Large Tunneling Magnetoresistance in non-volatile 2D Hybrid Spin Filters
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Ferromagnetic semiconductors offer an efficient way to achieve high spin polarization via spin
filtering effect. Large tunneling magnetoresistance (TMR) can then be realized when multiple spin
filters are put in series, as recently demonstrated in van der Waals 2D A-type antiferromagnets
such as Crlz and CrSBr. However, the interlayer antiferromagnetic ground state of these magnets
inherently results in a high resistance state at zero field, this volatile behavior limits potential
applications. Here we fabricate hybrid spin filters using 2D ferromagnetic metal Fe3GeTes and
semiconductor CrBrs, which are non-volatile as two magnets are magnetically decoupled. We achieve
large TMR of around 100%, with its temperature dependence well fitted by the extended Julliére
model. Additionally, the devices allow spin injection tuned through bias voltage and TMR polarity
reversals are observed. Our work opens a new route to develop 2D magnetic semiconductor based

spintronics.

Spintronic devices are increasingly pivotal in modern
information technologies due to their non-volatile nature
and low power consumption. The tunneling magnetore-
sistance (TMR) effect, which produces distinct resistance
states representing 0 and 1 in digital world, is the ba-
sis for the operation of spintronic devices [1-3]. Highly
spin-polarized current is paramount to achieve substan-
tial TMR, which is conventionally generated from fer-
romagnetic metals with spin-polarized density of states
(DOS) as in magnetic tunnel junctions [1, 3, 4]. It can
also be achieved through spin filters composed of fer-
romagnetic semiconductors [5], whose spin-split bands
result in different tunneling barrier heights for spin-up
and spin-down electrons. Although pioneering studies
have explored spin filters in systems like europium chalco-
genides [6, 7|, manganites [8-10|, ferrites [11-13], the
TMR data quality has not matched that of conventional
magnetic tunnel junctions, mainly due to the lack of high
quality magnetic semiconductors and heterostructure in-
terfaces in ultra-thin devices.

The emergence of van der Waals (vdW) 2D magnets
[14, 15] offers an exciting platform for utilizing spin fil-
tering effects, as these 2D materials maintain high qual-
ity even in monolayer form and easily form heterostruc-
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tures with atomically sharp interfaces. Previous investi-
gations of vdW 2D A-type antiferromagnetic semicon-
ductors such as Crl3 [16-19], CrCl; [20-22], CrPS,
[23] and CrSBr [24] have demonstrated very large TMR
through spin filtering effects. These 2D antiferromagnets
serve as multiple spin filters that are naturally in series
and large TMR is produced when interlayer magnetic
coupling is modified by the magnetic field. However,
the antiferromagnetic ground state inherently results in
a high resistance state at zero field, that is, a volatile
behavior.

We propose a solution to this challenge by realizing
2D hybrid spin filters with one vdW ferromagnetic semi-
conductor as tunneling barrier, one vdW ferromagnetic
metal and one normal metal as electrodes. It utilizes both
the spin filtering effect of the ferromagnetic semicon-
ductor and the spin-polarized DOS of the ferromagnetic
metal to achieve large TMR. We consider the spin polar-
ization of ferromagnetic metal to be positive, as shown
in Fig. 1(a). When magnetizations of the ferromag-
netic metal and semiconductor are in the parallel config-
uration, the majority-spin electrons of the ferromagnetic
metal can tunnel through the lower barrier formed by the
majority-spin electrons of ferromagnetic semiconductor,
leading to a low resistance. Conversely, in the antiparallel
configuration, a higher tunneling barrier for the major-
ity-spin electrons of the ferromagnetic metal leads to a
high resistance. Most importantly, the device operates in
a non-volatile manner as the ferromagnetic metal and fer-
romagnetic semiconductor are magnetically decoupled,
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FIG. 1. Basic characteristics of 2D Hybrid Spin Filter of FegGeTez/hBN/CrBrs/graphene. (a) Spin dependent
tunneling in hybrid spin filter, composed of ferromagnetic metal (FM), ferromagnetic semiconductor (FS) and normal metal
(NM). When the magnetizations of FM and FS are in the parallel configuration (the left image), the device is in the low
resistance state as the majority-spin electrons of FM tunnel through the lower barrier of FS. The device will be moved into
the high resistance state when the magnetizations of two magnets are in the antiparallel configuration. (b) IV curve of
FesGeTes /hBN/CrBrs/Graphene, whose optical image is shown in the inset with white scale bar of 5 pm. From optical
contrast, CrBrs is around 3-layer , FGT is around 15-layer in thickness and the isolating hBN between them is around 4-layer.
The measurement is done at 2 K and the graphene electrode is grounded. (c¢) Temperature dependence of tunneling resistance
with zero field and 0.01 T field cooling process, measured with bias voltage of -0.66 V. Field of 0.01 T is used to ensure the
device is in the parallel configuration, the dashed line of 27 K indicates the critical temperature of CrBrs flake. The inset

shows the schematic image of the device.

which can be further ensured by inserting a thin insula-
tor between two magnets. The functionality of the hybrid
spin filter can be further enriched by employing an A-type
antiferromagnetic semiconductor as a tunneling barrier,
as more than two resistance states can be obtained. In
this work, we report the realization of a 2D hybrid spin
filter comprising FezGeTey/hBN/CrBrs/Graphene het-
erostructures. We achieve large TMR in this non-volatile
device, then demonstrated the ability to tune TMR and
even reverse its polarity via bias voltage.

