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Magnetic order and interactions in ferrimagnetic Mn3Si2Te6
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The magnetism in Mn3Si2Te6 has been investigated using thermodynamic measurements, first-principles
calculations, neutron diffraction, and diffuse neutron scattering on single crystals. These data confirm that
Mn3Si2Te6 is a ferrimagnet below TC ≈78 K. The magnetism is anisotropic, with magnetization and neutron
diffraction demonstrating that the moments lie within the basal plane of the trigonal structure. The saturation
magnetization of ≈1.6 μB/Mn at 5 K originates from the different multiplicities of the two antiferromagnetically
aligned Mn sites. First-principles calculations reveal antiferromagnetic exchange for the three nearest Mn-Mn
pairs, which leads to a competition between the ferrimagnetic ground state and three other magnetic
configurations. The ferrimagnetic state results from the energy associated with the third-nearest-neighbor
interaction, and thus long-range interactions are essential for the observed behavior. Diffuse magnetic scattering
is observed around the 002 Bragg reflection at 120 K, which indicates the presence of strong spin correlations
well above TC. These are promoted by the competing ground states that result in a relative suppression
of TC and may be associated with a small ferromagnetic component that produces anisotropic magnetism
below ≈330 K.
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I. INTRODUCTION

Understanding and manipulating magnetic anisotropy is
important in both basic and applied physics research. For in-
stance, anisotropic magnetism is essential for the development
of permanent magnets and it appears to be a fundamental
component in many systems that display unconventional
superconductivity. Recently, research on materials that are
crystallographically layered (held together by van der Waals
bonds) has gained prominence in condensed-matter physics.
This is largely driven by the now-realized prospect of building
van der Waals heterostructures from materials with comple-
mentary properties [1]. Two-dimensional (2D) and quasi-2D
materials are of fundamental interest from a bulk perspective as
well, in part because they exist in the limit of very anisotropic
interactions (strong in-plane interactions and weak cross-plane
interactions). For instance, the compounds CrSiTe3, MnPS3,
and CrI3 have layers connected by van der Waals bonds
and demonstrate bulk magnetic ordering with anisotropic
interactions manifesting themselves in anisotropic properties,
suppressed 3D ordering temperatures, two-dimensional order,
and persistent short-range correlations above TC [2–9]. In this
work, we probe the behavior of Mn3Si2Te6, which can be
considered as a three-dimensional analog of CrSiTe3.

While its crystal structure is interesting, very little research
has been reported on Mn3Si2Te6 [10,11]. The initial report of
its existence and physical properties discussed the magnetism
within the framework of an incorrect stoichiometry and
structure [10], and thus the initial hypothesis of ferrimagnetism
could not be fully evaluated. Despite containing nominally
Mn2+ with no orbital moment (3d5 with S = 5/2, L = 0), the
magnetism displays a large anisotropy field of the order of
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10 T at 5 K [10]. The crystal structure was reported several
years after the initial characterization [11], but the magnetic
properties were not revisited. Mn3Si2Te6 has a trigonal crystal
structure (space group no. 163) that is shown in Fig. 1 [11].
Figure 1 also contains the magnetic structure obtained from our
neutron-diffraction data. Mn3Si2Te6 is composed of MnTe6

octahedra that are edge sharing within the ab plane (Mn1 site)
and, along with Si-Si dimers, this creates layers of Mn2Si2Te6.
The layered framework is analogous to that of CrSiTe3, which
is hexagonal and has a van der Waals gap between the layers.
In Mn3Si2Te6, however, the layers are linked by the filling
of one-third of the octahedral holes within the van der Waals
gap by Mn atoms at the Mn2 site, yielding a composition of
Mn3Si2Te6 [11]. Importantly, the multiplicity of Mn1 is twice
that of Mn2.

In this work, Mn3Si2Te6 was characterized using magneti-
zation, specific heat, and electrical resistivity measurements, as
well as via powder x-ray and single-crystal neutron diffraction.
We find Mn3Si2Te6 to be a ferrimagnet due to antiparallel
alignment of moments on the Mn1 and Mn2 atomic positions,
the different multiplicity of which yields a net magnetization
with moments preferring to lie in the trigonal plane. The data,
including diffuse neutron scattering, reveal the existence of
strong spin correlations at T well above TC, which may be
associated with short-range order or the persistence of corre-
lated excitations in the paramagnetic region. The experimental
probes were complemented by first-principles calculations
that revealed a competition between antiferromagnetic (AFM)
exchange interactions that are frustrated with respect to each
other. Interestingly, the longer-range, third-nearest-neighbor
coupling (Mn1-Mn2 pairs at 5.41 Å) dominates over the
in-plane coupling of second-nearest neighbors at 4.06 Å
(Mn1-Mn1 pairs). The net result is an antiferromagnetic
configuration close in energy to the ferrimagnetic one, and this
competition for the ground state leads to a relative suppression
of the ordering temperature.
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FIG. 1. (a) Crystal structure of Mn3Si2Te6 viewed down [110].
(b),(c) Single layers of the different MnTe6 octahedra viewed down
[001], where (b) is an image of Mn1 layers and (c) is a Mn2 layer.
In all panels, one unit cell is outlined, MnTe6 octahedra are shown,
and arrows indicate relative alignments of Mn moments within the
trigonal plane.

