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The ferrimagnetic semiconductor Mn3Si2Te6 keeps the records of colossal magnetoresistance (CMR) and
angular magnetoresistance (AMR). Here we report tuning the electronic transport properties via doping and
pressure in (Mn1-xMgx )3Si2Te6. As the substitution of nonmagnetic Mg2+ for magnetic Mn2+, ferrimagnetic
transition temperature TC gradually decreases, while the resistivity increases significantly. At the same time,
the CMR and AMR are both enhanced for the low-doping compositions (e.g., x = 0.1 and 0.2), which can
be attributed to the doping-induced broadening of the band gap and a larger variation range of the resistivity
when undergoing a metal-insulator transition by applying a magnetic field along the c axis. On the contrary, TC

rises with increasing pressure due to the enhancement of the magnetic exchange interactions until a structural
transition occurs at ∼13 GPa. Meanwhile, the activation gap is lowered under pressure and the magnetoresistance
is decreased dramatically above 6 GPa where the gap is closed. At 20 and 26 GPa, weak drops in resistance
indicating a superconducting transition at ∼5 K are observed. The results reveal that doping and pressure are
effective methods to tune the activation gap, and correspondingly, the CMR and AMR in nodal-line semicon-
ductors, providing an approach to investigate the magnetoresistance materials for novel spintronic devices.
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I. INTRODUCTION

Since giant magnetoresistance was discovered in mag-
netic multilayers, the spin-charge coupling has been widely
investigated for decades in a number of fields, including
magnetic storage, magnetic sensor, magnetometer, and so on
[1–6]. Colossal magnetoresistance (CMR) is more sensitive
to a magnetic field than giant magnetoresistance whose vari-
ation in resistance can be close to 100%. CMR was first
reported in doped manganese perovskite, where the double
exchange mechanism and dynamic Jahn-Teller effect were
demonstrated to play a key role [7–9]. Other mechanisms
were suggested for the later discovered CMR materials,
such as strong magnetic fluctuations in EuCd2P2 [10], mag-
netic polarons in Ti2Mn2O7 [11,12] and Eu5In2Sb6 [13], and
spin-orbit coupling/spin-texture driven CMR in EuTe2 and
EuMnSb2 [14–16]. Two-dimensional (2D) layered materials
have higher spatial anisotropy, which is a fertile ground to
explore new material systems with CMR and angular mag-
netoresistance (AMR) [16,17].

Indeed, the quasi-2D ferrimagnetic (FIM) semiconduc-
tor Mn3Si2Te6 was found to exhibit the largest CMR and
AMR, where the resistivity decreases by 107 as defined by
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(ρH -ρ0)/ρH for the H‖c axis, but changes slightly in resis-
tivity when H is along the ab plane [18–24]. It was suggested
that the nodal-line degeneracy of Mn3Si2Te6 can be controlled
by spin orientation. When the applied field is along the c axis,
spin-orbit coupling (SOC) between Mn and Te will result in
band splitting and one of the bands will shift toward the Fermi
level, leading to the closing of the electric gap and metal-
insulator transition (MIT) [20]. Later, chiral orbital currents
(COC) were suggested to circulate along the edges of MnTe6

octahedra. In this scenario, the coupling between the spin of
Mn2+ and the effective moments of the COC could reduce the
electron scattering when a magnetic field was applied along
the c axis [25]. However, single-crystal neutron diffraction
and magnetization measurements reveal that the applied field
along the c axis smoothly tilts the magnetic moment during
the CMR occurs [19,20,26]. The activation gap may be a key
gradient in the mechanism. Thus, further research to improve
the magnitudes of the CMR and AMR and elucidate the mech-
anism is crucial to promote potential applications in the future.