Here we use Fe;GeTey (FGT) as the vdW 2D ferro-
magnetic metal electrode, whose Curie temperature is
around 220 K in bulk and lower in atomically thin lay-
ers [25, 26]. It has been used to realize high-quality
2D magnetic tunnel junctions and demonstrate large spin
polarization [27-30]. We use vdW ferromagnetic semi-
conductor CrBr3 as the tunneling barrier. The Curie
temperature of bulk CrBrj is around 32 K and decreases
as the thickness decreases [31-33]. The spin-split band of
CrBrj is theoretically expected [34, 35] and has been ver-
ified in recent electronic transport measurements [33, 36].
Its spin splitting energy is found to be proportional to its
magnetization [36]. Stacking faults in CrBrs flakes will
result in local interlayer coupling to be antiferromagnetic
in that part [37-39]. We use multilayer graphene as the
normal metal electrode in 2D hybrid spin filters, and in-
sert atomically thin hBN between FGT and CrBrs to
ensure that they are magnetically decoupled. Thus, the
entire device is assembled with purely vdW 2D materi-
als, securing high-quality interfaces which are crucial for
achieving large TMR. As FGT and CrBrs are sensitive
to air, the flake exfoliations and vdW heterostructure
assembly were carried out in a nitrogen-filled glove box.

The insets of Fig. 1(b) and Fig. 1(c) show the optical and
schematic images of the hybrid spin filter, respectively.
In the following, we present data from a representative
device, with similar data from another device included in
Supplementary Material [40].

Fig. 1(b) shows the current versus voltage (IV) of
FGT/hBN/CrBrs/Graphene measured at 2 K, with the
graphene electrode grounded. The IV is non-linear and
non-symmetric with respect to zero voltage, as expected
for an asymmetric tunnel junction. Fig. 1(c) shows the
temperature dependence of the tunneling resistance (RT
curve) measured with -0.66 V. The blue line represents
the measurement with zero field cooling, with a clear
feature observed at around 27 K, indicating the critical
temperature of our CrBrs flake (around 3-layer). The or-
ange line represents the measurement with a 0.01 T field
cooling, setting the preferred magnetization direction of
FGT and CrBrjs so that the device can be in parallel con-
figuration. Two RT curves merge with each other above
the critical temperature of 27 K and diverge below that
temperature. These indicate that the spin configuration
impacts the resistance of the whole device.

We measured the tunneling resistance with magnetic
field applied along the easy axis (c-axis) of FGT and
CrBrs at 2 K, and spin-valve-like TMR behavior is clearly
observed. As shown in Fig. 2(a), when the magnetic
field is swept from a large positive value to a negative
value (indicated as the blue line), the tunneling resis-
tance slightly changes from 2 T to zero field, but sud-
denly reaches a high resistance value at around -0.02 T.
The high resistance state continues until the magnetic
field reaches -0.5 T, where the resistance of the junction
suddenly drops to its low resistance state. The TMR
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FIG. 2. Large TMR in hybrid spin filter. (a) Magnetic field dependence of tunneling resistance measured at 2 K with
bias of -0.66 V, the magnetic field is applied along the c-axis of FGT and CrBrs. The insets show the magnetic states of FGT
and CrBrs that are corresponding to different resistance states. (b) TMR at different temperatures. For clarity, the data are
vertically shift, TMR of 45 K and 60 K are amplified by 5 times. (c) Temperature dependence of TMR between resistance
states "0" and "1", the dots are experimental data and the dashed line is the fitting data. The insets show the calculated
spontaneous magnetization of CrBrs and measured temperature dependence of anomalous Hall conductivity in FGT.

value of our device reaches as high as 100% with the def-
inition of TMR = Ry /Ror — 1. A symmetric behavior
is observed when the magnetic field is swept from nega-
tive to positive values, with the junction reaching a high
resistance state at around 0.02 T and dropping to a low
resistance state at around 0.5 T. It should be noticed
that previous studies have demonstrated that the coer-
civity field of a few-layer CrBrs is tens of mT and the
coercivity field of thin FGT is hundreds of mT, closely
matching two featured magnetic field values (0.02 T and
0.5 T) in our measurements. This spin-valve-like TMR,
behavior in our device thus perfectly matches the theo-
retical proposal shown in Fig. 1(a), that is, a low resis-
tance for parallel configuration and a high resistance for
antiparallel configuration.

