
 

 

 

Robustness of ferromagnetism in van der Waals magnet Fe3GeTe2 to hydrostatic 

pressure 

Yonglin Wang(王涌霖), Xu-Tao Zeng(曾旭涛), Bo Li(李博), Cheng Su(宿程), Takanori Hattori, Xian-Lei Sheng(胜献

雷), and Wentao Jin(金文涛) 

Citation :Chin. Phys. B, 2025, 34 (4): 046203.   DOI: 10.1088/1674-1056/adb26f 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb  

 

What follows is a list of articles you may be interested in  

 

 

Novel high-temperature-resistant material SbLaO3 with superior hardness under high 

pressure 

Haoqi Chen(陈浩琦), Haowen Jiang(姜皓文), Xuehui Jiang(姜雪辉), Jialin Wang(王佳琳), Chengyao Zhang(张铖

瑶), Defang Duan(段德芳), Jing Dong(董晶), and Yanbin Ma(马艳斌) 

Chin. Phys. B, 2025, 34 (2): 026201.   DOI: 10.1088/1674-1056/ad989e 

High-pressure study on calcium azide (Ca(N3)2): Bending of azide ions stabilizes the 

structure 

Xiaoxin Wu(武晓鑫), Yingjian Wang(王颖健), Siqi Li(李思琪), Juncheng Lv(吕俊呈), Jingshu Wang(王婧姝), Lihua 

Yang(杨丽华), Qi Zhang(张旗), Yanqing Liu(刘艳清), Junkai Zhang(张俊凯), and Hongsheng Jia(贾洪声) 

Chin. Phys. B, 2024, 33 (5): 056201.   DOI: 10.1088/1674-1056/ad2b53 

Electronic structure and phase transition engineering in NbS2: Crucial role of van der 

Waals interactions 

Wei Wang(王威), Wen Lei(雷文), Xiaojun Zheng(郑晓军), Huan Li(黎欢), Xin Tang(唐鑫), Xing Ming(明星) 

Chin. Phys. B, 2020, 29 (5): 056201.   DOI: 10.1088/1674-1056/ab8214 

Structural and electrical transport properties of Dirac-like semimetal PdSn4 under high 

pressure 

Bowen Zhang(张博文), Chao An(安超), Yonghui Zhou(周永惠), Xuliang Chen(陈绪亮), Ying Zhou(周颖), Chunhua 

Chen(陈春华), Yifang Yuan(袁亦方), Zhaorong Yang(杨昭荣) 

Chin. Phys. B, 2019, 28 (12): 126202.   DOI: 10.1088/1674-1056/ab50b3 

Transport properties of topological nodal-line semimetal candidate CaAs3 under 

hydrostatic pressure 

Jing Li(李婧), Ling-Xiao Zhao(赵凌霄), Yi-Yan Wang(王义炎), Xin-Min Wang(王欣敏), Chao-Yang Ma(麻朝阳), 

Wen-Liang Zhu(朱文亮), Mo-Ran Gao(高默然), Shuai Zhang(张帅), Zhi-An Ren(任治安), Gen-Fu Chen(陈根富) 

Chin. Phys. B, 2019, 28 (4): 046202.   DOI: 10.1088/1674-1056/28/4/046202 

 

-------------------------------------------------------------------------------------------------------------------- 

 

https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb26f
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adb26f
https://doi.org/10.1088/1674-1056/adb26f
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad989e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad989e
https://doi.org/10.1088/1674-1056/ad989e
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2b53
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ad2b53
https://doi.org/10.1088/1674-1056/ad2b53
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8214
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab8214
https://doi.org/10.1088/1674-1056/ab8214
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab50b3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab50b3
https://doi.org/10.1088/1674-1056/ab50b3
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/4/046202
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/4/046202
https://doi.org/10.1088/1674-1056/28/4/046202


Chin. Phys. B 34, 046203 (2025)

SPECIAL TOPIC — Structures and properties of materials under high pressure

Robustness of ferromagnetism in van der Waals magnet
Fe3GeTe2 to hydrostatic pressure
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Two-dimensional van der Waals ferromagnet Fe3GeTe2 (FGT) holds a great potential for applications in spintronic
devices due to its high Curie temperature, easy tunability, and excellent structural stability in air. Theoretical studies have
shown that pressure, as an external parameter, significantly affects its ferromagnetic properties. In this study, we have
performed comprehensive high-pressure neutron powder diffraction (NPD) experiments on FGT up to 5 GPa to investigate
the evolution of its structural and magnetic properties with hydrostatic pressure. The NPD data clearly reveal the robustness
of the ferromagnetism in FGT, despite of an apparent suppression by hydrostatic pressure. As the pressure increases from 0
to 5 GPa, the Curie temperature is found to decrease monotonically from 225(5) K to 175(5) K, together with a dramatically
suppressed ordered moment of Fe, which is well supported by the first-principles calculations. Although no pressure-driven
structural phase transition is observed up to 5 GPa, quantitative analysis on the changes of bond lengths and bond angles
indicates a significant modification of the exchange interactions, which accounts for the pressure-induced suppression of
the ferromagnetism in FGT.

