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Ferromagnetic van der Waals (vdW) crystals are promising for future spintronics because they hold
huge potential in terms of tunable chemical, mechanical, and physical properties. However, room-
temperature vdW ferromagnets with high-quality perpendicular magnetic anisotropy (PMA) are still
elusive, limiting their practical implementations for spintronic applications, such as nonvolatile mem-
ories. Here, we show that the magnetic properties of vdW Fe3GeTe2, including the Curie temperature
and the PMA, can be tuned by interlayer exchange coupling (IEC). We demonstrate strong ferromag-
netic and antiferromagnetic IECs between sputtered Co and vdW Fe3GeTe2 with Pt and Ru spacer
layers, respectively. We find that ferromagnetic IEC enhances the Curie temperature of Fe3GeTe2

while maintaining PMA, which can exhibit 100% out-of-plane remanent magnetization above room
temperature. On the other hand, antiferromagnetic coupling weakens the PMA, resulting in a multi-
level magnetic hysteresis loop of Fe3GeTe2 even at temperatures as small as 10 K. These interlay-
ered coupled 3D/2D heterostructures could emerge as prime candidates for practical vdW spintronic
applications.

DOI: 10.1103/PhysRevApplied.17.L051001

Introduction.—Due to the potential for stacking 2D spin-
tronic heterostructures, room-temperature van der Waals
(vdW) ferromagnets have long been desired by both
the two-dimensional and the spintronics communities.
Recently, intrinsic magnetism in vdW CrI3, Cr2Ge2Te6,
Fe3GeTe2, etc., was discovered [1]. However, the Curie
temperatures are far below room temperature for all these
materials [2–4]. Since then, a variety of materials engi-
neering approaches have been demonstrated to enhance the
Curie temperatures. Approaches utilizing the electrostatic
or ionic doping and/or gating effects [5–7], the size and
shape effects [8], the interfacial spin-orbit coupling effect
from topological insulators [9], and the proximity effects
from antiferromagnets [10,11] have been demonstrated
and examined. However, none of these works have
reported a good perpendicular magnetic anisotropy (PMA)
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at room temperature, namely a typical rectangle mag-
netic hysteresis loop under an out-of-plane magnetic field,
which is crucial for high-density nonvolatile spintronic
applications.

In this work, we utilize interlayer exchange coupling
(IEC) [12], an important concept that has been developed
in early spintronics and applied in hard-disc read heads,
to enhance the Curie temperature and PMA of vdW ferro-
magnets. Firstly, we theoretically demonstrate how the IEC
from a high-Curie-temperature Co layer can influence the
Curie temperature of a vdW material, such as Fe3GeTe2
(FGT). Then we experimentally verify the effects of fer-
romagnetic and antiferromagnetic IECs on the vdW fer-
romagnets by dry-transferring Fe3GeTe2 nanoflakes on
sputtered Pt/Co/Pt and Pt/Co/Ru stacks, respectively.

Theory of curie-temperature regulation by IEC.—
Theoretically, we study the effects of IEC on the mag-
netic properties of a low-Curie-temperature Fe3GeTe2
vdW nanoflake, which is indirectly coupled to a
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high-Curie-temperature Co layer via a nonmagnetic Pt
layer [see Figs. 1(a) and 1(b)]. The IEC arises from the
Ruderman-Kittel-Kasuya-Yosida interaction between local
moments on the FGT/Pt and Pt/Co interfaces across the Pt
layer [13]. Here, we model the IEC as [13,14]

V = −
∑

ij
Jij Si

Fe · Sj
Co, (1)

where Jij is the IEC between the Co spin at site j, Sj
Co, and

the Fe spin at site i, Si
Fe. Although the interaction between

PMA and IEC remains unclear in the Co/Pt/FGT trilayer
[15,16], the PMA can be observed from a magnetic hys-
teresis loop [inset of Fig. 1(d)]. Hence, we calculate the
magnetic field B and temperature T dependence of mag-
netization M. It can be derived from the Weiss mean-field
approach, where the IEC amounts to a renormalization of
the Weiss field:

HFe = B − JFe

gμB
〈SFe〉 − J

gμB
〈SCo〉 . (2)

Here g is the electron g-factor and μB is the Bohr
magneton. The second term, an effective molecular field

for ferromagnetism, is described by JFe = ∑
i′ Jii′ , where

Jii′ is the exchange coupling constant between spins Si
Fe

and Si′
Fe. The last term is an additional Weiss field from

the IEC, with J = ∑
j Jij . Though Jij decays and oscillates

with the distance between spins Sj
Co and Si

Fe [Fig. 1(a)], we
safely assume the same J for Fe spins in the FGT when the
thickness of FGT, dFGT, is much smaller than the oscilla-
tion period (I and II). Thus, J decays and oscillates with
the thickness of the nonmagnetic Pt layer, dNM [13]. The
spin expectations can be derived from a partition function:

