases. Due to the
small spin-orbital coupling effect of Se, the insulator-metal transition caused by the spin orientation
disappears in the Se-doped case, resulting in an insulating phase in the FiM [001] phase. This causes
a reduced colossal angular MR. However, both the MAE and band gap of the Ge-doped case do
not change much with increasing doping x. Our results for Mn3Siz2Teg could provide guidance to

experimentalists and theorists working on this system or related materials.

I. INTRODUCTION

Because of their rich physical properties, layered corre-
lated systems with transition atoms have attracted con-
siderable attention for decades in the condensed mater
and material science communities [1-9]. In those sys-
tems, many exotic physical properties are induced by the
couplings between the charge, spin, orbital, and lattice
degrees of freedom, leading to colossal magnetoresistance
(CMR) and electronic phase separation | ], magne-
toelectricity [16—19], orbital/charge ordering [20-23], and
high-temperature superconductivity [24-27].

Recently, the layered material Mn3SisTeg with mixed
honeycomb and triangular layers has received consider-
able attention because of its interesting properties [28—

]. Mn3SipTeg displays a trigonal structure with space
group P3lc (No. 163), where Mn has two different
atomic positions [28], as shown in Fig. 1. The MnTes oc-
tahedra are edge-sharing connected or are well-separated
with two Mn1 and Mn2 sites in the ab plane, respectively,
leading to an alternately stacking of Mn-honeycomb and
Mn-triangular layers along the [001] direction. The Si
atoms form Si-Si dimers along the c-axis (see Fig. 1).

Neutron diffraction experiments found that MnsSisTeg
has a ferrimagnet (FiM) order below T, ~ 78 K, with
the spins lying along the [110] direction (ab plane) due

to strong anisotropy [28]. Furthermore, they also found
that the largest antiferromagnetic (AFM) coupling J; is
between nearest-neighbor (NN) Mn-Mn sites along the ¢
axis, while the in-plane coupling J» with the next-nearest
neighbor (NNN) distance of the Mn-Mn bond is smaller
than the next-next-nearest neighbor (NNNN) J;. More-
over, inelastic neutron scattering was applied to the anal-
ysis of this FiM ground state in combination with the
study of the spin-wave dispersion of the magnetic Hamil-
tonian [29].

In Mn3SisTeg, the Mn ions are in a 2+ valence with a
3d® configuration, leading to a quenched orbital moment,
resulting in a S = 5/2 and L = 0 state. Considering the
half-filling d® electronic configuration of Mn?*, the Mn
should in principle favor AFM coupling, which is not the
case experimentally. Hence, two simple questions natu-
rally arise. What is the origin of the FiM order? What
other interesting magnetic states can be obtained by con-
sidering the competition between the several magnetic
couplings?

In addition, the CMR effect was found in Mn3Sis Teg by
several research groups [30-34]. The reported large neg-
ative CMR and thermal conductivity indicates the pres-
ence of strong spin-lattice coupling in this material [30].
Furthermore, the CMR occurs only when the magnetic
field is applied along the magnetic hard axis and is sur-
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FIG. 1. Schematic crystal structure of MnsSisTes with space
group P3lc (No. 163). Magenta = Mnl; green = Mn2; blue
= Si; dark yellow = Te. (a) Unit cell with two different Mn-
atom positions, marked by different colors. (b) Honeycomb
layer of Mnl atoms with edge sharing MnTeg octahedra along
the ab plane. (c) Triangular layer of Mn2 atoms with well-
separated MnTeg octahedra along the ab plane. (d) Sketch of
the possible magnetic orders studied here. Spin up and spin
down are distinguished by the arrows.

prisingly absent when the magnetic field is applied along
the magnetic easy axis where magnetization is fully sat-
urated [31]. Meanwhile, pressure suppresses the insu-
lating state and CMR effect in Mn3SisTeg, leading to a
semiconductor-metal transition between 1.5 and 2.5 GPa,
as well as a possible structural transition at 12 GPa [32].
Recently, chiral orbital currents were also reported in this
system [33].

It was also proposed that the colossal angular magne-
toresistance (MR) effect could be caused by a topological
nodal-line degeneracy of spin-polarized bands in this ma-
terial [34]. Introducing carriers by doping in the system,
the colossal angular MR effect slightly decreases, or is
strongly suppressed at 2 K, for the Ge- or Se- doped
cases, respectively [34]. This interesting colossal angular
MR physics could be related to the rapidly reduced band
gap by changing the angle 6 of spin orientation between
the [110] to the [001] direction. In this case, will the
anisotropy change for different doping carriers? How do
other physical properties, such as the magnetic ground
state and anisotropic energy, change under different dop-
ing effects? To better understand all these interesting
issues, a detailed theoretical study is needed for a proper

physical description of this system.

