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Suppression of magnetic ordering in Fe-deficient Fe3−xGeTe2 from application of pressure
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Two-dimensional van der Waals magnets with multiple functionalities are becoming increasingly important for
emerging technologies in spintronics and valleytronics. Application of external pressure is one method to cleanly
explore the underlying physical mechanisms of the intrinsic magnetism. In this paper, the magnetic, electronic,
and structural properties of van der Waals-layered, Fe-deficient Fe3−xGeTe2 are investigated. Magnetotransport
measurements show a monotonic decrease in the Curie temperature (TC ) and the magnetic moment with
increasing pressure up to 13.9 GPa. The electrical resistance of Fe3−xGeTe2 shows a change from metallic
to a seemingly nonmetallic behavior with increasing pressure. High-pressure angle dispersive powder x-ray
diffraction shows a monotonic compression of the unit cell and a reduction of the volume by ∼25% with no
evidence of structural phase changes up to 29.4(4) GPa. We suggest that the decrease in the TC due to pressure
results from increased intralayer coupling and delocalization that leads to a change in the exchange interaction.
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I. INTRODUCTION

The discovery of intrinsic ferromagnetism in the mono-
layer limit of van der Waals (vdW) materials has resulted
in many opportunities to study quasi-two-dimensional (2D)
magnetism [1,2]. Properties, such as gate-tunable magnetism
and giant tunneling magnetoresistance have been observed
in mechanically exfoliated CrI3 [2–5], and room-temperature
ferromagnetic ordering in large-area films of monolayer
MnSe2 and VSe2 have been reported, showing potential for
spin-based technological applications [6,7]. Among the 2D
magnets, Fe3−xGeTe2 is of interest because of its high Curie
temperature, TC , strong perpendicular magnetic anisotropy,
and competing magnetic phases, all of which are tunable by
controlling the concentration of Fe and the number of layers
[8–15]. Measurements of the bulk parent compound may
provide a better understanding of the single atomic sheets of
these chalcogen-based vdW materials as well as key insights
needed to develop more structurally and magnetically stable
2D materials.

“Chemical pressure,” generated by substituting Ni or Co
into the Fe sites, has been shown to suppress ferromagnetism
in Fe3−xGeTe2 crystals [16,17]. Pressure offers a clean ap-
proach to modifying the relative strengths of the exchange in-
teractions by altering the interatomic separations of the atomic
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planes without changing the chemical composition [18,19].
For example, hydrostatic pressure drives a spin-reorientation
transition in vdW Cr2Ge2Te6 by reducing the Cr-Te bond
distance within individual unit layers, therefore, changing the
spin-orbit interaction [20].

Here, we investigate the crystal structure, electronic, and
magnetic properties of Fe-deficient Fe3−xGeTe2 as a function
of temperature and pressure and observe a reduction of TC

with increasing pressure up to 13.9 GPa. Independent determi-
nations of TC based on temperature-dependent measurements
of magnetization, resistance (Rxx), and anomalous Hall effect
(AHE) provide consistent values of TC and confirm the pres-
sure dependence of TC . Pressure-dependent x-ray diffraction
(XRD) provides a correlation of TC with the lattice param-
eters a (in-plane) and c (out-of-plane), yielding trends for
Fe-deficient Fe2.75GeTe2 that are similar to previous results
on stoichiometric Fe3GeTe2 [21]. This paper indicates that
the structure can be controlled with pressure, systematically
suppressing the magnetic ordering of Fe3−xGeTe2 until no
longer detectable near 16 GPa.

II. METHODS

Crystals of Fe-deficient Fe2.75GeTe2 were grown from
a Te flux using a technique adapted from previous reports
[15]. Initial ingredients of 80.4-mg Fe granules (2 equiva-
lent (eq.), 99.98% purity, Alfa Aesar), 52.3-mg Ge powder
(1 eq., 99.999% purity, Alfa Aesar), and 367.4-mg Te lumps
(4 eq., 99.999% purity, Alfa Aesar) were heated in an alumina
crucible in an evacuated quartz ampoule to 950 °C, soaked for
12 h, cooled to 875 °C at a rate of 60 °C/h, and to 675 °C