Keywords: van der Waals material, ferromagnetism, hydrostatic pressure, neutron diffraction
PACS: 62.50.–p, 68.65.–k, 75.50.–y, 61.05.F–

DOI: 10.1088/1674-1056/adb26f CSTR: 32038.14.CPB.adb26f

1. Introduction
Since the successful isolation of monolayer graphene in

2004,[1] research into two-dimensional (2D) van der Waals
(vdW) materials has surged, motivated by their atomically
thin structure and exceptional physical properties.[2–7] The
Mermin–Wagner theorem,[8] which predicts the absence of
long-range magnetic order in isotropic 2D systems, was chal-
lenged by the discoveries of CrI3 and Cr2Ge2Te6 in 2017.[9,10]

Both materials display intrinsic ferromagnetism at the mono-
layer level owing to significant magnetic anisotropies that
counteract thermal fluctuations. This breakthrough has led
to the predictions and synthesis of a variety of 2D vdW
materials which exhibit unique properties such as tunnel-
ing magnetoresistance, quantum spin Hall effects, and spin–
orbit torque effects.[11–14] These materials are reshaping the
future of spintronics, logic circuits, and magnetic storage
technologies.[15–17] Moreover, 2D vdW materials provide an
ideal platform for investigating and manipulating various
physical properties using external stimuli such as light, pres-
sure, magnetic and electric fields.[5,18,19]

Fe3−δ GeTe2 (FGT), a famous 2D vdW ferromagnet, is
anticipated to be applicable in spintronics due to its high Curie
temperature (TC), which typically ranges from approximately
150 K to 220 K depending on the Fe vacancy (δ ). It features a

sandwich-like structure, in which the Fe3−δ Ge slabs consist-
ing of Fe(1)–Fe(1) pairs across a hexagonal Fe(2)–Ge network
are clamped between two Te layers, with a possible deficiency
(δ ) at the Fe(2) site that is largely correlated with the value
of TC.[20] Notably, 2D vdW materials like FGT, CrI3, and
Cr2Ge2Te6 exhibit strong covalent bonding within the layers
and weak van der Waals forces between the layers.[9,10] These
materials possess large interlayer spacings, resulting in limited
interlayer charge transfers and weak interlayer interactions.

Below TC, stoichiometric Fe3GeTe2 is ferromagnetically
ordered with both the Fe(1) and Fe(2) moments aligned along
the c axis.[20] A large number of studies using external per-
turbations including light, gate voltage and strain have been
conducted on FGT to tune its magnetic properties.[21–23] Fur-
thermore, theoretical studies suggest that pressure, as a rela-
tively clean and homogeneous tuning parameter, also signif-
icantly impacts the ferromagnetism of FGT. Under a uniax-
ial or biaxial strain, which is a 1D or 2D pressure, respec-
tively, the TC can even be elevated to room temperature,[24,25]

which opens up possibilities for practical spintronic applica-
tions. This hypothesis was later supported experimentally,
showing that ferromagnetism is strengthened when a uniaxial
strain is applied within the ab plane.[26] In contrast, under a
three-dimensional (3D) hydrostatic pressure, FGT exhibits an
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effective suppression of its ferromagnetism.[27–33] However,
these high-pressure experimental studies have been mainly fo-
cused on macroscopic characterizations such as magnetome-
try and transport measurements, while microscopic magnetic
probes under a hydrostatic pressure are still quite limited, to
the best of our knowledge. The only available example is a
synchrotron Mössbauer source spectroscopic study, which is
however a local probe with the x-ray beam size of a few mi-
crometers only.[28] To gain deeper insights into the suppressive
effect of hydrostatic pressure on the ferromagnetism of FGT,
a neutron diffraction measurement, as a typical microscopic
and bulk probe to its underlying magnetic structure, is quite
necessary.

