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ABSTRACT: Recently, pressure has been used to induce structural and
magnetic phase transitions in many layered quantum materials whose
layers are linked by van der Waals forces. Materials with such weakly held
layers allow for relatively easy manipulation of the superexchange
mechanism, which can give rise to novel magnetic behavior. Using
hydrostatic pressure as a disorderless means to manipulate the interlayer
coupling, we applied pressure on two quasi-2D sister compounds, namely,
Cr2Si2Te6 (CST) and Mn3Si2Te6 (MST), up to ∼1 GPa. Magnetic
property measurements with the application of pressure revealed that the
ferromagnetic transition temperature decreases in CST, while the opposite
occurs for the ferrimagnetic MST. In MST, magnetization decreases with
the increase in pressure, and such a trend is not clearly observed within
the pressure range studied for CST. The overall pressure effect on
magnetic characteristics such as exchange couplings and magnetic anisotropy energies is also examined theoretically using density
functional theory. Exchange coupling in MST is strongly frustrated, and the first nearest neighbor interaction is the most dominant
of the components with the strongest pressure dependence. In CST, the exchange coupling parameters exhibit very little dependence
on pressure. This combined experimental and theoretical work has the potential to expand to other relevant quantum materials.

■ INTRODUCTION

Exploring the magnetic properties of bulk (quasi-2D) crystals
serves as a basis for understanding the magnetic phenomena in
reduced dimensions (true 2D limit). Profound knowledge and
understanding of these compounds is evidently needed at the
quasi-2D level, especially considering that magnetic mono- and
bilayers of a wide range of 2D quantum magnets have now
become accessible.1−5 Therefore, expanding the knowledge on
the magnetic behavior in quasi-2D materials has a great
potential in driving the boundaries of materials toward future
use in spin electronic-based devices as well as in studying the
exceptional quantum properties. The weak interlayer bonding
present in van der Waals (vdW) crystals and their extreme
sensitivity toward the external perturbation have allowed
scientists to explore their interesting physical properties.
In the recent past, external stimuli have been employed to

tune the magnetic states in quasi-2D materials via photo-
excitation, proton irradiation, strain, gating, doping, pressure,
and intercalation.5−15 Among all, hydrostatic pressure has been
used as a disorderless procedure to tune the physical properties
of vdW compounds. Pressure on a system of weakly coupled
layers affects the bonding and interlayer coupling without
destroying the crystal.2 For instance, a remarkable tuning of
the magnetic properties has been seen in Cr2Ge2Te6, where ∼9
GPa of pressure significantly increased the Curie temperature

(TC) to a value greater than 250 K, a jump of nearly 184 K
from ambient conditions.16 Previous high-pressure studies (P >
1−47 GPa) conducted on CrSiTe3 reported structural
transformations, metallization, spin reorientation transition,
and a ferromagnetic to paramagnetic transition with the
emergence of superconductivity.17,18 The most recent work on
CrSiTe3 reported a dramatic increase in the TC by about 100 K
with 7.8 GPa of pressure application.19 The sister compound,
Mn3Si2Te6 (MST), recently gained a great deal of interest due
to the observance of exceptional colossal magneto resist-
ance.20−22 Recently, MST has shown pressure-dependence of
its colossal magneto resistance, along with a semiconductor to
metal transition and structural phase transition.23

As outlined above, while most of the prior work reported on
Cr2Si2Te6 (CST) and MST focused on the high-pressure
properties, knowledge on their magnetic properties, partic-
ularly at lower pressures (<1 GPa), is limited. In this work, we
examined the influence of pressure on the magnetic properties
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of two bulk vdW materials, CST and MST. The application of
pressure revealed that the ferromagnetic transition temperature
decreases in CST, while the opposite occurs for the
ferrimagnet, MST. In MST, the magnetization decreases with
the increase in the pressure, and it is not clearly noticed in
CST, within the pressure range studied. Density functional
theory (DFT) calculations give further insights into the
pressure dependence of exchange coupling and magneto-
crystalline anisotropy energy in these materials.
The semiconducting material, CST, exhibits a TC of 32 K

with an easy-axis along the c-axis.24 CST crystallizes with a
rhombohedral symmetry in a honeycomb network with space
group R3̅. The Cr ions are arranged in hexagonal planes
stacking along the c-axis with one-third of layers being
composed of Si2Te6. Each Cr3+ atom (S = 3/2) is octahedrally
coordinated with Te that are edge-sharing. The insulating
compound, MST, is a ferrimagnet whose antiferromagnetic
contribution stems from frustration between the three NN
interactions between Mn1 (multiplicity of two) and Mn2 sites.
MST is often referred to as the sister compound to CST as
layers are composed of MnTe6 octahedra sharing an edge with
the ab plane at the Mn1 site and with Si−Si dimers. However,
MST differs in that one-third of the Mn atoms link the layers
together by filling the octahedral holes at the Mn2 site.25 MST
has a trigonal crystal structure with space group no. 16326,27

