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magnetoresistance in van der Waals ferromagnetic
heterojunctions

Qiaoqiao Wang, †a Jiarui Liu,†a Chao Yang,a Hanzhang Zhao,a Yongyi Wu, a

Feiyan Hou,a Tao Li*a and Tai Min*a,b,c

Magnetic tunnel junctions (MTJs) are the elemental devices for advanced spintronic technologies, where

tunneling magnetoresistance (TMR) serves as one of the key performance metrics. Here, we used the

topologically nontrivial magnetic insulator CrVI6 and magnetic metal Fe3GeTe2 to fabricate CrVI6/

Fe3GeTe2 heterojunctions and Fe3GeTe2/CrVI6/Fe3GeTe2 MTJs. In the heterojunctions, the addition of

CrVI6 led to a 180% coercive field enhancement of Fe3GeTe2 near the Curie temperature (TC) of CrVI6,

which originated from the antiferromagnetic coupling between them. More importantly, a temperature-

dependent TMR sign reversal in the Fe3GeTe2/CrVI6/Fe3GeTe2 MTJ was observed, gradually transforming

from a negative value at low temperature to a positive value above 60 K, close to the TC of CrVI6. The

results demonstrate that the spin-filtering effect with polarity opposite to Fe3GeTe2 in CrVI6 constitutes

the primary mechanism for temperature-dependent TMR sign reversal. Furthermore, under combined

temperature and bias voltage modulation, we observed the coexistence of both positive and negative

TMR. This finding suggests the potential extension of conventional bistate MTJ operation to multi-state

functionality. This research broadens the controllable degrees of freedom in MTJs and advances van der

Waals magnet-based spintronic devices.

Introduction

Magnetic tunnel junctions (MTJs) are the fundamental build-
ing blocks of various spintronic devices,1 which have demon-
strated extensive and pivotal applications across a plethora of
cutting-edge fields, including magnetic random-access mem-
ories, magnetic sensors, spin logics, and neuromorphic com-
puting devices.2–5 Tunneling magnetoresistance (TMR) is one
of the core properties used to evaluate the functionality of
MTJs.6 TMR is defined as (RAP − RP)/RP, where RAP and RP rep-
resent the tunneling resistances for antiparallel and parallel
magnetization alignments of the ferromagnetic electrodes,
respectively. The sign of TMR can be reversed upon alterations
in external conditions such as bias voltage7–11 and

temperature.12–14 Given that this sign-reversal effect can sig-
nificantly expand the controllable parameter space within
MTJs, it has attracted widespread attention and in-depth
research in recent years. In particular, a real-time programma-
ble logic gate device has been constructed using MTJs featur-
ing voltage-controllable and sign-reversible TMR effects,15

which has strengthened the importance of the sign-reversal
TMR effect. Notably, with the continuous emergence of two-
dimensional van der Waals (vdW) magnetic materials in recent
years,16,17 MTJs constructed completely from vdW materials
have been widely studied.18–20 In particular, some bias-depen-
dent sign reversal of TMR in vdW MTJs has been observed and
attributed to the significant contribution of the spin-resolved
density of states in the metallic ferromagnet.21–23 However, the
temperature-dependent sign reversal of TMR has not yet been
reported in vdW MTJ systems, whose performance strongly
depends on the tunneling barrier used in the MTJ.24,25 CrVI6
(CVI) has been theoretically predicted to be a topological ferro-
magnetic insulator26 and has been experimentally observed to
exhibit the topological Kerr effect as well as excellent magnetic
characteristics.27,28 Using this topologically nontrivial mag-
netic insulator as the tunneling barrier in vdW MTJs may offer
unusual tunneling behavior, and its effect on the TMR sign
reversal also remains unclear.
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In this work, we used the topologically nontrivial ferro-
magnetic insulator CVI and the ferromagnetic metal Fe3GeTe2
(FGT) to fabricate CVI/FGT heterojunctions and FGT/CVI/FGT
MTJs. In the CVI/FGT heterojunctions, the addition of CVI
enhanced the coercive field (HC) of FGT by approximately
180% at 60 K, close to the Curie temperature (TC) of CVI. We
attribute this phenomenon to antiferromagnetic (AFM) coup-
ling between CVI and FGT, based on systematic exclusion of
prevalent mechanisms known to change HC in ferromagnetic
heterostructures (spin pinning and charge transfer), combined
with direct experimental evidence of AFM coupling obtained
through low-temperature magneto-optical Kerr effect (MOKE)
measurements. In the FGT/CVI/FGT MTJs, a temperature-
dependent sign reversal of TMR was observed. The TMR gradu-
ally decreased from a maximum value of −13% at 2 K and
reversed to a positive value at approximately 60 K. The sign
reversal temperature is also close to the TC of CVI. We specu-
late that the negative TMR arises from the opposite polarity of
the CVI spin filter and FGT electrodes, where the spin-polar-
ized barrier in CVI suppresses (enhances) carrier transport in
FGT when the CVI and FGT magnetizations are aligned parallel
(antiparallel). Furthermore, we observed bias-dependent TMR
sign reversal, as well as the coexistence of both positive and
negative TMR signals under combined bias voltage and temp-
erature modulation. These findings enrich the understanding
of vdW magnetic device performance by the coupling effect at
the magnetic interface and offer a new candidate for next-gene-
ration spintronic devices.