II. EXPERIMENTAL DETAILS

Mn3Si2Te6 single crystals were obtained by melting
a stoichiometric mixture of the elements in a vacuum-
sealed quartz ampoule at T = 1125 K. High-purity Si lump
(Alfa Aesar 99.9999%) and Te shot (Alfa Aesar, 99.999%)
were combined with Mn granules (99.98% Alfa Aesar) that
were arc melted prior to use. Single crystals of Mn3Si2Te6

were mechanically isolated from the as-grown ingot.
Field-cooled magnetization measurements were performed

in a Quantum Design Magnetic Property Measurement Sys-
tem. AC magnetic susceptibility, electrical transport, and
specific-heat capacity measurements were performed in a
Quantum Design Physical Property Measurement System.
Powder x-ray diffraction measurements were performed using
a PANalytical X’Pert Pro MPD with a Cu Kα,1 incident-beam
monochromator. An Oxford PheniX Cryostat was utilized to
obtain data between 20 and 300 K. Additional powder x-ray
diffraction measurements were performed between 300 and
400 K on a PANalytical X’Pert diffractometer with Cu Kα

radiation and an XRK900 oven-type furnace. The furnace
chamber was purged with He for 12 hours prior to initiating
the high-temperature measurements and gas was continuously
flowed throughout the measurements. The measurements were
delayed at each temperature for 30 minutes to allow the sample
to equilibrate. At 300 K, Rietveld refinement of data from the
low-T stage yielded a = 7.0321(6) Å and c = 14.249(1) Å,
while refinement of the data from the high-T stage yielded
a = 7.0343(2) Å and c = 14.249(2) Å.

Single-crystal neutron-diffraction data were measured us-
ing the HB3A diffractometer at the High Flux Isotope
Reactor at Oak Ridge National Laboratory (ORNL). The
neutron wavelength of 1.546 Å from the bent perfect Si-220
monochromator was used for the data collections [12], and
380 reflections were measured at 4, 100, and 380 K. The
nuclear-only refinement at 380 K yielded occupancies equal to
unity within the error bars, and thus the occupancies were fixed
at unity for all T . The magnetic refinement at 4 K required three
equivalent magnetic domains. All refinements were performed
using the program FULLPROF [13].

Diffuse neutron-scattering measurements were performed
on the CORELLI diffuse scattering spectrometer at the
Spallation Neutron Source located at ORNL. CORELLI is a
time-of-flight spectrometer with a pseudostatistical chopper,
which generates both an elastic scattering signal (with an
average energy resolution ≈1 meV) and a total scattering
signal from a single measurement. An approximately 7 mg
single crystal was attached to an Al plate in a manner
to facilitate inspection of the HHL scattering plane. The
measurements were taken at temperatures of 6, 120, and 350 K,
where the sample was rotated in steps of 3◦ over ranges of 120◦
(6 K), 120◦ (120 K), and 90◦ (350 K). A significant amount
of time was spent at 120 K measuring 30 degrees centered
around the 002 Bragg reflection. Data around 002 were also
collected on warming from 6 to 120 K. MANTID was utilized to
perform the Lorentz and spectrum corrections and merge the
full volume of the scattering data [14].

First-principles calculations were performed using the
linearized augmented plane-wave (LAPW) code WIEN2K [15],
within the generalized gradient approximation (GGA) [16].
Spin-orbit coupling was only included during the calculation
of magnetic anisotropy within the observed ground state.
Sphere radii of 2.04, 2.5, and 2.5 Bohr were chosen for
Si, Mn, and Te, respectively, with an RKmax of 7.0 (here,
RKmax is the product of the smallest sphere radius and the
largest plane-wave expansion wave vector). All calculations
used the experimental, room-temperature lattice parameters of
a = 7.029 Å and c = 14.255 Å taken from Ref. [11]. For each
magnetic configuration, the internal coordinates were relaxed
within the magnetic ordering pattern until the forces were
less than 2 mRyd/Bohr. Optimization within the magnetic
state yields significantly different atomic coordinates than
optimization within the nonmagnetic state (an energy gain
of some 250 meV/Mn results for the ground state), suggesting
a strong coupling of magnetism to the lattice. The structure
theoretically optimized within the ferrimagnetic ground state
is much closer to the experimental structure than that optimized
within the nonmagnetic state. For example, the value for Mn1
of �z ≡ zExpt. − zCalc is −8.7 × 10−4 for the ferrimagnetic
ground state but nearly five times as large in magnitude at
4.02 × 10−3 for the nonmagnetic state. Similarly large ratios
apply for the Si z and Te y and z coordinates, with the Te x

coordinate �x roughly twice as large for the nonmagnetic state
as for the ferrimagnetic state. Additional details are provided
in the Supplemental Material [17].

III. RESULTS AND DISCUSSION

A. Magnetization, neutron-diffraction, and
theoretical calculations

The magnetization M data for single crystalline Mn3Si2Te6

are shown in Fig. 2(a). Mn3Si2Te6 is observed to have a Curie
temperature of TC = 78 K. The ordering temperature was also
confirmed by ac magnetic susceptibility measurements, the
results of which are shown in Fig. 3. The anisotropy of M

below TC suggests that the ordered moments lie primarily
within the ab plane. This is demonstrated by a significantly
larger M when the applied field H lies within the ab plane
as compared to when H‖c; note the different vertical axes
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FIG. 2. (a) Anisotropic magnetization data for Mn3Si2Te6 upon
cooling in an applied field of 20 Oe; the left axis (H ⊥ c) and
right axis (H ‖ c) have the same units. The inset shows isothermal
magnetization data at T = 5 K, and together these results reveal
easy-plane magnetization. (b) Inverse susceptibility data combining
high- and low-T measurements. The dashed curve represents a
Curie-Weiss fit extended to lower T .

in the main panel of Fig. 2(a). Consistent with this, below
TC, the magnetization saturates rapidly for H‖ab and reaches
≈1.6 μB/Mn at T = 5 K [inset, Fig. 2(a)]. The data imply an
anisotropy field of approximately 9 T (90 kOe), and a small
ferromagnetic component is observed for H‖c. These data are
consistent with the initial report on Mn3Si2Te6 [10]. We note
that there is no remanent moment for either orientation, which
is different from the prior report and, to some extent, suggests
the present single crystals are of high quality.