Doping and pressure are considered effective methods to
tune quantum transport properties in electronically correlated
materials [27–32]. In this work, we report the successful syn-
thesis of a series of (Mn1-xMgx )3Si2Te6 single crystals from
x = 0 to 1.0 at 0.1 intervals and investigations of the evolu-
tions of structure, magnetism, and electric transport properties
with doping and pressure. We find the Mg doping can suppress
the FIM, increase the resistivity by enlarging the activation
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gap, and enhance the CMR and AMR by about two orders of
magnitude compared to the undoped compound. On the other
hand, pressure induces the closure of the thermal activation
gap at ∼7.0 GPa accompanied by the disappearance of the
CMR, a structural transition at 14.6 GPa, and a superconduct-
ing transition at 5 K and 20 GPa. Our results reveal that the
band gap can be widened or narrowed by doping or applying
pressure, thus tuning the CMR and AMR to a required mag-
nitude.

II. EXPERIMENTAL DETAILS

Single crystals of (Mn1-xMgx )3Si2Te6 (0 � x � 1) were
grown by the self-flux method and characterized by x-ray
diffraction (XRD, Empyrean), energy dispersive x-ray spec-
troscopy (EDS, EVO Zeiss), Laue diffractometer (Photonic
Science), and physical property measurement system (PPMS,
Quantum Design). For partial samples with resistance ex-
ceeding the measuring range (e.g., data for x = 0.1 at low
temperature and low field), an external voltammeter (Keith-
ley) was employed while necessary.

High-pressure electrical transport measurements of
Mn3Si2Te6 single crystals were carried out using a miniature
diamond anvil cell (DAC) made from a Be-Cu alloy on
the PPMS. Diamond anvils with a 300μm culet were
used. The corresponding sample chamber with a 110μm
diameter was made in an insulating gasket achieved by a
cubic boron nitride and epoxy mixture. KBr powders were
employed as the pressure-transmitting medium, providing a
quasihydrostatic environment. The pressure was calibrated
by measuring the shift of the fluorescence wavelength of
the ruby sphere, which was loaded in the sample chamber.
The standard four-probe technique was adopted for these
measurements.

The in situ high-pressure synchrotron powder XRD pat-
terns were collected at 300 K with an x-ray wavelength of
0.6199 Å on the Shanghai Synchrotron Radiation Facility. A
symmetric DAC with a pair of 300μm diameter culet was
used. The sample chamber was drilled by laser with a diameter
of 120μm. Daphne oil was used as the pressure-transmitting
medium, and the pressure in the DAC was also calibrated by
the shift of the fluorescence of the ruby sphere. The high-
pressure XRD data were initially integrated using DIOPTAS

[33] (with a CeO2 calibration) and fitted using the Pawley
method in TOPAS-ACADEMIC V6 software [34].

III. RESULTS AND DISCUSSION

XRD measurements reveal that the crystal structure of
(Mn1-xMgx )3Si2Te6 (0 � x � 1) preserves the trigonal space
group P31c. A small number of impurities of MnTe2 can
be identified in the XRD patterns of x = 0 and 0.4 com-
pounds [35]. The lattice parameters are smoothly enlarged as
the Mg doping. The nominal compositions are close to the
EDS-determined compounds (Supplemental Material Fig. S1
[36]). We use the nominal x to indicate the composition of
(Mn1-xMgx )3Si2Te6 throughout this paper.

Figure 1 shows the doping effects on magnetization and
resistivity of (Mn1-xMgx )3Si2Te6. The temperature depen-
dence of magnetization in Fig. 1(a) reveals a transition at

FIG. 1. (a) Temperature dependence of magnetization of
(Mn1-xMgx )3Si2Te6 with the magnetic field parallel to the c axis
and H = 1000 Oe. The arrow indicates the temperature Tsr of a
spin reorientation. (b) Temperature dependence of magnetization of
(Mn1-xMgx )3Si2Te6 at 2 K with an applied field parallel to the c axis
from −14 to 14 T. The inset shows the hysteresis loops of the x = 0,
0.1, and 0.3 samples at low fields. (c) Temperature dependence of re-
sistivity of (Mn1-xMgx )3Si2Te6. The resistivity of the x = 1.0 sample
was measured from 328 to 400 K due to the large magnitude, which
exceeded the measurement range at lower temperatures. (d) Temper-
ature dependence of resistivity of Mn3Si2Te6 with thicknesses of 200
and 80μm measured with various currents.