2469-9950/2020/102(5)/054405(10) 054405-1 ©2020 American Physical Society

https://orcid.org/0000-0001-5161-6356
https://orcid.org/0000-0002-5629-3119
https://orcid.org/0000-0002-9341-5090
https://orcid.org/0000-0003-0700-0858
https://orcid.org/0000-0003-4175-9278
https://orcid.org/0000-0003-4284-604X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.102.054405&domain=pdf&date_stamp=2020-08-03
https://doi.org/10.1103/PhysRevB.102.054405


DANTE J. O’HARA et al. PHYSICAL REVIEW B 102, 054405 (2020)

at a rate of 3 °C/h. The ampoule was quenched to air, and
the hot flux removed by centrifugation, yielding metallic
millimeter-sized crystals. Sample composition of a Fe:Ge:Te
ratio of 2.75:1:2 was confirmed by Rutherford backscattering
measurements (Appendix Fig. 7).

The ambient lattice parameters of the samples were mea-
sured using a Bruker D8 Discover x-ray diffractometer with
a Cu Kα source (λ = 1.5406 Å). Pressure-dependent angle
dispersive x-ray diffraction scans were performed at sector
16-BMD of the Advanced Photon Source at Argonne National
Laboratory using synchrotron radiation monochromated by
Si(111) to a wavelength of 0.4133 Å (30 keV). Detector orien-
tation, distance, and x-ray wavelength were calibrated using a
National Institute of Standards and Technology CeO2 powder
sample. Samples were powdered and loaded into a Lawrence
Livermore National Laboratory (LLNL) membrane diamond-
anvil cell (DAC) [22], a rhenium gasket was used to contain
the sample, and neon was used as the pressure-transmitting
medium. The pressure was estimated by measuring the lattice
parameter of Au powder, which was mixed with the sample,
using the Au equation of state published by Fei et al. [23].
At select pressures, ruby fluorescence spectra were collected,
and the pressure was estimated by using the ruby calibration
of Dewaele et al. [24]. The XRD patterns were collected by
an area detector and radially integrated into powder patterns
using DIOPTAS [25]. The CeO2 diffraction pattern at ambient
pressure was used to determine the instrument parameters
for refinements via GSAS-II [26,27]. All measurements were
performed at room temperature.

Bulk magnetization measurements were made in a su-
perconducting quantum interference device (SQUID) magne-
tometer (magnetic property measurement system, Quantum
Design) between 5 and 350 K with the c axis of the sample
oriented parallel or perpendicular to the magnetic field. Mag-
netic measurements under pressure used a Cu-Be piston cell
(Almax easyLab Mcell 10) up to 0.7 GPa. The sample was
immersed in a pressure-transmitting medium of Fluorinert,
and the pressure was determined using the superconducting
transition of a Sn manometer inside the pressure cell [28].

Resistivity and magnetoresistance (MR) measurements
were performed in a 160 kOe superconducting magnet system
(physical property measurement system, Quantum Design)
using the four-probe AC transport option ( f = 17 Hz) with
the external magnetic field applied parallel to the c axis of
the sample. High-pressure measurements were performed on a
monolithic polycrystalline sample (approximately 50 × 50 ×
10 μm3) using an eight-probe designer DAC [29–32] with
steatite as the pressure-transmitting medium and ruby as the
pressure calibrant (see the Appendix for further details). The
maximum pressure employed in this paper was 16.2 GPa.

III. RESULTS AND DISCUSSION

Iron-deficient Fe2.75GeTe2 is a weak itinerant ferromagnet
that crystallizes into a hexagonal structure with the space
group of P63/mmc. The structure consists of two distinct Fe
sites that are tetrahedrally coordinated to Ge and Te atoms
and form sheets that are vdW bonded between each unit layer
(Fig. 1, inset). The following lattice parameters were obtained
from the ambient-pressure room-temperature XRD measure-

FIG. 1. Ambient pressure temperature-dependent magnetization
measurement showing TC = 155 K and easy axis along c. Closed
symbols are with the magnetic field along the c axis, and open
symbols are with the field on the ab plane. The inset: Ball-and-stick
model showing Fe3−xGeTe2 crystal structure from the side view
where the green, orange, and purple balls represent Te, Fe, and Ge
atoms, respectively.

ments a = 3.9555(3) and c = 16.3887(1) Å, consistent with
the lattice parameters reported by May et al. [a = 3.9421(9)
and c = 16.378(5) Å] [15]. The magnetic properties at am-
bient pressure (Fig. 1) show a preferred out-of-plane magne-
tization along the c axis of the crystal and a TC of ∼155 K,
which is close to reports for Fe2.8GeTe2 (TC = 154 K) [15].
The transition temperature is determined via differentiation of
the temperature-dependent magnetization curves dM/dT .