Hence, a systematic study of the physical evolution of
Mnj3Sis Teg is presented here using first-principles density
functional theory (DFT) and classic Monte Carlo (MC)
calculations. Based on ab initio DFT, we found that the
FiM state is the most likely ground state, in agreement
with neutron scattering. In addition, the states near the
Fermi level are mainly contributed by the Te 5p states
hybridized with the Mn 3d orbitals, leading to a charge
transfer system. Furthermore, the FiM state with the
spin order lying in different directions is found to dis-
play different behaviors: insulating state in the ab plane
and metallic state in the out-of-plane direction. Because
those two phases only have a small energy difference
(~ 0.71 meV), the FiM [110] insulating and FiM [001]
metallic states could compete under external fields, lead-
ing to the CMR effect. By changing the angle 6 between
the [110] and [001] directions, the band gap is rapidly re-
duced, leading to an insulator-metal transition, resulting
in the observed colossal angular MR effect. In addition,
we also constructed the magnetic phase diagram varying
magnetic couplings in a classical zy spin model using the
MC method. Phase competition was observed by this
procedure as well.

Moreover, we also investigated the Se- or Ge-doped in
the Mn3SisTeg system, in the regime where the FiM state
has the lowest energy among the magnetic candidates.
We found that the spin still prefers to lie in the ab plane
for both the Se- or Ge-doped cases. As the doping x
level increases, the magnetic anisotropy energy (MAE)
decreases in the Se-doped case due to the reduced orbital
moment of Mn. Furthermore, the FiM state with spin
lying in the c-axis displays strong insulating behavior,
leading to a reduced colossal angular MR.

II. CALCULATION METHOD

A. DFT Method

In the present study, we employ first-principles DFT
calculations performed by using the Vienna ab initio sim-
ulation package (VASP) software [37-39] with the projec-
tor augmented wave (PAW) method. Electronic correla-
tions were considered by using the generalized gradient
approximation (GGA) with the Perdew-Burke-Ernzerhof
(PBE) potential [10]. The k-point mesh adopted was
8 x 8 x 4 for the conventional cell of the P3lc struc-
ture. This k-point mesh was tested explicitly to confirm
it produces converged energies. Furthermore, for the cal-
culation of the density of state (DOS), the k-point mesh
was increased to 12 x 12 x 6. The plane-wave cutoff en-
ergy used was 400 eV. Here, we considered several dif-
ferent collinear magnetic configurations, see Fig. 1(d).
These states do not break the crystal symmetry P3lc
(No. 163). In addition, on-site interactions were con-



sidered by using the local spin density approach (LSDA)
plus Usg by using the Dudarevs rotationally invariant
formulation [41]. Both the lattice constants and atomic
positions were fully relaxed until the Hellman-Feynman
force on each atom was smaller than 0.01 eV/A for all
spin configurations. All the crystal structures were visu-
alized with the VESTA code [12].

Based on the P31lc (No. 163) structure of Mn3SisTeg,
we compared the results of optimized crystal lattice
constants using different values of Ueg (see Appendix).
Our optimized lattice constants are a = b = 7.058,
¢ = 14.145 A for the FiM spin state at Ug = 0.5
eV, close to the low-temperature experimental results
(a = b= 7017, ¢ = 14.172 A [31]). Furthermore, the
pressure-induced insulator-metal transition was also ex-
perimentally observed in Mn3SisTeg between 1.5 and 2.5
Gpa [32]. Based on the LSDA+U.s = 0.5 eV calcula-
tions, we found the critical pressure for the insulator-
metal transition to be about 2.4 Gpa [see Fig. 2(a)],
also close to the experimental observation (1.5 to 2.5
Gpa) [32]. However, this critical pressure is about 4.6
Gpa for the LSDA+U.z = 1 eV calculations, as shown
in Fig. 2(b). At ambient conditions, an insulator-metal
transition was also reported in Mn3SisTeg by switching
the magnetic field from the ab plane to the c-axis [34].
Our results at large Ui could not reproduce this phase
transition. For example, we obtained that the band gaps
are 301.4 and 135.9 meV for the ab plane or c-axis, re-
spectively, at Usg = 1 eV. In addition, we also tested
the PBE functional revised for solids (PBEsol) [44] with
Uet = 3 €V, as used in Ref. [32]. The optimized lattice
parameters are @ = b = 7.009, ¢ = 14.058 A and the
calculated critical pressure of insulator-metal transition
is ~ 8.8 Gpa [see Fig. 2(c)]. Furthermore, the calculated
band gaps are 487.9 and 317.7 meV for the ab plane or
c-axis, respectively, at U,z = 3¢V with PBEsol potential.
Based on these comparisons between theoretical and ex-
perimental results, then we employed the value Usg = 0.5
eV in our calculations, which is sufficient to describe this
system. Overall, we conclude that the main physical re-
sults of our study are not significantly affected by the
value of U.g, such as the presence of the ferrimagnetic
ground state, the reduced band gap of different orienta-
tions, and the magnetic properties under doping effects.
Additional discussion about the role of Ugg is presented

)

in the Appendix and supplemental materials [43].