Figure 2(b) plots the magnetization data as H/M , which
is equivalent to 1/χ when the susceptibility can be defined
as χ = M/H (when M is linear in H ). The data demonstrate
Curie-Weiss behavior between approximately 350 and 750 K,
the region where 1/χ is linear in T . The data above 400 K
were fit to a simple Curie-Weiss law, χ = C/(T − �), where
C is the Curie constant and � is the Weiss temperature.
This fitting produced an effective moment of 5.6 μB/Mn and
a Weiss temperature of −277 K. The effective moment is
consistent with the presence of Mn2+ ions and the negative
Weiss temperature indicates antiferromagnetic correlations.
The saturation magnetization [inset, Fig. 2(a)] is about

FIG. 3. (a) The real component χ ′ and (b) the imaginary compo-
nent χ ′′ of the ac magnetic susceptibility data near the ferrimagnetic
ordering temperature. The insets show the data on a logarithmic scale
using the same units as the primary panels. Data collected upon
cooling using A = 2 Oe and f = 997 Hz.

one-third of that expected on the basis of this effective moment,
which suggests the presence of one uncompensated Mn2+ local
moment per formula unit in the ordered phase. In Fig. 2(b), the
low-temperature data were collected on a large mass of ground
crystals, while high-temperature data were collected using six
small crystals sealed under vacuum in a thin quartz tube (the
crystals are free to rotate in an applied field).

The ac susceptibility χAC = dM/dH can be described by
in-phase (real) χ ′ and out-of-phase (imaginary) χ ′′ compo-
nents, which are shown in Fig. 3. The out-of-phase component
χ ′′ relates to dissipative losses, for instance the movement of
domain walls in ferromagnets; χ ′′ is typically zero for simple
antiferromagnets and nonzero in ferromagnets and sometimes
in metals [18]. The ac data shown in Fig. 3 were collected in
zero-applied dc field, with a small amplitude A = 2 Oe and
a frequency f = 997 Hz. These data reveal a sharp onset at
the Curie temperature, with χ ′ and χ ′′ increasing below TC

for both orientations. In addition, the data reveal anisotropy
above TC, which was also observed with the dc measurements.
A comparison of χ ′ and the dc analog M/H (H = 20 Oe) is
shown in the Supplemental Material [17].

As shown in Fig. 2(b), the low-field magnetization data
on ground crystals deviate from the high-T Curie-Weiss
behavior below ≈330 K. Single-crystal magnetization data
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FIG. 4. (a) Anisotropic dc magnetization data collected upon
cooling in an applied field of 20 Oe. (b) Anisotropic ac susceptibility
data showing the real χ ′ and imaginary χ ′′ components. The ac data
were collected using A = 14 Oe and f = 997 Hz with zero-applied
dc field.

reported in Fig. 4 demonstrate that this behavior is associated
with a relatively abrupt onset of magnetic anisotropy below
≈330 K, which is observed in both the low-field dc data
[Fig. 4(a)] and the ac data [Fig. 4(b)]. The anisotropy is the
same as that in the ferrimagnetic phase below TC (easy-plane
anisotropy). Upon cooling below 330 K, χ ′′ becomes nonzero
for in-plane data, and it reaches a maximum near 110 K
before rising sharply at TC. This may suggest the anisotropy is
associated with, or derived from, a ferromagnetic component
(uncompensated moment) that is present for H ⊥ c. Indeed,
isothermal magnetization data reveal a small (soft) ferromag-
netic contribution for H ⊥ c in the region TC < T < 330 K,
which increases upon cooling. The low-field M(H ) data at
T = 110 K are shown in Fig. 5, and the corresponding ac
data are shown in the Supplemental Material [17] along
with M(H ) curves at different T . Interestingly, χ ′ plateaus
near 85–110 K, which would suggest that this ferromagnetic
component has saturated. That is, this plateau in χ ′ seems to
suggest that the anisotropy does not originate in precursory
short-range order of the ferrimagnetic phase, which would
be expected to continue increasing all the way down to
TC as the correlation length begins to diverge. However,
the ferromagnetic contribution suggests that the anisotropy
originates from some form of magnetic order, as opposed to a
crystal-field-induced anisotropy of a paramagnet. As discussed

FIG. 5. Isothermal dc magnetization data at 110 K demonstrating
the ferromagnetic contribution for H ⊥ c in Mn3Si2Te6.

below, our diffraction measurements did not reveal any signifi-
cant structural change near 330 K, but a structural contribution
and/or origin cannot be ruled out at this time. The true nature
of the transition near 330 K is thus unclear and warrants further
investigation. As discussed in the Supplemental Material [17],
this behavior seems to be intrinsic to our single crystals.

