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We carried out a comprehensive study of the structural, electrical transport, thermal and thermo-
dynamic properties in ferrimagnetic Mn3Si2Te6 single crystals. Mn and Te K-edge X-ray absorption
spectroscopy and synchrotron powder X-ray diffraction were measured to provide information on the
local atomic environment and the average crystal structure. The dc and ac magnetic susceptibility
measurements indicate a second-order paramagnetic to ferrimagnetic transition at Tc ∼ 74 K, which
is further confirmed by the specific heat measurement. Mn3Si2Te6 exhibits semiconducting behavior
along with a large negative magnetoresistance of -87% at Tc and relatively high value of thermopower
up to ∼ 10 mV/K at 5 K. Besides the rapidly increasing resistivity ρ(T ) and thermopower S(T )
below 20 K, the large discrepancy between activation energy for resistivity Eρ and thermopower ES

above 20 K indicates the polaronic transport mechanism. Furthermore, the thermal conductivity
κ(T ) of Mn3Si2Te6 is notably rather low, comparable to Cr2Si2Te6, and is strongly suppressed in
magnetic field across Tc, indicating the presence of strong spin-lattice coupling, also similar with
Cr2Si2Te6.

INTRODUCTION

Layered transition-metal materials, an active area of
research in condensed matter physics, have been exten-
sively studied due to the exotic physical properties. Ex-
amples include the high temperature superconductivity
in copper- and iron-based superconductors [1–3], the high
thermoelectricity in cobaltites [4, 5], the colossal magne-
toresistance (MR) in manganites [6], and the recently
discovered long-range magnetic order in two-dimensional
(2D) thin crystals in chromium or iron-based trichalco-
genides and trihalides [7, 8].

Cr2(Si,Ge)2Te6 are intrinsic ferromagnetic (FM) semi-
conductors with peculiar Si-Si(Ge-Ge) dimers when com-
pared with CrI3 [9–13]. First-principles calculations pre-
dicted that the FM in Cr2Si2Te6 survives even down to
monolayer; FM in bilayer Cr2Ge2Te6 and monolayer CrI3
were experimentally observed [7, 8, 14–16]. The Cr atoms
form a honeycomb lattice in the ab plane with Si or Ge in
the center of hexagon and Cr is surrounded by octahedra
of Te. In such a layered structure, there are various chem-
ical bonds including intralayer Cr-Te ionic bonds, Si/Ge-
Te covalent bonds, Si-Si/Ge-Ge metal bonds, and inter-
layer van der Waals (vdW) force. Then a low lattice ther-
mal conductivity was observed in Cr2(Si,Ge)2Te6 [17–20].
Interestingly, Cr2Si2Te6 also features strong spin-phonon
coupling; short-range in-plane FM correlations survive
up to room temperature even though out-of-plane corre-
lations disappear above 50 K [21].

Mn3Si2Te6 is a little-studied three-dimensional (3D)
analog of Cr2Si2Te6 [22–24]. Structurally the Mn2Si2Te6
layer is composed of MnTe6 octahedra that are edge shar-

ing within the ab plane (Mn1 site) and along with Si-Si
dimers [Fig. 1(a)], similar to Cr2Si2Te6. Then the lay-
ers are connected by filling one-third of Mn atoms at
the Mn2 site within interlayer, yielding a composition of
Mn3Si2Te6 [24]. Recent neutron diffraction experiment
shows that Mn3Si2Te6 orders ferrimagnetically (FIM) be-
low Tc ≈ 78 K; the magnetic order has antiparallel align-
ment of Mn1 and Mn2 sublattices with an easy-plane
anisotropy [24]. The magnetization can be tuned by pro-
ton irradiation as a result of modification of Mn-Te-Mn
exchange interactions [25, 26]. By replacing Te by Se,
the Tc slightly decreases to 67 K as well as magnetization
anisotropy in Mn3Si2Se6 [27]. A collinear FIM structure
with the moments significantly tilting out of the ab plane
was also confirmed in Mn3Si2Se6, arising from shorter
interatomic distances and modified local structure [27].
Furthermore, a large MR was usually expected in some
manganites, such as La1−xCaxMnO3 and Tl2Mn2O7 [28–
30], which has not been explored for Mn3Si2Te6.