B. Monte Carlo Method

To better understand qualitatively the magnetic prop-
erties of this system, we used a simple classic XY spin
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FIG. 2. The calculated band gap of the FiM state as a func-
tion of pressure, based on LSDA+U.g+SOC calculations. (a)
Ueg = 0.5 eV with PBE potential. (b) Ueg = 1 eV with PBE
potential. (¢) Ueg = 3 eV with PBEsol potential.

model, as described below:

H=-J; Y Si-S;—J2» S-S

<ij> (kL]

*Jg Z Sm : Sn7 (1)

where Jy, Jo, and J3 are the exchange interactions be-
tween NN, NNN, and NNNN spin pairs, respectively, as
shown in Fig. 1(a). The reason for using an XY model,
instead of Heisenberg model, is because Mn3SisTeg has
an easy plane with the same energy in that plane.

The Markov chain MC method with the Metropolis
algorithm was employed to construct the magnetic phase
diagram of this model using a 40 x 40 unit cells lattice
with 6 sites in each unit cell, namely 9600 sites in total,
within periodic boundary conditions. Different lattice
sizes, such as 20 x 20 and 60 x 60, gave out similar results.
In the MC simulation, 1 x 10* MC steps were used for
thermal equilibrium at low temperature (T" = 0.05). For
all simulated temperatures (T'), the acceptance ratio of
MC updates was kept at about 50% by adjusting the
updating windows for the spin vectors to avoid being
trapped in metastable states and improve the simulation
efficiency [15-47]. Furthermore, the final real-space spin
patterns for different parameters were obtained from the
low-T" MC results followed by energy optimization. By
this procedure, imperfections in the spin pattern were
further reduced.

III. RESULTS
A. Magnetism and electronic structure
Under ambient conditions, the energies of various mag-

netic states for the relaxed structures are summarized
in Table I. The FiM state has the lowest energy among



TABLE I. The optimized lattice constants (A), calculated
energy differences (meV/Mn), local magnetic moments (in
pup/Mn) within the default PAW sphere, and band gaps
(meV) for the various magnetic configurations. The FiM
configuration was taken as the reference of energy. All the
magnetic states discussed here were fully optimized. E[110]
indicates the energy with spin lying along [110] (ab plane),
while the gap corresponds to the [110] direction, obtained
from LSDA+U.g+SOC calculations.

FiM FM AFM1  AFM2
a/b 7.058 7.068 7.063 7.066
c 14.145  14.286  14.325  14.221
E(LSDA+Uez) 0 88.54 14.76 27.91
M (Mn1) 4.240 4.318 4.219 4.239
M (Mn2) 4.114 4.320 4.182 4.240
E[110] 0 86.67 14.48 27.05
Gap 161.2 0 561.3 262.6

all the candidates, in agreement with neutron experi-
ments [28]. For the FiM state, the calculated local mag-
netic moments of Mn are about 4.240 and 4.114 pp/Mn
for the Mn1 and Mn2 sites, respectively, corresponding to
the S = 5/2 high-spin state of the d° Mn configuration.
In addition, the calculated Mn-orbital moments are 0.031
up/Mnl and 0.040 pp/Mn2, where such a small orbital
moment could induce the anisotropy. All collinear AFM
states display insulating behavior with a small band gap,
as shown in Table I.

As already explained, our optimized lattice constants
are @ = b = 7.058, ¢ = 14.145 A for the FiM spin
state, close to the experimental values at low temper-
ature (a = b = 7.017, ¢ = 14.172 A) [31]. In addition,
the optimized in-plane lattice constants are very close
for the different magnetic orders and nonmagnetic states
(a = b= 7.004 A). However, the c-value is significantly
reduced in the nonmagnetic state: ¢ = 11.522 A, which
is 2.623 A shorter than the value of the FiM configura-
tion. At high temperature, above the transition temper-
ature T, no huge changes in the c-lattice constant were
observed experimentally [28, 30]. For this reason, short-
range spin correlations should still be present above 7.
In fact, previous diffuse neutron scattering experiments
for Mn3SisTeg also revealed the existence of short-range
spin correlations well above T¢ at 150 [35] and 330 K [28],
indicating possible short-range order or the persistence of
correlated excitations in the paramagnetic region.

In Mn3SisTeg, the Mn-ions have a 24 valence, leading
to a d® electronic configuration with five half-filled 3d
orbitals. Without any interactions, the Mn 3d states dis-
play strong itinerant behavior hybridized with the Te 5p
orbitals. By introducing the Hubbard interaction U, the
five half-filled Mn-3d orbitals should be Mott-localized
with a small bandwidth, opening a Mott gap. Fur-
thermore, the Te 5p states are usually extended in real
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FIG. 3. (a) Qualitative sketch of the local DOS for the case
with Hubbard U in this system that involves Mn 3d and Te 5p
orbitals. (b) DOS of the FiM state calculated at LSDA+Ucg
= 0.5 eV. (c) DOS of the FiM state of Mn3Si2Ses calculated
at LSDA+4U.g = 0.5 eV, based on the same crystal lattice
constants of MnsSizTes. (b-c) Both the total DOS and atomic
projected DOS are represented by different colors.

space [18], leading to wide bands with large bandwidth.
For these reasons, Mn3SisTeg is more likely a charge-
transfer system, with the expected local DOS schemat-
ically shown in Fig. 3(a). Then, the band gap of this
system depends on the energy gap between empty Mn’s
3d and fully occupied Te’s 5p state, as shown in Fig. 3(a).