with TC reporting between 73 and 78 K.10,25,28

■ METHODS

Experimental Details. Bulk CST and MST crystals were
synthesized using a self-flux technique as previously out-
lined.28,29 Magnetic measurements were performed using a
Quantum Design MPMS 3 with a Superconducting Quantum
Interference Device (SQUID) magnetometer. Isothermal
magnetization measurements were taken at 2 K with a ±7 T
magnetic field. Zero-field cool (ZFC) temperature-dependent
magnetization was performed from 2 to 150 K with a
measuring field of 500 Oe. Hydrostatic pressure was applied
using a BeCu quantum design piston cell. The pressure
transmitting medium was Daphne (silicon) oil, and a Pb
manometer was used to monitor the pressure in the cell.
Compression of the cell length was increasingly applied and
only depressurized after the data collection was completed. For
CST, we performed pressure measurements with the magnetic
field applied parallel to the c-axis (H||c), out-of-plane
measurements. For MST, we fixed the sample along its
magnetic easy axis, H||ab. See Supporting Information, page S1
and Figure S1, for mounting procedures and pressure
determination.

Computational Details. The structural parameters were
optimized using the Vienna ab initio simulation package30,31

within the projector augmented wave method.32,33 The
Perdew−Burke−Ernzerhof generalized gradient approxima-
tion34 was employed to describe exchange correlation effects.

Figure 1. Experimental data collection on Cr2Si2Te6 with application of pressure. (a) Isothermal magnetization for the easy axis direction taken at 2
K with ±7 T. Inset: Close-up of the magnetization in the first quadrant. (b) ZFC temperature-dependent magnetization with a 500 Oe magnetic
field in the easy axis (H||c). (c) Derivative of the magnetization with respect to temperature shown for all applied pressures. (d) Magnetization at 7
T and the ferromagnetic transition temperature plotted as a function of pressure.
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To better account for the interlayer vdW forces, the optB88-
vdW35,36 form of the non-local vdW functional was used. A
cutoff energy of 500 eV was chosen for the plane wave basis
set.37 The structure optimizations were performed until the
forces on each atom were less than 5 × 10−3 meV/Å. The
hydrostatic pressure effect is included using the PSTRESS tag,
which adds stress to the stress tensor and energy generated
from the external pressure.
Once the optimized structures were obtained, we used the

OpenMX code38 for calculations of magnetic properties. In
these calculations, core electrons are replaced with a norm-
conserving pseudopotential39 with an energy cutoff of 300 Ry.
To improve the description for localized d-electrons in Mn and
Cr, fully localized limit DFT + U is used.40,41 The U
parameters for CST and MST are taken from the
literature.19,25 The Green function method implemented in
OpenMX 3.942 is used to calculate exchange coupling
constants Ji for up to the 3rd NN. In this approach, the
exchange coupling between any pair of magnetic sites can be
directly calculated from a single magnetic state. For magneto-
crystalline anisotropy energy (MAE), we first performed a full
self-consistent calculation without spin−orbit coupling (SOC)
to obtain the charge and spin densities. The SOC is
subsequently included perturbatively for the configurations
with the magnetization aligned in-plane and out-of-plane. The
MAE was then determined as the difference in the total band
energy between the two.43

■ RESULTS AND DISCUSSION

First, we present and discuss our experimental data gathered
on CST, where we applied pressure up to 0.686 GPa.
Isothermal magnetization (M−H) measurements were con-
ducted along the easy axis (H||c). Figure 1a plots the M−H
data collected at 2 K with ±7 T with various pressures in the
range between 0 and 0.686 GPa. A minimal decrease in the
saturation magnetization (Ms) at +7 T (maximum limit of our
magnetometer) was noted as pressure was increasingly applied.
The ZFC temperature variation of magnetization (M−T)
collected at various pressures is plotted in Figure 1b with a 500
Oe magnetic field. This plot shows a similar decrease in the
magnetization in the ferromagnetic phase (below 34 K). We
observed that the M−T curves shifted to the left, indicating a
decrease in the magnetic phase transition temperature, TC, as
pressure was increased. Figure 1c displays the derivative of the
magnetization with respect to the temperature. It is observed at
the maximum applied pressure (0.686 GPa) that TC decreases
to 28 K, in addition to a decrease in the magnitude of the
minimum(s) at the largest pressure. This shrinking of the
derivative curve, along with the suppression of TC and
magnetization, indicates a decrease in the overall magnetic
ordering as similarly seen in the pressure study involving
Fe3GeTe2.