Results and discussion

CVI/FGT heterojunctions and the FGT/CVI/FGT MTJs were fab-
ricated via a dry-transfer method using mechanically exfoliated
CVI and FGT flakes. The magnetic properties of the CVI
(28.7 nm)/FGT (21 nm) heterojunction were investigated using
standard Hall measurements (Fig. 1a). For comparison, we
also fabricated pure FGT devices of identical thickness to
examine the effect of CVI on the magnetic properties of FGT.
Optical microscopy images of both the CVI/FGT heterojunction
and pure FGT are provided in Fig. S2 in the SI. Different from
the metallic characteristics of FGT, CVI exhibits high resistance
(minimum 400 kΩ at 30 K) and near-insulating characteristics
(see Fig. S4), more than two orders of magnitude higher than
that of FGT (0.5 kΩ at 30 K). Consequently, in the CVI/FGT het-
erojunction, current predominantly flows through FGT, and
the Hall voltage originates from the FGT layer only, while CVI
plays a role in modulating the magnetic properties of FGT.
Temperature-dependent Rxx values of the CVI/FGT heterojunc-
tion (Fig. 1b) and those of pure FGT (see Fig. S5a) demonstrate
metallic behavior at high temperatures (20–300 K) and
undergo a metal–insulator transition at 20 K, consistent with
prior reports on FGT. This suggests a transition from phonon-
scattering-dominated conduction at high temperatures to a
hopping conduction mechanism at low temperatures.29

Additionally, a distinct kink was observed near 150 K in both
the CVI/FGT heterojunction and pure FGT, which is expected
to correspond to the TC of FGT.30 The temperature-dependent

Fig. 1 Transport and Hall measurements of the CVI/FGT heterojunction. (a) Schematic diagram of the CVI (top)/FGT (bottom) heterojunction for
Hall measurements. (b) Temperature-dependent Rxx curve of the CVI/FGT heterojunction. (c) Temperature-dependent anomalous Hall resistance
hysteresis loops of the CVI/FGT heterojunction. (d) Temperature-dependent anomalous Hall resistance hysteresis loops of the CVI/FGT heterojunc-
tion at T ≤ 20 K. The section enclosed by the black dotted square shows a gradual magnetization switching process close to the saturation field.
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anomalous Hall resistance hysteresis loops for the CVI/FGT
heterojunction (Fig. 1c) and pure FGT (see Fig. S5b) exhibit a
non-monotonic temperature dependence of HC. Different from
the square shape of the hysteresis loop, below the metal–insu-
lator transition temperature, the hysteresis loops show a
gradual increase toward saturation fields (enclosed by a black
dashed square, Fig. 1d and S5c in the SI), indicative of multi-
domain formation in FGT during the switching process.31

Temperature-dependent HC curves of the CVI/FGT hetero-
junction and pure FGT (Fig. 2a) were extracted from anoma-
lous Hall resistance hysteresis loops. Both curves show similar
trends, but the heterojunction exhibits significantly enhanced
HC in the temperature range between 15 K and 90 K. Notably,
at 50 K, the HC increases by 70%, from 802 Oe (pure FGT) to
1349 Oe (CVI/FGT). This finding is verified by another CVI
(23.1 nm)/FGT (18 nm) heterojunction, which exhibits a
maximum 180% enhancement of HC at 60 K (see Fig. S6). To
further elucidate the enhancement mechanism of CVI on the
HC of FGT, the temperature-dependent HC curves were divided
into three regions for analysis (Fig. 2a). In region I (T > 90 K),
the HC values of the CVI/FGT heterojunction and pure FGT
exhibit consistency, which aligns with prior observations in
other vdW ferromagnetic heterojunctions.30,32 This tempera-
ture is above the TC of CVI, which only functions as a non-mag-
netic insulator, with negligible impact on the magnetic charac-
teristics of FGT. In region II (15 K < T < 90 K), the HC values of
the CVI/FGT heterojunction exhibit a pronounced enhance-
ment compared to pure FGT. The maximum HC enhancement

occurs at 50 K, close to the TC of the CVI crystal (∼55 K),28

which preliminarily indicates that the ferromagnetism of CVI
plays a pivotal role in modulating the HC of FGT. In region III
(T < 15 K), the nearly overlapping curves of the CVI/FGT hetero-
junction and pure FGT are observed, which suggests a wea-
kened influence of CVI on the magnetism of FGT. This may
arise from the emergence of a multidomain structure in FGT
at low temperatures (Fig. 1d), which weakens its interlayer
coupling with CVI.

To further investigate the mechanism underlying the
enhancement of the HC in FGT mediated by CVI during region
II, analysis was performed on two prevalent mechanisms for
HC modulation in two-dimensional ferromagnetic hetero-
structures: spin pinning and charge transfer.30,32 The spin
pinning mechanism was eliminated from consideration
because pure CVI exhibits lower HC compared to pure FGT in
the 30–50 K temperature range,28 rendering it incapable of
enhancing the HC of FGT through this effect, directly contra-
dicting the experimental observations. Regarding charge trans-
fer, prior work calculated that electron transfer from FGT to
Cr2Ge2Te6 reduces the magnetic anisotropy energy of FGT, con-
sequently diminishing the corresponding HC.