Next, we also calculated the DOS of the FiM state
of Mn3SisTeg using LSDA+Uyg (Uog = 0.5 €V), as dis-
played in Fig. 3(b). Note that the spin dependence of
the correlation energy density is already considered in
the LSDA portion. Hence, the additional effective Ueg
of the DFT calculations is different from the Hubbard
U in the standard model Hamiltonian calculations: the
value of Ueg of DFT calculations is always smaller than
the value of U of the Hubbard Hamiltonian model.

According to the DOS, the states near the Fermi level



are mainly contributed by the Te 5p orbitals, partially
hybridized with the Mn-3d orbitals. The Te 5p orbitals
display a strong extended behavior with a large band-
width. Furthermore, the Mn’s 3d states display a Mott-
localized behavior with a large Mott gap, where those
occupied 3d states are mainly located at lower energy
regions from —4 to —3 eV [see Fig. 3(b)]. Then, the
band gap of this system dramatically decreases to ~ 0.16
eV, where this gap is caused by the occupied Te 5p and
unoccupied Mn 3d states. In this case, this general phys-
ical picture could intuitively be used to understand the
semiconducting behavior with a small band gap in the
experiment [34] although the Mn 3d orbitals form a large
Mott gap. In addition, the Mn 3d states still display
Mott-localized behavior with increasing Mott gap as the
values of Ueg increases [See Fig. S1(b)].

To better understand this physical picture, we also cal-
culated the DOS of the FiM state of Mn3SisSeg based on
the same crystal lattice constants of Mn3SisTeg using
LSDA+ Uer (Ueg = 0.5 €V), as displayed in Fig. 3(c).
Compared with Mn3SisTeg, the Se’s 4p, and Mn’s 3d or-
bitals are more localized, leading to a smaller bandwidth
than for the Te case. Then, using the same parameters
(Usg = 0.5 V) and crystal structure lattice constants,
the calculated band gap of Mn3SisSeg increases to about
0.83 eV. Hence, all the results we obtained for the DOS
support the charge-transfer picture, as already analyzed
in previous paragraphs.

By introducing the SOC effect, the Te 5p bands would
split, leading to different physical properties for different
spin orientations, as will be discussed in the next section.

B. Spin orientation

Turning on the SOC, we found that the spin quantiza-
tion axis points to the ab plane but with only a very small
difference in energy compared to the [001] direction, in-
dicating that the spin prefers to be in the ab plane. In
addition, the MAE (E[110]-E[001]) is calculated to be
—0.71 meV /Mn for the FiM state, by comparing the en-
ergy difference between [110] and [001]. This small energy
difference arises from the small SOC of the Mn 3d® ions.
As discussed in the previous section, the calculated or-
bital moments of Mn are quite small: 0.031 pup/Mnl and
0.040 pup/Mn2, respectively. Then, this small orbital mo-
ment contributes to the small difference in the anisotropy
energy (~ 0.71 meV). In principle, an external magnetic
field could rotate the spin from the ab plane to the [001]
direction, and then flip the AFM spins to FM order if
the energy differences between those states are small.

In the well-known CMR materials, such as the hole-
doped manganites La; _, Ca,MnOQOg, the phase separation
mechanism plays a key role to understand the CMR ef-
fect, which is caused by the competition between the
AFM insulating and FM metallic phases, both induced
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FIG. 4. Band structure of Mn3SizTeg near the Fermi level,
based on the LSDA+U.g+SOC (Ueg = 0.5 V) for (a) the
FiM (m// ab) state (spin lying along the [110] direction),
and (b) the FIM (m// c¢) state (spin lying along the c-axis).
The Fermi level is shown with dashed horizontal lines. The
coordinates of the high-symmetry points in the bulk Brillouin
zone (BZ) are I" = (0, 0, 0), M = (0.5, 0, 0), K = (1/3, 1/3,
0), A = (0,0, 0.5), L = (0.5, 0, 0), and H = (1/3, 1/3, 0.5).
The evolution of the magnetic state under the magnetic field
along the c-axis is show at the right.

by the double exchange interaction [10, 49]. However,
in Mn3SisTeg, the FM metallic state has much higher
energy than the AFM insulating state (see Table T), indi-
cating that via magnetic external fields it will be difficult
to flip AFM spins to a FM order. In this case, the origin
of the CMR effect of Mn3SisTeg should be different from
that of typical hole-doped manganites.

