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A B S T R A C T   

Two-dimensional (2D) palladium diselenide (PdSe2) has demonstrated great promise in electronics and opto-
electronics due to its remarkable air stability, appealing carrier mobility, and controllable bandgap. However, 
realizing the synthesis of 2D PdSe2 remains still a daunting challenge. Herein, high-quality, ultrathin (~2.2 nm) 
2D PdSe2 flakes are achieved on mica substrates through a NaCl-assisted ambient-pressure chemical vapor 
deposition method. We systematically probe the crystal quality and optical characteristics in PdSe2 using 
scanning transmission electron microscopy, angle-resolved polarized Raman spectroscopy, and second harmonic 
generation characterizations. Impressively, the transferred PdSe2 flakes on Au foil, featuring lower overpotential 
of ~ 150 mV at 10 mA/cm2, lower Tafel slope of ~ 70 mV/dec, higher exchange current density of ~ 85 μA/cm2, 
and superior stability, display outstanding electrocatalytic performance for hydrogen evolution reaction (HER). 
This work shows a promising prospect of PdSe2 in electrocatalysis for HER.   

1. Introduction 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) are 
fundamentally important for developing next-generation electronics 
[1,2], optoelectronics [3,4], electrocatalysis [5,6], and so on, due to 
their unique physical properties. Among them, especially palladium 
diselenide (PdSe2), as a puckered pentagonal material, possesses robust 
carrier mobility, highly tunable bandgap ranging from 0 eV (bulk) to 1.3 
eV (monolayer), as well as prominent air stability [7–9]. Furthermore, 
PdSe2 demonstrates a variety of peculiar properties resulting in various 
applications ranging from field-effect transistors [7,8,10], photodetec-
tors [11–15], and electrocatalysts for hydrogen evolution reaction 
(HER) [16,17] to thermoelectrics [18] and memristors [19]. However, 
the synthesis of high-quality, ultrathin 2D PdSe2 still remain chal-
lenging, tremendously hindering its practical applications. Up to now, 
mechanically exfoliated PdSe2 suffers from the uncontrollable thickness 
and geometry [7,8,20]. Recently, the preparation of high-quality 2D 
PdSe2 by chemical vapor deposition (CVD) methods has been realized 
but rare [21–25]. Additionally, given that 2D noble-TMDCs such as 
PtTe2 and PtSe2 have excellent catalytic property for HER [26–28], as 

well as few-layer semiconducting PdSe2 possesses zero-gap edges due to 
the hybridization of Pd 4d and Se 4p orbitals [9], there is expectation 
that the outstanding electrocatalytic HER performance would occur for 
2D PdSe2, which needs experimental certification. Hence, it is urgent to 
find effective solutions to resolve aforementioned issues. 

Herein, high-quality, ultrathin 2D PdSe2 flakes have been success-
fully synthesized on mica substrates via a NaCl-assisted ambient-pres-
sure CVD (APCVD) technique. The element uniformity, crystalline 
quality, and optical features of rectangular PdSe2 flakes as thin as ~ 2.2 
nm are intensively investigated by energy-dispersive X-ray spectroscopy 
(EDS), transmission electron microscopy (TEM), scanning transmission 
electron microscopy (STEM), Raman spectroscopy, and second har-
monic generation (SHG) techniques. Meaningfully, the CVD-derived 
PdSe2 flakes transferred onto Au foils, as working electrodes, demon-
strate a fantastic nature with low overpotential, small Tafel slope, large 
exchange current density, and excellent durability for electrocatalytic 
HER. Our study enables a facile synthesis method for fabricating high- 
quality, ultrathin 2D PdSe2 flakes with good HER catalytic activities. 
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2. Experimental section 

2.1. Preparation of PdSe2 

2D PdSe2 single-crystal flakes were synthesized via an APCVD 
technique. Powders of Se (0.3 g, 99+%, Alfa Aesar) and PdCl2/NaCl (10 
mg, 99.999%, Alfa Aesar; 1 mg, 99.999%, Alfa Aesar) were used as 
sources. Se powder (350 ◦C) was put upstream and PdCl2/NaCl powders 
(850 ◦C) were placed in the center of the furnace with mica put above 
them as growth substrate. Before heating, high purity Ar (300 sccm) was 
utilized to purge the tube furnace for 15 min. Ar (80 sccm) and H2 (15 
sccm) were used as carrier gases. After 5–10 min growth, the furnace 
was naturally cooled down to room temperature. Then, the fabricated 
PdSe2 flakes on mica were transferred onto target substrates via a poly 
(methyl methacrylate)-mediated method. 

