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Due to the unique properties of compensated ferrimagnets, such as long spin coherence length, fast domain
wall motion, and large spin-orbit torque, to manipulate ferrimagnetic order is crucial in spintronics. Here,
we investigate the proximity effect of the two-dimensional van der Waals material WS2 on the interfacial
ferrimagnetic order of CoTb. By increasing the thickness of WS2 from one to three layers, a dramatic increase
of ferrimagnetic compensation temperature by 75 K is observed in CoTb. Based on a two-sublattice mean-field
approximation, the increased compensation temperature is ascribed to the WS2-mediated tuning of the magnetic
moments of the sublattices Tb and Co, rather than from the changed exchange interactions JCo-Co and JCo-Tb.
First-principles calculations reveal that the tuned magnetic moments of the sublattices Tb and Co are realized
through the proximity effect, where the charge transfer occurs between the interface of CoTb and WS2. Our
study proposes a viable approach to manipulate the interfacial ferrimagnetic order through the proximity effect,
which has potential applications for spintronic devices.
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I. INTRODUCTION

Compensated rare-earth transition-metal (RE-TM) fer-
rimagnetic alloys have garnered considerable attention in
spintronics due to their unique physical properties such as
long spin coherence length, fast domain wall motion, and
large spin-orbit torque [1–3]. Ferrimagnets feature as two
sublattices with the opposite magnetic moments, which can
be finely tuned below and above the compensation point. This
is crucial to realize the net magnetization reversal, providing
a novel avenue for spin-based data storage, and manipulation
[4,5]. In addition, the compensated ferrimagnets exhibit a long
spin coherence length, attributed to the nearly zero net effec-
tive exchange interaction averaged over the two sublattices
[6]. For instance, spin currents can transport exceeding 10 nm
in ferrimagnetic [Co/Tb]n multilayers [7]. Due to the nega-
tive exchange interaction between sublattices, the enhanced
spin-orbit torque (SOT) are reported in these ferrimagnets
[8–11]. In compensated Pt/CoGd multilayers, a remarkable
nine times of the SOT effective field is observed [8]. This
is also verified in Ta/CoTb bilayers, where the dampinglike
SOT effective field diverges as the temperature approaches
the magnetic moment compensation point [9]. More notably,
the compensated ferrimagnets have faster domain wall mo-
tion driven by the current-induced SOT [12]. All the above
findings indicate the importance of realizing and precisely ma-
nipulating the compensated ferrimagnetic order in spintronics.

Understanding the physics of ferrimagnetism is crucial for
applications of ferrimagnetic devices. Since ferrimagnetic or-
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der depends on both the magnitude of the magnetic moments
in each sublattice and their exchange interactions, control-
ling these parameters is essential for effective manipulation.
Currently, varying exchange interactions is a widely adopted
method to control ferrimagnetic order [13–16]. For example,
inserting hydrogen or oxygen atoms to tune the exchange
interactions between sublattices has resulted in a 130 K varia-
tion in the ferrimagnetic compensation temperature [13,14].
Similarly, strain-induced changes in the distance between
magnetic atoms have altered the ferrimagnetic compensation
temperature in rare-earth iron garnet (REIG) crystals by 50 K
[17,18]. However, tuning the magnetic moments of ferrimag-
nets to manipulate ferrimagnetic order remains challenging.

Two-dimensional (2D) van der Waals materials address
the challenges facing bulk magnet systems by offering new
physical mechanism such as the giant spin splitting result
from missing inversion symmetry [19], chiral spin textures
induced by topological flat band [20], scalability, maintaining
device integrity, and allowing efficient control of magnetism.
The integration of van der Waals materials and ferrimagnets
into heterostructures could not only introduce novel elec-
tronic phases, such as flip of the magnetic order [21], and
anomalous spin current [22,23], but also tune the interfacial
anisotropy [24] and magnetocrystalline anisotropy [25]. This
would provide fundamental knowledge and valuable guidance
for designing magnetic van der Waals heterostructures for
future spintronic and valleytronic devices. As a good example
of 2D van der Waals materials, WS2 possesses many advan-
tages, such as large spin-orbit coupling (spin splitting up to
426 meV) result from its broken inversion symmetry [19],
and enhancing the dampinglike SOT efficiency (up to 30%
with monolayer insertion) in the ferromagnet/heavy-metal
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bilayer [26], making it a viable platform for the development
of two-dimensional spintronic devices capable of operating.
Moreover, WS2 is easily prepared on a large scale promot-
ing the development of advanced flexible devices [27]. The
development of WS2 based spintronic devices exhibits strong
spin-dependent interactions and effective spin transport, such
as the all-optical polariton spin switching [28], optotwistronic
Hall effect [29], and surface charge-ordered states [30]. Thus,
leveraging the proximity effect of 2D-TMDs to adjust the
magnetic moments in each sublattice of ferrimagnets presents
a promising approach for controlling ferrimagnetic order.