Introducing the SOC effect, the Te-occupied 5p bands
start to split with different nodal-line degeneracy in dif-
ferent spin orientations of the Mn spins, as displayed in
Fig. 4. Note that the topological nodal-line degeneracy
physics of this compound has been studied in detail in a
recent publication [34]. The FiM [110] state, with spin
moments lying in the ab-plane, displays a semiconducting
behavior with an indirect gap ~ 161.2 meV [see Fig. 4
(a)]. For the FiM [001] state with the spin oriented along
the c-axis, the band structure indicates a metallic phase,
as shown in Fig. 4(b). Hence, the insulator-metal tran-
sition occurs by switching the spin orientation from the
[110] plane to the [001] direction. Due to the small en-
ergy difference between [110] and [001] directions (~ 0.71
eV), this insulator-metal transition could be induced by
an external magnetic field along the c-axis.

This analysis suggests that the FiM [110] insulating
and FiM [001] metallic phases could compete due to the
small energy difference scale, which could qualitatively
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FIG. 5. Band structure of Mn3SiaSeg near the Fermi level
based on the same crystal structure of MngsSizTes using
LSDA+SOCHUeg = 0.5 eV for (a) the FiM (// ab) state (spin
lying along [110] direction), and (b) the FiM (// ¢) state (spin
lying along the c-axis). The Fermi level is shown with dashed
horizontal lines.

explain the observed CMR effect in experiments [30-
, 34]. Hence, the origin of the CMR effect of Mn3Sis Teg
should be related to the competition between insulating
and metallic phases in the same magnetic state but differ-
ent spin orientations. This behavior is similar to the ob-
served CMR in EuCdyAss, where the competition among
phases is also induced by the spin orientations with com-
peting energies between magnetic topological insulating,
trivial insulating, and Weyl semimetal phases [52].

Furthermore, this insulator-metal transition with a re-
duced band gap induced by the spin orientations (161.2
to 0 meV) is caused by the nodal-line structure of Te’s p-
bands, also related to the SOC effect. If the SOC strength
is reduced, the change in the A ([110]-[001]) band gap
between in-plane and out-plane directions should be re-
duced as well. Hence, we also calculated the band
structures of the FiM state of Mn3SizSeg for different
spin orientations based on the same crystal structure of
Mn3SisTeg, because the SOC effect of Se is smaller than
for Te atoms. As displayed in Fig. 5, the change in the
A band gap between the [110] and [001] directions is re-
duced to about 68.2 meV, as expected. The CMR and
colossal angular MR effects of this system are related to
the change of bands gaps of different spin orientations,
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FIG. 6. Evolution of the calculated band gap of the ferrimag-
netic state of MnsSizTeg, as a function of angle 6.

where the reduced value of the band gap from in-plane to
out-plane directions is decided by the value of the SOC.
Hence, the CMR or colossal angular MR, effects should
be strongly suppressed in MnsSisSeg.

To better understand the spin orientation effet, we sim-
ulated the switching “path” in the ab and out of plane
by changing the angle 6 between the z— and y — /2—
axes. Changing the angle 6 (corresponding to different
spin quantization axis) in the xy plane (corresponding to
the ab crystal plane), the energy and the band gap are
identical, independent of the angle 6 [See Fig. S2 and
Fig. 6]. In addition, the band gap rapidly is reduced by
changing the spin quantization axis from the z— to the
z-axis, as displayed in Fig. 6, consistent with the large
resistance reduction as the magnetic field orientation 6
is varied [34]. Note that the insulator-metal transition of
spin orientation is a “gradual” transition as spin angle 6
changes, not a ”sharp” phase transition. This insulator-
metal transition caused by the angle 6 could also explain
the colossal angular MR observed in experiments [34].

C. Ferrimagnetic state and magnetic phase diagram

Based on the optimized crystal lattice of the FiM state,
we mapped the DFT energy into a classical model to ob-
tain three magnetic exchange couplings .J's, assuming the
magnitude of the spins is considered as 1 for simplicity.
Note that those values of J are calculated by mapping
the DFT energies of four different states (FiM, AFMI,
AFM2, and FM) to the classic spin model.

At Ueg = 0.5 eV, we obtained that the three magnetic
couplings are J; = —33.8, Jo = —11.4 and J3 = —13.4,
all in units of meV. The coupling J; involving nearest-
neighbor Mn-Mn distances provides the strongest AFM
magnetic exchange coupling, much larger than J, and J3.



TABLE II. Calculated magnetic couplings: Ji, J2, J3 (in
meV), and the ratio (J2/J1 and J3/J1) at several values of
Ustt.

Uerr J1 J2 J3 Ja/J1 J3/J1
0 -38.6 -12.4 -15 0.321 0.389
0.5 -33.8 -11.4 -13.4 0.337 0.396
1 -27.7 -9.1 -10.9 0.329 0.394
1.5 -22.7 -7.1 -8.7 0.313 0.383
2 -18.3 -5.6 -6.8 0.306 0.372
3 -12.6 -3.2 -3.8 0.254 0.302

In addition, the J; between NNN Mn-Mn sites is also
AFM but smaller than the AFM J3 with NNNN Mn-Mn
distance, in agreement with previous calculations [28, 34].
In this case, those three AFM couplings could lead to
strong frustration due to the competition in a triangular
geometry. Note that our qualitative results are approxi-
mately independent of the choice of Ueg. For the benefit
of the readers, based on the optimized crystal lattice of
the FiM state, we also evaluated the three magnetic ex-
change coupling .J's vs. U.g, as summarized in Table II.