2.2. Characterization of PdSe2 

PdSe2 flakes were characterized by OM (Zeiss Axioscope 5), AFM 
(Asylum Research Cypher S), XPS (PHI 5000 Versaprobe III with 
monochromatic Al Kα X-ray, ULVAC-PHI), Raman spectroscopy 
(HORIBA XploRA PLUS and HORIBA iHR550, 532 nm laser), SHG 
(HORIBA iHR320, 800 nm laser), SEM (Phenom LE, 15 kV) equipped 
with an EDS, TEM (FEI Tecnai F30, acceleration voltage of 300 kV), and 
STEM (JEOL JEM-ARM200CF, acceleration voltage of 200 kV). 

2.3. Electrochemical measurements 

Electrochemical measurements were carried out in a three-electrode 
system at an electrochemical workstation (CHI 660D), with the trans-
ferred PdSe2 flakes on Au foil as the working electrode, a saturated 
calomel reference electrode, and a Pt foil as the counter electrode, 
respectively. All the potentials were calibrated to a reversible hydrogen 
electrode (RHE). Linear sweep voltammetry was conducted in 99.999 % 
N2-saturated 0.5 M H2SO4 electrolyte with a scan rate of 5 mV/s. 

3. Results and discussion 

Ultrathin 2D PdSe2 crystals were directly synthesized by a NaCl- 
assisted APCVD method (Fig. 1a). Se powder placed upstream and 
PdCl2/NaCl powders placed at the center of the furnace were utilized as 
selenium and palladium sources, respectively. Mica placed on PdCl2/ 
NaCl powders was utilized as growth substrates. The PdSe2 flakes grew 
on mica at growth temperature of 850 ◦C with mixed carrier gases of H2 
and Ar. More sample growth details are depicted in the Experimental 
section. The crystal structure model of 2D PdSe2 is described in Fig. S1 in 
the Supporting Information. Optical microscopy (OM) images display 
that the achieved PdSe2 flakes show a rectangular morphology due to its 
orthorhombic structure, with the maximum lateral size from ~ 3 
(growth time of 5 min) to ~ 28 μm (growth time of 10 min) (Fig. 1b and 
1c). As shown in Fig. 1d and S2 in the Supporting Information, atomic 

Fig. 1. Synthesis of ultrathin 2D PdSe2 flakes. (a) Schematic diagram of preparing ultrathin 2D PdSe2 flakes on mica substrates by APCVD. (b, c) OM images of as- 
grown PdSe2 flakes on mica with growth time of 5 and 10 min, respectively. (d) AFM image and the height profile of a PdSe2 flake on mica. (e, f) XPS spectra of Pd 3d 
(e) and Se 3d (f). (g) Thickness dependence of Raman spectra for PdSe2 flakes. 
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force microscopy (AFM) images depict that the CVD-PdSe2 flakes possess 
a thinnest thickness down to ~ 2.2 nm. In addition, X-ray photoelectron 
spectroscopy (XPS) was carried out to identify the chemical states of the 
prepared PdSe2 flakes (Fig. 1e and 1f). The chemical states of element Pd 
(3d3/2: ~341.9 eV; 3d5/2: ~336.6 eV) are related to Pd4+, and the 
chemical states of element Se (3d3/2: ~55.4 eV; 3d5/2: ~54.5 eV) are 
assigned to Se2− . The phonon vibrations and interlayer coupling of as- 
fabricated PdSe2 flakes were characterized using Raman spectroscopy. 
As demonstrated in Fig. 1g, the Raman peaks located at ~ 143.1, 
~219.9, and ~ 255.1 cm− 1 are ascribed to the Ag

1, B1g
2, and Ag

3 

vibrational modes of bulk PdSe2, respectively. With decreasing thickness 
to 2.2 nm, the three vibrational modes show the striking blueshift to ~ 
149.5 (Ag

1), ~227.5 (B1g
2), and ~ 262.7 (Ag

3) cm− 1, respectively, due to 
the strong interlayer coupling and hybridization in PdSe2 [7]. Briefly, 
ultrathin 2D PdSe2 flakes can be successfully fabricated on mica using a 
NaCl- aided APCVD method. 

The EDS characterization was then carried out to explore the 
elemental composition and distribution of the CVD-derived PdSe2 flakes. 
EDS elemental mappings are displayed in Fig. 2a and 2b, demonstrating 
the uniformity of elements Pd and Se distribution across the whole PdSe2 
flake transferred onto SiO2/Si (Fig. S3 in the Supporting Information). In 
addition, EDS spectrum (Fig. 2c) shows sharp Pd and Se element peaks 
with an atomic ratio of ~ 1:1.99, revealing that our CVD-grown sample 
is stoichiometric PdSe2. The TEM and STEM were used for further 
demonstrating the crystallinity and crystal structure of the CVD- 
synthesized PdSe2 flakes. The low-magnification TEM image of a 
PdSe2 flake transferred onto a Cu grid is displayed in Fig. 2d. The 
selected area electron diffraction (SAED) pattern (Fig. 2e) reveals that 
the as-grown PdSe2 flakes agree well with great crystallinity and are 
single crystals. As exhibited in Fig. 2f, the atomic-resolution high-angle 
annular dark-field (HAADF) STEM image of the PdSe2 indicates the 
orthorhombic lattice without evident crystal defects. Therefore, high- 

quality, ultrathin 2D PdSe2 single crystals can be prepared on mica by 
APCVD. 