Chemical doping studies of Fe3−xGeTe2 crystals demon-
strated that TC is correlated with the quantity of Fe vacancies
and the degree to which they distort the crystal structure [15].
With increasing Fe vacancies, the structure contracts along
the a axis whereas it expands along the c axis, leading to a
decrease in TC to 140 K, whereas fewer Fe vacancies leads
to an increase in the TC [15]. Furthermore, substitution of Fe
with either Co or Ni, leads to a gradual suppression in the
ferromagnetic ordering due to a transition to a glassy magnetic
phase [16,17]. The effect of substitution of Co or Ni on TC

can be viewed as increasing the concentration of Fe vacancies,
and, therefore, the evolution of TC with Co or Ni substitution
closely mimics the evolution of TC with Fe vacancies [15–17].
Although prior work is used as a guide, the application of
hydrostatic pressure compresses both crystal axes, potentially
leading to different effects on the ordering temperature. The
XRD patterns from 0.7(2) to 29.4(4) GPa show a gradual shift
in peak position to higher 2θ angles indicative of a smaller
unit cell [Appendix Fig. 9(a)]. All the diffraction peaks can
be identified, indexed and refined with peaks from the sample
Fe2.75GeTe2, an impurity FeTe2, the pressure marker Au, and
the gasket (Re). Figures 2(a)–2(d) show monotonic decreases
in the lattice parameters, c/a ratio, and volume as functions of
pressure with no evidence of a phase transition. The absolute
compression of the c axis is more than the a axis across
the pressure range of these measurements, which is likely a
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FIG. 2. Room-temperature XRD measurements showing the
compression of the unit-cell parameters and volume. There is no
indication of a phase transition, and the c axis is compressed about
4% more than the a axis by 30 GPa.

consequence of the weak interlayer vdW interaction (van der
Waals gap at ambient pressure 2.95 Å). The pressure versus
volume curve in Fig. 2(d) shows a reduction of approximately
25% near 30 GPa. This pressure evolution can be well fit by a
Rose-Vinet equation of state with a bulk modulus (K) of 52(8)
GPa and pressure derivative (K’) of 5.8(1) [33], comparable to
other vdW crystals under high pressure, such as WSe2 [K =
72(5) and K ′ = 4.6(5)] [34]. The detailed Rietveld refinement
results is presented in the Appendix [Fig. 9(b)].

A series of isobaric electrical resistance (Rxx and Rxy) mea-
surements are performed as a function of applied magnetic
field to develop an understanding on how compression of
the structure affects the material’s electronic and magnetic
properties. Figure 3(a) is a schematic of a designer DAC
where the electrical leads are embedded in the diamond

anvils [29–32]. The in-plane resistance Rxx(T ) for a series of
pressures is shown in Fig. 3(b) normalized to R(T = 300 K).
The electronic properties change as a function of applied
pressure, evolving from a metallic state (dR/dT > 0) at
ambient pressure to a seemingly nonmetallic state (dR/dT <

0) at the highest pressures. Measurements on stoichiometric
Fe3GeTe2 (bulk TC = 220 K) denote a “kink” in the ρxx(T )
curve that represents the transition from a ferromagnetic to
paramagnetic phase [21]. This kink is most easily quantified
with the temperature derivative of resistivity dρxx/dT , but
this feature becomes smeared out at pressures above 13.4 GPa
(TC ≈ 120 K) [21] likely due to deviatoric stress in the sample
compartment at these pressures. A similar broadening of the
dRxx/dT curve for pressures above 4.1 GPa makes it chal-
lenging to determine the TC using this method. Although there
is a clear trend indicating the Curie temperature decreases
with increasing pressure, the broadening of the transition
with increasing pressure limits a precise determination of TC ,
particularly at higher pressures.