32 Parallel calcu-
lations for the interface between FGT and CVI (see Fig. S7)
revealed similar charge transfer from FGT to CVI, which would
likewise decrease the HC of FGT, again opposing the experi-
mental findings. Furthermore, experimental observations indi-
cate that charge-transfer-induced modulation of coercive fields
are confined to interfacial contact regions.32 To test this, we

Fig. 2 Significant enhancement of HC via antiferromagnetic coupling in the CVI/FGT heterojunction. (a) Temperature-dependent HC curves of the
CVI/FGT heterojunction and pure FGT. (b) Optical microscopy image of the CVI/FGT heterojunction (left) and the magnetic domain structure of the
CVI/FGT heterojunction after zero-field cooling to 50 K (right). (c) Hysteresis loops of the MOKE for regions 1–3 at 50 K. (d) Hysteresis loop compari-
son of the MOKE between region 3 and region 4 at 50 K. (e) Hysteresis loop of the MOKE for region 2 at 50 K with a ±200 Oe field, after magnetiza-
tion using a 3000 Oe field. (f ) Anomalous Hall resistance hysteresis loops of the pure FGT and the CVI/FGT heterojunction at 50 K, with corres-
ponding schematics of the magnetization in each layer. In the diagram, B, HCVI

C , HFGT
C and HAFC represent the external magnetic field, HC of CVI, HC of

FGT, and effective magnetic field from the AFM coupling effect, respectively.
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fabricated a partially CVI (28 nm)-covered FGT (19 nm) hetero-
junction device and measured its temperature-dependent HC.
As shown in Fig. S8 in the SI, both CVI-covered and bare FGT
regions exhibit identical HC behavior. This demonstrates that
modulation of HC in FGT by CVI occurs uniformly across the
entire magnetic domain rather than being confined to the
contact interface, further excluding the charge transfer mecha-
nism. Consequently, the charge transfer mechanism was con-
clusively excluded.

Subsequently, to directly investigate the interaction mecha-
nism between CVI and FGT, we fabricated a partially CVI
(11.2 nm)-covered FGT (30 nm) heterojunction and conducted
low-temperature MOKE measurements, with the optical
microscopy image of the heterostructure presented on the left
side of Fig. 2b. The right side of Fig. 2b displays the magnetic
domain imaging results obtained after zero-field cooling from
room temperature to 50 K, where four distinct regions are
identified: region 1 represents the non-contacted part of the
FGT single domain covered by CVI, region 2 represents the
directly contacted part between the CVI single domain and the
FGT single domain, region 3 represents the non-contacted part
of the CVI single domain that covers FGT, and region 4 rep-
resents the CVI single domain that does not cover FGT.

It can be observed that the CVI single domain that covers
FGT (region 2 and region 3) spontaneously developed mag-
netic contrast opposite to both the FGT single domain covered
by CVI (region 1 and region 2) and the CVI single domain that
does not cover FGT (region 4) in the absence of an applied
magnetic field. Region 2 exhibited magnetic contrast more
similar to region 1 due to the stronger magnetization signal of
FGT at 50 K, which overrode the CVI contribution. This
domain configuration provides two crucial insights: first, the
interaction between FGT and CVI exists beyond the contact
part, which again rules out the charge transfer mechanism;
second, the opposite magnetic domain contrast spontaneously
formed by the contact between FGT and CVI observed under a
zero magnetic field preliminarily proves the existence of anti-
ferromagnetic coupling between them.

Subsequently, hysteresis loop measurements using the
MOKE on regions 1–4 at 50 K were performed. Fig. 2c displays
the results for regions 1–3, revealing two key findings: first, at
50 K, CVI exhibits smaller HC than that of FGT, verifying the
process for exclusion of the spin pinning effect in the previous
discussion; second, region 2 (FGT + CVI) shows two indepen-
dent square hysteresis loops, whose HC values match those of
region 1 (FGT) and region 3 (CVI), respectively. The presence of
two independent square loops in region 2 further rules out the
spin-pinning mechanism, while the identical coercive fields
between the contact and non-contact regions again exclude the
charge transfer mechanism. Fig. 2d compares the hysteresis
loops of regions 3 and 4, demonstrating that the CVI single
domain that covers FGT (region 3) has reduced HC compared
to the CVI single domain that does not cover FGT (region 4).
Therefore, at 50 K, CVI with a smaller HC than that of FGT
causes an increase in the HC of FGT while reducing its own HC.
This, in the case of excluding charge transfer, further implies

the existence of antiferromagnetic coupling between the two.
Specifically, we applied a 3000 Oe field to saturate magnetiza-
tion of FGT in the positive direction, then measured the hyster-
esis loop of region 2 (FGT + CVI) under a 200 Oe field (Fig. 2e).
With magnetization of FGT fixed, only the hysteresis loop of
CVI was observed, which exhibits a distinct positive exchange
bias field (a positive exchange bias field of 13 Oe exists at a
coercive field of 30 Oe). This indicates that after fixing the
positive-direction magnetization of FGT, CVI more readily
forms a negative-direction magnetic moment, while forming a
positive-direction magnetic moment is more difficult,
suggesting that CVI and FGT tend to form an antiferro-
magnetic arrangement. This further confirms the antiferro-
magnetic coupling between CVI and FGT.