In this work, we successfully manipulated the interfacial
ferrimagnetic order in WS2/Co74Tb26 bilayers by leveraging
the proximity effect of the 2D-TMDs WS2. Our experimental
results reveal a significant enhancement in the ferrimag-
netic compensation temperature of Co74Tb26 as the count
of WS2 layers increases. A theoretical model based on a
two-sublattice mean-field approximation shows that this sub-
stantial rise in compensation temperature is primarily due to
changes in the Tb and Co magnetic moment, rather than alter-
ations in the exchange interactions, such as JCo-Co and JCo-Tb.
Additionally, first-principles calculations of charge density
differences confirm the enhanced charge transfer between
WS2 and CoTb with increasing WS2 layers, aligning well
with our experimental observations. These findings offer a
promising approach for controlling interfacial ferrimagnetic
order through the proximity effect of 2D TMDs.

II. EXPERIMENTAL DETAILS

High-quality WS2 layers of varying thicknesses were
grown on a Si/SiO2 substrate using chemical vapor deposition
(CVD) [26]. Subsequently, a Co74Tb26 (3 nm)/Cr (3 nm)/Ti
(2 nm) film was sputtered onto the surface of WS2, with the
Cr and Ti capping layers employed to prevent oxidation of the
Co74Tb26. The Co74Tb26 alloy was fabricated by cosputter-
ing, and its composition was precisely tuned by controlling
the relative deposition rates of Co and Tb. The magnetron
sputtering was conducted at a pressure below 5.0 × 10−5 Pa
at room temperature. To measure the anomalous Hall effect
(AHE), the films were patterned into Hall bars with channel
dimensions of 100 µm in length and 10 µm in width, as shown
in Fig. 1(a). We fabricated the Hall bar according to the WS2
position, where the one Hall bar is just to cover WS2, using the
standard lithography and Ar ion etching. The Hall bar devices
of magnetotransport configuration are wire bonded to the sam-
ple holder of CoTb/Cr/Ti. The uniformity of the device was
confirmed by the energy dispersive spectrometer (EDS) tests
using the scanning electron microscope (SEM). Figures 1(c)
and 1(d) show the EDS measurement for Hall bars without
(area 1) and with (area 2) WS2 inserted, respectively. The
atomic ratio (Co:Tb) exhibits 74.06:25.94, and 73.92:26.08
in the area of 1, and 2, respectively, which are both consis-
tent with the atomic proportions of Co74Tb26 experimental
estimations. Transport measurements were performed using
a physical property measurement system (Quantum Design
Inc., San Diego, CA) with a current of 100 µA applied.
First-principles calculations were performed using the Vienna
Ab initio Simulation Package (VASP) [31,32], which resolved
the Kohn-Sham equations and employed projector augmented

FIG. 1. (a) Schematic of the Hall bar device used for AHE elec-
trical measurements, where the dashed triangle line represents the
WS2 by CVD. (b) The Hall resistance of the WS2 (0–3 L)/Co74Tb26

devices by sweeping the out-of-plane field. The inset shows the view
of the WS2/Co74Tb26/Cr/Ti. The EDS measurement of (c) area 1
and (d) area 2 in (a). (e) Raman spectrum for the different WS2 layer
counts. The extracted (f) RAHE

xy and (g) HK with the different WS2

layer counts from (b).

wave (PAW) pseudopotentials. The exchange-correlation po-
tential was treated with the Perdew-Burke-Ernzerhof (PBE)
form within the generalized gradient approximation (GGA).
For structural optimization, the energy convergence threshold
was set to 10−5 eV, and the residual force on each atom was
reduced to less than 0.1 eV/Å. The plane-wave basis set had a
cutoff energy of 400 eV, and the Brillouin zone was sampled
using �-centered Monkhorst-Pack grids of 3 × 3 × 1. The
PBE functional with van der Waals (vdW) correction (vdW-
DF2) was applied [33]. We adopted the DFT+U method to
include effect of strongly correlated electrons [34]. The U
value was set as 6 eV and 4 eV for Tb-4 f and Co-3d , re-
spectively.