Figure 4 presents both the symmetric (Rxx) and antisym-
metric components (Rxy) of the MR curves as functions of
pressure and temperature (see the Appendix for a detailed dis-
cussion). The isothermal Rxx(H) data have been normalized
using the following expression:

MR (%) = �R

R
= R − R0

R0
× 100%, (1)

where R is the resistance at a given magnetic field and R0

is the resistance at zero field. The symmetric MR curves
show negative MR at low pressures—which is common in
ferromagnetic compounds because of the suppression of spin
scattering via a magnetic field [12,35,36] and an increase in
magnitude of the MR up to 11 GPa followed by a gradual
decrease in magnitude at higher pressures [Fig. 4(a)]. The MR
transitions from sublinear with H to linear as temperatures
increase and no saturation behavior is observed [Fig. 4(b)].

FIG. 3. Resistance of Fe3−xGeTe2 measured at a series of increasing pressures. (a) Schematic of the designer DAC used for electrical
measurements. (b) Normalized resistance measurements for cross comparison (offset for clarity). The change in slope is an indication of the
Curie temperature in each trace. With increasing pressure, the paramagnetic region changes from metallic to nonmetallic.
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FIG. 4. MR measurements. (a) Negative MR at 5 K for several pressures showing the greatest relative change at 11 GPa. (b) Negative
MR at 7.8 GPa showing changes in shape (linear versus sublinear) as a function of temperature due to magnon scattering. Rxy(H ) scans
showing changes in magnitude as a function of temperature and pressure where (c) the AHE component shows suppression of magnitude from
compression of the Fe2.75GeTe2 crystal and (d) shows the raw data as a function of temperature at 4.1 GPa where the signal is dominated by
the linear ordinary Hall component above TC and a low-field saturation below TC .

The transition to the weaker nonsaturating linear region is
consistent with the presence of magnon scattering at elevated
temperatures near TC [36–39], and, with increasing pressure,
this transition temperature decreases (not shown).

Additional insight is gleaned from the Rxy(H) data. For
ferromagnetic conductors, the Rxy(H) has two components
contributing to the signal as shown in the expression,

Rxy = RHH + RAHE = RHH + RSM, (2)

where RHH represents the ordinary Hall effect and RAHE, an
additional nonlinear ferromagnetic contribution known as the
anomalous Hall effect (AHE), which is directly proportional
to RS, a scattering coefficient, and M(H), the magnetization
[12,40]. At 5 K, there is a distinct linear region at high fields
due to saturation of the magnetization. To isolate the AHE
contribution, we fit the linear region where the Rxy(H) shows
only linear behavior and above the ambient pressure magnetic
saturation [∼5 kOe, Appendix Fig. 8(b)], spanning from 5 to
100 kOe [31]. This linear component is then subtracted from
the measured signal to yield the AHE component. This is
shown in Fig. 4(c) as a function of pressure and temperature,
respectively. With increasing pressure, the overall saturation
value of the RAHE signal decreases as pressure increases,
consistent with the observations of Wang et al. [21] due to the

decrease in TC and the gradual suppression of the Fe magnetic
moment. For the temperature dependence, we plot the total
Rxy(H) including the AHE and ordinary Hall contributions
[Fig. 4(d)], which suggests a change from a ferromagnetic to
a paramagnetic state. At temperatures of 135 K and above (at
4.1 GPa), the change in slope from a dominating nonlinear
AHE contribution to a dominating linear contribution of RH

is a signature of TC . TC is determined quantitatively by first
defining S as the slope of Rxy(H) from 0 to 1 kOe and plotting
S as a function of temperature for various pressures [Fig. 5(a)].
The raw data are shown in the Appendix (Fig. 11). Since the
AHE component of Rxy is proportional to magnetization M,
the slope S is proportional to the susceptibility, χ = dM/dH ,
plus an offset from the ordinary Hall effect. Accordingly, the
S versus T curves [Fig. 5(a)] have similar shapes as the M
versus T curves from magnetic measurements (Fig. 1) where
the ferromagnetic-to-paramagnetic transition with increasing
temperature is identified by a strong reduction in signal (S or
M) at TC .

