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High-temperature concomitant metal-
insulator and spin-reorientation transitions
in a compressed nodal-line ferrimagnet
Mn3Si2Te6

Resta A. Susilo1,11, Chang Il Kwon 1,2,11, Yoonhan Lee3,11, Nilesh P. Salke 4,
Chandan De 2, Junho Seo 1,2, Beomtak Kang1,2, Russell J. Hemley 4,5,6,
Philip Dalladay-Simpson 7, Zifan Wang7, Duck Young Kim 7, Kyoo Kim8,
Sang-Wook Cheong 9,10, Han Woong Yeom 1,2, Kee Hoon Kim 3 &
Jun Sung Kim 1,2

Symmetry-protected band degeneracy, coupled with a magnetic order, is the
key to realizing novel magnetoelectric phenomena in topological magnets.
While the spin-polarized nodal states have been identified to introduce
extremely-sensitive electronic responses to themagnetic states, their possible
role in determiningmagnetic ground states has remained elusive. Here, taking
external pressure as a control knob, we show that a metal-insulator transition,
a spin-reorientation transition, and a structural modification occur con-
comitantly when the nodal-line state crosses the Fermi level in a ferrimagnetic
semiconductor Mn3Si2Te6. These unique pressure-driven magnetic and elec-
tronic transitions, associated with the dome-shaped Tc variation up to nearly
room temperature, originate from the interplay between the spin-orbit cou-
pling of the nodal-line state and magnetic frustration of localized spins. Our
findings highlight that the nodal-line states, isolated from other trivial states,
can facilitate strongly tunable magnetic properties in topological magnets.

Topologicalmagnetswhere the symmetry-protected banddegeneracy
is coupled with magnetism have emerged as a new material platform
for novel transport phenomena and spintronic functionalities1–7.
Among various types of topological magnets, the so-called nodal-line
magnetic semimetals or semiconductors are one of the most seminal
examples that exhibit unprecedentedly large magnetotransport
responses, including giant anomalous Hall effect (AHE)8–14 and colossal

angular magnetoresistance (AMR)15–17. Unlike Dirac or Weyl magnets,
the topological nodal-line magnets possess lines or loops of the band
degeneracy in themomentum space, which can be lifted effectively by
tunable spin-orbit coupling (SOC), producing strong Berry curvature
with spin orientation. The key issue is then establishing a compre-
hensive picture of the intimate coupling between the magnetic and
electronic degrees of freedom in the nodal-line magnets. While
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magnetic control of the electronic response of the nodal-line states has
been demonstrated8–15, the question of how the presence of the nodal-
line states and their tuning affect the magnetic properties, such as the
magnetic configurations and anisotropy, has rarely been addressed
experimentally. The challenges are to find a systemwith the symmetry-
protected nodal-line states in the vicinity of the Fermi level without
trivial bands and to control them effectively with external
perturbations.

The recently discovered nodal-line magnetic semiconductors can
serve as a model system where the spin-polarized valence or conduc-
tion bands possess nodal-line band degeneracy. For such magnetic
semiconductors, pressure offers a clean and continuous tuning para-
meter for modulating their electronic structures, e. g. band gap or
width, and the magnetic exchange interactions without introducing
disorders or doping18. Thus a pressure-driven magnetic transition
or a metal-insulator transition (MIT) in nodal-line magnetic semi-
conductors can unveil the essential role of the nodal-line states in
determining bothmagnetic and electronic properties. In this work, we
address this issue by investigatingmagnetic, electronic, and structural
properties of a nodal-line ferrimagnetic semiconductor Mn3Si2Te6.
Using the magnetotransport, magnetization and X-ray diffraction
measurements at high pressures, we found that a pressure-drivenMIT,
a spin-reorientation transition (SRT), and a structural modification,
occur concomitantly at a critical pressure Pc ~ 14 GPa.We also found an
unusual dome-shaped ferrimagnetic transition (Tc) variation with
pressure reaching up to nearly room temperature. Theseobservations,
together with the systematic variation of the AHE and AMR, reveal the
critical role of the nodal-line states on the pressure-induced magnetic
and electronic responses of Mn3Si2Te6.