44 Figure 1d displays the magnetization taken at 7 T
and TC as a function of pressure.

Figure 2. Experimental data collection on Mn3Si2Te6 with application of pressure. (a) Isothermal magnetization for the easy axis direction taken at
2 K with ±7 T. Inset: Close-up of the magnetization in the first quadrant. (b) ZFC temperature-dependent magnetization with a 500 Oe magnetic
field in the easy axis (H||ab). (c) Derivative of the magnetization with respect to temperature shown for all applied pressures. (d) Magnetization at
7 T and TC plotted as a function of increasing pressure up to 0.9 GPa.
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Turning our attention to the experiment on MST, we
applied hydrostatic pressure up to 0.90 GPa with magnetic
field applied along the easy axis (H||ab). Figure 2a displays the
isothermal magnetization at 2 K and with ±7 T, collected as a
function of applied pressure. At first glance, the Ms at 7 T
follows a decreasing trend as pressure is increased to 0.90 GPa.
Figure 2b shows the temperature (2−150 K) variation of ZFC
magnetization (measuring field: 500 Oe) at various applied
pressures (0−0.9 GPa). Interestingly, we noticed an apparent
shift of the M−T curves toward the right as the pressure
steadily increased. The TC is estimated in Figure 2c through
the magnetization derivative curves, which shows an increase
up to 84.52 K at 0.9 GPa, an 11 K jump from the pristine state.
The intimate relationship (see Figure 2d) between magnet-
ization and TC as a function of pressure is not fully understood
at this point. Interestingly, this increasing trend in TC has
recently been observed for even higher pressures in MST with
results showing a remarkable jump in TC up to ∼210 K at 8.1
GPa.23
To gain additional insight, we also performed first-

principles-based calculations for both CST and MST to
study the influence of pressure on their magnetic properties.
Earlier theoretical calculations have established that the
ferromagnetic (FM) phase is the lowest energy spin structure
for CST. Our calculations are also carried out on the FM
phase. Figure 3 shows a schematic of the dominant in-plane

exchange coupling parameters Ji (i = 1, 2, 3) and out-of-plane
parameter Jout that are calculated in this work, which are shown
as a function of pressure for CST in Figure 4a. As pointed out
in the previous work,19 our calculations confirmed that both
the electronic band gap and moments are rather insensitive to
U values below 1.0 eV and calculations with U above 1.0 eV
produce the incorrect magnetic ground states. Therefore, we
performed all calculations both at the GGA and GGA + U
levels, using U = 0.5 eV as a comparison to see the impact of U
correction.19,48

The NN in-plane coupling J1 is the most dominant
interaction followed by J3. All of the calculated exchange
couplings including the interlayer coupling favor ferromagnetic
ordering within the entire pressure range considered in this
study in accord with the earlier results of Zhang et al.19
Consistent with the previous findings,19,45 our data also show a
small but positive J4 which indicates that different layers are
only weakly and ferromagnetically coupled. We also observed
that while the empirical Hubbard U correction does not
change the qualitative behavior in pressure dependence, it
greatly enhances the magnitude of the most dominant
component J1. Within this pressure range (0−1 GPa), both
intralayer (Ji) and interlayer (Jout) couplings exhibit very little
dependence on the pressure.
It is known that CST has a weak easy-axis anisotropy,19 and

the strength decreases slowly with pressure in the range 0−8
GPa. Our results also show (Figure 4b) that the system favors
the out-of-plane easy-axis and the magnitude of MAE
decreases slowly. In CST, TC is predominately determined
by Ji as the MAE shown in Figure 4b is generally too small and
unlikely to have a qualitative impact. Since the magnetic
moment of the system is dominated by the moments on the
transition-metal ions, we present the variation in the total
moment of Cr ions per functional unit as a function of pressure
in Figure 4c. Within pressure range (0−1 GPa), there is a
slight decrease (less than 1%) in the magnetic moment per
formula unit. We computed the energy of a low-lying anti-
ferromagnetic (AFM) state where the interlayer spins are
oppositely aligned. The total energy differences between the
AFM and the FM show a slight increasing trend as a function
of pressure as can be seen from Table 1. This result
qualitatively indicates that the TC is likely to show a similar
trend as a function of pressure.
Our calculations on the J parameters, magnetic moments,