The derivative of S (i.e., dS/dT ) is taken to determine TC

and is shown in Fig. 5(b), designated by arrows and shows
a decreasing trend with higher pressure. Furthermore, there
is no signature of a transition temperature in the dS/dT data
at 16.2 GPa, which suggests that the ferromagnetism may be
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FIG. 5. (a)-(b) TC determined from AHE data. S is defined as the initial slope of the Rxy(H < 1 kOe) curve. The derivative shows a dip
near/at TC where arrows indicate the local minimum of a Lorentzian fit (this fitting is also used to determine error bar for TC). The plotted data
are offset for clarity. There is no measurable transition temperature above 13.9 GPa, therefore, an arrow denoting TC at 16.2 GPa is not shown
in (b). (c) P-T phase diagram showing TC determined by these approaches. The dashed line is a parabolic fit of the data to 13.9 GPa for a guide
to the eye. The TC shows a monotonic decrease at a decay rate of 7.4 K/GPa. The contour regions show MR∗ = d2MR/dH2 at H = 60 kOe (in
units of 10−12 �/Oe2) where the change from zero is consistent with indications of ferromagnetic ordering. Pressure error bars are determined
via a difference of pressure before and after temperature cycles, and details are discussed in the Appendix.

suppressed or that pressure smears the transition until it is
undistinguishable. A combination of the dM/dT , dRxx/dT ,
and dS/dT curves are used to plot the TC for pressures above
ambient conditions (see Table I for quantified TC values from
different methods) and are plotted on a temperature-pressure
phase diagram. This pressure-dependent reduction of the TC

is shown in Fig. 5(c) with different methods of determination
and a parabolic extrapolation to higher pressures showing
a monotonic decrease at a decay rate of ∼7.4 K/GPa. A
contour map designating the ferromagnetic and paramagnetic
regions of the phase diagram using the second derivative of
the local negative MR curvature at magnetic saturation [as
seen in Fig. 4(b)] is denoted as MR∗. The represented data are
fixed at a field of 60 kOe and, for the same trend, is present
for any large field above saturation. Note that the MR∗ map
of the phase diagram shows possible magnetic ordering at
P > 14 GPa, closely following the parabolic fitting but is not
direct evidence of ferromagnetic ordering [41]. For pressures
below 2 GPa, bulk magnetization measurements confirm the
downward trend in ordering temperature (Appendix Fig. 12).
The absence of evidence of a TC beyond 13.9 GPa is con-
sistent with Ref. [21] where a transition temperature could
not be distinguished for pressures higher than 13.4 GPa. It
should be noted that the application of pressure to this Fe-
deficient sample lowers the absolute temperature where the
ferromagnetic transition remains detectable as compared to
the stoichiometric sample in Ref. [21].

Figures 6(a) and 6(b) show the TC as a function of the unit-
cell parameters compared to the results of pressurized stochio-
metric Fe3GeTe2 [21] and chemical doped Fe3−xGeTe2 [15]
which the TC drops from ∼200 K close to 50 K as a function
of compressed lattice parameters. In Ref. [15], the reduced TC

correlates with the reduction of a, expansion of c, an increased
Fe(I)-Fe(I) bond distance, and a decreased Fe(I)-Fe(II) bond
distance. In the present paper, pressure causes both a and c to
decrease with corresponding reductions in both the Fe(I)-Fe(I)
and the Fe(I)-Fe(II) atomic distances. This is accompanied by
a reduced TC and could be evidence of spin-lattice coupling
from pressure-induced compression of the crystal. Figure 6

FIG. 6. (a)-(b) TC as a function of unit-cell parameters. The red
and blue data are the results of pressure measurements whereas the
green circles show a variation in x from 0 to 0.3 for Fe3−xGeTe2. The
variation in the a lattice parameter is consistent for all three sets of
measurements whereas the c axis parameter is not.
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shows the a axis is very closely correlated with the decrease
in TC with the link being less clear for the c axis. The TC

decreases with decreasing a axis in all three cases, and a linear
extrapolation shows a reduction close to 5 K at 3.7 Å whereas
for the c axis, it deviates with opposite slope while applying
chemical pressure. This provides evidence that intralayer ex-
change coupling plays a larger role in the TC reduction than
the interlayer exchange coupling.