Finally, the enhancement effect of antiferromagnetic coup-
ling in the CVI/FGT heterojunction on the HC of FGT was
demonstrated in detail using a model. Fig. 2f presents the
anomalous Hall resistance hysteresis loops for both the CVI/
FGT heterojunction and pure FGT at 50 K, with corresponding
schematics of the magnetization in each layer. For pure FGT,
when the external magnetic field gradually sweeps from the
negative saturation to the positive saturation along the blue
dotted line, the magnetic moment reverses only when the
external magnetic field is greater than the HC of FGT. For the
CVI/FGT heterojunction, since the HC of CVI is smaller than
that of FGT at 50 K, as the magnetic field gradually increases
from negative to positive along the red dotted line, the mag-
netic moment of CVI switches first. Meanwhile, the antiferro-
magnetic coupling reduces the HC of CVI. The magnetic
moments of CVI and FGT switch from a parallel to an antipar-
allel alignment. Then, due to AFM coupling between FGT and
CVI, FGT is influenced by both the external magnetic field and
the AFM coupling effect from CVI, which is antiparallel to the
external field direction. The magnetic moment of the FGT
layer can only be reversed when the external magnetic field
overcomes the additional AFM coupling energy from CVI. This
leads to the HC enhancement in the CVI/FGT heterojunction in
region II of Fig. 2a. In conclusion, the combined experimental
and modeling analyses demonstrate that the enhancement of
the HC in FGT induced by CVI originates from antiferro-
magnetic coupling between the two materials. Moreover, it can
be found that, in region II, the enhancement effect of CVI on
the coercivity of FGT gradually weakens as the temperature
decreases further. This behavior likely originates from temp-
erature-dependent transitions in interlayer magnetic coupling
states, a phenomenon previously documented in multilayer
systems.33,34 For example, in GaMnAsP-based trilayer struc-
tures, a transition from antiferromagnetic coupling to ferro-
magnetic coupling has been observed as the temperature
drops.33

Beyond the FGT/CVI heterojunctions, we also investigated
the tunneling properties of the FGT (36 nm)/CVI (2.8 nm)/FGT
(5 nm) MTJ using standard two-terminal constant voltage
measurements (Fig. 3a). Temperature-dependent tunneling re-
sistance (Rtunnel) measurements (Fig. 3b) exhibit an overall
increasing trend as the temperature decreases. The tunneling
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resistance gradient (inset of Fig. 3b) shows two distinct
minima near 150 K and 60 K, which correspond to the TC of
FGT and CVI, respectively. Meanwhile, the current–voltage (I–
V) curve of the FGT/CVI/FGT MTJ at 2 K (see Fig. S9) also
demonstrated a nonlinear tunnelling behavior. The TMR be-
havior of the FGT/CVI/FGT MTJ was characterized by sweeping
an external magnetic field along the out-of-plane direction.
Typically, when the ferromagnetic electrodes are arranged in
antiparallel (parallel) magnetization, the MTJ exhibits high
(low) resistance, yielding positive TMR. This is jointly deter-
mined by the energy bands of ferromagnetic materials and the
electron tunneling characteristics, which can be described by
the Julliere model.35 Unexpectedly, the temperature-dependent
TMR curves of the FGT/CVI/FGT MTJ (Fig. 3c) exhibit negative
TMR at low temperatures (2 K–50 K) and positive TMR at high
temperatures (60 K–100 K), which demonstrates a temperature-
dependent sign reversal of TMR. Fig. 3d displays the tempera-
ture-dependent TMR curves of the MTJ between 40 K and 80 K
on an expanded scale, where the TMR signal vanishes at 60 K,
which is the critical temperature of the sign reversal that is
close to the TC of CVI observed in Fig. 3b and its reported TC
value (∼55 K) in the literature.28 Fig. 3e illustrates the tempera-
ture evolution of the TMR peak value in the MTJ. The peak
value of TMR reaches −13% at 2 K, comparable to the reported
negative TMR values of other vdW MTJ systems,32,36,37 and
then undergoes a sign reversal to +1% as the temperature rises
to 100 K, with the temperature of the sign reversal occurring

near 60 K. This temperature-dependent TMR behavior provides
compelling evidence that the magnetic ordering of CVI dic-
tates the spin transport characteristics in the FGT/CVI/FGT
MTJ. Similarly, this finding is verified by another FGT (33 nm)/
CVI (1.4 nm)/FGT (18 nm) MTJ, which exhibits a temperature-
dependent TMR sign reversal near 60 K, close to the TC of CVI,
with the TMR peak gradually changing from −7% at 4 K to
+0.5% at 80 K (see Fig. S10).