Results and discussion
Mn3Si2Te6 has a self-intercalated van der Waals structure with the tri-
gonal P�31c space group, consisting of an alternating stack of the
MnSiTe3 layers with the hexagonal honeycomb network of Mn1 atoms
and the Mn layers with the triangular lattice of Mn2 atoms (Fig. 1a)19,20.

Electronically, it is a p-type narrow gap semiconductor and hosts an
easy-plane (ab-plane) ferrimagnetic phase below Tc ≈ 78 K with an
antiparallel alignment of localized spins at theMn1 andMn2 sublattices
(Fig. 1a). First-principles calculations revealed that this ferrimagnetic
phase can be explained by magnetic frustration of competing anti-
ferromagnetic (AFM) exchange couplings between the neighboring
Mn spins15,21. When the uncompensated magnetization is rotated
toward a hard axis (c-axis)15,16, a huge AMR up to ~1011%/rad, has been
observed at low temperatures, named colossal AMR9,15,16,21,22. These
remarkable properties have been attributed to a magnetic field-driven
MIT due to the lifting of the nodal-line band degeneracy by a tunable
spin-orbit coupling (SOC) gap with spin rotation15. Because the rele-
vant electronic state is only the Te-derived valence bands with nodal-
line band degeneracy, they are expected to approach the unoccupied
band as the electronic gap (Δ) shrinks under pressure, eventually
inducing pressure-driven MIT (Fig. 1b). For the out-of-plane spin
orientation, then the nodal-line states which hybridized with the Mn
states of the localized spins can work as a strong source of Berry
curvature nearby EF due to a finite SOC gap (ΔSOC) shown in Fig. 1c.
ThereforeMn3Si2Te6 serves as amodel system to study the interplayof
the nodal-line electronic states and the frustrated magnetic coupling.

The pressure effects on the electronic andmagnetic properties of
Mn3Si2Te6 are clearly observed in its temperature-dependent ab-plane
resistivity ρab(T) measured at different pressures (Fig. 1d, e). Upon
increasing pressure, the overall magnitude of ρab(T) is continuously
reduced, and the slope dρab/dT changes from negative to positive
across Pc ~ 14 GPa, signaling a pressure-driven MIT. Similar behavior
was observed for six different crystals from three different batches
(Supplementary Note 11). The crossover between the insulating and
metallic behaviors is clearly separated by the Mott-Ioffe-Regel limit
with ρMIR = ℏc/e2 (the dashed line in Fig. 1d), where c is the c-axis lattice
constant of Mn3Si2Te6. Accordingly, the activation behavior at low
temperatures is dramatically suppressed (Supplementary Fig. S1), and
the corresponding activation gap Δ extracted from the fits to the
Arrhenius model closes at Pc (Fig. 1f). The slow upturn of ρab(T) at low
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Fig. 1 | Metal-insulator transition and high-Tc ferrimagnetism of Mn3Si2Te6.
a Crystal structure of Mn3Si2Te6. The Mn1 and Mn2 atoms are in the hexagonal
and triangular lattices, respectively. The ferrimagnetic configuration is indi-
cated by the (red) arrows. b, c Schematic illustrations of the semiconducting
electronic structure. The Te 5p valence band with the nodal-line degeneracy
and the conduction band with the hybridized Mn1 3d and Te 5p states become
closer in energy with pressure (b). At the critical pressure Pc for electronic gap
closing, the lifting of topological band degeneracy and the associated Berry
curvature (red dot) is determined by the spin-orbit coupling (ΔSOC) depending

on magnetization orientations, M∥ab and M∥c (c). d Temperature-dependent
ab-plane resistivity ρab(T) of Mn3Si2Te6 measured at different pressures. The
resistive kink at Tc shifts to higher temperatures with pressure indicated by the
arrows. e The normalized ρab(T) with its room temperature value at high
pressures. The kinks at Tc is indicated by the arrows. f The dome-shaped Tc

variation up to nearly room temperature as a function of pressure, estimated
from the ab-plane resistivity ρab, the Hall conductivity σxy, and the magnetic
susceptibility χ. The corresponding activation gap Δ reduces with pressure and
eventually closes at Pc.
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temperatures above Pc follows the logarithmic T dependence, indi-
cating the Kondo scattering23 or disorder-induced localization24,25. The
MIT at Pc ~14 GPa is further confirmed by infrared (IR) reflectance
spectroscopy, which reveals a drastic enhancement of the optical
conductivity above ~Pc (Supplementary Note 10). These results are
consistent with the recent results in ref. 26, but not in ref. 27, most
likely due to different doping levels in Mn3Si2Te6 crystals (Supple-
mentary Note 11).