and MAE as a function of pressure indicate that the system is
unlikely to show any significant change in TC within this
pressure range (<1 GPa). This result agrees with the earlier
reported results below 2 GPa on this compound [19]. In the
prior high-pressure (>3 GPa) work [19] reported on much
thinner CST flakes, the authors reported a dramatic enhance-
ment (∼100 K) in TC. Although DFT + U often provides a
reasonable estimation for the exchange coupling constants at
the equilibrium condition, the pressure-dependent trends
presented in Figure 4a,b are insufficient to explain the
significant decrease in TC with pressure. This discrepancy
can be partly attributed to the limitation of +U, due to its
empirical and overly simplified nature, as it only partially
accounts for the strong correlation. Another issue is the
determination of U values, as they are generally untransfer-
able51 and one often varies the parameters to fit the physical
observables of interest such as band gap, moment, and so
forth.47 For the analysis of pressure-dependent magnetic
properties, the U values once determined are often kept
fixed,49,50 which is often a reasonable assumption, particularly
when the pressure is small as in our study. However, in CST,
the inclusion of Hubbard U correction has a much more
significant impact on J1 and little effect on the band gap (see
Figure S2 in Supporting Information) and the magnetic
moments.19,48 While the issue can potentially be mitigated by
performing self-interaction correction,52−54 GW55 or dynam-
ical mean-field theory56 calculations, these methods are
computationally too demanding and beyond the scope of
this work.

Figure 3. Crystal structure and the spin alignment in Cr2Si2Te6. The
calculated J parameters between the first, second, and third in-plane
nearest Cr neighbors and the interlayer Jout are depicted with broken
lines.
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Due to the triangular arrangement in MST as shown in
Figure 5, the system is rather frustrated, and several magnetic

states are close in energy.25 To verify that, we consider the
total energy differences of several magnetic states: two
ferrimagnetic states (FI1 and FI2), two anti-ferromagnetic
(AF1 and AF2), and a FM state. The ground state is found to
be ferrimagnetic (FI1) with the spins of Mn1 and Mn2 sites
oppositely aligned as shown in Figure 5. In the FI2 state, the
Mn1 ions have spins antiferromagnetically aligned, while half
of the Mn1−Mn2 spins are antiferromagnetically aligned, and
the other half are ferromagnetically aligned. Two antiferro-
magnetic states AF1 and AF2 arise depending on the spin
alignment of Mn2. In AF1, the Mn2 spin is aligned similarly to
the nearest Mn1, while in AF2, the Mn2 spins are oppositely
aligned to the nearest Mn1.25

Previous reports suggest that GGA performs well for MST in
predicting both the Curie temperature and the Curie−Weiss
temperature based on the calculated exchange parameters.23,25

Therefore, we will primarily focus our discussion on the GGA
results, with the results for GGA + U provided as a reference.
Table 2 shows the calculated relative energies of the magnetic
states calculated with GGA and GGA + U compared to those
of the ferrimagnetic ground state (FI1), which agrees with the
previous findings obtained using the linearized augmented
plane-wave code.25 These calculations also confirm that FI1 is
the ground state. Further calculations with hydrostatic pressure
were done on the FI1 state only. The three dominant exchange
coupling parameters are depicted in Figure 5. Here J1, J2, and J3
are the couplings between NNs Mn1−Mn2, Mn1−Mn1, and
second NNs Mn1−Mn2.
Figure 6a shows the pressure dependence of exchange

coupling constants calculated for both U = 0 and U = 3.0 eV.
Intial observation of the overall qualitative pressure depend-
ence shows that the trend remains similar for each exchange
coupling constant as pressure increases. However, it is clear
that the use of U correction reduces the strengths of the
exchange couplings in MST. The application of pressure affects
mostly the J1 parameter, which is the dominant interaction that
favors the moments of the corresponding Mn1−Mn2 pairs to
be antiferromagnetically ordered. As the pressure increases, the
orbitals become more delocalized. Ferromagnetic ordering is
favored when the orbitals share the same space and are
orthogonal. Covalent interaction favors antiferromagnetic
ordering which is the case in this system. On the other
hand, J2 and J3 are similar in strength at the GGA level, and
both favor antiferromagnetic ordering of the respective pairs
leading to a frustrated system. The increase of J1 with pressure
indicates the tendency to stabilize the FI1 state. In Figure 6b,
we show the magnetic anisotropy energy as a function of the
applied pressure. Our calculations predict an easy-plane
anisotropy with MAE of about 0.68 meV/Mn at zero pressure
which is in close agreement with the previous work,25 and the
magnitude decreases monotonically by about 15% at P = 1.0
GPa. In Figure 6c, we show the total magnetic moments on the
Mn atoms per formula unit as a function of applied pressure.
Our calculations revealed a decreasing trend as seen in the
experiment within the pressure range 0−1 GPa.
To qualitatively understand the trend of Curie temperature

evolution with pressure, we employ a simple and widely used
method based on mean-field approximation,46 where the Curie

Figure 4. (a) Exchange coupling parameter Ji, (b) MAE, and (c) total magnetic moments on the Cr ions per formula unit as a function of pressure.