In this work we studied the structural, electrical and
thermal transport properties of Mn3Si2Te6 single crys-
tals. Mn3Si2Te6 exhibits a polaronic-type semiconduct-
ing behavior above 20 K along with a large negative MR
∼ -87% at Tc = 74 K. Both in-plane resistivity ρ(T )
and thermopower S(T ) increase rapidly below 20 K, and
reach relatively high values of ∼ 10 Ω m and 10 mV K−1,
respectively, at 5 K. In-plane thermal conductivity κ(T )
is very low, comparable to observed in nanostructured or
complex high-performance thermoelectric materials and
is further suppressed in magnetic field across Tc [31–35].
This indicates strong spin-lattice coupling and potential
for high thermoelectric performance.
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TABLE I. Local bond distances extracted from the Te K-edge
EXAFS spectra fits with fixed CN for Mn3Si2Te6. CN is the
coordination number based on crystallographic value, R is the
interatomic distance, and σ2 is the Debye Waller factor.

distance CN R (Å) ∆R (Å) σ2 (Å2)

Te-Si.1 1 2.50 0.32 0.026

Te-Mn2.1 2 2.92 0.09 0.003

Te-Mn1.2 1 2.95 0.09 0.003

Te-Si.2 1 3.84 0.14 0.019

Te-Te.1 2 3.97 0.14 0.019

Te-Te.2 2 4.03 0.14 0.019

EXPERIMENTAL DETAILS

Single crystals of Mn3Si2Te6 were grown by a self-flux
method as described in ref.[36]. X-ray absorption spec-
troscopy was measured at 8-ID beamline of the National
Synchrotron Light Source II (NSLS II) at Brookhaven
National Laboratory (BNL) in the fluorescence mode.
X-ray absorption near edge structure (XANES) and ex-
tended X-ray absorption fine structure (EXAFS) spectra
were processed using the Athena software package. The
EXAFS signal, χ(k), was weighed by k2 to emphasize
the high-energy oscillation and then Fourier-transformed
in k range from 2 to 10 Å−1 to analyze the data in R
space. Synchrotron X-ray diffraction (XRD) measure-
ment was carried out in capillary transmission geometry
using a Perkin Elmer amorphous silicon area detector
placed 1000 mm downstream of the sample at 28-ID-1
(PDF) beamline of the NSLS II at BNL. The setup uti-
lized a ∼ 74 keV (λ = 0.1665 Å) X-ray beam. 2D diffrac-
tion data were integrated using pyFAI software package
[37, 38]. The Rietveld analysis was carried out using
GSAS-II software package [39].

The magnetization data as a function of temperature
and field were collected using a Quantum Design MPMS-
XL5 system. The electrical resistivity, thermopower, and
thermal conductivity were measured on a Quantum De-
sign PPMS-9 with standard four-probe technique. Con-
tinuous measuring mode was used. The maximum heater
power and period were set as 50 mW and 1430 s along
with the maximum temperature rise of 3%. The sam-
ple dimensions were measured by an optical microscope
Nikon SMZ-800 with 10 µm resolution. The specific heat
was measured on warming procedure between 1.95 and
300 K by the heat pulse relaxation method using a Quan-
tum Design PPMS-9 with crystal mass ∼ 5 mg.

RESULTS AND DISCUSSIONS

Figure 1(a,b) shows the crystal structure of Mn3Si2Te6
from the side and the top views, respectively. The Mn1

FIG. 1. (Color online) Crystal structure of Mn3Si2Te6 (space
group: P 3̄1c) shown from the (a) side view and (b) top view,
respectively. (c) Normalized Mn and Te K-edge X-ray ab-
sorption near edge structure (XANES) spectra. (d) Fourier
transform magnitudes of the extended X-ray absorption fine
structure (EXAFS) oscillations (symbols) for Te K-edge with
the phase shifts correction. The model fits are shown as solid
lines. Insets show the corresponding filtered EXAFS (sym-
bols) with k-space model fits (solid lines). (e) Refinement of
synchrotron powder XRD data of Mn3Si2Te6 at room tem-
perature, confirming main phase of Mn2.97Si2Te6 (93 %) with
tiny impurities SiTe2 (4 %) and MnTe2 (3 %).