ZFe =
SFe∑

S=−SFe

e−βgμBS+βDFeS2
, (3)

with β = 1/kBT. Here, we include a local axial magnetic
anisotropy energy −DFe

∑
i (S

i,z
Fe)

2
and omit the magneto-

static and magnetoelastic energies for simplicity [17].
The effect of the Co layer on the FGT nanoflake can

be understood qualitatively on the basis of the three-
spin exchange among Co and Fe spins, as plotted in
Fig. 1(b). For uniform IEC, Jij (I and II), two Fe spins

(a)

(c) (d)

(b)

FIG. 1. Equilibrium spin orientations and expectations in a Co/Pt/FGT trilayer with IEC. (a) IEC Jij as a function of the distance
between two localized spins. It depends on the thicknesses of both nonmagnetic layer and FGT, dNM and dFGT. (b) Relative spin
orientations and three-spin exchange among Co and Fe spins at weak magnetic fields. (c) Magnetization M as a function of temperature
T for different IECs. T0

Co and TCo are Curie temperatures of FGT nanoflake and Co layer in the absence of the IEC, respectively. (d)
Remanent magnetization Mr as a function of the IEC J for different T. The inset shows a magnetic hysteresis loop with coercive field
Bc, saturation magnetization Ms, and remanent magnetization Mr.
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Si
Fe and Si′

Fe always prefer a ferromagnetic order, because
the IECs Jij and Ji′j have the same sign. Thus, both
ferromagnetic and antiferromagnetic IECs contribute to
the ferromagnetic order between two Fe spins of FGT,
as shown in Fig. 1(b). Next, we discuss quantitatively
the magnetization. For ferromagnetic (antiferromagnetic)
IEC, 〈SFe〉 has the same (different) sign as 〈SCo〉 as
shown in I (II) of Fig. 1(b). Hence, the Weiss field act-
ing on Fe spins is enhanced due to the IEC. The Co
layer with a much higher Curie temperature stabilizes
the magnetic order in FGT beyond the Curie tempera-
ture of the FGT itself, T0

Fe. This explains the enhancement
of TFe, as plotted in Fig. 1(c). Besides, Fig. 1(d) plots
remanent magnetization Mr as a function of J for dif-
ferent T. For high enough temperatures (T > T0

Co), the
IEC Weiss field, proportional to 〈SCo〉, is zero and hence
Mr = 0. For T0

Fe < T < T0
Co, SCo is nonzero and Mr is pos-

itive and negative for ferromagnetic and antiferromagnetic
IECs, respectively. There exists a gap for temperature
T < T0

Fe, accounting for Mr of FGT itself. It is enhanced
by the IEC, because both ferromagnetic and antiferro-
magnetic IECs provide an additional contribution to fer-
romagnetic order [I and II of Fig. 1(b)]. In summary,
both ferromagnetic and antiferromagnetic IECs lead to the
enhancement of the Curie temperature and PMA of the
FGT.

Observation of curie-temperature enhancement by ferro-
magnetic IEC.—In order to create a structure with IEC,
Fe3GeTe2 nanoflake is dry-transfered onto a sputtered
Ta(1)/Pt(4)/Co(0.5)/Pt(0.4) (thickness in nm, referred to
as PCP, the substrate is Si(0.5 mm)/SiO2(300 nm) wafer)
6-μm-width Hall bar device, as shown schematically in
Fig. 2(a). Note that this configuration is different from
that for most of previously reported Hall measurements
of Fe3GeTe2/Pt heterostructures, where the Pt layer is
deposited onto the vdW Fe3GeTe2 surface [18,19]. A high-
quality Pt/Fe3GeTe2 interface is obtained, confirming by
the typical rectangle-shaped magnetic hysteresis loops
(represented by RH -Bz loops, i.e., anomalous Hall resis-
tance versus out-of-plane magnetic field) observed from a
Ta(1)/Pt(4)/Fe3GeTe2 (thickness in nm) reference sample
[20], whose Curie temperature is read to be between 210
and 230 K, consistent with previous literature [1]. An opti-
cal image of the device and height profile of the FGT are
shown in Figs. 2(b) and 2(c), respectively.