To elucidate the role of the magnetism of CVI in the temp-
erature-dependent TMR sign reversal, we systematically ana-
lyzed both the switching process of Rtunnel and the corres-
ponding magnetization switching sequence of magnetic layers
in the FGT/CVI/FGT MTJ. Fig. 4a shows the magnetic field-
dependent Rtunnel curve of the FGT/CVI/FGT MTJ at 6 K. When
the magnetic field sweeps from −0.5 T to 0.5 T (Fig. 4a, the red
curve), the Rtunnel initially remains constant in a saturated
state. Upon reaching HC1, Rtunnel abruptly drops, followed by
an increase, forming a valley. Upon reaching HC2, Rtunnel exhi-
bits a slow increase and forms a quasi-plateau. Finally, upon
reaching HC3, the Rtunnel increases again and stabilizes into
saturation, maintaining a field-independent behavior.
Considering the trilayer magnetic structure of the FGT/CVI/
FGT MTJ, the HC1, HC2, and HC3 should correspond to the
coercive fields of the three magnetic layers. It is worth noting
that HC1 in another FGT/CVI/FGT MTJ appears before field
reversal, demonstrating negative coercivity behavior (see
Fig. S10f). Given that negative coercive fields are characteristic

Fig. 3 Temperature-dependent TMR sign reversal of the FGT/CVI/FGT MTJ. (a) Schematic diagram of the FGT/CVI/FGT MTJ and tunneling
measurement apparatus. The thick FGT is stacked on top of the CVI, and the thin FGT is below the CVI layer. (b) Temperature-dependent Rtunnel

curve of the FGT/CVI/FGT MTJ. The inset shows the derivative of the temperature-dependent Rtunnel curve, where a minimum is observed near both
60 K and 150 K, labeled by the black dotted line. (c) Temperature-dependent TMR curves of the CVI/FGT/FGT MTJ at a bias voltage of 10 mV. (d)
Temperature-dependent TMR curves of the FGT/CVI/FGT MTJ at the temperature range of 40–80 K. (e) Temperature dependence of the TMR peak
value in the FGT/CVI/FGT MTJ.
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of AFM-coupled multilayer systems,38,39 and no AFM coupling
has been reported in FGT/FGT homojunctions,40,41 the
observed negative coercive field in our system provides
additional indirect evidence of antiferromagnetic coupling
between CVI and FGT. Correspondingly, the magnetization
switching sequence in the FGT/CVI/FGT MTJ starts from satur-
ation at −0.5 T. As the field increases, the CVI layer should
switch first as it is simultaneously influenced by AFM coupling
from both the upper and lower FGT layers, where HC1 corres-
ponds to the coercive field of CVI. As the field continues to
increase, considering the thickness-dependent coercivity of
FGT,42 the thick FGT layer switches following CVI, and the thin
FGT layer switches the last. Thus, HC2 and HC3 should corres-
pond to the coercive fields of the thick and thin FGT layers,
respectively. The blue curve illustrates the switching process of
Rtunnel as the field sweeps from 0.5 T to −0.5 T, exhibiting a be-
havior analogous to that of the red curve.

The sign reversal of TMR in the MTJ can be caused by mul-
tiple physical mechanisms, such as resonant tunneling,43

interaction between tunnel electrons and magnetic impurities
in the tunnel barrier,14 asymmetry in electron scattering
coefficients between adjacent magnetic layers,44 bias voltage-
induced high-energy localized spin states,21 interplay between

the anisotropic density of states and magnetization reversal,45

and spin filtering effects.46 Among these mechanisms, the
spin filtering effect is usually employed in the MTJs with mag-
netic insulating barriers to explain the influence of magnetic
insulating layers on the magnitude as well as the sign of
TMR.46–52 Significant spin-filtering effects have been demon-
strated experimentally and computationally in vdW
systems.24,25,53,54 We expect that the spin-filtering effect in the
CVI layer likely governs the TMR sign reversal in the FGT/CVI/
FGT MTJ. Here, we take a section of the magnetic field-depen-
dent Rtunnel curve with the magnetic field changing from
−0.15 T to 0.5 T at 6 K as an example (Fig. 4b, red curve) to
analyze the cause of the occurrence of negative TMR.
According to the switching process of the Rtunnel accompany-
ing the magnetization switching process, the magnetic field-
dependent Rtunnel curve can be divided into four stages.
Initially, Rtunnel exhibits a high resistance state, corresponding
to aligned magnetic moments of the three magnetic layers
along the −z direction under the saturation field (stage I).
Then, the Rtunnel decreases and exhibits a low resistance state,
corresponding to the magnetic moment of the CVI layer
switching to the +z direction and is arranged antiparallel with
the magnetic moments of the upper and lower FGT layers sim-