In this study, we have conducted comprehensive high-
pressure neutron powder diffraction (NPD) experiments on
an almost stoichiometric polycrystalline sample of FGT up to
5 GPa to investigate the evolution of the structure and ferro-
magnetism with the hydrostatic pressure. Although both the
Curie temperature TC and the ordered magnetic moment of
Fe are significantly suppressed by the pressure, the ferromag-
netism is found to be quite robust with an expected quantum
critical point (QCP) around PC = 22(2) GPa. The shrinkage of
the Fe(1)–Fe(1)/Fe(2) distances and the progressive deviation
from 90◦ of the Fe(1)–Ge/Te–Fe(1) bond angles with increas-
ing pressure might be responsible for the suppressive effect on
the ferromagnetism.

2. Materials and methods
Polycrystalline samples of FGT were synthesized through

the standard solid-state reaction method. Stoichiometric
amounts of Fe (99.99%), Ge (99.99%), and Te (99.99%) pow-
ders were mixed, ground inside an argon-filled glovebox and
transferred into a quartz ampoule. The quartz ampoule was
evacuated, held at 675 ◦C for 10 days and cooled down to room
temperature. The resulting black powders were examined by
x-ray powder diffraction (XRD). The XRD data were col-
lected using a Bruker D8 ADVANCE diffractometer in Bragg-
Brentano geometry with Cu Kα radiation (λ = 1.5406 Å). The
dc magnetization of the polycrystalline samples in the temper-
ature range from 120 K to 300 K was measured using a Quan-
tum Design magnetic property measurement system (MPMS),
utilizing both the zero-field-cooling (ZFC) and field-cooling
(FC) modes with an applied magnetic field of 100 Oe.

Pressure-dependent NPD experiment on FGT was per-
formed on the high-pressure neutron diffractometer PLANET
(BL11) at the Materials and Life Science Experimental Facil-
ity (MLF) of J-PARC, Ibaraki, Japan, which ran in a time-of-
flight (TOF) mode.[34] A hydrostatic pressure up to 5 GPa was
generated using a low-temperature MITO system, which can
access a base temperature of 77 K.[35] The powder sample was
loaded in the TiZr gasket along with a Pb pressure marker and

the pressure transmitting medium of 4:1 deuterated methanol–
ethanol mixture. The applied pressure was estimated from the
lattice parameter of Pb using its equation of state.[36] The pro-
gram FULLPROF[37] was used for the Rietveld refinement of
both the XRD and NPD patterns to determine the parameters
associated with the crystal and magnetic structures of FGT.

First-principles calculations were performed on the basis
of density-functional theory (DFT) using the generalized gra-
dient approximation (GGA) in the form proposed by Perdew
et al.,[38] as implemented in the Vienna Ab initio Simula-
tion Package (VASP).[39,40] The energy cutoff of the plane-
wave was set to 500 eV. The energy convergence criterion
in the self-consistent calculations was set to 10−6 eV. A Γ -
centered Monkhort–Pack k-point mesh with a resolution of
2π ×0.03 Å−1 was used for the first Brillouin zone sampling.

3. Results and discussion
Figure 1(a) shows the room-temperature XRD pattern of

the synthesized polycrystalline sample, which can be well fit-
ted by the expected hexagonal structure of Fe3GeTe2 (space
group: P63/mmc) alone without any additional reflections
from impurities. The high purity of the sample is also con-
firmed by the ambient-pressure NPD pattern collected at room
temperature, as shown in Fig. 2(a), which only consists of
the reflections from FGT and Pb, the pressure marker. By
performing simultaneous refinements to the room-temperature
XRD and NPD patterns, all structural parameters of FGT un-
der ambient conditions are determined. As given in Table 1,
the deficiency of the Fe(2) site (δ = 5.0(1)%) in our poly-
crystalline sample is found to be quite minimal, accounting
for its pretty high value of TC. Based on the dc magnetization
data shown in Fig. 1(b), our polycrystalline sample exhibits a
typical ferromagnetic (FM) behavior with the estimated Curie
temperature as high as TC = 228(1) K, which approaches the
expected value for stoichiometric Fe3GeTe2 without any defi-
ciency at the Fe(2) sites[20] and is well consistent with the very
small value of δ .

Table 1. Refinement results of the structural parameters of the polycrys-
talline FGT sample at ambient conditions.