Single-crystal neutron diffraction and spectroscopy were
utilized to examine the nuclear and magnetic structures of
Mn3Si2Te6. As shown in Fig. 6, the intensity of the 002 Bragg
reflection increases upon cooling through TC. This suggests
a strong in-plane component of the moment, consistent with
the magnetization data. The lack of additional scattering at the
110 reflections at low T is consistent with the moment being
in the ab plane, but this observation alone is not definitive
given the presence of three magnetic domains. The square
root of the integrated magnetic intensity is proportional to
the ordered moment and can thus be used as a magnetic
order parameter. Order-parameter data employing intensity
from the 002 reflection were obtained using both HB3A and
CORELLI, as shown in Fig. 6(b) where fits to power-law
behavior are included. The data in Fig. 6(b) from CORELLI
are the integrated intensity of 002, while that from HB3A
were constant Q-data collections; neither data set is corrected
for background. Additional temperature-dependent data from
HB3A are shown in the Supplemental Material [17].

The order-parameter fits shown as solid curves in Fig. 6(b)
yield a critical exponent β ≈ 0.25 and TC values consis-
tent with that obtained from magnetization measurements,
though some minor discrepancies are observed because the
data were collected while ramping temperature in different
conditions. The fits employ a simple power law, (I − I0)0.5 =
A(TC − T )β , where I0 represents the nonmagnetic intensity
(background and nuclear, assumed temperature independent).
Data from just below TC down to ≈40 K are fit and the
resulting curves are extended to lower T in Fig. 6(b) for
comparison. For the CORELLI data, we obtain β = 0.26(1)
and TC = 81.7(2) K, while for the HB3A data, we obtain β =
0.23(1) and TC = 78.5(1) K. The standard deviations originate
from the fitting procedures, but the absolute errors on critical
exponents estimated in this way are expected to be larger.
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FIG. 6. (a) Rocking curves of various Bragg reflections at 4 and
100 K. The increase of intensity upon cooling into the magnetically
ordered state is strongest for reflections with nonzero L. (b) Order
parameter for the ferrimagnetic structure (002 intensity), with data
from the single-crystal neutron diffractometer (HB3A) and the elastic
diffuse neutron-scattering spectrometer (CORELLI). The solid curves
are fits to a simple power law and the inset shows the data and fits in
a log-log plot.

The inset contains these same results in log-log representation
to emphasize the similar temperature dependence for the two
data sets and to highlight the good quality of the fits. The
critical exponent of β ≈ 0.25 for Mn3Si2Te6 can be compared
to those obtained for simple mean-field models. For instance,
a 2D Ising system is expected to have β = 0.125, while the
3D Ising and Heisenberg models have β = 0.326 and 0.367,
respectively [19]. In CrSiTe3, a critical exponent of β = 0.12
was reported, suggesting 2D character of the magnetism in
that van der Waals bonded ferromagnet [2,4]. Mn3Si2Te6 is a
crystallographically three-dimensional material. The deviation
of β from the simple 3D models is not surprising, however,
given the existence of multiple Mn sites and ferrimagnetic
order.

Refinement of the 4 K neutron-diffraction data from HB3A
yielded the magnetic structure shown in Fig. 1 (Rf = 4.6
and χ2 = 3.6). This spin structure is defined by parallel
alignment of the moments on Mn1 combined with antiparallel
alignment to the moments on Mn2. Within the limits of these
data, the refined moments are the same on both Mn sites,
consistent with the expectation of similar oxidation states

(both positions are octahedrally coordinated by Te). At 4 K,
the refined moment is 4.2(1) μB/Mn when the moments are
constrained to be equal and to lie within the trigonal plane.
When permitted, a small moment of 0.2(2) μB/Mn along the
c axis is observed, but the quality of the refinement does not
improve. However, the isothermal magnetization data M(H )
at 5 K suggest a soft ferromagnetic component for H‖c [inset,
Fig. 2(a)] and the low-field M(T ) data are anisotropic below TC

[Fig. 2(a)]. It is possible that an applied field causes alignment
of canted moments or domains, and the lack of an applied field
during neutron diffraction leads to an average canting that is
negligible. Note that in Fig. 1, the moments are shown to be
along the a axis, but their specific orientation within the ab

plane cannot be determined due to symmetry.
In trying to understand this magnetic configuration, we

first consider the crystal structure and apparent exchange
interactions. Mn1-Mn2 have an interatomic distance of 3.55 Å
at room temperature [11] and are linked through face-sharing
octahedra along the c axis (Fig. 1), which would lead to a direct
exchange interaction that we expect to be antiferromagnetic
(AFM) for these Mn2+ ions. The Mn1-Mn1 interaction is more
complicated because it occurs via edge-sharing octahedra,
which results in a competition of direct interaction (AFM)
and ≈90◦ Mn1-Te-Mn1 interactions that can be either ferro-
magnetic (FM) or AFM depending on the p and d orbitals
involved [20]. Since the ground state is ferrimagnetic with
parallel alignment of Mn1 moments, it is tempting to suggest
that FM superexchange is the dominant in-plane interaction.
Such an explanation would seem consistent with the obser-
vation of ferromagnetism in the structurally related material
CrSiTe3, in which the analogous edge-sharing octahedra have
ferromagnetic coupling and provide the shortest exchange
pathway (there is no interplane occupancy) [4]. Theoretical
calculations were performed to get a better understanding of
the coupling mechanisms.