Angle-resolved polarized Raman spectroscopy (ARPRS) was con-
ducted to probe the crystal orientation and phonon vibrational anisot-
ropy of the CVD-derived PdSe2 under a parallel polarization 
configuration. The OM image of the PdSe2 flake transferred onto SiO2/Si 
for ARPRS measurement is presented in Fig. 3a. Fig. 3b depicts the 
polarization-dependent Raman spectra obtained every 10◦ from 0◦ to 
180◦ by the rotation of PdSe2 sample, revealing obvious variation of the 
intensity of each peak with the sample rotation angle. For instance, the 
Ag

1 mode exhibits the maximum at 0◦ and 180◦, corresponding to the 
direction along the a axis [23], and the B1g

2 mode reaches the maximum 
at 40◦ and 130◦ (Fig. 3c). Briefly, ARPRS measurement can recognize the 
crystal orientation of our CVD-grown PdSe2 sample. 

The nonlinear optical properties of 2D TMDCs materials have been 
widely investigated using SHG microscopy. Particularly, even-layered 
PdSe2, which pertains to the Pca21 (No. 29) space group, could pre-
sent a striking SHG response because of the absence of inversion sym-
metry [29]. The SHG signals on our CVD-derived 2D PdSe2 flake were 
performed to probe its nonlinear properties under a 800 nm excitation 
laser. Fig. 4a illustrates the schematic diagram of SHG measurement for 
the PdSe2 flake. Angle-resolved polarized SHG characterization was 
carried out to further study the optical anisotropy of 2D PdSe2 under 
parallel configuration, demonstrating that the SHG intensity has a 
distinct two-petal pattern (Fig. 4b), which agrees well with the structure 
symmetry of pentagonal PdSe2. The power-dependent SHG spectra of 2D 
PdSe2 flake are displayed in Fig. 4c, revealing that the SHG intensity 
exhibits remarkable enhancement with increasing the excitation power 
from 0.6 to 1.0 mW. In addition, the SHG signals are observed at ~ 400 
nm. Moreover, the linear fitting in logarithmic coordinates is obtained 
for the power-dependent SHG intensity, which shows a slope of ~2.07 
approaching the theoretical value 2, as demonstrated in Fig. 4d, 

Fig. 2. EDS, TEM, and STEM characteristics of PdSe2 flakes. (a, b) EDS elemental mappings of Pd (a) and Se (b) of a PdSe2 flake transferred onto SiO2/Si. (c) EDS 
spectrum of the transferred PdSe2 flake on SiO2/Si. (d-f) Low-magnification TEM image (d), the corresponding SAED pattern (e), and HAADF-STEM image (f) of the 
PdSe2 flake. 
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Fig. 3. Angle-resolved Raman characterization of the PdSe2 flake. (a) OM image of the transferred PdSe2 flake on SiO2/Si. (b) Angle-resolved polarized Raman 
spectra of the PdSe2 flake. (c) Polar plots of Raman intensity of Ag

1 and B1g
2. 
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consistent with the feature of second-order nonlinear process [30]. 
The electrocatalytic performance of the PdSe2 flakes was then 

assessed in 0.5 M H2SO4 electrolyte. Considering the poor conductivity 
of mica, the as-synthesized PdSe2 flakes were transferred onto Au foil 
ahead of the measurements of HER. Fig. S4 in the Supporting Informa-
tion shows the transferred PdSe2 electrocatalysts on Au foil (grown for 5 
min). The polarization curve depicts the HER activity of the transferred 
PdSe2 sample (Fig. 5a), with that for Au foil as a reference. It is worth 
emphasizing that the PdSe2/Au electrode has much lower onset over-
potential than the pure Au electrode, revealing the markedly improved 
HER activity of PdSe2 and showing an overpotential of ~ 150 mV at a 
current density of 10 mA/cm2. Tafel analysis displays that the linear 
region possesses the slope of ~ 70 mV/dec for PdSe2 sample (Fig. 5b), 
further manifesting the excellent HER catalytic activity. In addition, the 
exchange current density was obtained using the Tafel plot extrapola-
tion method for the PdSe2 product (Fig. 5c), where it shows the value of 
~ 85 μA/cm2, suggestive of its high activity in HER. Lastly, the long- 
term stability was evaluated for the transferred PdSe2 product in 
Fig. 5d, demonstrating minor decay of catalytic property after 1000 
electrochemical cycles, revealing that this material is a promissing 
electrocatalyst for HER. 