atoms form a honeycomb arrangement of the edge-shared
MnTe6 octahedra. The Si pairs form Si2Te6 ethane-like
groups. Then the Mn2Si2Te6 layers are connected by the
interlayer Mn2 atoms; the Mn2 atoms form a triangular
lattice. Figure 1(c) exhibits the normalized Mn and Te
K-edge XANES spectra. The threshold energies (E0) ob-
tained from the peak of derivative curve are about 6.544
and 31.849 keV for Mn and Te, respectively, indicating a
mixed valence but close to the Mn2+ state [40]. Figure
1(d) shows the Fourier transform magnitudes of EXAFS
spectra of Te. In a single-scattering approximation, the
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TABLE II. Structural parameters for Mn3Si2Te6 obtained
from the synchrotron powder XRD at room temperature.

Chemical: Mn2.97Si2Te6 Space group: P 3̄1c

a (Å) 7.0346(3) α (◦) 60

b (Å) 7.0346(3) β (◦) 60

c (Å) 14.2435(4) γ (◦) 120

V (Å3) 610.41(3) Density (g/cm3) 5.3576

Site x y z Occ. Uiso (Å2)

Te 0.3407(5) 0.0080(7) 0.1280(1) 1 0.0112(2)

Mn1 0.33333 0.66667 -0.0031(2) 1 0.0040(8)

Si 0 0 0.0775(6) 1 0.004(2)

Mn2 0.33333 0.66667 0.25 0.966 0.004(2)

Distance R (Å) Distance R (Å)

Si-Si ×1 2.21(1) Si-Te ×3 2.476(5)

Mn1-Te ×3 2.901(4) Mn2-Te ×6 2.943(3)

Mn1-Te ×3 3.022(4) Mn1-Mn2 ×2 3.604(2)

Si-Te ×3 3.766(7) Te-Te ×2 3.968(5)

EXAFS can be described by [41]:

χ(k) =
∑

i

NiS
2
0

kR2
i

fi(k,Ri)e
−

2Ri

λ e−2k2σ2

i sin[2kRi + δi(k)],

where Ni is the number of neighbouring atoms at a dis-
tance Ri from the photoabsorbing atom. S2

0 is the passive
electrons reduction factor, fi(k,Ri) is the backscattering
amplitude, λ is the photoelectron mean free path, δi is
the phase shift, and σ2

i is the correlated Debye-Waller
factor measuring the mean square relative displacement
of the photoabsorber-backscatter pairs. The main peak
has been phase shift corrected by the standard for the
nearest-neighbor Te-Si [2.50(32) Å] in the Fourier trans-
form magnitudes of EXAFS [Fig. 1(d)], corresponding to
two different Te-Mn2 and Te-Mn1 bond distances with
2.92(9) Å and 2.95(9) Å, respectively, extracted from the
model fit with fixed coordination number and σ2 = 0.003
Å2. It matches well within experimental errors with the
average crystal structure analysis [22]. Figure 1(e) shows
the refinement result of synchrotron powder XRD data
of Mn3Si2Te6 at room temperature (space group P31c).
The determined lattice parameters are a = 7.0346(3) Å
and c = 14.2435(4) Å. The detailed structural parame-
ters for Mn3Si2Te6 local and average structure are sum-
marized in Tables I and II, respectively. No significant
difference is observed, suggesting that average crystallo-
graphic methods well describe local structure units.
Figure 2(a) shows the temperature dependence of mag-

netization measured inH = 1 kOe applied in the ab plane
and along the c axis, respectively. A sharp increase in
M(T ) is observed upon cooling below Tc for H ‖ ab, and
the values of M(T ) are much larger than those for H ‖ c,
indicating an easy-plane anisotropy. The zero field cool-
ing (ZFC) and field cooling (FC) data for both orien-
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FIG. 2. (Color online) (a) Temperature dependence of zero
field cooling (ZFC) and field cooling (FC) dc magnetization
M(T ) measured at H = 1 kOe with both H ‖ ab and H ‖ c

for Mn3Si2Te6 single crystal. Inset shows the FC 1/M(T )
vs T curves fitted by the Curie-Weiss law from 250 to 350
K. (b) The isothermal magnetization M(H) measured at T
= 5 K for both directions. (c) Temperature dependence of
ac susceptibility real part m′(T ) and imaginary part m′′(T )
(inset) measured in ac field of 3.8 Oe and with frequency of
499 Hz. (d) The Arrott plot M2 vs H/M with H ‖ ab.