First-principles calculations were performed to understand
the ferrimagnetic ground state and the associated TC. Energies
of the following six states were calculated: nonmagnetic,
ferromagnetic (FM), ferrimagnetic states FI1 and FI2, and
antiferromagnetic states AF1 an AF2. FI1 is the ferrimagnetic
ground state, as also observed experimentally, and its magnetic
symmetry is shown in Fig. 1. The first competing state is
AF1, in which all Mn1-Mn1 planar neighbors are antialigned,
while all Mn1-Mn2 nearest neighbors are aligned. Additional
details regarding the various magnetic configurations are
in the Supplemental Material [17]. The energies associated
with the magnetic states studied fall more than an eV per
Mn below the nonmagnetic state, and the Mn moments can
accurately be considered local moments.

The calculations predict that the ferrimagnetic configura-
tion is the ground state, being substantially lower in energy
than the paramagnetic or ferromagnetic states (105 meV/Mn
below the ferromagnetic state). As summarized in Table I,
AF1 is only 19 meV/Mn above the ground state, while
AF2 and FI2 are slightly more than 30 meV/Mn above
FI1. The energy of the ground state relative to competing
states determines TC, which is to say that the existence of
competing magnetic configurations acts to suppress TC. Using
a mean-field approach, the Curie temperature is one-third of the
energy difference between the ground state and the competing
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TABLE I. The calculated relative energies for several magnetic
ordering patterns, along with net magnetic moments reported as
μB/Mn. In all cases, each Mn is calculated to have a moment
consistent with Mn2+.

Ordering �E (meV/Mn) M (μB/Mn)

FI1 (ground state) 0 1.67
AF1 19.1 0
FI2 31.5 1.67
AF2 32.2 0
FM 105.4 4.82

state, which in this case gives 19.1 meV/3kB = 73.9 K, in
good agreement with the experimentally observed TC = 78 K.
Ultimately, the similar energies of the competing states reveal
a competition between different coupling mechanisms and/or
pathways.

The theoretical analysis was extended by mapping the
observed energetics to a Heisenberg model assuming an Ising
spin S = ±1, which yielded the first three effective exchange
constants. The definitions and relative values of these Ji are
given in Table II. Compared to the third-nearest neighbor
at 5.42 Å, the other Mn-Mn distances are ≈7 Å or greater
and have been neglected. The mean-field approach to a Weiss
temperature is one-third of the average interaction energy per
magnetic ion, which in this case is � ≈ −757 K/3 = −252 K
(accounting for the multiplicities), which is in good agreement
with the experimental value of −277 K. To give a sense for the
energy scales, the calculations yielded J1 = −35(4) meV/Mn.

The calculations revealed that the first three exchange
constants are all antiferromagnetic in nature, which results
in a frustrated system of competing interactions. As shown
in Table II, J1 provides the strongest exchange, and its AFM
nature is consistent with our expectations based on the direct
exchange pathway. Interestingly, the second-nearest-neighbor
interaction (J2) is AFM and is weaker than the third-nearest-
neighbor interaction (J3). Thus, the longer-range J3 dominates
the in-plane J2 and together with the strong J1 produces FM
alignment of the Mn1 moments within the ab plane despite
the energy cost due to an AFM J2. The occupancy of the Mn2
position is therefore essential for generating FM alignment of

TABLE II. Schematic defining the three nearest-neighbor ex-
change constants. All are found to be antiferromagnetic (J < 0)
and the values shown were obtained for an Ising spin of ±1 in the
Hamiltonian. The relevant multiplicities and distances in the relaxed
cell are provided; see Fig. 1 for more crystallographic details. The
interaction multiplicity takes into account the number of neighbors
at a given site and the associated crystallographic multiplicity (four
Mn1 and two Mn2 per unit cell).

Exchange Multiplicity Distance
(K/Mn) (per unit cell) (Å)

J1

J2

J3

Mn1 moments in the ground state of Mn3Si2Te6. This seems
to contrast the behavior observed in ferromagnetic CrSiTe3

where the hypothetical Cr2 position is vacant but the in-plane
coupling appears to be ferromagnetic [4].

The multiplicity of each exchange interaction is critical
in determining the order of competing ground states. For
instance, in ferromagnetic MnBi, the nearest-neighbor ex-
changes are AFM in nature, but a larger number of longer-
range, ferromagnetic interactions results in a high Curie
temperature of 630 K [21]. In Mn3Si2Te6, the multiplicity
of J2 and J3 is equal despite a different number of pertinent
neighbors (due to crystallographic site multiplicities), and are
a factor of three larger than that of J1 (see Table II). The energy
minimization in the ground state comes from satisfying both
J1 and J3. However, due to the multiplicity difference, the first
competing state (AF1) is realized by satisfying both J3 and
J2. Thus, due to the Mn-Mn coordinations, several competing
states exist in Mn3Si2Te6.

Since under some circumstances strong correlations can be
present in 3d-based chalcogenides, we have also performed
GGA+U calculations of the ferrimagnetic ground state and
the ferromagnetic state, applying a Hubbard U of 3 eV to
the Mn d orbitals. There are two main effects of adding this
U: the ferrimagnetic band gap is increased slightly and the
energetics of the system change significantly. In particular,
the ferromagnetic state is now just 43 meV/Mn above the
ferrimagnetic state, to be compared with 105 meV/Mn in the
GGA-only calculations. It is likely that similar effects would
be obtained for the other excited states. Since the GGA itself
provides excellent agreement with both the magnitude of the
Curie temperature and the Curie-Weiss � obtained from the
exchange constants, it appears that the regular GGA is indeed
an appropriate tool for studying this system.