4. Conclusions 

In conclusion, we have successfully fabricated high-quality, ultrathin 

2D PdSe2 flakes thin to ~ 2.2 nm on mica via a NaCl-assisted APCVD 
method. The crystalline quality and optical properties are investigated 
by HAADF-STEM, ARPRS, and SHG characterizations. Significantly, the 
PdSe2 flakes transferred onto Au foil show superior HER catalytic ac-
tivity, featuring low overpotential of ~ 150 mV at 10 mA/cm2, small 
Tafel slope of ~ 70 mV/dec, large exchange current density of ~ 85 μA/ 
cm2, and good durability. We believe that 2D PdSe2 is prospective for 
applications in HER electrocatalysis. 
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ABSTRACT: Despite recent advances in layered ferromagnets,
ferromagnetic interactions in these materials are rather weak. Here,
we report pressure-enhanced ferromagnetism in layered CrSiTe3
flakes revealed by high-pressure magnetic circular dichroism measure-
ments. Below ∼3 GPa, CrSiTe3 undergoes a paramagnetic-to-
ferromagnetic phase transition at ∼32 K, and the field-induced
spin−flip in the ferromagnetic phase produces nearly zero hysteresis
loops, demonstrating soft ferromagnetism. Above ∼4 GPa, a soft-to-
hard ferromagnetic transition occurs, signaled by rectangular-shaped
hysteresis loops with finite coercivity and remanent magnetization.
Interestingly, as pressure increases, the Curie temperature and
coercivity dramatically increase up to ∼138 K and 0.17 T at 7.8
GPa, respectively, in contrast to ∼36 K and 0.02 T at 4.6 GPa. It
indicates a remarkable influence of pressure on exchange interactions, which is consistent with DFT calculations. The effective
interaction between magnetic couplings and external pressure offers new opportunities in pursuit of high-temperature layered
ferromagnets.

KEYWORDS: 2D ferromagnetic materials, exchange interaction, high-pressure magnetic circular dichroism (MCD) spectroscopy,
magnetization

Recently, layered ferromagnets coupled by van der Waals
(vdW) force, such as CrGeTe3,

1 CrI3,
2 and Fe3GeTe2,

3,4

have gained significant interest because they provide an ideal
platform for the study of the fundamental magnetic
interactions in the two-dimensional (2D) limit. So far, the
intrinsic Curie temperatures (Tc) of known 2D ferromagnets
are still not sufficiently high (CrI3, 45K; GrGeTe3, 30 K;
Fe3GeTe2, 68 K);1−3 hence, considerable efforts have been
devoted to increasing their Tc and making the long-range
ferromagnetism more robust. Naturally, enhancing the
ferromagnetic exchange interaction can contribute to the
increase of Tc.

5 Besides, for 2D ferromagnets, magneto-
crystalline anisotropy breaks the spin-rotational symmetry and
can also stabilize 2D Ising-type ferromagnetism. Therefore,
searching for new routes to improve magnetic interactions is of
great significance to the fundamental research of 2D
ferromagnets.
Compared to those in bulk counterparts, the magnetic states

of 2D ferromagnets show greater controllability by external
stimuli,3,6−11 which may improve their exchange interactions,
thereby deepening our understanding of the underlying
mechanisms of magnetism in 2D systems. In this regard,
hydrostatic pressure is one of the direct routes for dynamically
modifying both the crystal and band structures of materi-
als.12−16 It can effectively tune the distance between adjacent
atomic layers, as well as bond lengths and bond angles of

intralayer atoms in 2D magnets, leading to modulation of
interlayer and intralayer exchange interactions. Experimentally,
in bilayer CrI3,

7,17 hydrostatic pressure can switch the magnetic
orders between antiferromagnetic and ferromagnetic states.
Under pressure, Fe3GeTe2 shows the reduction of the local
moment on Fe ions as well as the increase of the electronic
itinerancy.18,19 In addition, a spin reorientation has also been
reported in the layered ferromagnetic insulator CrGeTe3 under
pressure,20 highlighting the effective control of magneto-
crystalline anisotropy by pressure. However, to date, pressure-
induced enhancement of Curie temperature and coercive field
in 2D magnets has rarely been reported.
CrSiTe3, isotypic as CrGeTe3 (Figure 1a), exhibits soft

ferromagnetic behaviors without involving a remanent magnet-
ization at zero field.21 After the replacement of Ge by smaller
Si, the application of hydrostatic pressure should further
shorten the distance between 3d atoms. Therefore, the
exchange interactions and the magnetic behaviors could be
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greatly influenced given the small band gap of CrSiTe3.
22

