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A complex interplay of different energy scales involving Coulomb repulsion, spin-orbit coupling, and
Hund’s coupling energy in 2D van der Waals (vdW) material produces a novel emerging physical state. For
instance, ferromagnetism in vdW charge transfer insulator CrGeTe3 provides a promising platform to
simultaneously manipulate the magnetic and electrical properties for potential device implementation using
few nanometers thick materials. Here, we show a continuous tuning of magnetic and electrical properties of a
CrGeTe3 single crystal using pressure. With application of pressure, CrGeTe3 transforms from a
ferromagnetic insulator with Curie temperature TC ∼ 66 K at ambient condition to a correlated 2D Fermi
metal with TC exceeding ∼250 K. Notably, absence of an accompanying structural distortion across the
insulator-metal transition (IMT) suggests that the pressure induced modification of electronic ground states is
driven by electronic correlation furnishing a rare example of bandwidth-controlled IMT in a vdW material.
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The discovery of 2D magnetism in van der Waals (vdW)
materials has unfurled a diverse range of possibilities for
development of novel spintronics, multiferroic and quan-
tum computing devices using atomically thin material, as
well as fundamental research [1–6]. These also include
exploration of exotic physics such as Kitaev quantum spin
liquid state in 3d electron system with S ¼ 3=2 [7,8]. Until
now, CrYTe3 (Y ¼ Ge, Si) [9,10], CrX3 (X ¼ I and Br)
[11–15], 1T-CrTe2 [16,17] and Fe3−xGeTe2 [18–21] have
been the few vdW materials known to exhibit ferromag-
netic (FM) order in bulk single crystal form and retain
intrinsic ferromagnetism down to the monolayer limit.
Among these, CrYTe3 and CrX3 are Mott insulators with
a charge gap, facilitating a suitable platform to exploit both
charge and spin degrees of freedom.
At low temperature, these Cr-based vdW insulators share

a common layered rhombohedral R3̄ crystal structure held
together by weak vdW forces along the c axis [10–12].
Each single layer consists of a honeycomb network of edge
sharing octahedra formed by a central Cr atom bonded to
six ligand atoms (Te or X), as illustrated in Fig. 1(a) for
CrGeTe3 as a representative. Crystalline field effect ensu-
ing from this octahedra splits Cr-3d orbitals into t2g
manifolds and eg manifolds [Fig. 1(b)]. The onsite
Coulomb repulsion localizes the t2g electrons driving the

system into an insulating state significantly well above the
Curie temperature, TC [22–24]. Although a direct anti-
ferromagnetic (AFM) exchange interaction exists between
t2g electrons, thermal fluctuation inherent to 2D suppresses
the long-range magnetic order. The spin-orbit coupling
(SOC) emanating through the covalent bond between the
ligand p and Cr-eg orbital generates the magnetocrystalline
anisotropy energy (MAE) to counteract the thermal fluc-
tuation [24,25]. Below TC, superexchange interaction
between the active Cr-eg electrons via two different ligand
p orbitals, as schematically portrayed in Fig. 1(c), benefits
from distortion of CrTe6 octahedra and Hund’s energy gain
at the ligand Te (or X) site to stabilize the FM order
[22,24,26]. Moreover, correlation between t2g electrons
moves up the ligand p bands close to the Fermi level, thus
opening a band gap between the Cr d-conduction band and
ligand p-valence band, confirming the charge transfer type
Mott behavior [22–24,26,27].
The charge gap of a Mott insulator can be manipulated

either by carrier doping which fills the band or by
controlling the bandwidth, resulting in an insulator-metal
transition (IMT) often accompanied by structural and
magnetic transitions. So far, doping through gating a field
effect transistor (FET) device [28–30], or intercalation of
organic ions to bulk single crystals [31] have been used.
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With electrostatic gating to few layers of CrGeTe3 [28] and
CrI3 [29], the coercive field and saturation magnetization
are found to be modulated, but TC changes barely.
However, when high carrier density (∼10−14 cm−2) is
doped to CrGeTe3 either through intercalation [31] or
ionic liquid gating to FET devices [30], TC around
∼200 K is achieved with simultaneous stabilization of a
metallic state. Although these results are promising, never-
theless, such filling-controlled methods lead to undesirable
effects such as strong charge inhomogeneity in atomic scale
either due to disorder created by intercalant ions or
chemical modification of the host material induced by
ionic liquid [32].
On the contrary, application of pressure is an alternative