In addition to the MIT, we observed a significant change of the
resistivity anomaly, corresponding to a ferrimagnetic transition at
Tc15,16,21. This resistive anomaly shifts towards higher temperatures with
pressure, reaching nearly room temperature at Pc ~14 GPa, as seen
more clearly in the normalized resistive curves ρ(T)/ρ(300K) (Fig. 1e).
In the metallic regime above Pc, the resistivity anomaly is no longer
observable. However, as discussed below, Tc can be traced by the AHE
measurements, which clearly decreases with pressure above Pc (Fig. 2).
Consistently, temperature-dependent magnetic susceptibility χ(T) on
Mn3Si2Te6 confirms strong enhancement of Tc under pressure for both
H∥ab and H∥c, as the onset of χ(T) shifts to higher temperatures
(Supplementary Fig. S4). This behavior is also consistent with recent
reports on the enhancement of Tc with pressure27,28. The pressure-
dependentTcdata estimated fromρab(T) and χ(T)matchwellwith each
other,firmly constructing a dome-shapedTc variationwith amaximum
Tc close to room temperature (Fig. 1f).

The magnetotransport properties of Mn3Si2Te6 also exhibit sys-
tematic changes with pressure. The temperature-dependent ρab(T)
curves at different magnetic fields and pressures reveal that the mag-
netoconductivity (MC) becomes weaker in the more metallic state at
higher pressures (Supplementary Fig. S2). This is clearly seen in the
field-dependent MC, defined as Δσ(H)/σ(0) for H∥c at different pres-
sures (Fig. 2a). As demonstrated at ambient pressure15, Δσ(H)/σ(0) is
dominated by the AMR with rotating magnetization toward the c-axis
under H∥c. Because the key mechanism is the lifting of the nodal-line
degeneracy of the spin-polarized valence bands due to spin-orbit
coupling (ΔSOC) and the resulting closure of the electronic gap (Δ), the
relative sizes of Δ and ΔSOC are the main parameters determining the

AMR. As illustrated in Fig. 1b, the reduction of the electronic gap Δ
results in the semimetallic band structures at highpressures. Assuming
that the SOCgapΔSOC remains nearly the same, theAMR is expected to
be suppressed with pressure, which is indeed what is observed
experimentally (Fig. 2f). Upon increasing pressure, Δσ(H)/σ(0) at 20 K
drops by four orders of magnitude and becomes negligible above Pc
~14 GPa. Therefore significant reduction of the AMR, together with
suppression of the activation gap estimated from ρab(T) (Fig. 1f),
strongly suggests that the nodal-line bands approach and eventually
cross the Fermi level EF at a critical pressure Pc.

This conclusion is further supported by the Hall response of
Mn3Si2Te6 with pressure. In a low-pressure region (P < 13GPa), the Hall
conductivity σxy(H) shows a non-linear field-dependence with an initial
exponential increase at low magnetic fields (Supplementary Fig. S3a).
Such an unusual behavior of σxy(H) is distinct from the field-dependent
magnetization M(H) and the conventional AHE, but it can be under-
stoodby considering the strongfield-dependenceof the activationgap
and thus the density of hole carriers (Supplementary Note 2). When
Mn3Si2Te6 enters the metallic phase above Pc, σxy(H) shows a qualita-
tively different behavior with a large jump of σxy(H) and a clear mag-
netic hysteresis at low magnetic fields. These features are the
hallmarks of the AHE of ferro- or ferrimagnets with perpendicular
magnetic anisotropy29, suggesting the pressure-driven spin reorienta-
tion in Mn3Si2Te6 across Pc. With the spontaneous spin alignment
along the c-axis, the lifted nodal-line degeneracy produces strong
Berry curvature (Fig. 1c), resulting in a large AHE. Consistently, the
σxy(H) value at H = 1 T increases substantially at Pc and then weakens
slightly with further increasing pressure (Fig. 2g). These results thus
support the fact that the nodal-line bands cross the EF when the MIT
occurs. Using this significant AHE above Pc, we tracked the Tc of
Mn3Si2Te6. The magnetic susceptibility, estimated from χH ~ σxy(H)/H,
and the anomalous Hall conductivity σA