Since Mn3Si2Te6 shows a surprisingly large anisotropy
field—approximately 9 T—we have also performed first-
principles calculations [22–24] of the magnetic anisotropy
in the ferrimagnetic state in this system, which necessitates
the use of the spin-orbit interaction. Here the moments are
constrained to lie either along the c axis or within the
ab plane. We find that the energy is some 0.65 meV/Mn
lower in the planar configuration, leading to a calculated
anisotropy field HA of 13 T, in reasonable agreement with
the experimental observations. It is interesting to note that
this anisotropy appears to arise from an anisotropy in the Mn
orbital moments, which are of magnitude 0.023 μB/Mn in
the axial configuration (all orbital moments are parallel to the
corresponding spin moments and hence are of opposite sign
for Mn1 and Mn2), but are found to be 0.037 μB/Mn1 and
−0.048 μB/Mn2 in the planar configuration. The existence of
an orbital moment implies a deviation from the 3d5, S = 5/2
electronic configuration, though it appears that only a small
orbital contribution exists.

It is interesting to compare the magnetic exchange constants
in Mn3Si2Te6 to those in MnTe. MnTe has the hexagonal
NiAs structure type in its bulk form and it contains the same
exchange pathways as defined in Table II, but with slightly
different bond angles, interatomic distances, and multiplici-
ties [25]. MnTe has an antiferromagnetic structure composed
of ferromagnetic planes that stack antiferromagnetically along
the c axis [26]. The planar J2 is ferromagnetic in MnTe [25]
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FIG. 7. Temperature dependence of the lattice parameters nor-
malized to values at 300 K, with data for c offset for clarity. Error
bars are smaller than the size of the data markers and the dashed line
indicates TC.

and thus the interactions in MnTe are not frustrated. Therefore,
while the magnetic structures of Mn3Si2Te6 and MnTe are
similar (ferromagnetic planes stacked antiferromagnetically),
the origins are rather different. In both compounds, J2 is associ-
ated with edge-sharing octahedra (see Table II). The octahedra
are nearly ideal in MnTe (bond angles of 90.0 ± 0.1◦), while
they are rather distorted in Mn3Si2Te6 (for instance, one bond
angle drops to 85.1◦). In relation to J2, the distortions in
Mn3Si2Te6 lead to a significant deviation from the ideal angle
of 90◦ (87.2◦) associated with Mn-Te-Mn superexchange,
as well as a shorter interatomic distance for the coupling
(4.06 Å compared to 4.13 Å in MnTe). This comparison
further highlights the importance of frustrated interactions in
Mn3Si2Te6, which produce competing magnetic ground states.
As discussed above, the energy difference between the lowest
energy (magnetic) configurations determines the magnetic
ordering temperature, and thus the existence of competing
interactions/states leads to a suppressed Curie temperature
in ferrimagnetic Mn3Si2Te6. However, since the dominant
exchange interactions in MnTe are not frustrated, they do not
result in a competing ground state that lies close in energy.
The bulk ordering temperature of MnTe is thus rather large,
TN = 310 K [26].

B. Lattice behavior and electrical resistivity

As shown in Fig. 7, the evolution of the a and c lattice
parameters appears smooth across TC and near 330 K. The
thermal expansion along the a axis is fairly typical for all
T . The c parameter, however, shows a change in temperature
dependence across TC and an unusual curvature up to near
room temperature. This seems to bolster the idea that an
ordering transition occurs near 330 K and has some coupling to
the lattice, though additional measurements would be useful.
The neutron-diffraction data at 100 and 380 K refined well
within the published crystal structure.

FIG. 8. (a) Specific heat capacity of Mn3Si2Te6, with inset
showing the field dependence of the anomaly observed near TC.
(b) Field dependence of the the low-temperature specific heat data
demonstrating a strong magnetic contribution.

The specific heat capacity of Mn3Si2Te6 is shown in Fig. 8.
An anomaly can be observed near TC and, as shown in the
inset, an applied field (H‖c) causes a broadening of this
feature to higher temperature. This behavior is consistent
with the ferromagnetic aspect of the ferrimagnetic order
ordering, where an applied field suppresses fluctuations and
broadens the specific heat anomaly by removing more of the
magnetic entropy above TC. While we do not have a good
lattice (phonon) standard for Mn3Si2Te6, an overestimation
of the entropy change that occurs near TC can be made by
integrating CP /T with a straight line for a background (see
Supplemental Material [17]). When fitting between 60 and 95
K, this procedure yields an entropy change of only 8% of that
expected for ordering of S = 5/2 local moments on Mn2+.
The magnetic entropy per mole of Mn in the paramagnetic
state is Smag = Rln[2S + 1] = Rln(6) = 14.9 J/mol Mn/K
and the integration from 60 to 95 K only yields �Smag ≈
1.2 J/mol Mn/K. Again, we emphasize that this is likely
to be an overestimation of �Smag due to the use of a linear
background; this approach is utilized to emphasize how much
entropy is released away from TC (both above and below).
A similarly small �Smag is observed in MnPS3, where two-
dimensional order is observed above TC [5,27] as well as in
CrSiTe3, where short-range correlations are observed above
TC and the magnetism is strongly coupled to the lattice [3,4].
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FIG. 9. The in-plane electrical resistivity of Mn3Si2Te6 generally
increases with decreasing temperature, with a notable feature near TC.
The decrease of ρ becomes more rapid above ≈330 K. The black and
green curves are data collected on different crystals, and the red lines
are fitted curves using ρ = ρ0Exp[EA/kBT ], which only fits the data
over small temperature ranges but does reveal an apparent increase in
activation energy upon warming across the two magnetic anomalies.