Another possibility is that because Fe2.75GeTe2 is a weak
itinerant ferromagnet, the 3d-electron bandwidth of the spin
density of states (spin-DOS) near the Fermi level should
broaden as volume decreases which will lead to a correspond-
ing decrease in the Stoner factor and thereby reduce the Curie
temperature based on the Stoner criterion for magnetic order-
ing [42,43]. This should lead to a reduction in the splitting of
the spin-DOS bands, thus, decreasing the magnetic moment
eventually resulting in a nonmagnetic state. To confirm this,
we combine our bulk magnetization and AHE data at 5 K un-
der pressure and use this to calculate a Rhodes-Wohlfarth ratio
(RWR) [44,45]. RWR is defined as pc/ps with pc obtained
from the effective moment calculated from the Curie-Weiss
susceptibility,

pc(pc + 2) = p2
eff , (3)

and ps is the saturation moment obtained at low temperatures.
RWR is 1 for localized systems and is larger in an itinerant
(delocalized) system. Here, we take ps as the magnetization
saturation obtained at 5 K and 50 kOe, so the calculated
RWR values are ∼4.0. The RWR shows that the system
becomes more delocalized with pressure, which is consistent
with chemical doping studies on Fe3−xGeTe2 [15,46] and
supports the explanation of reduced TC in terms of the Stoner
criterion. Thus, the reduction of the magnetic moment (and,
subsequently, TC) is caused by the diminished 3d-electron
correlations likely due to the shortening of the Fe(I)-Fe(II) dis-
tance from increasing pressure. A combination of a spin-wave
or x-ray scattering experiment under pressure and theoretical
support will further address the itinerant nature of this system
and is needed to confirm this observation.

IV. CONCLUSIONS

This paper is a systematic study of the effect of pressure
on the resistance and MR of Fe-deficient Fe2.75GeTe2. In the
absence of applied pressure, Fe-deficient Fe2.75GeTe2 shows
negative MR and metallic behavior, and the magnetic easy
axis is along the c direction. TC decreases linearly from 155
to ∼50 K with increasing the pressure to 13.9 GPa. Although
there is evidence that ferromagnetic ordering may exist above
this pressure, confirmation requires a low-temperature mea-
surement of the crystal structure and a direct measurement
of the magnetization under pressure. The electronic transport
implies a transition from a metallic to a nonmetallic state with
increasing pressure up to 16.2 GPa. Rxy(H) measurements are
used to quantify the evolution of TC up to nearly 14 GPa
and are used in combination with other methods to generate
a magnetic P-T phase diagram. The effect of pressure on
Fe2.75GeTe2 illustrates the value of pressure as a tool to better
understand the underlying mechanisms for magnetic ordering
in vdW systems.
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APPENDIX

The elemental composition of the sample was character-
ized by RBS with a 2-MeV 4He beam. Rutherford backscat-
tering spectrometry (RBS) is a nondestructive method based
on high-energy ion scattering, providing depth-resolved infor-
mation about the elemental composition of near-surface layers
[47] (see Fig. 7). For RBS, the He ion beam was incident
normal to the sample surface and backscattered into a detector
located at 165° from the incident beam. The analysis of RBS
spectra was performed with the RUMP code [48].

Phase identification and magnetic properties in ambient
conditions were determined using XRD (Cu Kα, Bruker) and
magnetometry. Figure 8(a) shows the ambient XRD pattern of
the Fe2.75GeTe2 polycrystalline sample with an observation

FIG. 7. Rutherford backscattering spectra from Fe2.75GeTe2

sample. Symbols are experimental points, whereas solid lines are
results of RUMP-code simulations. For clarity, only every tenth ex-
perimental point is depicted. Surface edges of Fe, Ge, and Te are
marked by arrows.
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FIG. 8. Ambient pressure measurements of Fe2.75GeTe2 with (a) showing XRD with a preferred texture along the c axis. The inset:
Photograph of Fe2.75GeTe2 sample used in measurements (left) and 2D diffraction image showing polycrystallinity in the sample (right). Scale
bar is 5 mm. Black lines are from the image plate. (b) M(H ) measurements at 5 K showing magnetic anisotropy along the c axis of the crystal.