Atom Wyckoff positions x y z Biso (Å2) Occupancy

Fe(1) 4e 0 0 0.6725(2) 0.24(4) 1
Fe(2) 2c 0.6667 0.3333 0.7500 0.24(4) 0.95(1)

Ge 2d 0.3333 0.6667 0.7500 0.6(1) 1
Te 4 f 0.6667 0.3333 0.5894(5) 0.04(9) 1

a = b = 4.0307(1) Å, c = 16.3575(6) Å
Space group: P63/mmc

Figure 2(b) displays the ambient-pressure NPD pattern of
FGT at 80 K, well below TC = 228(1) K. Compared with the
room-temperature pattern (Fig. 2(a)), no additional peaks can
be identified at 80 K, but there clearly appears extra intensity
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on top of the (100) nuclear reflection as marked by the star,
which is consistent with the expectation that it is in a FM state
at 80 K with a magnetic propagation vector of k = 0. The
existence of two non-equivalent Fe sites in the unit cell and
the overlap between the nuclear and magnetic reflections pose
a challenge to our refinements to the NPD data. To reduce
the strong correlations between individual refined parameters,
we have fixed the ratio between the moment sizes at Fe(1)
and Fe(2) sites as MFe(1)/MFe(2) = 1.25, the value reported

by Verchenko et al.[41] As shown in Fig. 2(b), the ambient-

pressure NPD pattern at 80 K agrees well with the reported

FM structure of FGT with the magnetic moments at both Fe(1)

and Fe(2) sites aligned along the c direction (see Fig. 2(d)),[17]

with the moments of 1.5(1) µB and 1.2(1) µB, respectively.

This magnetic structure agrees well with the magnetization

data of the single-crystal samples of FGT,[42,43] which con-

firms that the c axis is the magnetic easy axis.
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At 80 K, as shown in Fig. 2(e), the nuclear Bragg peaks
continually shift to the lower-TOF or higher-Q side with in-
creasing pressure, suggesting a dramatic shrinkage of the lat-
tice constants a and c (see Fig. 2(f)) due to the effective com-
pression generated by the pressure cell. No evidence of a
pressure-driven structural phase transition is found in our NPD
data, indicating the stability of the hexagonal structure up to
4.809 GPa, which is consistent with the conclusion from pre-
vious high-pressure XRD measurements up to 25.9 GPa.[31]

However, by compressing FGT up to P= 4.809 GPa, as shown
in Fig. 2(c), the additional intensities superimposed on the
(100) nuclear reflection due to FM ordering decrease clearly
compared with the ambient-pressure case (Fig. 2(b)), suggest-
ing a pressure-induced suppression of the ordered moments of
Fe.

Furthermore, to track the change of TC with pressure, sets
of temperature-dependent NPD patterns were recorded under
different pressures. Figure 3 summarizes the temperature de-
pendence of the magnetic moment at the Fe(1) site determined
from the refinements. It is clear that TC is significantly sup-
pressed from 225(5) K at the ambient pressure to 175(5) K at
P = 4.9(2) GPa, with a decay rate of ∼ 10 K/GPa. Through
a linear extrapolation of the TC(P) relation to higher pres-
sures, a pressure-driven QCP is expected to emerge around
PC ∼ 22(2) GPa, as shown in the constructed P–T phase di-
agram (Fig. 4). Although such a linear extrapolation is only
a naive estimation and the actual TC(P) relation is likely to
deviate from it for the high-pressure region close to the QCP,
the value of PC estimated here based on the neutron diffraction
study as a bulk and microscopic magnetic probe agrees nicely
with the results from macroscopic anomalous Hall effect mea-
surements under hydrostatic pressures,[31,32] in which a decay
rate of 9.2 K/GPa or 7.4 K/GPa is reported and a QCP around
PC = 21.2 GPa or 20.9 GPa is expected for the FGT sample
with the TC of 195 K or 155 K, respectively. Although the TC

values in different samples of FGT strongly depend on the Fe
deficiency, their extrapolated PC values tend to reach a conver-
gence around 21–23 GPa, indicating the robustness of the FM
order in FGT against the hydrostatic pressure. However, it is
also worth noting that a paramagnetic ground state was specu-
lated to emerge already above 15 GPa based on a high-pressure
synchrotron Mössbauer source spectroscopic measurement on
a FGT sample with TC ≈ 220(5) K.[28] Such a discrepancy
might be due to that the synchrotron Mössbauer source spec-
troscopy is actually a local magnetic probe with the beam size
and penetration depth of the synchrotron x-ray limited to mi-
crometers and may suffer from the inhomogeneity of the sam-
ple itself. Unfortunately, the maximal achievable pressure of
∼ 5 GPa with the MITO system at the PLANET beamline pre-
vents a precise determination of PC and further explorations
into the quantum critical regime in FGT, in which the ferro-