Next, we calculated the magnetic phase diagram vary-
ing Js, based on the classical XY spin model using MC
techniques (spin patterns are provided in real space).
For the J; path (NN Mn-Mn sites) along the c-axis, the
magnetic coupling should be the strongest AFM due to
the strong overlap of ds,2_,2 orbitals, where the local
{z,y, z} basis is considered, as shown in Fig. 1. Hence,
we fixed the NN J; path to be AFM with J; = —1 and
the NNN J, and NNNN J; were both considered to be
either AFM or FM, by changing the values from -0.50 to
0.50. We found two dominant phases, involving collinear
AFM2 and FiM spin orders, as shown in Fig. 7. In ad-
dition, a noncollinear (NC) spin pattern, to be shown
explicitly below, was also obtained at the boundaries
between the AFM2 and FiM phases (see Fig. 7). It
should be noted that the boundaries between different
phases should be considered only as crude approxima-
tions. However, the existence of the three different phase
regions was clearly established, even if the boundaries are
only estimations. We believe our theoretical magnetic
phase diagram should encourage a more detailed exper-
imental study of this compounds or related systems, for
example by varying the chemical composition.

In the unit cell of the Mn3SisTeg lattice, there are 12
and 6 spin pairs along the J, or J; paths, respectively.
Hence, the region of stability of the different magnetic
phases is mainly decided by the sign of Js. If J3>0 (FM
interaction), the AFM2 phase is the dominant phase in
our MC phase diagram. For example, the real-space spin
pattern at J3; = 0.30 and Jo = —0.20 clearly displays
antiferromagnetic order, as shown in Fig. 8 (a) (obtained
from low-T" MC plus optimization). Furthermore, the
NC spin order was obtained in some regions due to the
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FIG. 7. Monte Carlo magnetic phase diagram of the classical
XY spin model varying normalized Ji, J2 and Js, using a
40 x 40 lattice. Different phases are indicated with the labels
AFM2, NC, and FiM phases. Here, we fixed the NN as AFM
coupling with J; = —1 and changed J2 or J3 from -0.5 to
0.5. Note that the AFM2, NC, and FiM patterns have the
same energies at Jo = J3 = 0. Small solid blue circles indicate
specific values of data points that were explicitly investigated
in our MC calculations. The yellow star shows the normal-
ized values of the calculated Js in DFT for the real material
MngSiQTee (J1 = —1, JQ = —0.337, and Jg = —0.396).

strong competition between Jy and J3 if the Jo also is
a FM coupling and larger than J3 [see, as an example,
the real-space spin pattern at J3 = 0.30 and Jy = 0.46
in Fig. 8(b)].

In addition, a similar NC order was also obtained if the
AFM J;5 could compete with AFM J3, such as at Jo = -
0.46 and J3 = -0.30, with the NC pattern displayed in real
space in Fig. 8(c). In the J3<0 and J2>0 regions (AFM
Js and FM Js), the FiM phase is stable, as displayed
is Fig. 7. The example Jo = 0.20 and J3 = -0.30 in
Fig. 8(d) clearly shows that the real-space spin pattern
corresponds to FiM order. Considering the calculated
magnetic coupling values (J; = —33.8, J, = —11.4 and
Js = —13.4 meV) [50], the real material Mn3SizTeg is
located inside the FiM region in our MC phase diagram
(see yellow star in Fig. 7), in agreement with experiments.

D. Doping effect

To better understand the physical properties under Se
or Ge doping in Mn3SisTeg, we employed the virtual crys-
tal approximation (VCA) to simulate the doping effect,
technique widely used in the electronic structure con-
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FIG. 8. Spin patterns for different values of normalized Js, where J; is fixed to be -1. (a) AFM2 state at J, = -0.20 and J3 =
0.30. (b) NC state at J2 = 0.46 and J3 = 0.30. (c) NC state at Jo = -0.46 and J3 = -0.30. (d) FiM state at J2 = 0.20 and J3

= -0.30.

text [53-55]. Here, both the lattice constants and atomic
positions were fully relaxed with different spin states, for
different Se or Ge doping levels.

For both Mn3Sis(Te; . Se, ) and Mn3(Siy_,Ge, )2 Teg,
the FiM state has the lowest energy among all magnetic
candidates at the doping levels we studied, as displayed
in Fig. 9. In addition, the energy differences of different
magnetic states do not change much. Then, we conclude
that the magnetic transition temperatures at small dop-
ing of Se or Ge would not change much either, in agree-
ment with experimental results for the magnetic suscepti-
bility of the undoped, 20% Se-doped, and 6% Ge-doped
cases [34]. Furthermore, the spin quantization axis al-
ways points along the ab crystal plane but with only a
small difference in energy with respect to the c-axis ([001]
direction), indicating that the spin still favors lying in the
ab crystal plane, for both the Ge- and Se-doped cases.