route, which not only controls the bandwidth but also the
spin exchange pathways via subtle modification of bond
length and angle between atoms avoiding the complication
of disorder. Pressure has been suitably used to switch the
interlayer magnetism of few layers of CrI3 [33,34] includ-
ing the TC variation of CrI3 and CrGeTe3 bulk single
crystals [35–37]. However, these studies are limited to less
than 2.0 GPa with TC varying about ∼10%. Interestingly,
a recent high pressure work on CrSiTe3 [38] revealed a
concomitant structural transition and IMT followed by a
superconductivity around 7.0 GPa.
In this Letter, we study the electronic and magnetic

properties of CrGeTe3 single crystals by varying pressure
up to 11.0 GPa using dc magnetic susceptibility and
resistivity measurement. Although the pressure dependent
lattice dynamics of CrGeTe3 have been performed revealing

a 2D to 3D structural transition around≥ 18 GPa [35,39], the
magnetic and electrical properties at high pressure have
remain unexplored. At ambient pressure, CrGeTe3 is an
insulator with a band gap of ∼0.7 eV [40] and orders in a
Heisenberg-type ferromagnetism belowTC ∼ 66 Kas shown
in Figs. 1(d) and 1(e). At first, TC decreases monotonically to
54 K when pressure increases to 4.5 GPa. Remarkably, TC
jumps fourfold in between 4.5 ≤ P ≤ 7.5 GPa and surpasses
250 K above 9.1 GPa. In addition, the pressure temperature
phase diagramuncovers an IMT to a correlatedFermimetallic
state above ∼7.0 GPa, characterized by large resistivity
anisotropy, ρc=ρab ∼ 105, suggesting a 2D nature of charge
transport. Our results suggest that a collapse of the charge
transfer energy gap between the Te p-valence band and Cr
eg-conduction band dramatically boosts the intralayer FM
superexchange interaction producing such a high TC.
In the top panel of Fig. 2(a), we illustrate the temperature

dependence of dc susceptibility χ of CrGeTe3 single crystal
(S1) with an applied fieldH ¼ 0.1 T parallel to the c axis at
several pressures. At ambient pressure, χðTÞ undergoes a
typical paramagnet (PM) to FM transition, and the esti-
mated Tχ

C ∼ 66 K, from the minimum of dχ=dT curve is
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FIG. 1. (a) A single layer of CrGeTe3. In CrX3, the place of
Ge-Ge dimers remains vacant. (b) Crystalline electric field
splitting of Cr 3d orbitals into t2g manifolds and eg manifolds.
Δ is the energy difference between t2g levels and eg levels. JTeH is
the Hund’s coupling energy at the Te site. (c) Schematic picture of
FM superexchange interaction between Cr eg orbitals via two Te
p orbitals. tpdðtp0d0 Þ is the virtual hopping between egðe0gÞ and
pðp0Þ orbitals. θ is the geometrical Cr─Te─Cr bond angle. (d) In
plane resistivity, ρab. (e) Zero field-cooled (ZFC) magnetic
susceptibility χ at H ¼ 0.1 T applied along c axis. Inset: temper-
ature derivative of dχ=dT.
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FIG. 2. (a) Top: ZFC dc susceptibility of CrGeTe3 crystal S1 up
to 1.73 GPa. Bottom: temperature dependence of dχ=dT. Field-
cooled (FC) susceptibility for crystal (b) S2 and (c) S3. Field
dependence of magnetization, MðHÞ, for (d) S2 and (e) S3 at
T ¼ 1.8 K under different pressure. Red arrows represent the
direction of increasing pressure. (f) Curie-Weiss plot, 1=χ vs T, of
crystal S3 at some selected pressure.
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consistent with several earlier reports [40–42]. With
increasing pressure up to 1.73 GPa [Fig. 2(a)], the transition
shifts toward a lower temperature, and Tχ