∼78 K for Mn3Si2Te6 that is consistent with the reported FIM
order [37–40]. The FIM order is progressively suppressed
with increasing doping until the disappearance for x > 0.5.
In addition to the FIM transition, an abnormal decline on the
magnetization curve can be observed at low temperatures for
0.1 � x � 0.5, which could be ascribed to a spin reorientation
transition due to a doping-induced magnetic dilution (Supple-
mental Material Fig. S2) [41]. The saturation magnetization
decreases with increasing x [Fig. 1(b)]. The hysteresis loops
resulting from the FIM can be observed in the low field range
in both the undoped and doped samples [see inset in Fig. 1(b)].

The temperature dependence of the resistivity for differ-
ent compositions is displayed in Fig. 1(c). Anomalies on the
resistivity of x = 0 and 0.1 samples correspond to the TCs.
When the x exceeds 0.1, the anomaly associated with TC

cannot be observed due to the limit of the measured resistance
range. The values of the resistivity increase from 10−1 to
107 � cm at ∼300 K in the doping range of 0 � x � 1. The
resistivity for Mg3Si2Te6 is too large to be measured below
328 K in our experimental setup [42]. We fit the resistivity
above TC using the polaron hopping model [40] ρ(T ) =
AT exp(Ea/kBT ), where Ea is the activation energy and kB is
the Bolzman constant. The results reveal linearly increased Ea

from 83.5 to 408.6 meV with the Mg2+ doping (Fig. 5), re-
vealing that the gap changes uniformly as doping, which may
facilitate the electronic structure tuning in real applications.
Figure 1(d) shows the resistivity measurements on Mn3Si2Te6

single crystals with different currents and thicknesses. The TC
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FIG. 2. (a) Resistivity as a function of temperature in different
magnetic fields parallel to the c axis for the undoped sample and
(b) for the x = 0.1 sample. (c) Field dependence of ρH/ρ0 for the
samples of x = 0 and 0.1 at 10 K, (d) 20 K, and for the samples of
x = 0, 0.1, and 0.2 at (e) 50 K and (f) 100 K.

can be tuned by the magnitude of current for the single crystal
with a thickness of σ = 80μm, consistent with the previously
proposed COC state [25]. However, the anomalies in resistiv-
ity for the σ = 200μm sample are hardly changed until the
current I is up to 8 mA. According to the discrepancy of the
TCs for different currents and samples, the COC state does not
depend on the current magnitude but the current density. The
critical current density for the FIM state at 0 K is estimated to
be 95 mA/mm2 [Supplemental Material Fig. S1(d)].

To reveal the doping effect on the CMR, we show the
temperature dependence of resistivity with magnetic fields
parallel to the c axis for the undoped x = 0 and doped x = 0.1
compounds in Figs. 2(a) and 2(b). They all exhibit large CMR
below the TC . Similar measurements on the x = 0.2, 0.3, 0.5,
and 0.7 compositions are shown in the Supplemental Material
Fig. S3. At 5 K, the resistivity of Mn3Si2Te6 drastically de-
creases by about eight orders of magnitude from 106 �cm at
zero field to 10−2 � cm at μ0H = 14 T. The change is smaller
for (Mn0.9Mg0.1)3Si2Te6 at 5 K. However, over a wider tem-
perature range from 10 K to the TC , the drop of resistivity for
the doped x = 0.1 compound under high magnetic fields is
larger. To compare the CMR as doping quantitatively, we plot
ρ(H )/ρ(0) as a function of the magnetic field at 10, 20, and
50 K below the TC , and 100 K above the TC in Figs. 2(c) to
2(f). Due to the limitation of the measured resistivity range,

FIG. 3. (a) Angular dependence of resistivity for Mn3Si2Te6 and
(b) (Mn0.9Mg0.1)3Si2Te6 with μ0H = 14 T at 20, 50, and 100 K. The
inset in (a) shows the direction of the magnetic field, where θ is the
angle between H and the c axis.