III. RESULTS AND DISCUSSION

A. Anomalous Hall effect

Figure 1(e) shows the typical Raman spectrum of WS2, fea-
turing the in-plane vibrational E1

2g mode and the out-of-plane
vibrational A1g mode. The E1

2g mode exhibits minimal depen-
dence on the layer count as the thickness of WS2 increases,
while a blue shift is observed in the A1g mode, attributed to the
lattice stiffening effect from the addition of extra layers [35].
The thickness of WS2 can be determined by examining the
frequency difference (�ω) between the A1g and E1

2g modes.
The �ω values of approximately 66, 68, and 69 cm−1 shown
in Fig. 1(e) correspond to WS2 layer counts of 1, 2, and 3
layers, respectively, consistent with previous studies [26,35].

Figure 1(b) illustrates the Hall resistance (Rxy) of WS2

(0–3 L)/Co74Tb26 as a function of the out-of-plane magnetic
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FIG. 2. AHE electrical measurement under external out-of-plane magnetic field with various temperatures for (a) 0 L, (b) 1 L, (c) 2 L, and
(d) 3 L WS2 inserting under Co74Tb26 film.

field (Hz) at room temperature. The observed Hall hysteresis
loops of Co74Tb26 are similar to those of a ferromagnetic
Co film [26], indicating that the magnetic moments of Co
dominate in the Co74Tb26 film [9,36–39]. The tilt hysteresis
loop, which exhibits almost zero coercivity, suggests that
the Co74Tb26 film has in-plane magnetic anisotropy. The
pronounced sharp increase in Rxy with in-plane gradual re-
alignment under Hz is attributed to the AHE. At magnetic
fields above the saturation field Hz ≈ 1.00 T, the slow in-
crease in Rxy is due to the ordinary Hall effect (OHE).
The out-of-plane anisotropy field (HK) was obtained from
the intersection point of the linear fits for the OHE and
AHE, as shown in Fig. 1(b). This intersection point, repre-
senting HK, indicates the magnetic moment overcomes the
in-plane anisotropy energy (including demagnetization energy
and surface anisotropy energy), and becomes saturated under
out-of-plane magnetic field [40,41]. By subtracting the OHE
contribution, we can determine the AHE resistance (RAHE

xy )
and HK, which are strongly dependent on the count of WS2

layers, as shown in Figs. 1(f) and 1(g), respectively. As
the WS2 layer count increases from 0–3 L, RAHE

xy decreases
monotonically from 0.60–0.20 �, while HK increases from
0.60–1.20 T. Considering the coherent rotation model where
RAHE

xy ∝ MS and HK ∝ 1/MS [42], these observations suggest
that MS of Co74Tb26 can indeed be manipulated by WS2 and
increases with additional WS2 layers, providing evidence for
the proximity effect of WS2 [26,43–45].

To further investigate whether the ferrimagnetic compen-
sation temperature (Tcomp) of Co74Tb26 is influenced by the
proximity effect of WS2, we examined the hysteresis loops of
Rxy over a broad temperature range from 2–300 K. Figure 2
displays the typical Rxy loops near Tcomp for different WS2

layer counts. At 80 K, the hysteresis loops of Co74Tb26 tran-
sition from a tilted shape to a square shape, indicating that the
easy axis of the Co74Tb26 film shifts from in-plane to out-of-
plane. As the temperature further decreases, the perpendicular
switching field increases significantly from 0.05 T at 80 K to
3.32 T at 2 K, while the saturated value of RAHE

xy decreases
gradually from 0.75–0.50 �. These opposing temperature-
dependent behaviors can be attributed to the decrease in MS as

the temperature approaches Tcomp. This observation suggests
that the MS of CoTb might gradually reach zero, and the Tcomp

of Co74Tb26 without WS2 might be below 2 K and even no
compensation point.

However, upon inserting 1 L of WS2 under Co74Tb26, as
shown in Fig. 2(b), we observe a reversal in the polarity of the
RAHE

xy loop below 40 K. This reversal implies that the magnetic
moment of WS2 (1 L)/Co74Tb26 becomes Tb dominated, but
the spin-dependent scattering, indicated by the value of RAHE

xy ,
remains influenced by the Co magnetic moment. This occurs
because the 3d electrons associated with Co moments are
more likely to scatter with itinerant electrons compared to
the 4f electrons of Tb moments, which are farther from the
Fermi level [46]. This result also indicates that the Tcomp of
WS2 (1 L)/Co74Tb26 falls between 20 and 40 K. With further
increases in WS2 layer counts, as shown in Figs. 2(c) and 2(d),
a significant rise in Tcomp is observed. With just 3 L WS2, Tcomp