As shown in Fig. 8(b), there is a strong contribution to the
specific heat capacity at low temperature and this decreases
with increasing applied field. At the lowest temperatures, the
data can be well described by a Debye term (βT 3) plus a linear
term (γ T ), the latter of which is the typical way to include an
electronic contribution. In this case, however, Mn3Si2Te6 is a
semiconductor and the strong magnetic-field dependence also
points to a magnetic origin; γ should not be associated with
the typical electronic Sommerfeld coefficient. As shown in the
Supplemental Material [17], the low-T magnetic contribution
in Mn3Si2Te6 (and CrSiTe3) can also be described using a
term proportional to T 1.5. Data below 2 K would likely help
in considering the nature of the low-T magnetic contribution
in Mn3Si2Te6.

The in-plane electrical resistivity ρab of Mn3Si2Te6 is
shown in Fig. 9 for two crystals. The value at 300 K is
consistent with that reported by Ref. [10], and similar to their
data we observe activated conduction and a strong anomaly
at the ferrimagnetic ordering temperature. An increase in the
carrier mobility is expected below TC due to the suppression
of spin fluctuations, and this may explain the sharp dip in ρab

below TC. The feature at TC is somewhat dramatic, though,
especially when considering the implications of a small �Smag

near TC. The present data, which extend to higher temperatures
than previously reported, also show a broad feature near 330 K.
This appears to demonstrate the bulk nature of magnetic
ordering associated with the susceptibility anomaly observed
at the same temperature in Fig. 2, and the associated behavior
in Fig. 9 could be related to carrier scattering or electronic
structure effects.

To inspect the changes in ρ(T ) above and below the
magnetic transitions, we fit the data to ρ = ρ0Exp[EA/kBT ],
where EA and kB are the activation energy and Boltzmann

FIG. 10. Data from the neutron elastic diffuse scattering spec-
trometer CORELLI. (a) Estimate of the elastic scattering at 120 K
showing diffuse scattering near the 002 Bragg reflections. Line scans
of the total scattering at (b) 120 K and (d) 350 K across 002 and
004 reflections with different integration widths along H indicated in
the legend. (c) Difference map of total scattering (120 K with 350 K
baseline) emphasizing the diffuse scattering near the 002 reflection.

constant, respectively. The fitted curves are shown in red in
Fig. 9. First, we note that these fits suffer from inadequacy
of the simple model (particularly at the lowest T ), as well as
the limited amount of data utilized. However, the trends and
magnitudes are worth noting. The activation energy obtained
by fitting ρ from 350–380 K is roughly 0.3 eV; this is the region
where all of the material appears to be in a paramagnetic state.
Below the magnetic anomaly observed at 330 K, the activation
energy decreases substantially, EA = 0.04 eV for 160–300 K.
Below TC, the simple Arrhenius behavior is not a good model
for the data. For comparison sake, a small temperature range
allows for a reasonable fit to be obtained, with EA = 0.007 eV
for 25–40 K. Interestingly, these results show the decrease of
the activation energy with increasing magnetic order, and if Ea

is related to an energy gap, then this is rather unusual behavior.
Note that the reduction of the activation energy at low T could
be due to the activation of low-level defects.

C. Diffuse neutron scattering

Motivated by the bulk measurements that revealed anoma-
lous behavior below 330 K, neutron scattering was performed
on CORELLI to search for diffuse scattering. These mea-
surements revealed diffuse scattering near the 002 reflection
at 120 K (Fig. 10), and diffuse scattering along L in the
(H − HL) plane at 6 K (Fig. 11). The scattering data were
binned into 3D bins with three orthogonal axes along [HH0],
[H −H0], and [00L] directions, respectively. The bin sizes
are 1%, 2%, and 5% of the reciprocal vectors [1 1 0], [1−1 0],
and [0 0 1], respectively.

174440-8



MAGNETIC ORDER AND INTERACTIONS IN . . . PHYSICAL REVIEW B 95, 174440 (2017)

FIG. 11. Total neutron scattering in the (H − HL) plane at
(a) 6 K and (b) 350 K. Diffuse scattering is observed along L,
notably at 6 K near 1–12. These 2D maps show the intensity from
[−0.005 −0.005 0] to [0.005 0.005 0], i.e., a single bin, along the
[HH0] out-of-plane direction.

Figure 10(a) is a 2D map of the elastic neutron-scattering
intensity for Mn3Si2Te6 at 120 K, showing diffuse scattering
around the 002 reflection. The 2D map shows the integrated
intensity from [−0.035 −0.035 0] to [0.035 0.035 0], i.e.,
seven bins, along the [HH0] out-of-plane direction. The
strong scattering intensity reaching out from 000 in Fig. 10
was strongly angle dependent and did not appear consistent
with the usual instrument background, but it was essentially
independent of temperature. We thus speculate that this feature
may have been caused by the glue utilized to orient the small
crystal.