the data of the x = 0.2 compound at 10 and 20 K are not
shown in Figs. 2(c) and 2(d). The change of the magnitude of
ρ(H )/ρ(0) for the doped x = 0.1 sample is about two orders
larger than that of the undoped x = 0 sample below TC at 14 T.
The magnitudes of ρ(H )/ρ(0) reverse below 6.0 T at 10 K,
2.8 T at 20 K, and 1.8 T at 50 K, respectively. The CMR
effect becomes much weaker above TC as shown in Fig. 2(f).
Thermal fluctuations, SOC, and the thermal activation gap are
three ingredients that govern the CMR in (Mn1-xMgx )3Si2Te6.
Increasing the temperature below TC and strengthening the
SOC will promote the conductance of electrons as expected.
Our results demonstrate that substituting Mn2+ by nonmag-
netic Mg2+ will enlarge the thermal activation gap, enhancing
the CMR in this system.

Figure 3 shows a comparison of the colossal AMR for the
undoped (x = 0) and doped (x = 0.1) compounds at 20 and
50 K below TC and 100 K above TC . The AMR exhibits a
two-fold rotational symmetry. The resistivity as a function of
the angle of the magnetic field to the c axis evolves close to
linearly, consistent with the scenario that the spins of Mn2+

couple with the moments of the COC along the edges of the
MnTe6 octahedra [25]. Upon 10% Mg doping, the thermal
activation gap is enlarged and the magnitude of the AMR
in (Mn0.9Mg0.1)3Si2Te6 is enhanced an order at the same
measurement conditions. Nonetheless, it is expected that the
AMR will be enhanced in a wider doping range and at lower
temperatures [20].

Pressure can effectively tune the structure, electronic
transport, and magnetism of layered structural materials
[29,31,43]. Figure 4(a) displays the high-pressure XRD pat-
terns of Mn3Si2Te6 up to 24.2 GPa. A clear structural
transition is identified between 13.2 and 14.6 GPa, consistent
with the reported Raman spectroscopy measurements [44].
The XRD patterns above 14.6 GPa are consistent with the
space group C2/c with a monoclinic structure where the lat-
tice constants a = 5.682, b = 4.080, c = 11.559 Å, and β =
97.88◦ at 14.6 GPa. The lattice parameters as a function of
pressure can be deduced from the XRD patterns (Supplemen-
tal Material Fig. S4). However, the accurate atomic positions
cannot be determined due to the limited reflection peaks.

Under pressure, the resistance measurements reveal a
semiconducting to metallic transition [Fig. 4(b)]. Below the
pressure of the structural transition, the TC can be identified
as a hump in resistance, yielding a linearly increased TC from
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FIG. 4. (a) XRD patterns of Mn3Si2Te6 under pressures from
0.96 to 24.2 GPa. A structural transition occurs between 13.2 and
14.6 GPa. (b) Temperature dependence of resistance of Mn3Si2Te6

at various pressures up to 28 GPa. The Curie transition temperatures
TCs under pressure are determined from the humps on resistance
marked with the arrows. (c) Pressure dependencies of the resistance
with μ0H = 0 T and (e) the MR with μ0H = 14 T at various temper-
atures. (d) MR defined by (ρH -ρ0 )/ρ0×100% at various temperatures
at 2.6 GPa. (f) Resistance measurements below 10 K at 26.3 GPa
and various magnetic fields. The inset shows the date from 2 to
300 K at 20.2 and 26.3 GPa with zero magnetic field. The drops of
resistance at ∼5 K and the behavior under magnetic fields indicate
pressure-induced superconductivity.

∼78 K at ambient pressure to ∼214 K at 10 GPa. The thermal
activation gap decreases with increasing pressure until closing
at around 7 GPa. The activation gaps fitted by the polaron
hopping model and the TCs of Mn3Si2Te6 under pressure are
presented in Fig. 5. The resistance measured at various pres-
sures and temperatures also shows an abrupt drop at ∼6 GPa
[Fig. 4(c)]. Figure 4(d) shows typical magnetoresistance (MR
defined as (ρH -ρ0)/ρ0×100%) measurements at 2.6 GPa and
different temperatures (for more pressures, see Supplemental
Material Fig. S5). The MR shows an abrupt change across
TC = 127 K at 2.6 GPa [Fig. 4(d)] and a sharp drop at ∼6 GPa
[Fig. 4(e)], revealing that the SOC and thermal activation gap
are the dominating ingredients that govern the MR as elevated
temperature and pressure, respectively.