of strong diffraction peaks along the (0 0 2l), indicating
a high c-axis orientation of the crystal. The indexing and
refinement of the peaks aligns with previous reports [15].
The insets show a laboratory photograph (scale bar is 5 mm)
and a 2D diffraction image showing the crystallinity of the
sample. Figure 8(b) depicts the M(H ) loops at 5 K where the
magnetization prefers to lie along the c axis and saturates at
approximately 5 kOe.

Angle-dispersive x-ray diffraction measurements under
pressure were performed at room temperature using beam-
line 16 BM-D (HPCAT) of the Advanced Photon Source at
Argonne National Laboratory. A gas membrane-driven DAC
composed of two 500-µm diamond anvils was used to generate
pressures up to 29.4(4) GPa [22]. A rhenium gasket was prein-
dented to a thickness of 60 µm, and a 180-µm hole was drilled
using a wire electric discharge machine in the center of the

gasket to serve as a sample chamber. The sample was ground
into a powder with a mortar and pestle under inert glovebox
conditions. The powders were then loaded into the DAC
sample chamber and mixed with Au powder, which served
as an x-ray pressure calibrant, and a ruby sphere was used for
initial pressure calibration. The Au bulk modulus (K) and Au
pressure derivative (K’) are 167 GPa and 6, respectively [23].
Neon gas was used as the pressure-transmitting medium. Ne is
essentially hydrostatic up to ∼15 GPa and at pressures above
that the uniaxial stress remains low [49]. Incident x-rays with
a monochromated energy of 30 keV (λ = 0.413 28 Å) were
microfocused to a 12 × 5-μm2 spot. X-ray diffraction mea-
surements were performed in a transmission geometry, and
a MAR345 image plate was used as the detector with 120-s
exposures at each pressure. The detector was calibrated using
CeO2. The resulting 2D diffraction patterns from the detector

FIG. 9. (a) XRD plotted as a function of pressure showing compression of the unit cell with higher 2θ angles. (b) Rietvield refinement of
powdered Fe2.75GeTe2 at 0.7 GPa. †, *, and • are FeTe2, Au pressure marker, and Re gasket, respectively. All other unlabeled indexed peaks
are the sample. The ^ symbol is indicating solidification of the neon gas at higher pressure.
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FIG. 10. Magnetoresistance measurements at a select pressure of
4.1 GPa and select temperature of 5 K. (a) Raw electrical resistance
data as a function of applied magnetic field showing nonsymmetric
MR about the zero field. (b) Symmetrized and (c) antisymmetrized
data showing both Rxx and Rxy contributions in the raw R(H )
measurement.

were integrated to obtain conventional one-dimensional pow-
der patterns using the program DIOPTAS [25]. Refinements of
the lattice parameters were performed using GSAS-II [26,27]
and are shown in Fig. 9 at 0.7(2) GPa. These samples contain
a Fe-deficient phase of nonmagnetic FeTe2 (orthorhombic,
Pnnm), which is considered in the XRD refinement analysis
but excluded from the main text of the paper. Ne is observed
in Fig. 9(a) at pressures above ∼4.6 GPa, which is consistent
with Ref. [49].

Electrical transport studies under pressure were performed
on a small polycrystal of Fe2.75GeTe2 using an eight-probe
designer DAC [29,30] with steatite as a pressure-transmitting
medium and ruby as the pressure calibrant. The gasket was
made of the nonmagnetic alloy MP35N, preindented to a
thickness of 40 µm, and a 100-µm diameter hole was drilled
in the center of the gasket using a wire electric discharge ma-
chine. The crystal was cleaved to an ∼10-µm thickness with a
cross-sectional area of ∼50 × 50 μm2. Electrical contact to
the sample was made via the exposed tips of the tungsten
microprobes at the culet of the diamond anvil. To ensure good
contact between the sample and the microprobes, steatite was
initially precompressed into the gasket hole, and then the
sample was placed on top of the steatite so that when the
DAC was closed, the steatite pressed the sample against the
leads. The pressure was determined by a single ruby, so no
measurements of gradients were possible. However, based on
previous measurements in this designer DAC, gradients on
the order of 5% are expected [32], which is consistent with
values reported by Klotz et al. [49]. Pressure was determined
at room temperature by averaging the shift of the R1 ruby
fluorescence peak before and after temperature cycles. The
uncertainty was determined by the difference of Pmax and
Pmin, where Pmax and Pmin are the pressures before and after
temperature cycles. If the difference after temperature cycles
is larger than 5%, then this spread is chosen as the error
bar. Electrical transport measurements under pressure were
performed as a function of temperature and magnetic field
using the AC transport option in a Quantum Design physical
property measurement system. MR measurements were taken
at each pressure using an excitation current of 0.316 mA at a
frequency of 17 Hz.