As the doping level increases, the MAE (E[110]-E[001])
slightly decreases from —0.71 meV/Mn (z = 0) to —0.60
meV/Mn (z = 0.3) in the Se-doped case, while it is al-
most unchanged in the Ge-doped case, as displayed in
Fig. 10(a). This is reasonable. As the doping z in-
creases in MnsSis(Te;_,Se;)s, the orbital moments of
Mn decrease to 0.026/0.034 pp/Mn for the Mnl and Mn2
sites, respectively. Because the anisotropy is caused by
the small orbital moment of the Mn atoms, the MAE is
slightly reduced in the Se-doped case. However, for the
Ge-doped case, the calculated orbital moments of Mn are
almost unchanged as the doping x increases. Hence, the
MAE of Ge-doped case does not change in the doping
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FIG. 9. Energies for different magnetic states under different
doping levels: (a) The case of Se doped in the Te site; (b)
Ge doped in the Si site. The FiM state is chosen as energy
reference.
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FIG. 10. (a) The MAE (E[110]-E[001]) for the FiM state
under doping. (b) The calculated band gap of the FiM state
under Se- or Ge-doping, for the spins lying along the [110]
and [001] directions, respectively.

range we studied.

In addition, as the doping x increases, the calcu-
lated band gap of the FiM state of MnsSis(Te;_.Se,)e
smoothly increases for both the spin orientations [110]
and [001] [see Fig. 10(b)]. For Mns(Si;_,Ge,)2Teg, the
calculated band gaps just slightly change for the two dif-
ferent spin orientations, at the doping levels we studied.
Note that the different behavior of the calculated band
gaps for the Se-doped and Ge-doped cases are also inde-
pendent of Ugg [See Fig. S5(b)]. As discussed in Section
IIT.A, the band gap of this system is mainly caused by
the occupied Te 5p and unoccupied Mn 3d orbitals. By
doping Se into the Te sites, the states near the Fermi
level would be more localized, leading to a reduced band-
width, resulting in an increased band gap, as the doping
x increases. However, the p and d states should not be
seriously affected by doping Ge in the Si sites because
most Si states are located at deep energies far from the
Fermi level. Hence, the calculated band gap does not
change much in the small doping region.

Furthermore, in the FiM state with spin orientation
both along the ab plane and c-axis, the system displays
insulating behavior with an indirect band-gap character-
istic of the Se-doped case. Here, we also calculated the
band structure of the FiM state for the 20% Se doping
case, for both spins along ab and ¢ directions, as shown
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FIG. 11. Band structure of the FiM state near the Fermi
level based on LSDA+U+SOC (Ueg = 0.5 eV calcula-
tiOl’lS, for Mn3SiQ (Teo_gse()‘z)e and Mng(Sio_gg,Geo.os)zTea.
(a) The FiM (m//ab) state (spin lying along [110] direc-
tion) for MnsSiz(Teo.8Seo.2)s. (b) The FiM (m//c) state
(spin lying along c-axis) for MnsSiz2(Teo.85e0.2)s. (c) The
FiM (m//ab) state (spin lying along [110] direction) for
Mn3(Sio.95Geo.05)2Tes. (d) The FiM (m//c) state (spin lying
along c-axis) for Mn3(Sio.o5Geo.05)2Tes. The Fermi level is
shown with dashed horizontal lines. The coordinates of the
high-symmetry points in the bulk BZ are I" = (0, 0, 0), M =
(0.5,0,0), K=1(1/3,1/3,0), A= (0,0, 0.5), L = (0.5, 0, 0),
and H = (1/3, 1/3, 0.5).

in Figs. 11(a-b). The calculated indirect band gaps of
the FiM state of the 20% Se doping case are about 323.3
and 166.9 meV for the spin lying along ab or along c,
respectively. In this case, the insulator-metal transition
disappears by switching the angle 8 between the [110] and
[001] axis. This large gap in the FiM (m//ab) state would
greatly reduce the conductivity of the system, leading to
a far more reduced colossal angular MR effect. This could
qualitatively explain the strongly reduced colossal angu-
lar MR of the 20% Sr-doping case observed at 2 K [34].

Moreover, the difference A of band gaps between the
two different spin orientations gradually decreases to
156.4 meV in Mn3Siz(Tep gSep.2)s, due to the reduced
SOC effect of Se. For the Ge-doping case, the calculated
band gap of the FiM state slightly increases, reaching
the maximum value at = 0.1 (165.4 and 5.2 meV for
the m//ab or m//c, respectively), and then decreases for
the spin both lying along the ab plane and c-axis, as the
doping z increases. At z = 0.05 in the Ge-doped case,
the calculated indirect band gaps are 163.4 and 2.8 meV
for the spins along ab plane and c-axis, respectively [see
Figs. 11(C—d)]. This small gap of MHg(Sio.95Geo_05)2Teﬁ
in the FiM (m//c) state would reduce the conductivity
of the system, leading to a reduced colossal angular MR
effect, compared to the undoped case. Different from the



large gap of the FiM (m//c) state in the 20% Sr-doping
case, the reduced amplitude of the colossal angular MR
effect is not too large in the 6% Ge-doped case. This also
could qualitatively explain the slightly reduced colossal
angular MR effect in the 6% Ge-doped case, at very low
temperatures [34].