tations overlap well to each other below Tc, suggesting
the absence of high-temperature ferromagnetic impuri-
ties. The 1/M vs T data [inset in Fig. 2(a)] from 250
to 350 K can be fitted by the Curie-Weiss law, giving an
effective moment of µeff = 5.33(9) µB/Mn for H ‖ ab

and 5.45(3) µB/Mn for H ‖ c, respectively, close to the
expected value of Mn2+. The derived Weiss tempera-
tures are -133(6) K and -155(2) K, indicating that strong
antiferromagnetic correlation exists in the paramagnetic
phase. The increase of M(T ) below Tc together with the
large negative values of Weiss temperature is consistent
with a ferrimagnetic ground state [23]. The antiparallel
alignment of moments from Mn1 and Mn2 sublattices re-
sults in a FIM order with an easy-plane anisotropy [24].
Isothermal magnetization at T = 5 K [Fig. 2(b)] shows
saturation moment of Ms ≈ 1.6 µB/Mn for H ‖ ab and
a small FM component for H ‖ c, confirming the easy-
plane anisotropy. The remanent moment is negligible for
both orientations, which is different from the initial re-
port [23], further indicates the single crystals are of high
quality. Figure 2(c) shows the temperature dependence
of ZFC ac susceptibility measured with oscillated ac field
of 3.8 Oe and frequency of 499 Hz, confirming the FIM
transition and easy-plane anisotropy. The Tc = 74 K
can be determined by the Arrott plot of M2 vs H/M
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FIG. 3. (Color online) (a) Temperature dependence of in-
plane resistivity ρ(T ) of Mn3Si2Te6 single crystal in 0 and 9 T.
Inset shows the field-dependent ρ(T ) at 10 K. (b) The ln(ρ/T )
vs 1/kBT curve fitted by adiabatic small polaron hopping
model ρ(T ) = ATexp(Eρ/kBT ) with Eρ being the activation
energy. (c) Temperature dependence of in-plane thermopower
S(T ) of Mn3Si2Te6 single crystal in 0 and 9 T. Inset shows the
field-dependent S(T ) at 10 K. (d) The S(T ) vs 1/kBT curve
fitted by the formula S(T ) = (kB/e)(α + ES/kBT ) with ES

being the activation energy.

[Fig. 2(d)] [42], in which the line at Tc passes through
the origin. This is in agreement with previous reports
[23, 24, 36].

Figure 3(a) shows the temperature dependence of in-
plane electrical resistivity ρ(T ) for Mn3Si2Te6 single crys-
tal. The ρ(T ) increases as the temperature is decreased
from a value of 0.46 Ω cm at 300 K, exhibiting a typi-
cal semiconducting behaviour. There is a sharp dip in
zero-field ρ(T ) around Tc, mostly arising from the sup-
pression of spin fluctuations stemming from FIM order,
which shifts to higher temperature in 9 T. The calcu-
lated MR [= (ρ9T − ρ0T )/ρ0T × 100%] is plotted in the
left inset, showing a maximum negative MR of ∼ -87%
at Tc. This large negative MR was also observed in the
pyrochlore magnaites [30], in which the ultra-low-density
carriers can form magnetic polarons dressed by mean-
field ferromagnetic spin fluctuations in an intermediate
temperature regime above Tc, and the large MR emerges
via suppressing the spin fluctuations [30]. For the electri-
cal transport mechanism we consider the thermally acti-
vated model ρ(T ) = ρ0exp(Eρ/kBT ) and the adiabatic
small polaron hopping model ρ(T ) = ATexp(Eρ/kBT )
where kB = 8.617 eV K−1 is the Boltzmann constant
and Eρ is activation energy. Figure 3(b) shows the fit-
ting result of the adiabatic small polaron hopping model