FIG. 11. (a)–(f) Antisymmetrized Rxy(H ) measurements as a function of temperature at a given pressure. Rxy curve transitions from a
nonlinear saturating curve indicative of ferromagnetism below TC to a linear nonsaturating curve above TC .
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TABLE I. Determination of magnetic ordering temperature at
select pressures (n/a represents not available).

Pressure (GPa) TC,1 (K) TC,2 (K)

2.5 143 n/a
4.1 130 128.2
7.8 102.5 97.8
11 77.4 79.7
13.9 n/a 50.6
16.2 n/a n/a

The magnetoresistance Rxx(H) where the current is passed
along the ab plane of the sample and the magnetic field is
along the c axis of the sample is symmetrized by sweeping
the magnetic field over both the negative and the positive field
ranges. The sum was then calculated between the resistances
over the positive and negative field regions and divided by two
to extract the resistance solely due to the MR. In the same
manner, the Hall resistance Rxy(H ) where the current is passed
perpendicular to the measured voltage and magnetic field is
antisymmetrized by taking the difference of the resistances
over the negative and positive magnetic field regions and
dividing by two. This procedure is displayed in the graphs in
Fig. 10 where the raw data show both Rxx and Rxy signals due
to the irregular shape of the sample. For clarity in the main
text, the positive magnetic-field values are only displayed.
Temperature-dependent Rxy(H ) curves are shown in Fig. 11
denoting a sublinear saturating (below TC) curve transition to
a linear nonsaturating curve (above TC).

At ambient pressure, the TC is determined via the dif-
ferentiation of the M(T) curve in Fig. 1 of the main text.
For pressures from 2.5 to 11 GPa, the TC of pressurized
Fe2.75GeTe2 is quantified by taking dRxx/dT (labeled TC,1).
For pressures from 4.1 to 13.9 GPa, the TC is determined
via the dS/dT curve shown in Fig. 5(b) of the main
text (labeled TC,2 below). The quantified TC is shown in
Table I below.

To perform hydrostatic pressures up to 0.7 GPa in a SQUID
magnetometer, piston pressure cells were used. The Quantum
Design SQUID magnetometer is equipped with a rod attach-
ment for these types of pressure cells. A Fe2.75GeTe2 crystal

FIG. 12. Pressure measurements using the magnetometer show-
ing a drop in TC with pressures up to 0.7 GPa.

was placed inside a small cylindrical polytetrafluoroethylene
cap along with a Sn manometer (as a pressure calibrant) and
a pressure-transmitting medium of Fluorinert. The Fluorinert
remains hydrostatic up to the maximum pressure in these
experiments, and the deviatoric stress is known to be very low
for pressures up to and above 0.7 GPa, at least, until ∼ 7 GPa
[49]. This was then placed in the middle of the Cu-Be pressure
cell and held in place by extrusion disks and ceramic pistons.
Samples were externally pressurized via a piston hydraulic
press (Mpress Mk2). After each pressurization, samples were
attached to the sample rod via threading and loaded into the
chamber. The pressure cell was then cooled down slowly
below the transition temperature of the superconducting Sn
manometer and positioned accordingly. M(T ) measurements
were performed at each pressure, and these are displayed in
the inset of Fig. 12. The differentiation of the magnetization
curves dM/dT shows a downward trend in the TC . The TC is
plotted as a function of pressure showing approximately a 6 K
decrease.
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