ITII. CONCLUSIONS

In this publication, we systematically studied the
layered system MngSisTeg with alternating stacking of
honeycomb and triangular layers, by combining first-
principles DFT and classical MC calculations. Based on
the ab initio DFT results, we found that the ferrimag-
netic state is the most likely magnetic ground state, in
agreement with previous neutron results. In addition,
the states near the Fermi level are primarily contributed
by the Te 5p-states hybridized with the Mn 3d-orbitals,
leading to a charge transfer system. Furthermore, the
spin orientations of the FiM state display different be-
haviors: insulating state in the ab plane and metallic
state in the out-of-plane direction, while the energy dif-
ference between them is only about ~ 0.71 meV. In this
case, the very similar energies between the FiM [110] in-
sulating and FiM [001] metallic phases are likely respon-
sible for the observed CMR effect in experiments. By
changing the angle 6 of the spins orientation, the calcu-
lated band gap rapidly is reduced, leading to an insulator-
metal transition, which could also explain the observed
colossal angular MR effect.

By mapping the DFT energy to a Heisenberg model,
we obtain three magnetic exchange couplings, all of them
AFM. In addition, we also constructed the magnetic
phase diagram varying Jo/J; and J3/J; (J; was fixed to
be -1), based on the classical Heisenberg model using the
MC method, where three magnetic phases were obtained.
Moreover, we also investigated the Se- or Ge-doping in
Mng3SisTeg. The FiM state has the lowest energy among
the magnetic candidates for both cases. Due to the re-
duced orbital moment of Mn in the Se-doped case, the
MAE slightly decreases as the doping z level increases.
However, for the Ge-doped case, the calculated orbital
moments of Mn remain almost unchanged, as the dop-
ing level x increases. Hence, the MAE of the Ge-doped
case does not change in the doping level range studied
here. Furthermore, the insulator-metal transition caused
by the spin orientation disappears in the Se-doped case
because of the strongly reduced spin-orbital coupling ef-
fect of Se, resulting in an insulating phase in the FiM
[001] phase, leading to a reduced colossal angular MR.
However, the band gap of the Ge-doped case does not
change much for both the [110] and [001] directions, as
the doping level = increases. Thus, we believe our results
for Mn3SisTeg provide guidance to experimentalists and
theorists working in this system or related materials.
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FIG. 12. DFT results for Mn3SizTes varying Ues. (a) Opti-
mized in-plane lattice constants. (b) Optimized c-axis lattice
constants. (c¢) Energy (per Mn) of various magnetic orders.
The FiM state is taken as the energy of reference.
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APPENDIX

Here, all the magnetic orders were fully relaxed based
on the LSDA+Ugg procedure. First, the in-plane and
c-axis lattice constants of various magnetic orders for re-
laxed structures are summarized in Figs. 12(a) and (b),
varying Uss. As Ueg increases, the calculated lattice
constants increases. Clearly, the Usg = 0.5 eV value
gives the most accurate structure, where our optimized
lattice constants are @ = b = 7.058, ¢ = 14.145 A for
the FiM spin state, close to the low-temperature exper-
imental results (a = b = 7.017, ¢ = 14.172 A [31]. As
shown in Fig. 12(c), the FiM state always has the low-
est energy among all candidate configurations, in agree-
ment with neutron experiments. Increasing U.g, the cal-
culated magnetic moment increases from 4.174/4.009 to
4.478/4.435 pup/Mn, for the Mnl and Mn2 sites, respec-
tively.
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Turning on the SOC, the spin quantization axis of the
FiM state still points along the ab plane, independently
of Uegr. In addition, we also calculated the MAE (E[110]-
E[001]) for the FiM state varying U.g, as displayed in
Fig. 13(a). As expected, the band gap of the FiM state
increases as U.g increases. Furthermore, the calculated
band gaps are reduced by changing the spin orienta-
tion from the [110] to the [001] directions, as shown in
Fig. 13(b). Increasing the values of U, the total band
gap continues to increase in the ground FiM (m//ab)
state, since increasing U.g would increase the Mott-gap
of Mn 3d orbitals and shift the occupied Mn 3d state to a
lower energy region in this system. By switching the spin
orientation of FiM to the out-plane direction (m//c), the
band gap would be reduced. The reduced values of the
gap A ([110]-[001]) do not change much varying Ueg be-
cause this reduced gap is driven by the SOC of the Te
atom by lifting the nodal-line degeneracy, independent of
the values of Ueg.
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