C reduces to
∼58 K at 1.73 GPa [bottom panel of Fig. 2(a)]. The weak
downturn of χ below ∼7.0 K at 1.08 GPa is related to the
formation of FM domains in the crystal as evidenced by
the bifurcation between FC and ZFC curve [see Fig. S2 in
the Supplemental Material [43] ]. To track further the
evolution of TC above 2.0 GPa, we measured χ of another
two pieces of CrGeTe3 single crystals extracted from the
same batch using an opposed-anvil-type pressure cell [44].
Figures 2(b) and 2(c) present the temperature dependence
of χ for crystals S2 and S3, respectively. Although the
magnitude of χ decreases drastically as pressure is raised to
4.0 GPa [Fig. 2(b)], Tχ

C decreases modestly to ∼54 K.
Surprisingly, as pressure is increased further the magnitude
of χ surges again and transition shifts toward a higher
temperature [Fig. 2(c)]. For P ≅ 5.0 GPa, χðTÞ curves
show a broad transition to a FM state with Tχ

C ∼ 73 K.
At 7.3 GPa, Tχ

C reaches to ∼196 K, almost 3 times higher
than the Tχ

C at ambient pressure. The broad transition at
high pressure could be due to the pressure inhomogeneity
inside the sample space arising from the solidification of
pressure transmitting media (for details, see Supplemental
Material [43]).
In Figs. 2(d) and 2(e), we present theMðHÞ curve along the

easy magnetization c axis for crystals S2 and S3, respectively.
At 0.2GPa, theMðHÞ curve saturates sharply atHS ≅ 0.22 T
with a saturationmomentMS ∼ 3.0 μB=f:u:.Withvariationof
pressure theMðHÞ curve becomes rounder andHS surpasses
3.0Tat 3.1GPa.At 4.0GPa, theMðHÞ curve looks similar to a
Brillouin-like function and does not saturate even up to 7.0 T.
Even though the MðHÞ curve resembles to a PM, the Curie-
Weiss temperature θCW at this pressure is comparablewith that
of ambient condition, hinting at the presence of strong FM
interaction [see Fig. 2(f)]. For P ≥ 5.0 GPa, HS start to
decrease again. At P ≅ 6.0 GPa, the MðHÞ curve saturates
sharply above HS ≃ 0.18 T with MS ∼ 2.76 μB=f:u:, a typ-
ical sign of FM order. From the evolution of χðTÞ andMðHÞ
curves under pressure, it is clear that in the intermediate
pressure range 3.1 GPa ≤ P ≤ 5.0 GPa, the net FM
exchange interaction weakens, producing a diminished
χðTÞ magnitude and Tχ

C.
Next, in Fig. 3(a) we show the temperature dependence

of in plane resistivity ρab of CrGeTe3 under different
pressure revealing an IMT. The overall ρab plummet several
orders of magnitude as 11.0 GPa pressure is applied; at low
temperature ρab falls more than 9 orders of magnitude,
while at T ¼ 300 Kmore than 3 orders. At 2.0 GPa, ρabðTÞ
discloses a shoulderlike anomaly at Tρ

C ∼ 59 K, very close
to the FM transition observed in χðTÞ, allowing one to trace
the evolution of magnetic order with pressure from ρab
data. Tρ

C falls to ∼54 K at 4.5 GPa. However, at 5.0 GPa,
ρab exhibits a broad maximum at ∼73 K [Fig. 3(b)], an
indication of Tρ

C moving to high temperature in agreement

with the Tχ
C of χðTÞ. Additionally, ρab reveals a weak

upturn below ∼25 K, where it follows a − logðTÞ depend-
ence with decreasing temperature suggesting a 2D weak
localization behavior. On compressing further to 7.0 GPa,
Tρ
C surges rapidly to 193 K consistent with χðTÞ data. At

the same time, the − logðTÞ upturn in ρab is gradually
suppressed uncovering a metallic state. At high pressure,
precise determination of Tρ