reaches up to 70 K.
To further elucidate the influence of different WS2 layer

counts on Tcomp, we extracted RAHE
xy and HK as functions of

temperature for WS2 layer counts ranging from 0–3 L, as
shown in Figs. 3(a) and 3(b), respectively. Consistent with
previous reports on compensated ferrimagnet order, HK di-
verges as RAHE

xy approaches zero [13,18]. For the WS2 layer
counts of 1, 2, and 3 L, Tcomp is determined to be approxi-
mately 23 K, 61 K, and 75 K, respectively. Since the insertion
of a few WS2 layers does not significantly alter the strain
[17,18,47] or roughness [11], the substantial enhancement
in Tcomp with the addition of WS2 layers strongly indicates
that the manipulation of ferrimagnetic order arises from the
proximity effect between WS2 and CoTb.

B. Mean-field approximation theory

To reveal and understand the fundamental mechanism be-
hind the WS2 proximity-induced changes in Tcomp, we employ
a two-sublattice mean-field approximation (MFA) theory to
analyze the temperature dependence of magnetization in WS2
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FIG. 3. The extracted (a) RAHE
xy and (b) HK as a function of tem-

perature with the 0–3 L WS2. The dashed lines are for guidance only.

(0–3 L)/Co74Tb26 bilayers [5,13,48]. The effective energy of
molecular field for the two lattices is given by

μCoHMFA
Co = μCoH + (1 − p)zJCo-CoσCo + pzJCo-TbσTb, (1a)

μTbHMFA
Tb = μTbH + pzJTb−TbσTb + (1 − p)zJCo-TbσCo, (1b)

where μCo and μTb are the magnetic moments of the Co
and Tb sublattices, set at 1.72 and 5.39 μB, respectively [5].
HMFA

Co and HMFA
Tb represent the molecular fields acting on the

Co and Tb sublattice spins, respectively. In this model, the
effective energy originates from two primary components:
the Zeeman energy due to the external magnetic field H and
the direct exchange coupling energy. For Co spin polariza-
tion σCo, the exchange coupling energy comprises two terms:
(1 − p)zJCo-CoσCo, which accounts for the exchange coupling
between Co atoms, with the coordination count z = 12, the
concentration of Tb p = 0.26, and the exchange coupling
strength JCo-Co = 18.5 meV; and pzJCo-TbσTb, representing
the exchange coupling between Co and Tb atoms, with JCo-Tb

= −3.35 meV. For Tb spin polarization σTb, the exchange
coupling energy is similarly considered, but the exchange
coefficient JTb−Tb is neglected due to its minimal impact.

To analyze the temperature dependence of sublattice mag-
netization, we solve the self-consistent equations for mCo =
μCoσ Co and mTb = μTbσTb using standard thermodynamic
statistical physics methods. The self-consistent equations are
given by:

σCo = L(ξCo), (2a)

σTb = L(ξTb), (2b)

FIG. 4. The calculated Co74Tb26 magnetization as a function of
temperature, by separately varying (a) μTb, (b) μCo, (c) JCo-Co, and
(d) JCo-Tb by ±10%.

where L(ξ ) = coth(ξ ) − 1/ξ is the Langevin function. ξi =
μiHMFA

i /kBT , where μi is the magnetic moment of Co or
Tb, kB is the Boltzmann constant and T is the temperature.
Therefore, the total magnetization of Co74Tb26 is given by:

mCoTb = pmTb + (1 − p)mCo. (3)

According to the MFA theory, the temperature dependence of
the total magnetization of Co74Tb26 is governed by four key
parameters: μTb, μCo, JCo-Co, and JCo-Tb. To evaluate their con-
tributions to Tcomp, we calculated the temperature-dependent
magnetization of the Co74Tb26 alloy, varying each parameter
by ±10%. As shown in Fig. 4, the variation of Tcomp differs
depending on the parameter that is varied, with the intensity
of the color indicating the magnitude of the variation. The
variation of Tcomp is significant and opposite when varying μTb

[Fig. 4(a)] and μCo [Fig. 4(b)], whereas it is relatively small
when varying JCo-Co [Fig. 4(c)] and JCo−Tb [Fig. 4(d)]. Ac-
cording to our results, the observation that Tcomp of Co74Tb26

varies by approximately 75 K with the insertion of 3 L WS2

suggests that the increasing μTb and decreasing μCo could
play a crucial role. At T = 300 K, such variations in μTb and
μCo also lead to a decrease in mCoTb, which is consistent with
the results presented in Fig. 1(f).