in two temperature ranges 300-120 K and 50-20 K. The
extracted activation energies Eρ are 69(1) meV for 300-
120 K and 8.8(1) meV for 50-20 K in 0 T, which are 64(1)
meV and 6.8(1) meV in 9 T, respectively.
Since the ρ(T ) data can also be fitted by the thermally

activated model, we then measured the thermopower
S(T ) to distinguish between these two models. The S(T )
shows positive values in the whole temperature range
with a relatively large value of 507 µV K−1 at 300 K,
as depicted in Fig. 3(c), indicating dominant hole-type
carriers. Above 150 K, the weak temperature depen-
dence of S(T ) is probably due to electronic diffusion
with small change of carrier concentration at high tem-
peratures. With decreasing temperature, the S(T ) de-
creases and changes its slope across Tc. In the same two
temperature ranges it can be fitted with the equation
S(T ) = (kB/e)(α + ES/kBT ) [43], where ES is activa-
tion energy and α is a constant. The derived activation
energies for thermopower ES = 17(2) meV for 300-120 K
and 3.2(2) meV for 50-20 K in 0 T, which are 10(2) meV
and 0.4(1) meV in 9 T, respectively [Fig. 3(d) and inset].
As is seen, the values of ES are much smaller than Eρ.
This typically reflects a polaron transport mechanism of
carriers. According to the polaron model, the ES is the
energy required to activate the hopping of carriers, while
the Eρ is the sum of the energy needed for the creation
of carriers and activating the hopping of carriers [43].
Therefore, within the polaron hopping model the activa-
tion energy ES is smaller than Eρ. It is of high interest to
note that both ρ(T ) and S(T ) increase rapidly below 20
K, gradually deviating from the polaron-transport behav-
ior, and reach relatively high values of ∼ 10 Ω m and 10
mV K−1, respectively, at 5 K. Field-dependent ρ(T ) and
S(T ) were collected at T = 10 K [insets in Fig. 3(a,c)],
showing similar large negative values of -87% and -89%,
respectively, in field change of 9 T. This is consistent with
dominant electronic mechanism of thermopower.
Figure 4(a) shows the temperature dependence of spe-

cific heat Cp(T ) for Mn3Si2Te6 single crystal. A clear
λ-type peak in zero-field that corresponds to the second-
order FIM transition was observed at Tc, which becomes
broad and shifts to higher temperature in 9 T [top inset
in Fig. 4(a)]. The magnetic entropy S(T ) = 2.4 J mol−1

K−1 is calculated from S(T ) =
∫ T

0
Cp(T,H)/TdT in tem-

perature range from 55 to 85 K [bottom inset in Fig.
4(a)]. It is only 16% of the value expected for ordering
of S = 5/2 local moments on Mn2+ [Rln(2S + 1) = 14.9
J mol−1 K−1], indicating short-range correlations or 2D
magnetic order formation above Tc, which was previously
observed in diffuse magnetic scattering experiment [24].
The short-ranged, 2D magnetic correlations persist to
very high temperature above Tc, and that much of miss-
ing entropy is released gradually as short-ranged order
develops, which was also observed in Cr2Si2Te6 [9]. The
low temperature Cp(T ) from 2 to 10 K may be fit by
Cp(T ) = γT +βT 3+ δT 3/2, where γT is the Sommerfeld
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FIG. 4. (Color online) Temperature dependence of (a) specific
heat Cp(T ) and (b) the low temperature part fitted by using

Cp(T ) = γT+βT 3+δT 3/2 for Mn3Si2Te6 single crystal. Insets
in (a) show the Cp(T ) near Tc in 0 and 9 T, and the estimated
magnetic contribution Cm(T ) (left axis) and derived magnetic
entropy (right axis). (c) Temperature dependence of in-plane
thermal conductivity κ(T ). Insets show the estimated zT =
S2T/κρ and the differential scanning calorimetry (DSC) curve
for Mn3Si2Te6 single crystal. (d) The κ(T ) in 0 and 9 T at
low temperatures.