C becomes difficult due to the
broad anomaly, yet signature of Tρ

C ∼ 250 K can be traced
up to 9.1 GPa.
At 7.0 GPa, ρab follows a power law, ρab ¼ ρ0 þ ATn

with an exponent n ∼ 1.9 below TFL ∼ 14 K, a hallmark of
the Fermi-liquid (FL) state. It is worthy to note that at this
pressure, ρab is higher than the Mott-Ioffe-Regel limit of
resistivity defined as ρ2DM ≅ 0.055ðc=a0Þ ∼ 0.6 mΩ cm,
where c is the average separation between CrGeTe3 layers
and a0 ¼ 0.529 Å is the Bohr radius [52]. Besides, the
residual resistivity ratio (RRR), ρ300 K=ρ2 K ≃ 2 clearly
indicates a bad metal behavior. The RRR and temperature
window, where ρab < ρ2DM , increases with rising pressure.
Simultaneously, TFL grows to 56 K at 11.0 GPa [Fig. 3(c)],
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and the A coefficient of the T2 term drops by more than 2
orders of magnitude, a clear indication of a widening of the
FL region at higher pressure with decreasing correlation
strength.
To obtain more insight about this metallic state, we

measured interlayer resistivity ρc of another piece of single
crystal from the same batch as shown in Fig. 3(d). Unlike
ρab, ρc continue to be semiconducting down to the lowest
temperature at 6.0 GPa. Intriguingly, ρc is nearly temper-
ature independent deep inside the metallic state even at
10.0 GPa, conveying an incoherent interlayer charge trans-
port and confinement of charge carriers in the ab plane.
This becomes increasingly clear from the temperature
dependence of resistivity anisotropy ρc=ρab as in shown
Fig. 3(e). For P < 5.0 GPa, ρc=ρab ≃ 103–104, whereas
ρc=ρab reaches as high as ∼105 at 10.0 GPa and 2 K. Such a
large value of ρc=ρab is comparable with that of several
strongly correlated materials like high-Tc cuprates [53],
manganites [54], and organic compounds [55]. Thus, the
pressure-induced metallic state in CrGeTe3 can be regarded
as an ideal 2D correlated Fermi metal.
The P-T phase diagram [Fig. 4(a)], constructed from

susceptibility and resistivity data, unveils a fascinating
evolution of the electronic and magnetic properties of
CrGeTe3 when pressure is continuously varied. With
adjustment of pressure, CrGeTe3 alters from an insulator
with TC ∼ 66 K at ambient pressure to a FM metal with TC
surpassing 250 K. The moderate decrease of TC to ∼54 K
as pressure is raised to 4.5 GPa and subsequent dramatic
fourfold rise of TC in a rather narrow pressure range 4.5 ≤
P ≤ 6.5 GPa emphasizes the competition between the FM
insulating and FM metallic phase. The phase diagram also
unearths a correlated 2D Fermi metal for P ≥ 7.0 GPa,
significantly well below the 2D to 3D structural transition
(∼18 GPa) [39], revealing a contrasting feature of CrGeTe3
with CrSiTe3 [38] and isostructural MPX3 (M ¼ V, Fe,
Mn, Ni, and X ¼ S, Se) compounds.
When pressurized, MPX3 undergo an IMT accompanied

by an isosymmetric structural transition, forming a M-M
dimer due to direct overlap between neighboring t2g orbitals
of M ions [56–60]. Therefore, a spin crossover from high-
spin to low-spin state occurs together with a large volume
collapse. On the other hand, the nonexistence of such lattice
change close to IMT of CrGeTe3 [35,39] asserts that direct
interaction between t2g electrons of neighboring Cr atoms is
still weak. In fact, this is compatible with the nearly pressure
independence of MS affirming the survival of the localized
high spin (S ¼ 3=2) state of t2g manifolds even in a high
pressure state [Fig. 4(b)]. Rather, these observations hint that
the active Cr eg orbital plays a major role in stabilizing the
high pressure metallic state in CrGeTe3, thus averting a
structural transition as recently proposed for NiPS3 [60].
Moreover, the remarkable absence of concomitant structural
distortion across the IMT signifies that the pressure-induced
modification of magnetic and electronic ground states of
CrGeTe3 is purely electronic in origin.

Now, we qualitatively explain the origin of such in-
triguing pressure dependent TC of CrGeTe3. In the 2D
limit, the MAE, K, along with spin-exchange interaction J
determine TC ∼ J= lnð3πJ=4KÞ [61]. For CrGeTe3, K
(≃ − 0.05 meV), usually set by SOC and influencing the
direction of magnetic easy axis [9,25], is much smaller in
energy scale compared with J (≃3.0 meV) [9,62,63]. Thus,
the strength of the exchange interaction plays a major role
in fixing the TC. As explained earlier in Fig. 1(c), the FM
order in CrGeTe3 is mainly driven by indirect super-
exchange interaction, JSE, between Cr-eg orbitals via
two orthogonal Te-p orbitals. With such an orbital arrange-
ment, the superexchange integral can be written as [64,65]