xyð0Þ by remnantmagnetization
shows thatTc remains close to the roomtemperature just abovePc, but
shifts to lower temperatures down to 200K at 21.0 GPa (Fig. 2e, j). The
opposite pressure dependence of Tc below and above Pc leads to a
dome-shaped phase boundary, separated by the pressure-driven MIT.
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Fig. 2 | Magnetotransport and magnetic properties of Mn3Si2Te6 at high pres-
sures. aMagnetoconductivity ∣Δσxx(H)/σxx(0)∣ of Mn3Si2Te6 at high pressures up to
~22GPa. The ∣Δσxx(H)/σxx(0)∣ curves were taken at 5 K, otherwise specified in the
parenthesis. b Magnetic field-dependent Hall conductivity σxy(H) at different pres-
sures, taken at 10 K. c, dMagnetic field-dependent magnetizationM(H) forH∥ab (c)
and H∥c (d) at different pressures, taken at 5 K. e The representative σxy(H) curves
above Pc (P = 21.0GPa) at different temperatures. f–i Pressure-dependent

magnetoconductivity ∣Δσxx(8T)/σxx(0)∣ (f), Hall conductivity (g), the magnetocrys-
talline anisotropy energy K (h), and the saturationmagnetizationMsat together with
the low-field c-axis magnetization Mc for H∥c at 5 K. The critical pressure Pc for the
MIT is indicated by the vertical arrows in (f–i). j Temperature-dependent magnetic
susceptibility χH(T), extracted from σxy(H)/H data above Pc (P = 17.5 and 21.0GPa).
The temperature showing a clear kink at χH(T), indicated by the arrows, is consistent
with the onset of the anomalous Hall conductivity σA

xy as a function of temperature.
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The isothermal magnetization measurements at high pressures
confirm the pressure-driven SRT. Figure 2c, d show magnetic field-
dependent M(H) at 5 K measured under different pressures for H∥ab
and H∥c, respectively. At ambient pressure, the ab-plane magnetiza-
tion Mab spontaneously increases and reaches a saturation magnetic
moment Msat of ~1.7μB at a low field of H ~0.2 T, while the c-axis mag-
netizationMc sharply increases at low fields but then slowly rises up to
Msat at higher fields. The larger saturation field Hsat for H∥c than for
H∥ab indicates the easy-plane (ab) magnetic anisotropy, and the cor-
respondingmagnetic anisotropy energy scaleK canbe estimatedusing
the equation Hc

sat = 2K=Msat . By extrapolation of M(H) data to higher
fields for both H∥c and H∥ab (Supplementary Note 3 and Fig. S4), we
estimated the pressure-dependent K, which clearly decreases with
pressure and is expected to change its sign around Pc ~14GPa (Fig. 2h).
At higher pressures forH∥c (Fig. 2d) a sudden increase of the low-field
magnetization is observed near Pc, accompanied by a clear hysteresis
loop, which indicates the perpendicular magnetic anisotropy. The
M(H) data can be nicely reproduced by σxy(H) above Pc (Fig. 2b), fol-
lowing a relation σxy(H) = SHM(H) (SupplementaryNote 2 and Fig. S3b).
After the SRT transition, the low-field magnetic moment for H∥c at
H = 0.2 T reaches ~1.5μB/Mn, following the trend of Msat at lower pres-
sures (Fig. 2i). With further increasing magnetic field, Mc slowly
increases up to ~2μB /Mn,which remains close to the value for the high-
spin ferrimagnetic phase (t32ge

2
g , ~5/3 μB/Mn), clearly distinguished

from the values expected for the ferromagnetic phases of thehigh-spin
(~5μB/Mn) and the low-spin (t52ge

0
g , ~1 μB/Mn) states of Mn2+ atoms.