Meanwhile, a recent report showed that ferromagnetic CrSiTe3
undergoes a transition to the superconducting phase under a
pressure of ∼7.5 GPa,23 which makes a detailed understanding
of the pressure-induced evolution of magnetic behaviors very
important. In this work, we investigate the ferromagnetic
properties of CrSiTe3 flakes under pressure up to 10 GPa,
using in situ high-pressure magnetic circular dichroism (MCD)
microscopy. We observe a ferromagnetic-like hysteresis loop at
a pressure of ∼4 GPa, indicating a transition from soft to hard
ferromagnetic states. Importantly, a further increase of pressure
up to 7.8 GPa dramatically increases both the Curie
temperature (Tc

h, the temperature for closing the hysteresis
loop) and coercive field (Hc). Our density functional theory

(DFT) calculations reveal an enhancement of the in-plane
nearest-neighbor exchange interaction (J1) as pressure
increases, corroborating the experimental observations.

Experimental Setup. High-pressure experiments were
performed in a diamond-anvil cell (DAC) with pressure up
to around 10 GPa. To load the sample into DAC, we first
mechanically exfoliated CrSiTe3 flakes from signal crystal with
a size larger than 50 μm × 50 μm. The sample thickness was at
the nanometer scale (∼100 nm). Then they were transferred
onto one culet of diamond using polycarbonate (PC) films.
The entire sample was then covered by BN flakes to prevent
sample degradation. After filling the pressure-transmitting
medium and ruby balls, the entire DAC was mounted onto the
coldfinger of the low-temperature cryostat operating over a

Figure 1. (a) Side view of the crystal structure of CrSiTe3. Red arrows indicate the spin orientation. (b) Schematic diagram of in situ high-pressure
magnetic circular dichroism (MCD) experimental setup with the lowest temperature of 16 K and the highest pressure of 12 GPa, respectively. (c)
Single-crystal X-ray diffraction pattern of CrSiTe3. The inset is an optical image of single-crystal CrSiTe3. (d) Magnetic susceptibility of CrSiTe3
measured on a single crystal with both the field cooling (FC) and zero-field cooling (ZFC) modes under a magnetic field of 2000 Oe applied along
the c-axis and ab-plane, respectively. (e) Magnetization of a CrSiTe3 flake as a function of magnetic field (H) along the c-axis, measured at 16 K and
ambient pressure.

Figure 2. Temperature dependence of MCD signals in the CrSiTe3 flake under five fixed pressures, namely, (a) 0.7, (b) 2.5, (c) 4.6, (d) 6.2, and
(e) 7.8 GPa, respectively. Red arrows indicate the temperature for closure of the hysteresis loop at 4.6, 6.2, and 7.8 GPa, respectively. (f) Curie
temperature (Tc

h) extracted from temperature-dependent MCD measurements in sample 1 (black squares) and sample 2 (red squares),
respectively. Temperature dependence of MCD signals in sample 2 is shown in Figure S3.
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temperature range from 16 to 300 K. The out-of-plane
ferromagnetic states were probed using in situ high-pressure
MCD spectroscopy, as schematically illustrated in Figure 1b.
More experimental details about this technique can be found
in Methods.
Experimental Results. CrSiTe3 single crystals were grown

by the flux method (see Methods for details). The
representative sample size was around 5 × 7 mm2 as shown
in the inset of Figure 1c. CrSiTe3 has a layered honeycomb
structure coupled with van der Waals (vdW) force (Figure 1a).
The X-ray diffraction (XRD) results in Figure 1c and Figure S1
indicate the high quality of our sample. The magnetic
susceptibility (χ) measurement in Figure 1d reveals a
ferromagnetic (FM) transition with the Curie temperature
(Tc) about 32.8 K at an ambient pressure. The value of χc is
four times larger than χab at 2 K, which suggests that the
crystallographic c-axis is the easy axis, consistent with the
previous report.24 The MCD measurement also shows a
saturation magnetization as the applied field increases above
0.05 T at 16 K (Figure 1e and Figure S2). However, there is no
hysteresis loop in the MCD measurement when we sweep the
field back and forth. It indicates a soft ferromagnetic behavior
in bulk CrSiTe3, resembling that of CrGeTe3

9. Overall, at an
ambient pressure, CrSiTe3 exhibits a quasi-2D Ising
ferromagnetic order below a Curie temperature of ∼32.8 K
with a negligible coercivity.
We first characterize the magnetic behaviors of layered