Fig. 4 Magnetization switching sequence and the TMR sign reversal scheme in the FGT/CVI/FGT MTJ. (a) Magnetic field-dependent Rtunnel curve of
the FGT/CVI/FGT MTJ at 6 K. The red curve represents the process of the magnetic field sweeping from −0.5 T to 0.5 T, and the blue curve rep-
resents the reversed sweeping process. The corresponding coercive fields, HC1, HC2, and HC3, are labeled by vertical red dashed lines. (b) The mag-
netic field-dependent Rtunnel curve in the FGT/CVI/FGT MTJ with the magnetic field changing from −0.15 T to 0.5 T at 6 K shows the magnetic
configurations of the four stages and their corresponding tunneling mechanism. The red arrow represents spin-up, and the blue arrow represents
spin-down, while the size of the arrow represents the majority carriers (large) and minority carriers (small). (c) TMR curve of the CVI/FGT/FGT MTJ at
2 K and 100 mV bias.
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ultaneously (stage II), resulting in a negative TMR. This indi-
cates that the antiparallel alignment of CVI and FGT magnetic
moments in FGT/CVI/FGT MTJ corresponds to a larger tunnel-
ing probability. The spin filtering effect can enhance tunnel-
ing probability at the antiparallel alignment between the mag-
netic insulating layer and the ferromagnetic electrode by the
spin-resolved barrier. The opposite spin polarization between
the magnetic insulating layer and the ferromagnetic electrode
lowers the barrier for the majority of spins when the magnetic
insulating layer and the ferromagnetic electrode are in an
antiparallel alignment, increasing tunneling probability. For
example, the negative TMR, determined by the opposite
polarity of the magnetic insulating layer and the ferro-
magnetic electrode, has been observed in some
systems.46,52,55 Therefore, in our case, we expect that when the
magnetic moments of CVI and FGT are parallel (antiparallel),
CVI provides a high (low) tunneling barrier for the majority of
spin carriers of FGT. Fig. 4b (top panel) schematically illus-
trates the corresponding tunneling mechanism for each stage.
When the three magnetic layers are aligned parallel to the −z
direction (stage I), the majority spin-down carriers tunnel
through a relatively high spin-down barrier into the majority
spin-down band. The tunneling probability is low and has a
high resistance state. When the three magnetic layers are
arranged in an anti-parallel manner (stage II), the majority
spin-down carriers tunnel through a relatively low spin-down
barrier into the majority spin-down band. The tunneling prob-
ability increases, and the Rtunnel of the device decreases. Then,
when the magnetic field is further increased toward 0.5 T, the
magnetic moment of the thick FGT layer switches to the +z
direction, becoming parallel to the magnetic moment of the
CVI layer, while the magnetic moment of the thin FGT layer
remains unchanged (stage III). At this time, the majority spin-
down carriers tunnel through a relatively low spin-down
barrier into the minority spin-down band. The antiparallel
configuration between the two FGTs reduces the tunneling
probability, resulting in increased resistance. Finally, when
the magnetic field reaches saturation along the +z direction,
the magnetic moment of the thin FGT layer switches to the +z
direction, leading to magnetic moments of three magnetic
layers align along the +z direction (stage IV). At this time, the
majority spin-up carriers face a high barrier, analogous to
stage I, restoring the high-resistance state through an equi-
valent spin-filtering effect. As a result, the FGT/CVI/FGT MTJ
exhibits negative TMR below the TC of CVI. When the temp-
erature rises above the TC of CVI, the magnetism of the CVI
layer disappears, and it only serves as an ordinary insulating
layer. At this time, the device resumes the positive TMR
corresponding to the Jullière model.35 This explains the CVI-
mediated TMR sign reversal observed in the FGT/CVI/FGT
MTJs. It is worth noting that, in stage III in Fig. 4b, when the
tunneling probability reduction induced by an antiparallel
FGT alignment outweighs the tunneling probability enhance-
ment from CVI spin filtering, the system can exhibit higher re-
sistance than the initial state, leading to coexisting positive
and negative TMR signals. The predicted coexistence of posi-

tive and negative TMR signals was experimentally observed in
the 2 K, 100 mV TMR curve (Fig. 4(c)), with similar coexistence
phenomena detected in the 10 K, 10 mV and 15 K, 10 mV
TMR measurements, thereby further validating the accuracy
of the constructed model. The coexistence of positive and
negative TMR demonstrates that our designed FGT/CVI/FGT
MTJ device not only achieves temperature-controlled TMR
sign switching but also advances conventional two-state MTJ
operation to potential three-state controllability, bearing pro-
found implications for future theoretical and experimental
research on MTJs.

Subsequently, to explain the negative TMR, we adopted a
modified Jullière model for MTJs with a ferromagnetic
insulating spacer layer exhibiting spin-filtering effects. In this
framework, the spin polarizations of the two ferromagnetic
electrodes are denoted as P1 and P3, while the spin-filtering
efficiency of the ferromagnetic insulating layer is incorporated
into the Jullière model as PSF.

56 In our modeling, we define the
parallel state as the configuration where all three magnetic
layers are aligned in parallel, while the antiparallel state corres-
ponds to the configuration where the three magnetic layers
exhibit mutual antiparallel alignment. It can be obtained as
follows:

GP / ð1þ P1Þð1þ PSFÞð1þ P3Þ þ ð1� P1Þð1� PSFÞð1� P3Þ; ð1Þ

GAP / ð1þ P1Þð1� PSFÞð1þ P3Þ þ ð1� P1Þð1þ PSFÞð1� P3Þ ð2Þ
Then combining equations:

TMR ¼ RAP � RP

RP
; ð3Þ

RAP ¼ 1
GAP

; Rp ¼ 1
Gp

; ð4Þ

we finally obtain:

TMR ¼ 2PSFðP1 þ P3Þ
1� PSFðP1 þ P3Þ þ P1P3

: ð5Þ

The derived formula demonstrates that when CVI possesses
spin-filtering polarity opposite to the ferromagnetic electrodes
(i.e., PSF < 0 while P1 > 0 and P3 > 0), the numerator of the
expression is necessarily negative, whereas the denominator
remains strictly positive. This condition inherently leads to a
negative TMR value, which shows remarkable consistency with
our experimental measurements.