These observations suggest that neither the spin crossover transition
from the high-spin to the low-spin states nor the ferrimagnetic-to-
ferromagnetic transitions occur in Mn3Si2Te6 at high pressure. Rather,
the SRT from the easy-plane to easy-axis magnetic anisotropy con-
comitantly occurs within the ferrimagnetic phase at Pc.

In addition to theMIT and SRT, a structuralmodification occurs at
Pc. The synchrotron X-ray diffraction patterns (XRD) of Mn3Si2Te6 up

to ~25GPa (Fig. 3a) show that up to Pc ~14 GPa, all the diffraction peaks
are identified with the trigonal structure with P�31c space group, same
as the ambient structure. However, the above Pc X-ray diffraction
patterns are suddenlymodified, indicating a structural transformation.
Although the accurate determination of the crystal structure is known
to be problematic due to sample strain and texture at high
pressures18,30, we identified several structuralmodels that can produce
good fitting to the XRD data (Supplementary Note 5) and then com-
pared their total energies from the DFT calculations. Among them, we
found that a monoclinic structure with the C2/c space group has the
lowest total energy and, thus, is likely the candidate structure above Pc
(Supplementary Table S1). The monoclinic high-P phase can be
described as adistorted trigonalP�31c structure inwhich a single Te site
is split into three distinct sites and a weak sliding of theMnSiTe3 layers
relative to each other induces a slight monoclinic distortion by ~3∘.
Despite the symmetry lowering, the structural motif remains the same
in both low- and high-Pphases i.e., the alternating stack of theMnSiTe3
layers and the triangular lattice remains in the high-pressure phase
(Fig. 3d, e). The unit cell volumeVderived from the LeBail fitting to the
XRD patterns vary smoothly with pressure below Pc, well fitted with a
third-order Birch–Murnaghan equation of state31,32 (Fig. 3b), and then
shows a mild drop of ~7% at Pc. By describing the lattice parameters

above Pc into the pseudo-trigonal lattice system, a = b = 1
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

a2
m +b2

m

q

,

c = cm (am and cm, the lattice parameters for the C2/c structure - see
Supplementary Note 5), we found that thismild volume reduction at Pc
is due to small shrinkage in both the in-plane and the out-of-plane
lattice parameters by ~2% across Pc (Fig. 3b, c). The pressure-
dependent lattice parameters (a, c) show that the system is more
compressible along the c-axis than the a-axis below Pc, consistent with
the pressure-dependent Raman spectra (Supplementary Note 4),
whereas the ab-plane and the c-axis are compressed nearly isotropic
with almost constant c/a ratio above Pc. This distinct lattice response is
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for direct comparison with the low-pressure phase. The c/a ratio is also shown in

(c), revealing distinct pressure-dependent responses below and above Pc. d, e The
structures of low (d) and highpressure (e) phases ofMn3Si2Te6. f ExperimentalTc as
a function of the effective exchange interaction strength ∣Jeff∣ = ∣J3 − J2∣, showing a
clear liner relationship between them below Pc. g Calculated nearest-neighbor
exchange couplings at different pressures. Three nearest-neighbor exchange
interactions Ji (i = 1, 2, 3) between the localized Mn spins of the face-sharing, edge-
sharing, and corner-sharing octahedra, responsible for the magnetic ground state
of Mn3Si2Te6 below Pc.
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possibly related to the opposite trend of Tc across Pc, as dis-
cussed below.