electronic part, βT 3 is low-temperature limit of Debye
phonon part, and δT 3/2 is low-temperature approxima-
tion of spin wave contribution, respectively [44]. The de-
rived γ and β are 114(2) mJ mol−1 K−2 and 5.35(3) mJ
mol−1 K−4 for H = 0 T, and 115(15) mJ mol−1 K−2 and
5.7(1) mJ mol−1 K−4 for H = 9 T, respectively, while
δ is negligible. The large value of γ in magnetic semi-
conductor could point to a constant density of states of
magnetic excitations arising from high-temperature short
range correlations like spin-glass state [24, 45]. The De-
bye temperature ΘD = 159(1) K for H = 0 T and 155(1)
K for H = 9 T, respectively, can be calculated from β
using ΘD = (12π4NR/5β)1/3, where N is the number of
atoms per formula unit and R = 8.314 J mol−1 K−1.

Figure 4(c) exhibits the temperature dependence of
in-plane thermal conductivity κ(T ) of Mn3Si2Te6 single
crystal. In general, the κ(T ) consists of the electronic
part κe and the lattice phonon term κL, i. e., κ = κe+κL.
The κe part can be estimated from the Wiedemann-Franz
law κe = L0T/ρ with L0 = 2.45 × 10−8 W Ω K−2 and ρ
is the measured electrical resistivity. The calculated κe

is smaller than 0.003 W K−1 m−1 due to its large resis-
tivity, indicating predominant lattice conductivity. The
features of κ(T ) are similar with Cr2Si2Te6 single crystal;
a relatively low value of 1.76 W K−1 m−1 at 300 K and

a typical phonon peak of 4.14 W K−1 m−1 around 26
K, rapidly increasing across Tc, almost ten times smaller
than that of Mn3Si2Se6 [27]. The low thermal conductiv-
ity in Mn3Si2Te6 might be contributed by the multiple
types of chemical bonds like in Cr2Si2Te6 as well as the
random distribution of tiny impurities MnTe2 and SiTe2.
Considering the low κ(T ) and high S(T ), we further es-
timated the temperature dependence of figure of merit
(zT) for Mn3Si2Te6 single crystal [inset in Fig. 4(c)],
which increases with increasing temperature and reaches
∼ 0.01 at 300 K. A higher zT value should be observed at
higher temperatures and will possibly enhanced by effec-
tive band engineering and/or charge doping. The κ(T )
is strongly suppressed in a magnetic field of 9 T at low
temperatures [Fig. 4(d)], indicating similar strong spin-
coupling in Mn3Si2Te6, comparable to Cr2Si2Te6. The
κ(T ) in Mn3Si2Se6 is also strongly field-dependent but
with opposite trend [27], which requires further in-depth
theoretical study. Yet, we note that not only lattice vi-
brations are involved in heat conduction, both below and
above the magnetic transition. κ(T ) is insensitive to the
onset of ferrimagnetic order whereas it is strongly sup-
pressed in 9 T magnetic field [Fig. 4(d)]. The suppression
points to close relation of the heat conduction and mag-
netic excitations that develop above the Tc. This agrees
with small entropy fraction released below temperature
of magnetic order and the presence of short-range corre-
lations or 2D magnetic order formation at high temper-
atures [Fig. 4(a) inset].
Layered vdW magnetic materials show a great promise

for thermoelectric applications, mostly due to rather low
thermal conductivity which arises due to mixed bond-
ing character which promotes phonon anharmonicity and
scattering at the interfaces between vdW layers, low
sound velocity, possible point defects and tunable elec-
tronic conduction [17, 18]. Polaronic transport, consis-
tent with an enhanced electronic specific heat [Fig. 4(b)],
could also contribute to relatively large thermopower in
Mn3Si2Te6 due to the large density of states around the
energy gap edges.

CONCLUSIONS

In summary, Mn3Si2Te6 features polaronic transport
and very low values of thermal conductivity which is fur-
ther suppressed in magnetic field. Thermoelectric figure
of merit zT features relatively small value of 0.01 around
300 K, but relatively constant thermopower, and strongly
decreasing trend of electrical resistivity and thermal con-
ductivity suggest higher values at higher temperatures
that could be further enhanced by chemical substitution
or defect engineering.
Note added. We recently became aware that Y. Ni et

al. also reported the transport properties of Mn3Si2Te6
[46], in agreement with our results.
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