When considering the antiparallel configuration where the
ferromagnetic insulating layer is aligned parallel to one ferro-
magnetic electrode and antiparallel to the other, corres-
ponding to stage III in Fig. 4b, the derived TMR expression
takes the form:

TMR ¼ 2P3ðP1 þ PSFÞ
1� P1PSF � P1P3 � PSFP3

: ð6Þ

The formula results indicate that when PSF < 0, P1 > 0, and
P3 > 0, TMR can potentially exhibit either positive or negative
values. The negative TMR cases show perfect agreement with
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the results presented in Fig. 4b, whereas the positive TMR
scenarios correspond to the coexisting positive and negative
TMR phenomena observed in Fig. 4c. This comprehensive
alignment between our theoretical predictions and experi-
mental observations demonstrates strong reliability and
robustly validates our proposed spin-filtering model.

Finally, bias-dependent TMR measurements were systemati-
cally performed on the FGT/CVI/FGT MTJ. First, the measure-
ments at an increased bias of 200 mV (Fig. 5a and b) demon-
strated that the device exhibited positive TMR throughout the
2–100 K temperature range, and the TMR value reached a
minimum at 50 K, near the TC of CVI, confirming that the
influence of CVI remains significant even under higher bias
conditions.

To directly observe the bias voltage dependence on the TMR
sign, we conducted measurements at 2 K across varying bias vol-
tages (Fig. 5c and d), which clearly showed TMR sign reversal
from negative to positive with increasing bias. For deeper under-
standing of the origins of both bias voltage and magnetism of
CVI on the TMR sign, we performed comprehensive I–V curve
measurements under high and low resistance states at various
temperatures and calculated the bias-dependent TMR at a temp-
erature range of 2–80 K (Fig. 5e). These results enabled the con-
struction of a detailed TMR contour plot as a function of both
temperature and bias voltage (Fig. 5f).

The contour analysis reveals two distinct regimes: at low
biases, TMR sign reversal occurs near the TC of CVI (marked

by the black dashed line), demonstrating the crucial role of the
magnetic transition of CVI in driving temperature-dependent
TMR sign reversal.

This supports our conclusion that the disappearance of the
spin-filtering effect of CVI during its transition from ferro-
magnetic to an ordinary insulator causes the TMR sign rever-
sal. Furthermore, our results reveal that below the TC of CVI,
bias-voltage-induced TMR sign reversal occurs, with the critical
reversal voltage progressively increasing at higher temperatures
(marked by the green dashed line). This bias-dependent TMR
sign reversal phenomenon, extensively documented in previous
studies, originates from localized states within the ferromagnetic
electrodes.21,23,36,37,57 Higher bias voltages enable greater partici-
pation of localized electrons in transport processes, thereby alter-
ing the effective spin polarization of both ferromagnetic electro-
des. When the bias-induced polarization difference between elec-
trodes outweighs the spin-filtering effect of CVI on TMR, bias-
controlled sign reversal emerges. The temperature-dependent
increase in critical reversal voltage likely reflects the need for
stronger biases to overcome enhanced thermal disturbances to
electron transport at elevated temperatures. Moreover, in Fig. 5f,
two orange data points explicitly mark the experimentally
observed positions with the coexistence of positive and negative
TMR, based on which we deduce that the area enclosed by
dashed lines represents the parameter space for potential TMR
sign coexistence. This discovery opens new possibilities for
designing multifunctional MTJ devices.

Fig. 5 Bias- and temperature-controlled TMR sign reversal of the FGT/CVI/FGT MTJ. (a) Temperature-dependent TMR curves of the CVI/FGT/FGT
MTJ at a bias voltage of 200 mV. (b) Temperature dependence of the TMR peak value of the CVI/FGT/FGT MTJ at a bias voltage of 200 mV. (c) Bias-
dependent TMR curves of the CVI/FGT/FGT MTJ at 2 K. (d) Bias dependence of the TMR peak value for the CVI/FGT/FGT MTJ at 2 K. (e) Bias-depen-
dent TMR values of the FGT/CVI/FGT MTJ at different temperatures. (f ) Contour plot of TMR as a function of temperature and bias voltage for the
CVI/FGT/FGT MTJ.
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Finally, it must be emphasized that both the theoretically
predicted topological insulating properties of CVI and experi-
mentally observed skyrmion configurations of CVI may exert
significant influence on TMR characteristics. As is known,
topological insulators possess insulating bulk states and topo-
logically protected conductive surface states. Theoretical
studies58–60 have established that due to spin-momentum
locking, unpolarized current passing through the topological
surface states can generate net spin polarization. This spin-
momentum locking has been detected via spin-resolved
photoemission61–63 and polarized optical spectroscopic tech-
niques,64 and the generation of spin-polarized currents in
topological insulators has also been demonstrated in numer-
ous transport experiments.65,66 Thus, when CVI acts as a tun-
neling barrier, its potential topological boundary states can
further regulate the spin-selective effect on electrons, thereby
enhancing or suppressing TMR, or even reversing its sign.