The resistance of Mn3Si2Te6 at 20.2 and 26.3 GPa are
shown in Fig. 4(f) to investigate the electronic property of
the monoclinic structure. Weak drops can be observed below
5 K on resistance. By applying a magnetic field up to 1.5 T,
the resistance at 26.3 GPa below 5 K is enhanced obviously

FIG. 5. (a) Hall resistance as a function of the magnetic field
measured under different pressures at 50 K, (b) 100 K, (c) 150 K,
and (d) 200 K. The pressures of the curves with different colors are
labeled in (a).

and the drop is finally suppressed, indicating a superconduct-
ing transition. We note that it is common for Te-contained
compounds showing superconductivity under pressure, such
as WTe2 [45,46], CrSiTe3 [32], and EuTe2 [30,47], where the
electrons of Te play a dominating role in superconductivity.

FIM will result in an anomalous Hall effect. To double
check the pressure-enhanced TC of Mn3Si2Te6, we show the
Hall resistance in the pressure range of 0.9–10 GPa at different
temperatures in Fig. 5. On the one hand, pressure will decrease
the Hall effect due to the increased carrier density, which
can be reflected in the Hall resistance in Figs. 5(a) to 5(c).
On the other hand, pressure also enhances the FIM ordering

FIG. 6. A phase diagram of (Mn1-xMgx )3Si2Te6 aganist doping
and pressure. The paramagnetic (PM), ferrimagnetic (FIM), spin
reorientation (SR), and superconducting (SC) regions are determined
by the resistance and magnetic measurements. Transition tempera-
tures TSCs of the possible superconductivity are magnified ten times
for visualization. The thermal activation gaps, Eas, are fitted from the
resistance.
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temperature of Mn3Si2Te6. The anomalous Hall resistance can
be observed at 5.7 GPa and 150 K in Fig. 5(c), revealing the
TC has been increased and consistent with Fig. 4(b).

A comprehensive phase diagram combining the electronic,
magnetic, and structural measurements as functions of doping
and pressure is shown in Fig. 6. The TC of the FIM transition
decreases as doping but increases as applying pressure. The
evolution of the thermal activation gap Ea reverses, changing
from 408.6 meV in Mg3Si2Te6 to 83.5 meV in Mn3Si2Te6 at
ambient pressure and closing at 7 GPa. The magnetoresistance
decreases dramatically as the Ea closes, revealing that the
CMR of Mn3Si2Te6 is directly coupled with Ea. The presence
of magnetoresistance requires SOC that is comparable with
the electronic gap. In (Mn1-xMgx )3Si2Te6, the spins of Mn2+

possibly couple with the moments of the COC of the MnTe6

octahedra. Superconductivity with a transition temperature of
5 K may exist in the monoclinic structure under pressures
above 20 GPa.

IV. SUMMARY

In conclusion, we systematically studied the CMR, AMR,
FIM, and structures of (Mn1-xMgx )3Si2Te6 as functions
of doping and pressure. As Mn2+ is replaced by Mg2+

progressively, the FIM order is suppressed gradually until dis-
appearing for x > 0.5. For the compositions with x between
0.1 and 0.5, a spin reorientation transition appears evidenced
by a magnetic anomaly on magnetization at low temperatures.
The thermal activation gap is enlarged linearly by the Mg

doping. The CMR and AMR are both enhanced in the
low-doped samples compared to the parent, which can be
attributed to a doping-induced broadening of the band gap and
a larger variation range of resistivity. On the contrary, TC is en-
hanced with increasing pressure due to the enhanced magnetic
exchange interactions until disappearing when undergoing a
structural transition above 13.2 GPa. The gap closes and a
MIT occurs at ∼7 GPa, where the CMR is abruptly reduced. A
possible superconducting transition at 5 K in the monoclinic
phase under pressure is also observed. Our finding reveals that
both doping and pressure are effective methods to change the
band structure and magnetism, consequently enhancing the
CMR and AMR in the FIM (Mn1-xMgx )3Si2Te6.
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