Accordingly, for the PCP/FGT sample with two indi-
vidual ferromagnetic components, the expected steplike
RH -Bz loops are observed at various temperatures [20].
Due to the current shunting effect of the conductive
Fe3GeTe2, as illustrated in Fig. 2(d), the measured RH
of the PCP/FGT sample should be smaller than that
of the PCP sample when the temperature T is above
the Curie temperature TC of Fe3GeTe2, i.e., (T > TC) ⇒
(RPCP/FGT

H < RPCP
H ). The contrapositive equivalent of the

above statement is (RPCP/FGT
H > RPCP

H ) ⇒ (T < TC), i.e., if
RPCP/FGT

H > RPCP
H , then one can conclude that Fe3GeTe2

is below its TC and retains PMA. This is exactly the
case for the PCP/FGT sample, as shown in Fig. 2(e),
where much larger RPCP/FGT

H compared with RPCP
H are

observed at all measured temperatures from 10 to 310 K.
Remarkably, Fig. 2(f) shows a typical rectangle-shaped
(though steplike) RH hysteresis loop of the PCP/FGT sam-
ple even at 310 K, which clearly indicates a sufficient
PMA of the transferred Fe3GeTe2 nanoflake with 100%
out-of-plane magnetic remanence above room tempera-
ture. Furthermore, as shown in Fig. 2(f), all switching
steps on the RH -Bz loop of the PCP/FGT sample show
obvious larger coercive field than that of the PCP sam-
ple at 310 K, suggesting strong ferromagnetic IEC between
the sputtered Co layer and the transferred vdW Fe3GeTe2
nanoflake.

Observation of PMA reduction by antiferromagnetic
IEC.—A Ru spacer layer usually gives rise to antiferro-
magnetic IEC between two ferromagnets. To experimen-
tally achieve this, we transfer the Fe3GeTe2 nanoflake onto
Pt/Co/Ru Hall bars. One expects the negative remanent
magnetization and the enhanced Curie temperature and
PMA as discussed in Sec. II. However, it has totally dif-
ferent behavior. Figure 3(a) shows the hysteresis loops
of the Ta(1)/Pt(4)/Co(0.5)/Ru(0.4)/Fe3GeTe2 sample
(referred to as PCR/FGT) at various temperatures [20].
Clear antiferromagnetic coupling behaviors with two sharp
switching steps are found, where the first switching step
shows a negative coercivity. By referring to the hysteresis
loops of reference Ta(1)/Pt(4)/Co(0.5)/Ru(0.4) samples
(referred to as PCR) [20], the Co always exhibits binary
magnetization states with very sharp switching behaviors.
Therefore, the second sharp switching step in Fig. 3(a) is
determined as the switching of the Co layer, and thereby
the first sharp switching step and the gradual multilevel
switching parts are the switching of Fe3GeTe2. Note that
an Fe3GeTe2 nanoflake usually shows strong PMA at low
temperatures with rectangular magnetic hysteresis loops
[20], which are in great contrast to the PCR/FGT sam-
ple, as shown in Fig. 3(a). By extracting the Fe3GeTe2
component of the total hysteresis loop [see Fig. 3(b)], the
perpendicular magnetic remanence and the saturation mag-
netic field of Fe3GeTe2 are obtained, as shown in Figs. 3(c)
and 3(d), respectively. The remanence is positive, rather
the negative remanence shown in Fig. 1(d). Even at 10 K,
the Fe3GeTe2 nanoflake exhibits low remanence (18.3%)
and considerable saturation magnetic field (0.174 T),
indicating a weak PMA of the Fe3GeTe2 nanoflake when
it is in antiferromagnetic coupling with the Co layer.
Discussion.—First, we try to qualitatively explain the
PMA reduction from the nonuniform IEC. When dFGT is
of the order of the oscillation period, our previous assump-
tion of the uniform IEC fails, and the IEC changes layer
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(a) (c)

(e) (f)(d)

(b)

FIG. 2. Magnetic properties of Ta(1)/Pt(4)/Co(0.5)/Pt(0.4) (thickness in nm, referred to as PCP) and
Ta(1)/Pt(4)/Co(0.5)/Pt(0.4)/Fe3GeTe2 (referred to as PCP/FGT) samples. (a) Schematic of the device structure and the Hall
measurements. The Hall resistance RH is obtained by dividing the measured Hall voltage VH by the applied channel current (100 µA).
(b) Optical image of the PCP/FGT sample. (c) Height profile along the dashed line measured by atomic force microscopy. (d)
Schematic illustration of the current shunting effect. (e) Hall resistance RH as a function of temperature T. (f) Hall resistance RH
versus out-of-plane magnetic field Bz .