CrSiTe3 under pressures by the temperature-dependent MCD
measurements. Figure 2 shows the signals as a function of the
applied field in sample 1 across a range of temperatures for five
fixed hydrostatic pressures. At 0.7 and 2.5 GPa, the magnetic
behavior of CrSiTe3 is characterized by a linear relationship
between the magnetization and the applied magnetic field
below ±0.15 T and a saturation magnetization above that
value. As the temperature increases, the MCD signals gradually
change to a pure linear response to the field without any
saturation magnetization within ±0.3 T. This indicates a
transition from ferromagnetic to paramagnetic states. One
interesting observation is that the extracted transition temper-
ature for two low-pressure cases barely changes compared to
that without pressure, i.e., ∼ 32 K at 0.7 GPa (Figure 2a) and
∼34 K at 2.5 GPa (Figure 2b), respectively. Results from
another sample (sample 2, see Figure S3) show similar
behaviors, where the transition temperature is ∼32 K at both
1.1 and 2.9 GPa. The negligible change of transition
temperature indicates the weak influence of pressure on
magnetic behavior at low pressure.
Surprisingly, when the pressure increases to 4.6 GPa, a

hysteresis loop develops at low temperatures and sustains until
40 K (Figure 2c). The appearance of remanent magnetic order
at zero field indicates that the corresponding magnetic state of
CrSiTe3 is a hard ferromagnetic one. In these cases, we define
the temperature for the closure of the hysteresis loop as the
Curie temperature (Tc

h). As pressure increases further, the
hysteresis loop can survive up to even higher temperatures,
where Tc

h is evaluated to be ∼100 K at 6.2 GPa (Figure 2d)
and ∼138 K at 7.8 GPa (Figure 2e), respectively. Similarly, for
sample 2, Tc

h increases from ∼41 K at 3.8 GPa to ∼110 K at 7.5
GPa (Figure S3). The Tc

h values extracted from two samples
are summarized in Figure 2f, which shows a remarkable
increase as pressure increases. Although it changes little under
low pressures, the ferromagnetism in layered CrSiTe3 under
high pressures is significantly enhanced.

Besides the enhanced Tc
h, we observe a substantial change in

hysteresis loops accompanied by the development of the finite
coercive field, as summarized for sample 1 at a selected
temperature (16 K) under five fixed hydrostatic pressures
(Figure 3a). At low pressures (0.7 and 2.5 GPa), the

magnetization linearly increases with the applied magnetic
field and then saturates above 0.15 T due to spin−spin
exchange interaction. Importantly, the negligible hysteresis
loop in MCD signals with zero remanent magnetization at μ0H
= 0 T suggests that the barrier between two spin-polarized
states is very low. So this is also considered as a soft
ferromagnetic state for these two low-pressure cases. A similar
soft ferromagnetic behavior is also found in sample 2 at 1.1 and
2.9 GPa (Figure S3). Under 4.6 GPa, a typical hysteresis loop
with a finite coercive field appears as the applied field was
swept in the range of −0.3 to 0.3 T. However, as indicated by
the dashed square in Figure 3a, the hysteresis loops at high
pressure do not show a standard rectangular shape, indicative
of the influence of the labyrinthine domain.4,25 The average
coercive field under 4.6 GPa is evaluated to be 0.02 T at 16 K.
As pressure increases further, the hysteresis loop changes to a
rectangular shape with enlarged areas, and the corresponding
coercive field also increases to 0.17 T at 7.8 GPa. For sample 2,
the coercive field increases from 0.021 T at 3.8 GPa to 0.134 T
at 7.5 GPa. The extracted coercive field from samples 1 and 2
in Figure 3b shows a dramatic increase as pressure increases
from a threshold pressure of around 4 GPa to around 7.8 GPa.
Above 7.8 GPa, we cannot detect any MCD signal due to a
structural transition at ∼7.5 GPa accompanied by a
ferromagnetic-paramagnetic phase transition11 (data are not
shown). A pressure-induced insulator−metal transition in
CrSiTe3 and CrGeTe3 has been reported previously.23,26

Although we did not directly observe such an insulator−metal
transition, we notice that the pressure-dependent Raman
measurements (Figure S4) also reveal negligible peaks above
7.8 GPa at room temperature, consistent with a metallic state
in CrSiTe3.