Table 1. Total Energy Difference (ΔE) between Interlayer
AFM Order and FM Order of CST

U (eV)
P = 0 GPa ΔE

(meV)
P = 0.5 GPa ΔE

(meV)
P = 1 GPa ΔE

(meV)

0.0 37.23 43.66 50.40
0.5 23.88 28.44 33.11

Figure 5. Crystal structure of Mn3Si2Te6. FI1 is the ground state
whose magnetic configuration examined by first-principles calculation
is shown.
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temperature is estimated from the total energy difference
between the ground state and the competing excited state.23,25
As shown in Table 2, the relative ordering between the AF1
and AF2 changes with GGA + U compared to GGA. Relative
energies of both the AF1 and AF2 increases compared to the
ground state, which indicates that the TC will also increase with
pressure in accord with the experimental results. The
stabilization of the ground state as indicated by the increase
in J1 also indicates that the energy difference between the
ground and the paramagnetic state is likely to increase leading
to a rise in TC.

■ CONCLUSIONS

In this work, we investigated the pressure-dependent magnetic
properties of two quasi-2D magnets, Cr2Si2Te6 and Mn3Si2Te6,
by employing the Quantum Design Magnetometer coupled
with theoretical calculations. In the case of CST, we find that
the Curie temperature is decreased from 34 to 28 K as the
pressure is increased from 0 to 0.686 GPa, though the
saturation magnetization is marginally decreased within the
pressure range applied. Moreover, it will be important to
observe the coercivity and the interplanar distance to
corroborate the results from previous high-pressure studies.
It also seems that the literature will benefit from a
comprehensive magnetization study in the high-pressure
regime to bring together the results of pressure-enhanced
ferromagnetism in ref 19 up to 7.8 GPa and a structural
transition causing a ferromagnetic to paramagnetic transition
leading to superconductivity at 7.5 GPa,18 to a spin

reorientation at ∼ 6 GPa inducing metallization.17 Quite
intriguingly, in the case of MST, the TC is found to increase by
11 K upon increase of pressure from 0 to 0.9 GPa. Recent rich
phenomena has been demonstrated in high pressure studies on
MST such as pressure-induced semiconductor to metal
transition between 1.5 and 2.5 GPa and using pressure to
control the apparent colossal magnetoresistance in this
material.20,23 First-principles calculations on these materials
are carried out to understand the effects of pressure on the
magnetic properties such as exchange coupling parameters and
magnetic anisotropy energies. In CST, the exchange coupling
parameters exhibit very little dependence on the pressure
within the range 0−1 GPa in accord with earlier theoretical
calculations.19 We find that the exchange coupling in MST is
strongly frustrated, and the first NN interaction is the most
dominant component that shows a dependence on pressure.
DFT calculations at the GGA + U level indicate that the
nearest neighbor exchange couplings and MAE change
monotonically with pressure up to 1 GPa. A qualitative
estimate of the change in TC with pressure shows that TC is
likely to increase with pressure in accord with experimental
results. To gain deeper insights and further expand this work,
we are currently performing synchrotron-based high-pressure
X-ray magnetic circular dichroism measurements and pressure-
dependent Raman measurements.

Table 2. Relative Energies of Different Magnetic Phases of MST in meV/Mn

ΔE (meV/Mn) U = 0.0 eV

pressure (GPa) 0 0.25 0.5 0.75 1 reported25 (0 GPa)

FI1 (GS) 0 0 0 0 0 0
AF1 23.36 25.36 27.44 30.11 32.92 19.1
AF2 33.29 34.02 35.1 35.96 37.19 31.5
FI2 32.97 34.57 36.37 38.37 40.59 32.2
FM 102.98 104.3 105.9 107.1 108.6 105.4

ΔE (meV/Mn) U = 3.0 eV
FI1 (GS) 0 0 0 0 0
AF1 15.96 17.37 18.77 20.63 22.49
AF2 13.61 14.42 15.32 16.10 17.19
FI2 16.28 17.41 18.64 20.0 21.54
FM 43.98 46.62 49.48 52.74 56.42 43

Figure 6. Pressure dependence of the (a) exchange coupling parameters for MST, (b) MAE, and (c) total magnetic moments on the Mn3 ions per
formula unit.
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