C. First-principles calculations

To further demonstrate the variations of mTb and mCo re-
lated with the proximity effect of WS2, we calculated the
charge density difference and magnetic moment variation
of the WS2 (1–3 L)/CoTb heterostructure. The results of
charge density difference are presented in Figs. 5(a)–5(c),
corresponding to 1–3 L WS2 proximity. To eliminate in-
teraction between periodically adjacent WS2 layers, we use
the thickness of the vacuum exceed 15 Å along the z di-
rection. To construct the WS2/CoTb heterostructure, we
take 3 × 3 WS2 (1–3 L) to match 4 × 4 single layer
CoTb with a minimum mismatch of lattice constants. The
charge density difference (�ρ) is obtained by subtracting the
charges of WS2 and CoTb from those of the heterostructure
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FIG. 5. The side view of the charge density differences for (a) 1 L WS2/CoTb, (b) 2 L WS2/CoTb, and (c) 3 L WS2/CoTb, respectively.
The dependence of (d) mCo, mTb, and (e) mCoTb as a function of WS2 layer counts. (f) The schematic view of heterostructures 3 L WS2/CoTb.
(g) The dependence of mCo and mTb as a function of the distance between WS2 interface layer.

WS2/CoTb as �ρ = ρ(WS2/CoTb) − ρ(WS2 ) − ρ(CoTb), where
ρ(WS2/CoTb), ρ(WS2 ), and ρ(CoTb) are the charge densities of
the heterostructure WS2/CoTb, WS2 and CoTb, respectively.
Figures 5(a)–5(c) show side views of the calculated charge
transfer at the WS2 (1–3 L)/CoTb interface. The red region
represents charge dissipation, and the green region indicates
charge accumulation. As expected, charge transfer occurs at
the WS2/CoTb interface, with redistribution predominantly
localized in the interface region. Notably, electron accumula-
tion and depletion are observed around atoms at the interface,
with the charge density increasing as the layer counts of WS2

increases. Overall, electrons are transferred from the WS2

layer to the CoTb layer, leading to a decrease in the magnetic
moment of Co, while the magnetic moment of Tb initially
decreases and then increases, as shown in Fig. 5(d).

Figure 5(e) shows the dependence of magnetic moment of
Co74Tb26 as the layer counts of WS2, which exhibit a clear
enhancement as the layer counts of WS2 increasing, consistent
with the results presented in Fig. 1(f). This charge transfer,
which reduces the magnetic moment on CoTb and leads to
an increase in Tcomp of CoTb, aligns well with our experi-
mental results. According to the first-principles calculations,
we can notice that the proximity effect mainly occurs at the
WS2/CoTb interface, thus when CoTb is thicker, the prox-
imity effect should be weaker [49]. Figure 5(f) further shows
the magnetic moments of Co and Tb at different distance d
from the WS2/CoTb interface. As we expected, the magnetic
moment of Co is sharply decreased ∼20% and Tb atoms
is slightly decrease ∼10% due to interface proximity effect.
But when d is far beyond 4 Å, the magnetic moments of Co
and Tb atoms gradually stabilize, also confirming its interface
effect, as shown in Fig. 5(g). Then, we will explain why
we could still experimentally observe a significant change in
compensation temperature even if the thickness of CoTb is
reach up 3 nm. This is because we utilized the spin transport
measurement to investigate the compensation temperature
of CoTb. As we known, when charge current is applied,

electrons with opposite spin directions will transversely move
towards the opposite directions and accumulate at the edges.
If the opposite spin numbers are not equal (also called spin-
polarized current), then a net charge accumulation is formed
and manifested itself as a Hall voltage. Such spin-polarized
current is not only filtered by bulk magnetization of CoTb, but
also is caused by the interface scattering due to the interface
net magnetization. Considering a very long spin diffusion
length (10 nm) in compensated ferrimagnets CoTb [7], the
spin-polarized current induced by interface scattering should
be dominant, which can also form a significant AHE voltage
when CoTb is 3 nm.

IV. CONCLUSION

In summary, we demonstrate a method to effectively con-
trol the interfacial ferrimagnetic order and Tcomp of CoTb
through the proximity effect of WS2. By inserting varying
layers of 2D WS2, we achieve a notable enhancement in Tcomp,
with an increase of up to 75 K observed for 3 L WS2. The
temperature dependence of the magnetization, modeled using
MFA simulations, corroborates the observed enhancement in
Tcomp with increasing WS2 layers. First-principles calculations
further support these results by revealing the modulation of
magnetic moments in the CoTb alloy as a function of WS2

layer count. These findings present a viable pathway for tai-
loring material properties in ferrimagnetic-based spintronic
devices.
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