Theoretical Simulations. To further understand two key
observations in experiments, DFT calculations were employed
to investigate the response of structural, electronic, and
magnetic properties of CrSiTe3 to external pressure. CrSiTe3
crystallizes in the R3̅space group, with the monolayers stacked
in an ABCABC sequence, as shown in Figure 1a. To describe

Figure 3. (a) MCD signals as a function of the applied magnetic field
in sample 1 at 16 K as pressure changes from 0.7 to 7.8 GPa. The
dashed square indicates the deviation from a rectangular hysteresis
loop. (b) Extracted average critical field for the spin−flip transition as
a function of applied pressure. The black and red squares are extracted
from samples 1 and 2, respectively.
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the possible structural transition, we also consider two other
stacking orders, i.e., AA and inclined AA sequences illustrated
in the insets of Figure S5, both of which correspond to the C2/
m space group. The energies of these three structures as a
function of pressure are shown in Figure S5. It is noted that
even when the pressure increases to 12 GPa, the energies of
two C2/m phases are still higher than that of the R3̅ phase.
Therefore, we focus on the R3̅ phase hereafter.
We have considered various magnetic states, including

ferromagnetic (FM) state, interlayer antiferromagnetic (AFM)
state with intralayer FM coupling, and three intralayer AFM
states with interlayer FM coupling. The four AFM states are
named interlayer-AFM (iAFM), Neél-AFM (nAFM), Stripy-
AFM (sAFM), and Zigzag-AFM (zAFM), respectively, with
the last three states shown in Figure 4a, according to their
different intralayer arrangements for local magnetic moments.
The calculated pressure-dependent energies for these states by
the DFT+U method are displayed in Figure 4b, which clearly
shows that FM order is always the ground state. More
importantly, the energy difference between FM and AFM
orders generally increases as pressure increases, which suggests
that the stability of ferromagnetism is enhanced by pressure.
To quantitatively estimate Tc of CrSiTe3 under pressure, we

adopted Monte Carlo (MC) simulations based on the
H e i s e n b e r g H a m i l t o n i a n

S S S S SH J A B( )
j ij i j i

z

j
ij i

z
j
z

i i

2

i
= Σ · + Σ + Σ ·

< <
,27 where Si is the spin

operator of Cr on site i (∼3/2 in our case), Jij and Bij are the
exchange coupling constant and anisotropic exchange constant
between spins on sites i and j, and A is the single-ion
anisotropy constant. For exchange interactions, the intralayer
first, second, and third nearest-neighbor exchange terms, Ji and
Bi (i = 1, 2, 3), as well as the interlayer first nearest-neighbor
exchange interaction, J4 and B4, were considered, with J1 to J4
illustrated in the insets of Figure 4c. All considered parameters
calculated from the energies of different magnetic orders are
shown in Table S1, which shows that the strength of B’s is
significantly smaller than J’s. The variation of J’s against
pressure is shown in Figure 4c. It can be seen that all these J’s
are always negative, which tends to stabilize FM order. The
absolute values of J1 and J4 are much larger than those of J2 and
J3, with J1 always stronger than J4. Given that the number of
neighboring sites for J1 (n = 3) is larger than that for J4 (n = 1),
the contribution of J1 in the Hamiltonian is much greater than

J4. Therefore, the intralayer first nearest-neighbor exchange
interaction J1 plays a dominant role in the enhancement of
ferromagnetism. MC simulations show that Tc increases
rapidly, from ∼100 K without pressure to ∼210 K under 8
GPa. Although MC results overestimate Tc, the obtained
variation of Tc is consistent with our experimental results from
0 to 7.8 GPa. The pressure-induced enhancement of the FM
interaction under pressure can be qualitatively understood by
the change in the virtual hopping gap between spin-up
unoccupied eg and occupied t2g orbitals, which shows a
monotonic decrease with increasing pressure (Figure S7),
giving rise to enhanced FM exchange coupling.28

Regarding the coercive field Hc, it is proportional to the ratio
of magnetic anisotropy to magnetization.5 Although the
magnetic anisotropy energy can be reliably assessed by DFT
simulations, it is challenging to accurately predict the
magnetization because of the pressure-induced insulator−
metal transition in CrSiTe3, which implies that the nature of
the magnetic moments of the 3d electrons on Cr3+ changes
from local to itinerant. The evolution of band structures under
pressure is shown in Figure S6, along with the orbital
projection of Cr and Te atoms. The top valence bands and
bottom conduction bands are contributed by Te atoms and
hybrid orbitals from Cr and Te atoms, respectively. Under
pressure, top valence bands shift up significantly, and bottom
conduction bands move down slightly, giving rise to the
metallicity. As the system approaches the insulator-to-metal
transition, strong many-body effects arise, leading to reduced
magnetic moment for the 3d electron on Cr3+, which is indeed
observed in a similar compound, CrGeTe3, under pressure.