JSE ∼ −
t2pdt

2
p0d0J

Te
H

Δ2
CTð2ΔCT þ UpÞ2

; ð1Þ

where tpdðtp0d0 Þ is the virtual hopping between the egðe0gÞ
and pðp0Þ orbital, JTeH is the Hund’s coupling on the Te ion,
Up is the Coulomb interaction on the Te site, andΔCT is the

FIG. 4. (a) Pressure-temperature phase diagram of CrGeTe3.
Color scale represents the magnitude of ρab. θCW and Tχ

C are
estimated from magnetic susceptibility. Tρ

C and TFL are deter-
mined from ρab. (b) Pressure dependence of effective moment,
μeff , and saturation magnetic momentMS (at T ¼ 1.8 K). (c) and
(d) are pressure dependence of ρc and ρab at T ¼ 10 K,
respectively.
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charge transfer energy gap between the Te p-valence band
top and the bottom of the Cr eg-conduction band. Also, JSE
depends on the geometrical Cr─Te─Cr bond angle θ.
Pressure dependent x-ray diffraction studies reveal that θ
deviates marginally from 90° under pressure even up to
10.0 GPa [35,39,62] and with such small deviation the JSE
exchange path remains robust [66]. Assuming JTeH to be
unchanged with pressure, from Eq. (1) it is evident that a
decrease of ΔCT will have a much stronger impact on JSE
compared with others, sinceΔCT can be several times larger
than tpd and Up. It is credible to expect ΔCT tends to zero
on approaching IMTwith varying pressure. Indeed, a recent
first principle calculation predicts the collapse of the p-d
energy gap around 7.0 GPa as a result of a shortened Cr─Te
bond [62]. Therefore, the sharp rise of TC for P ≥ 4.5 GPa
can be attributed to the dramatic upsurge of intralayer JSE
resulting from the depreciation of ΔCT with pressure. Here,
it should be noted that Eq. (1) will become invalid after the
gapΔCT is closed near the IMT. Closure of this gap is likely
to open an indirect FM exchange pathway between
localized t2g electrons via itinerant carriers in bands
touching the Fermi level and will dominate the total FM
interaction over the JSE path in metallic state.
The initial decrease of TC and χ up to 4.5 GPa could be

attributed to following reasons. Firstly, magnetostriction
could be a possible reason for decreasing TC [67], because
Raman spectroscopy [35,69] and neutron diffraction [10]
have detected evidence of strong magnetoelastic coupling
across the FM transition of CrGeTe3. Secondly, at ambient
condition there exist finite AFM exchange interactions
between the next nearest neighbor Cr atoms in the layer as
well as between Cr atoms in adjacent layers [9,24,62,63],
which can also contribute to the reduction of TC. With
growing pressure these AFM interactions will compete
with JSE, since they are expected to strengthen due to the
shrinking distance between Cr atoms and vdW gaps
between adjacent layers. Lastly, the sign change of K from
negative to positive with pressure can trigger an alteration
of magnetic easy axis from the c axis to the ab plane as
reported in a pressure dependent magnetoresistance study
[36]. However, when pressure exceeds 4.5 GPa, JSE over-
comes this competition due to a depreciating charge gap.
The distinct pressure dependence of ρc and ρab [as in
Fig. 4(c) and 4(d)], back up the dominance of intralayer
exchange interactions at the high pressure region. Up to
5.0 GPa, ρc drops more than 2 orders of magnitude, whereas
it decreases barely in between 6.0 and 10.0 GPa. By contrast,
ρab continue to plunge up to 11.0 GPa. As well, the large
ρc=ρab ∼ 105 in metallic state points out that carriers can hop
more easily inside the layer rather than across the layers,
making intralayer interactions significantly stronger than
interlayer interactions.
In summary, we demonstrate that pressure can be used as

a suitable parameter to control both magnetic and electrical
properties of CrGeTe3 by tuning the charge transfer energy

gap between the Te-p valence band and Cr-eg conduction
band. Moreover, lack of concurrent structural transition and
spin crossover across the IMT makes CrGeTe3 a unique
vdW material and provides a novel example of bandwidth-
controlled IMT.
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