The ferrimagnetic ground state of Mn3Si2Te6 is the con-
sequence of magnetic frustration between three types of the
nearest-neighbor superexchange coupling Ji (i = 1, 2, 3) (Fig. 3g). All
AFM exchange couplings between Mn spins of the face-sharing (J1),
of the edge-sharing (J2), and of the corner-sharing (J3) octahedra
compete with each other with a hierarchy of J1 > J3 > J2, as confirmed
by first principle calculations and neutron scattering15,21,33. This
hierarchy of J’s makes the intralayer FM configurations of Mn1 spins
and the interlayer AFM configurations of Mn1 and Mn2 spins, which
stabilizes the ferrimagnetic phase. Upon increasing pressure, these
exchange couplings remain AFM and become larger in magnitude,
as estimated from the first principle calculations (Fig. 3g). The lar-
gest interlayer J1 coupling shows a much faster increase with pres-
sure than the others because the J1 direct d-d exchange interaction
is significantly enhanced by shorting the interlayer Mn1-Mn2 dis-
tance due to the strong lattice contraction along the c-axis (Fig. 3c).
On the other hand, the anisotropic lattice response increases the
Mn1-Te-Mn2 angle of the corner-sharing octahedra and thus the J3
coupling, whereas the J2 coupling within the layers is enhanced
mildly due to the relatively weak reduction of theMn1-Mn1 distance
(Supplementary Fig. S9). Since J3 grows faster than J2 with pressure
below Pc, the difference between them, Jeff ~ ∣J3 − J2∣, increases sig-
nificantly with pressure, inducing a linear increase of the measured
Tc with Jeff (Fig. 3f). In the high-pressure phase above Pc, however,
the compressibilities of the ab-plane and c-axis become similar to
each other (Fig. 3c), which is more effective in enhancing J2 by
making the AFM direct exchange stronger with a shortened intra-
layer Mn1-Mn1 distance. As a result, the difference between J2 and J3,
i.e., Jeff, is expected to be reduced, which promotes magnetic
frustration and thereby suppresses Tc above Pc (Fig. 1f). These
observations suggest that different lattice responses to pressure,
which tips over the subtle balance of frustrated magnetic cou-
plings, have a solid connection to the strong and opposite pressure
dependence of Tc across Pc.

Having established that the MIT, the SRT, and structural mod-
ification occur at ~Pc, we now discuss the possible origin of such con-
comitant transitions in Mn3Si2Te6. In various manganese
chalcogenides, including MnPCh334, MnCh35 and MnCh2 (Ch = S, Se,
Te)36–39, the pressure-driven MIT is known to be accompanied by a
structural transition. In these manganese chalcogenides, the spin
crossover transition from the high-spin (t32ge

2
g) to the low-spin (t52ge

0
g )

states of Mn2+ atoms commonly triggers the so-called giant volume
collapse by at least ~20% and introduces the Mn-Mn metallic bonding
due to the drastic reduction of the Mn2+ ionic size from 0.83 to 0.67Å.
In contrast, the ferrimagnetic phase in a high-spin Mn2+ state of
Mn3Si2Te6 remains stable across Pc, accompanied by a moderate
volume reduction of ~7%. This clearly distinguishes its pressure-driven
transition from those found in the other manganese chalcogenides
(Supplementary Table S2). Furthermore, the pressure-driven MIT,
associated with the SRT, is also observed in 20% Se-doped Mn3Si2Te6
crystal, showing qualitatively the same behaviors of the magneto-
transport properties and the dome-shaped Tc variation with pressure
(Supplementary Note 7). Considering the different structural para-
meterswhich lead todifferent bond lengths and angles in the undoped
and doped crystals, these observations imply that, unlike the other
manganese chalcogenides, the pressure-driven modulation of the
electronic structure plays a critical role in triggering the other con-
comitant transitions in Mn3Si2Te6.

The key difference of the pressure-driven MIT in Mn3Si2Te6 from
othermanganese chalcogenides is the touching of the nodal-line states
at EF, which is confirmedby the dropof the AMRand the sudden riseof
the AHE at Pc (Fig. 2a, b). In this case, the strong SOC of the nodal-line
states can induce the SRT. At ambient pressure, the localizedMn spins
of Mn3Si2Te6 prefer the in-plane alignment due to the magnetic
exchange anisotropy40. The spin-polarized nodal-line states of the Te-
rich valence bands, well below the EF, are mostly occupied regardless
of the spin orientation, which makes a minor contribution to the
magnetic anisotropy (Fig. 4a). However, when the degenerate nodal-
line states are located close to the EF near Pc, the lifting of the band
degeneracy by strong SOC with the out-of-plane spin orientation,