26

The reduced magnetic moment is probably due to the coupling
between localized moments and itinerant electrons. Consider-
ing the nearly constant magnetic anisotropy from DFT
calculations (Figure S8), this, in turn, leads to an enhancement
of the ratio between anisotropy and magnetization and thus
the increase of the coercive field.
In conclusion, the ferromagnetic properties of CrSiTe3 flakes
under pressure have been carefully investigated, based on in
situ high-pressure MCD measurements and theoretical
calculations. We find that CrSiTe3 is a soft ferromagnet at
low pressures and transforms into a hard ferromagnet above
∼4 GPa with a profoundly enhanced Curie temperature up to
∼138 K at 7.8 GPa. In addition, the coercivity of the hard
ferromagnetic phase also has a strong pressure dependence.

Figure 4. (a) Schematics for ferromagnetic and three antiferromagnetic orders: Neél-AFM, Stripy-AFM, and Zigzag-AFM. (b) The calculated
energy difference between different magnetic orders and ground FM state as a function of pressure. (c) Calculated intralayer first, second, and third
nearest-neighbor exchange interactions J1, J2, J3, interlayer nearest-neighbor exchange interactions J4 (illustrated in the insets), and Curie
temperature Tc as functions of pressure.
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Our calculations show that these pressure-induced magnetic
phenomena in CrSiTe3 are primarily associated with the in-
plane nearest-neighbor exchange interaction. The findings of
this work are important for understanding the underlying
mechanism of the magnetic exchange interaction and open up
a novel route for effectively tuning the magnetic properties of
2D materials.
Methods. Sample Growth. CrSiTe3 crystals were grown by

using the Si−Te eutectic as flux. High-purity elements Cr
grains (99.996%), Si pieces (99.9999%), and Te blocks
(99.9999%) were weighed in the molar ratio Cr/Si/Te =
1:2:6, placed in an alumina crucible, and then sealed in a fully
evacuated quartz tube. The crucible was heated to 1373 K,
stored for 10 h, and then cooled slowly to 973 K in 150 h,
where the flux was spun off by a centrifuge. The single-crystal
XRD and powder (obtained by grounding the single crystals)
XRD were performed on a Rigaku Smartlab-9 kW diffrac-
tometer with Cu Kα radiation (λKα1 = 1.54056 Å) at room
temperature. The magnetic susceptibility (χ) measurements
were carried out on a Quantum Design MPMS3 SQUID
magnetometer.
High-Pressure Magnetic Circular Dichroism Measure-

ments. The ferromagnetic behaviors of the CrSiTe3 flake
under high pressure were measured in an in situ magnetic
circular dichroism (MCD) system (Figure 1b). A 632.8 nm
HeNe laser was selected as an incident light source and
focused onto the sample loaded within DAC by a long working
distance objective with a spot size of around ∼2 μm. The
polarization state of the incident light beam was modulated by
a photoelastic modulator (PEM) so that it changed between
the left-handed and right-handed circular polarization with a
frequency of 50 kHz. The reflected MCD signal, i.e., the
intensity difference between two circularly polarized lights, was
collected by a silicon detector and recorded by a lock-in
amplifier. During measurements, the out-of-plane magnetic
field that was generated from a superconducting loop was
scanned within ±0.3 T. Hence, we can get the MCD signals of
the sample as a function of the applied magnetic field.
Density Functional Theory (DFT) First-Principles Calcu-

lations. Our density functional theory (DFT) calculations
were done adopting the Vienna ab initio Simulation Package
(VASP),29,30 with Perdew−Burke−Ernzerhof parametrization
of the generalized gradient approximation (GGA)31 and
projector augmented wave (PAW) method,32 describing the
exchange-correlation and ion-electron interactions, respec-
tively. A cutoff energy of 500 eV was chosen for the plane
waves basis set. The structural optimization was performed
until the force on each atom and energy were converged to
0.01 eV/Å and 1 × 10−6 eV, respectively. The van der Waals
(vdW) interaction was included using the optB86b-vdW
functional.33 The DFT+U method was used to treat the
onsite Coulomb interaction of Cr d orbitals properly.34 Similar
to CrGeTe3,

1 the choice of Hubbard U is crucial to determine
the electronic and magnetic properties of CrSiTe3. We tested
different values of U (Table S2) and finally chose U = 0.5 to
ensure the appropriate ground magnetic state of CrSiTe3, i.e.,
interlayer ferromagnetic coupling and the easy axis magnet-
ization along the out-of-plane direction. With 6 × 6 × 2 k-
point sampling, the optimized bulk lattice constants are a = b =
6.81 Å and c = 20.48 Å. A k-point mesh of 9 × 9 × 3 is used for
the calculations of exchange interactions to ensure con-
vergence of energy (see Figure S9 for the test on magneto-
crystalline anisotropy energy). Monte Carlo simulations based

on the Metropolis algorithm were performed using the
MCSOLVER code.35
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