The diffuse scattering is emphasized in Fig. 10(c), which
is a map of the intensity at 120 K with the intensity at 350 K
subtracted. By contrast to the 002 reflection, the strong nuclear-
only 004 reflection is sharp and is not surrounded by diffuse
scattering. This diffuse cloud around 002 is not observed at 6 or
350 K, suggesting it is from short-range magnetic scattering.
It is interesting to speculate whether this diffuse scattering
may be related to the weak ferromagnetic component of the
magnetization seen below 330 K. This hypothesis could be
tested with additional temperature-dependent neutron scatter-
ing measurements. The absence of this diffuse scattering at 6 K
suggests that it coalesces into the ferrimagnetic order. This is
consistent with the observation of diffuse scattering around
the 002 reflection, which has a strong magnetic contribution
in the ferrimagnetic phase. The strong contribution from the
long-range magnetic order to the intensity of the 002 reflection
would also hinder detection of diffuse scattering at 6 K.

In Fig. 10(b), line scans along L are shown around the
002 and 004 reflections using different integration areas dH
(resolution is inversely proportional to dH). The data for 004

demonstrate the behavior expected for a nuclear-only Bragg
peak; the 004 reflection has a sharp peak with little dependence
on the temperature or integration area. By contrast, the nuclear
component of the 002 reflection is very weak [see Fig. 10(d)]
and the data at 120 K demonstrate a very broad region of
increased intensity centered around 002. The sharpening of
the intensity at 002 with decreasing dH (higher resolution)
suggests the presence of a small, sharper Bragg reflection
underneath a diffuse cloud of scattering.

The diffuse scattering in Fig. 10 demonstrates the existence
of short-range spin correlations well above TC in Mn3Si2Te6,
though the nature of these correlations is unclear. The scatter-
ing could be from short-range order, potentially relating to the
magnetization anomaly near 330 K. Alternatively, the diffuse
scattering could be associated with excited states that persist
above TC and cause inelastic scattering that cannot be entirely
excluded due to the nature of the experiment. Above TC, the
paramagnons could be broad, ungapped, and without a defined
dispersion, which would promote isotropic, diffuse scattering
in these nearly elastic measurements. Both short-range order
and excited states will exist above a second-order magnetic
transition, but in some cases these short-range correlations
persist to much higher temperatures than is typically observed
(alternatively, their correlations lengths are relatively longer
above TC).

The existence of short-range correlations above TC is gen-
erally enhanced when TC is suppressed relative to the strongest
exchange interaction. Geometric frustration, competing inter-
actions, or strong anisotropy in the exchange constants can all
lead to such behavior. In these cases, strong magnetic exchange
interactions can promote short-range correlations (of the
ground or excited states) well above TC because thermal energy
has less influence near TC. As noted in Ref. [28], the relevant
ratio to consider when thinking about short-range correlations
near TC is not T/TC, but rather kBT /JS. In many quasi-2D
systems, anisotropic interactions lead to a relative suppression
of kBTC, and a strong JS can enhance correlation lengths above
TC. For Mn3Si2Te6, competing antiferromagnetic interactions
appear to provide the underlying mechanism that ultimately
promotes the persistent, short-range correlations above TC.
A counterexample is MnF2, where the thermal energy is
large relative to the exchange energy at the antiferromagnetic
ordering TN [28], and as a result the majority of the magnetic
entropy in MnF2 is released below TN ≈67 K [28,29].

At 6 K, diffuse scattering was detected along L in the
(H − HL) plane, as shown in Fig. 11. The anisotropy of
this low-temperature diffuse scattering suggests it is associated
with a short correlation length along the c axis. The 6 K diffuse
scattering is centered around L = 2, and is only observed
around particular reflections (H − K = 3n + 2) that are only
contributed to by Mn scattering (both sites contribute). This
enhances the relative contribution of the magnetic intensity
in these reflections and facilitates detection of this diffuse
scattering. Despite appearing to have a magnetic origin, there
is perhaps a minor indication of this diffuse scattering at 350 K
(though this is within the noise of the background scattering).
Therefore, this feature may be associated with defects on
the Mn positions. From a magnetic perspective, the diffuse
scattering seems to suggest that there is a short correlation
length of spin canting along the c axis. While this seems
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plausible and consistent with our other measurements, the
current data cannot determine the origin of this diffuse
scattering. An additional scattering experiment with an applied
field would be the next step in determining the origin of this
anisotropic diffuse scattering. We note that the tails extending
toward L = 0 (the asymmetry of 004 for instance) are an ar-
tifact of the time-of-flight measurement technique and are not
observed in the elastic data (see Supplemental Material [17]).

IV. SUMMARY

This work has characterized the magnetism of Mn3Si2Te6

and found it to be a ferrimagnet due to antiparallel alignment
of moments on different Mn atomic positions. If the potential
canting of the moments along the c axis is ignored, then the
magnetic structure is fairly simple. By contrast, the mecha-
nisms that lead to this ground state are relatively complex. A
competition between antiferromagnetic exchange interactions
exists, and it is a third-nearest-neighbor interaction that ulti-
mately determines the ground state. This frustration suppresses
TC and likely enhances the importance of fluctuations, leading
to persistent short-range correlations above TC. Magnetization
measurements also suggest that some additional ordering may
exist below ≈330 K. Diffuse scattering was observed at 6 K

that may indicate short-range correlations of spin canting
along the c axis. Due to the competing antiferromagnetic
interactions, the manipulation of bond distances or the targeted
substitution of the Mn2 atoms would likely yield new ground
states with potentially higher-ordering temperatures.
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