In a recent study, Zadorozhnyi et al. theoretically demon-
strated that spin filtering due to the skyrmion scattering can
be more efficient by several orders of magnitude within certain
electron concentration ranges than that of the ordinary ferro-
magnetic spin polarization.67 Consequently, skyrmions
present in CVI could further modulate spin selectivity, thereby
influencing TMR performance. Furthermore, through a litera-
ture review, in MTJs with skyrmions, the TMR results usually
do not display the double-plateau behavior of conventional
MTJs but instead exhibit a continuously varying tunneling
magnetoresistance process modulated by the size and density
of skyrmions.68–73 In our measurements of two FGT/CVI/FGT
MTJs, we observed non-standard plateau regions with continu-
ously varying tunneling magnetoresistance, as shown in stage
II of Fig. 4b, suggesting the presence of non-negligible sky-
rmions in CVI.

In summary, our results demonstrate that while the TMR
sign reversal in FGT/CVI/FGT MTJs is primarily governed by
spin filtering in CVI, additional contributions from topological
surface states and skyrmionic configurations may coexist.
These potential secondary mechanisms warrant systematic
investigation in future studies.

Conclusion

In conclusion, leveraging the topologically nontrivial ferro-
magnetic insulator CVI and the ferromagnetic metal FGT, we
successfully fabricated CVI/FGT heterojunctions and FGT/CVI/
FGT MTJs. Through Hall measurements conducted on the
CVI/FGT heterojunctions, the incorporation of CVI resulted in
a significant enhancement of the HC of FGT. Specifically, at
60 K, which is close to the TC of CVI, HC is enhanced by 180%.
This intriguing phenomenon is attributed to the AFM coupling
that occurs between CVI and FGT. Subsequently, temperature-
dependent sign reversal of TMR was observed through con-
stant voltage tunneling measurements performed on the FGT/
CVI/FGT MTJs. The TMR exhibited a negative value at lower
temperatures, but as the temperature rose above 60 K, close to

the TC of CVI, the TMR transitioned to a positive value. The
underlying mechanism for this sign reversal is believed to be
the spin-filtering effect of CVI, which has an opposite polarity
to the polarity of FGT. This discovery provides important
experimental and theoretical foundations for future MTJ devel-
opment by suggesting that the temperature of TMR sign rever-
sal can be engineered through various approaches including
the modulation of the TC of CVI (via strain, gating, or other
external stimuli) or the selection of magnetic insulator spacers
with different TC, potentially enabling room-temperature oper-
ation of this effect. Furthermore, we observed bias-dependent
TMR sign reversal, as well as the coexistence of both positive
and negative TMR signals under combined voltage and temp-
erature modulation. This discovery suggests the potential for
advancing conventional two-state MTJ operation to three-state
functionality. This work significantly expands the design
freedom for next-generation spintronic devices utilizing
tunable TMR characteristics, paving the way for more efficient
and versatile spintronic devices in the future.

Experimental methods
Crystal growth

CVI crystals were prepared via the chemical vapor transport
(CVT) method. Cr powder (Alfa, 99.99%), V powder (Aladdin,
99.5%), and I beads (Aldrich, 99.999%) were vacuum-sealed (5
× 10−3 Pa) in an ampoule at an atomic ratio of 1 : 1 : 6.
Subsequently, the temperature of the raw material end was set
at 650 °C, while the crystal growth region at the other end was
set at 550 °C. The growth process lasted for 8 days, followed by
natural cooling. A large quantity of CVI crystals, each with a
size of approximately 5 mm × 5 mm, were obtained in the
crystal growth area.

Chemical composition characterization

The composition of the CVI crystals was characterized by field
emission scanning electron microscopy (FE-SEM, JSM-7000F)
and energy dispersive X-ray (EDX) analysis. A 15 kV accelera-
tion potential was applied to the SEM. To determine the
crystal composition, EDX analysis was performed on surface
scans covering an area of 250 μm × 250 μm.

Device fabrication

The Ti (∼3 nm)/Au (∼7 nm) bottom electrodes were success-
fully pre-patterned via the standard ultraviolet lithography
process. Subsequently, in a nitrogen-filled glove box, the FGT
and CVI flakes were obtained through the mechanical exfolia-
tion method. The optical microscopy (OM)-based method and
atomic force microscopy were simultaneously used to deter-
mine the thickness of the FGT and CVI flakes (see Fig. S3).
Then, the FGT and CVI flakes were transferred layer by layer
onto the bottom electrodes via a transfer platform. The exfo-
liated flakes were stacked at random angles, thereby excluding
the potential influence of the moiré superlattice. Due to
material sensitivity, the devices were encapsulated with boron
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nitride (hBN) and the sealant (ELC-2500), (for the sealing per-
formance of ELC-2500 on CVI see Fig. S11) followed by 120 °C
annealing (10 min) to improve interfacial contact.

Magnetic transport measurements

All magnetic transport measurements were performed using
the Physical Property Measurement System (PPMS-9T,
Quantum Design). For CVI/FGT heterojunctions, we conducted
transport and Hall measurements using the Resistivity Option
with a constant current of 1 μA. For FGT/CVI/FGT MTJs, mag-
netic tunneling transport was characterized using the
Electrical Transport Option with an applied voltage of
10–200 mV.

MOKE measurements

The Kerr signal was characterized using a MOKE measurement
system (KMP-L, Truth Instruments). The MOKE measurements
were performed using a normally incident HeNe laser beam
(λ = 633 nm) with linear polarization and a focused spot dia-
meter of approximately 5 μm. During the measurements, the
magnetic field was consistently applied perpendicular to the
in-plane direction of the device.
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