Fig. 4 | Electronic structures and phase diagramofMn3Si2Te6 under pressures.
a, b Schematic illustration of the electronic structure at ambient (a) and critical (b)
pressures for the in-plane (M∥ab) and the out-of-plane (M∥c) spin orientation. The
valence Te 5p bandswith nodal-line degeneracy (red dot) are lifted by spin rotation
due to the SOCgapΔSO. At ambient pressure, spin rotation by an externalmagnetic
field along the c-axis leads to the MIT (a). At a critical pressure Pc for the pressure-
drivenMIT (b), spin rotation to the c-axis induces charge transfer from the valence
Te 5p bands to the conduction Mn1 3d/Te 5p hybridized bands, which provides an
additional channel for lowering the total energy for M∥c, leading to the spin-

reorientation transition. c Pressure-dependent magnetic phase diagram of both
undoped and dopedMn3Si2Te6 as a function of reduced pressure (P/PC), associated
with the pressure-driven MIT, SRT, and a dome-shaped Tc variation. The critical
pressures, PC, are estimated to be 14.5 and 15.5 GPa for the undoped and doped
samples, respectively. The inset shows a linear relationship between the magne-
tocrystalline anisotropy energy K and the activation energy Δ below Pc. d Pressure-
dependent magnetoresistance and Hall conductivity. Half-filled symbols in (c, d)
represent the data for the doped sample.
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parallel to theorbital angularmomentumof theTebands, canpush the
two split bands well above and below the EF (Fig. 4b). As a con-
sequence, charge transfer from the higher-energy SOC-split band to
the lower-energy conduction band provides an energy gain for the
perpendicular magnetic anisotropy. The strong correlation between
the magnetic anisotropic energy K and the activation gap Δ is con-
sistent with this picture (Fig. 4c). Furthermore, transport and Raman
spectroscopy measurements taken on decompression indicate that
the MIT and SRT are reversible with significant hysteresis (Supple-
mentary Note 9). Even in the presence of substantial strain disorder in
the decompressed crystal, the preferred spin orientation, either in the
in-plane or along the out-of-plane, is well defined and correlated with
the electronic states, either gapped or gapless. Therefore, it can be
concluded that, indeed, the MIT and SRT are tied together due to the
SOC effect in the nodal-line states.

The pressure-driven instability for the SRT and the resulting
interband charge transfer also provide a reasonable explanation for
the structural modification at Pc. In Mn3Si2Te6, the lowest-energy
conduction bands are mainly from the in-plane Mn1 3d orbitals hybri-
dized Te 5p orbitals. Below Pc, the in-plane contraction is mainly rela-
ted to the displacement of the Te atoms in the MnTe6 octahedra
(Supplementary Fig. S9), leading to a relatively small contraction in the
ab-plane than along the c-axis. At Pc, however, the occupation of the
bonding state of Mn1 orbitals due to the interband charge transfer is
effective in reducing the intralayer Mn1-Mn1 distance, and therefore
the in-plane lattice parameter, in good agreement with the sudden
shrinkage of the ab-plane (Fig. 3c). Above Pc, the semimetallic band
structure promotes intralayer and interlayer metallic bonding, making
amore isotropic lattice response to pressurewith a nearly constant c/a
ratio with pressure (Fig. 3c). The MIT with the nodal-line states and
their strong SOC provide a natural explanation for the concomitant
SRT and structural transition at Pc.

Our findings establish a concrete example in which the spin-
polarized nodal-line states are actively involved in determining the
magnetic properties in topological magnets. This exceptional tun-
ability of the magnetic and electronic properties with pressure is a
consequence of several attributes of Mn3Si2Te6. The magnetic frus-
tration with competing AFM coupling channels makes Tc extremely
sensitive to pressure-induced electronic and structural modification.
The high-spin configuration (t32ge

2
g) of Mn2+ atoms suppresses the

single-ion anisotropywithout orbital degrees of freedom,whichmakes
the system more susceptible to the Te states with strong SOC. The
absence of other trivial electronic states at EF is also crucial for the
nodal-line state with strong SOC to contribute significantly to mag-
netic and electronic properties. These key ingredients and their
interplay enable to trigger of unprecedented pressure-driven phase
transitions in Mn3Si2Te6, providing the material-guiding principle for
small-gap magnetic semiconductors with topological band degen-
eracy. Our findings demonstrate that tuning the energy position of the
isolated nodal-line states with respect to the Fermi level by e.g., strain
or electrical gating offers a novel route for the spin-related function-
alities in magnetic semiconductors.