by layer, as shown in Fig. 1(a) (III and IV). The first sharp
switching has a negative coercivity [Fig. 3(a)], correspond-
ing to the spin flips of some layers with antiferromagnetic
IEC. Thus, the FGT nanoflake is divided into two zones
with opposite spins as plotted in Fig. 1(b) (III and IV). The
gradual switching is linear, implying antiferromagnetic
multilayers [21]. In our case, this might result from the
long-range antiferromagnetic order between different lay-
ers. By “long range,” we mean the IEC can couple two Fe
spins in different layers far away from each other via three-
spin exchange [Fig. 1(b)]. For example, when dFGT is large
and the IEC varies from positive to negative, the three-spin
exchange leads to antiferromagnetic order between two
spins with different signs of IECs. Therefore, this behavior
of sharp step plus gradual switching, as shown in Fig. 3(b),
implies that the remanence does depend on the spatial
distribution of IECs. A full sharp switching from uni-
form antiferromagnetic IEC definitely causes negative
remanence [dashed-line loop of Fig. 3(e)]. But a small
sharp switching from nonuniform IEC, followed by a
long gradual switching, might result in positive remanence
[solid-line loop of Fig. 3(e)]. This might explain the PMA
reduction of FGT.

Besides, we fabricate more than 10 replicas for each
of the above PCP/FGT and PCR/FGT samples; however,
not all samples show good IEC and magnetic property

changes. Besides the best samples shown in Figs. 2 and
3, there are also reproducible results exhibiting obvious
ferromagnetic and antiferromagnetic IECs and thereby
consistent changes in Curie temperature and PMA of
Fe3GeTe2 [20], respectively. Nevertheless, this sample-to-
sample variation indicates strict requirements for realiz-
ing sufficient IEC. One possible reason is the uncertain
distance between the sputtered stack surface and the dry-
transferred vdW nanoflakes, since it is well known that
the spacer layer thickness is considered as an important
factor for IEC [22]. Further experimental investigation
with dedicated control of the Pt/Fe3GeTe2 interface is
required, which is difficult at this stage. Even so, we
can still attribute the observed Curie-temperature enhance-
ment shown in Fig. 1 to the effect of IEC by excluding
the proximity effect from the Co as well as the prox-
imal magnetized upper Pt layers, since the proximity-
induced magnetic moment in Pt is reported to decay
exponentially with increasing distance from the Co/Pt
interface within approximately 1 nm [23,24]. It should also
be mentioned that the multilevel magnetized Fe3GeTe2
shown in Fig. 3(a) could potentially work as a vdW spin-
tronic synapse for neuromorphic computing [25,26]. In
the future, emerging high-Curie-temperature vdW mate-
rials, such as Fe5GeTe2 [27,28], can also be adopted
into our IEC scheme for even higher performance, since
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(a) (b) (c)

(d)

(e)

FIG. 3. Magnetic properties of Ta(1)/Pt(4)/Co(0.5)/Ru(0.4)/Fe3GeTe2 (referred to as PCR/FGT) sample. (a) RH -Bz loops for the
PCR/FGT sample at various temperatures. Taking 10 and 130 K as two examples, each switching part of Co and Fe3GeTe2 is marked on
the loops. (b) Extracted RH -Bz loops for FGT by manually subtracting the RH contribution of Co from (a). (c) Saturation and remanence
Hall resistances, and thereby the corresponding remanence ratio of Fe3GeTe2 extracted from (a) as a function of temperature T. (d)
Saturation magnetic field of the extracted Fe3GeTe2 as a function of temperature T. (e) Schematic of the magnetic hysteresis loops of
FGT under uniform antiferromagnetic IEC (blue dashed line) and nonuniform IEC (pink solid line).

practical nonvolatile memories are required to maintain
PMA much above room temperature for better data
retention.

Summary.—We study Curie temperature and PMA regu-
lation of vdW Fe3GeTe2 by IEC both theoretically and
experimentally. Ferromagnetic and antiferromagnetic IECs
between the sputtered Co layer and the dry-transferred
Fe3GeTe2 nanoflake are observed and discussed in struc-
tures with Pt and Ru spacer layers, respectively. We
demonstrate above-room-temperature ferromagnetic vdW
Fe3GeTe2 with 100% out-of-plane magnetization rema-
nence in Pt/Co/Pt/Fe3GeTe2 samples with ferromagnetic
IEC. For Pt/Co/Ru/Fe3GeTe2 samples with antiferromag-
netic IEC, reduced PMA in the Fe3GeTe2 nanoflake with
gradual multilevel switching behavior is observed even at
10 K. Our work opens up opportunities in applications

of vdW ferromagnets with tunable Curie temperature and
PMA, as well as explorations of emerging physics at a
3D/2D interface.
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