magnetism of Fe will be fully suppressed and strong quantum
fluctuations are expected to play an important role.
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Based on the observed nearly linear dependence of c and
a on the applied pressure up to ∼ 5 GPa, as shown in Fig. 2(d),
we further assumed linear evolutions of the lattice parameters
for higher pressures and performed single-point DFT energy
calculations at applied pressures of 0 GPa, 5 GPa, 15.8 GPa,
25 GPa, and 36.1 GPa, for the experimental determined c-axis
aligned FM and paramagnetic (PM) structures, respectively.
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As shown in Fig. 5, the FM state is indeed energetically more
stable below 25 GPa. With increasing pressure, the relative
free energy of the PM state over the FM one gradually dimin-
ishes. On the other hand, the local magnetic moments of Fe(1)
and Fe(2) ions also progressively decrease upon compression
and vanish at 36.1 GPa, as shown in Table 2. Our calculation
here is well consistent with a previous DFT study, in which
the calculated moments at both Fe(1) and Fe(2) sites are found
to be finite at pressures up to 20 GPa.[26] It seems that the
DFT calculation overestimates the critical pressure PC, com-
pared with Fig. 4, probably due to its intrinsic difficulty in
dealing with the electronic correlation effects and the insuffi-
ciency of the local magnetism model for FGT, a vdW metal
in which the itinerant electrons play an important role.[44,45]

However, these calculations qualitatively support the experi-
mental conclusion that applying external pressure suppresses
ferromagnetism towards a QCP.
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Table 2. DFT calculations of the magnetic properties of FGT under different applied pressure.

Pressure (GPa)
Lattice constant (Å) Local magnetic moment of FM (µB) Relative energy per formula (meV)

a c Fe(1) Fe(2) PM FM

0 4.03 16.35 2.473 1.567 952.06534 0
5 3.95 15.64 2.181 1.381 567.63616 0

15.8 3.764 14.05 1.465 1.113 150.254425 0
25 3.615 12.75 0.509 0.477 19.59723 0

36.1 3.435 11.2 0 0 0 0
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The magnetism of FGT is largely due to the compe-
tition of various exchange interactions, including direct ex-
change interactions between the 3d electrons of Fe and su-
perexchange interactions through the Fe–Ge/Te–Fe paths. Due
to the direct overlap of d orbitals between nearest-neighbor
Fe atoms, the resulting direct exchange interactions among
the magnetic moments preferentially stabilize antiferromag-
netic (AFM) coupling.[46] It can be found from Fig. 6(a) that
both the Fe(1)–Fe(1) bond length d1 and the Fe(1)–Fe(2) bond
length d2 shrink monotonically with increasing pressure, en-
hancing the AFM Fe–Fe coupling as the direct exchange in-
teractions. In addition, the d orbitals of Fe ions overlap with
the p orbitals of Te or Ge ions, facilitating virtual electron hop-
pings between the two nearest-neighbor Fe ions and leading to
superexchange interactions, which are largely correlated with

the angle between the atoms. According to the Goodenough–
Kanamori–Anderson (GKA) rule, a 180◦ bond angle typically
favors AFM coupling, while a 90◦ bond angle tends to incur
FM coupling.[47–49] As shown in Fig. 6(b), both the Fe(1)–
Te–Fe(1) bond angle θ1 and the Fe(1)–Ge–Fe(1) bond angle
θ2 progressively deviate from 90◦ as the pressure is increased,
thus weakening the superexchange FM interactions. Together
with the enhancement of the direct AFM interactions by pres-
sure, the suppression of the ferromagnetism in FGT can be
well understood.

4. Conclusion
In summary, almost stoichiometric FGT powders were

synthesised by standard solid-state reaction method. High-
pressure NPD measurement, as a microscopic and bulk mag-
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netic probe, reveals the suppressive effect of hydrostatic pres-
sure on the ferromagnetism of FGT, which is well supported
by the DFT calculations. TC decreases monotonically from
225(5) K to 175(5) K as pressure increases from 0 to 5 GPa,
with a decay rate of ∼ 10 K/GPa. A pressure-driven QCP is ex-
pected at PC = 22(2) GPa, implying the robustness of the fer-
romagnetism against the hydrostatic pressure. By performing
Rietveld refinements to the NPD patterns, the changes of bond
lengths and bond angles in FGT at different pressures were
quantitatively determined. The application of hydrostatic pres-
sure results in the continuous shrinkage of Fe–Fe bond lengths
and progressive deviation of Fe(1)–Ge(Te)–Fe(1) bond angles
from 90◦, which significantly modifies the exchange interac-
tions between the Fe ions and might account for the suppres-
sive effect of hydrostatic pressure on the ferromagnetism.
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