Methods
Single crystal growth
Single crystals of Mn3Si2Te6 were grown using a high-temperature
self-flux method15. A mixture of Mn (99.95 %), Si (99.999 %), and Te
(99.999 %) in a molar ratio of 1:2:6 was placed in an alumina crucible,
and another empty alumina crucible was kept on top of it with quartz
wool separation. The whole crucible assembly was sealed in an
evacuated quartz ampoule and first heated in a muffle furnace up to
1000 °C in 12 h and kept dwelling for 24 h to obtain a homogeneous
solution. The furnace was then slowly cooled down to 700 °C in 150 h
and held for 12 h at 700 °C. The ampoule was then quickly taken out
and centrifuged to separate the crystals from the fluxes.

A standard chemical vapor transport (CVT) technique was
employed to grow the 20% Se-doped crystals15. I2 was used as a
transport agent. A temperature gradient of 750 to 700 °C was main-
tained for 400 h for the crystal growth followed by cooling to room
temperature at 70 °Ch−1.

High-pressure magnetotransport and magnetization
experiments
The resistivity data at high pressure were measured up to ~23GPa in
QuantumDesign PPMS using a non-magnetic diamond anvil cell (DAC)
made of a NiCrAl alloy. The size of the diamond culet usedwas 400μm
in diameter.Mn3Si2Te6 single crystalwas cut into a square of ~80μm in
widthwith 10μm in thickness. NaCl was used as a pressuremedium for
all runs. We used the van der Pauw four-probe method to measure
electrical resistance by using platinum (Pt) foil as electrodes. Two ruby
balls were put inside the sample chamber to determine the pressure41.
Magnetization measurements under pressure were performed in a
Quantum Design MPMS using a non-magnetic miniature DACmade of
Cu-Be alloy with the diamond anvils culet of 600μm. A Mn3Si2Te6
crystal of about 150μm× 150μm×30μm in size was loaded in a
sample chamber made by a laser-drilled Rhenium gasket with silicon
oil as pressure transmitting medium and ruby as pressure calibrant41.

Synchrotron X-ray diffraction experiments at high pressures
SynchrotronX-raydiffraction (XRD)measurementswere conducted at
beamline 16-BM-D, Sector 16, HPCAT at the Advanced Photon Source,
Argonne National Laboratory (λ = 0.4833Å). Several small single crys-
tals of Mn3Si2Te6 were ground into powder and loaded into the dia-
mond anvil cell. Argon was used as a pressure transmitting medium,
and ruby was used to determine pressure41. A small grain of gold
powder located inside the sample chamber was also used as an addi-
tional pressure determinant via the known EOS42. The 2D diffraction
imageswere integrated usingDIOPTAS software43. The LeBailfitting to
the X-ray diffraction patterns were accomplished using the Fullprof/
Winplotr software44,45. Despite the use of different pressure medium
between different sets of experiments, the MIT, SRT, and structural
modification occur at a similar critical pressure Pc ~14 GPa. This indi-
cates that Mn3Si2Te6 is not sensitive to the different hydrostatic
conditions.

First-principles calculations
Density functional theory calculation within project augmented wave
method46 was performed utilizing Vienna ab initio package (VASP)47.
The Perdew-Burke-Ernzerhof exchange-correlation functional48 is
used, and the relativistic effect is considered within the second varia-
tional spin-orbit interaction scheme. To take into account of Coulomb
correlation effect, DFT+U calculation within Dudarev scheme49 with
effective Coulombpotential ofU = 3 eV inMndorbital have been used.
The plane energy cutoff of 450 eV and k mesh of 12 × 6 × 12 for the
Brillouin zone integration is used for the calculation. To compare the
total energy of the experimentally suggested high-pressure structure
candidates, we adopted the experimental lattice constant and opti-
mized the internal positions of each atoms.

Data availability
All data supporting the findings of this study are available within the
main text and the Supplementary Information file. The data that sup-
port the findings of this study are available from the corresponding
authors upon reasonable request. Source data are provided with
this paper.
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