There is an additional feature in the high-resistance
state. The tunneling resistance jumps from 223 MQ to
an even higher resistance (248 M{?) at -0.43 T when the
magnetic field sweeps from positive to negative value (at
+0.43 T in the reverse sweep). For a clear description
of the resistance states, we define the resistance state at
zero field as "0", the relatively high resistance state as
"1") and the highest resistance state as "2". The occur-
rence of the resistance state "2" is not expected if CrBr3
is purely ferromagnetic. However, it can be understood if

there is an interlayer antiferromagnetic coupling between
two parts of CrBrg, as scheduled in the inset of Fig. 2(a).
The tunneling resistance changes from state "1" to "2"
when the interlayer coupling changes from antiferromag-
netic to ferromagnetic. Previous studies have pointed out
that the interlayer magnetic coupling of Chromium tri-
halides depends on the interlayer stacking. The value of
0.43 T matches the spin-flip field observed in CrBrs with
S-type stacking [38], thus strongly supporting the con-
clusion that our CrBrj is composed of antiferromagnetic
parts. As discussed in the Supplementary Material [40],
even with interlayer antiferromagnetic coupling between
specific layers, the whole CrBrj still has a spin filtering
effect similar to that of ferromagnets.

We further measured the TMR at different tempera-
tures. The critical fields when the low- and high- resis-
tance states switch (+ 0.02 T, £ 0.5 T) shift to a lower
magnetic field with increasing temperature, the same
trend as the expected temperature dependence of coerciv-
ity field of ferromagnets (FGT and CrBrs). The switch
field between resistance states "1" and "2" (£ 0.43 T at
2 K) also moves to a lower field at higher temperature
and finally disappears above 28 K, same as CrBrs with
S-type stacking[38]. The sharp transition from the resis-
tance state "0" to "1" only persists below 28 K, consis-
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FIG. 3. Non-volatile behavior of hybrid spin filter.
The upper (lower) part shows the magnetic field dependence
of tunneling resistance when the magnetization of FGT is
initialed into the up (down) status, small magnetic field (+
0.1 T) is used to control the magnetization of CrBrs.

tent with the critical temperature of the thin CrBr3 flake
obtained from the RT curve in Fig. 1(c). This CrBr;
flake becomes a paramagnet above 28 K, but its elec-
tronic band is still spin-split when an external magnetic
field is applied, and the splitting energy is proportional
to the magnetization induced by the magnetic field [36].
At the same time, the FGT flake is still a hard ferro-
magnet below 220 K. This results in a noticeable TMR
even above 28 K as shown in Fig. 2(b), with sharp resis-
tance changes at the coercivity field of FGT and smooth
resistance changes between them. The temperature de-
pendence of TMR between two well-defined resistance
states "0" and "1" is summarized in Fig. 2(c), and it can
be qualitatively fitted by the extended Julliére model as
we will discuss later.

After demonstrating that large TMR is achieved, we
show that our device is non-volatile. Fig. 3 summarizes
the magnetoresistance data with a magnetic field swept
in the small range that only changes the magnetization
status of CrBrs. The upper panel of Fig. 3 is the result
when the magnetization of FGT was initiated into the
up-state. When the positive (negative) magnetic field
switches CrBrs magnetization into the up (down) sta-
tus, the whole structure reaches the low (high) resistance
state, and this low (high) resistance state persists after
the magnetic field is removed, thus illustrating the non-
volatility of our device. There are several resistance steps
between 124 MQ) and 217 M(2, this should be related to
the lateral domains of CrBrs which have slightly differ-
ent coercivity field [41]. The overall TMR behavior of
our device is similar to that of the conventional magnetic
tunnel junction, with FGT serving as the fixed layer and
CrBr3 working as the free layer that can be easily con-
trolled with an external field.

The high quality of 2D hybrid spin filters allows for
the tunability of TMR through bias voltage, as shown in
Fig. 4(a). We observe that bias voltage not only tunes
the amplitude of the TMR, but also reverses its sign. In
addition to the TMR measured at separated bias voltage
points, we also measured IV curves at different states,
which are shown in the inset of Fig. 4(b). TMR cal-
culated from IV curves are shown as solid lines in Fig.
4(b), which match well with the measurements with sep-
arated bias voltage shown as dots. We notice that there
is finite TMR background in the parallel configuration
above 0.5 T, and its sign does not change when the signs
of TMR for state "1" and "2" are changed by the bias
voltage. This TMR background is associated with the
intrinsic TMR of CrBrs barrier and is discussed in detail
in Supplementary Material[40].

We interpret the temperature and bias voltage depen-
dence of TMR within the scenario of hybrid spin fil-
ter, whose TMR can be described by the extended Jul-
liere model [42] with TMR = 2P P2/(1 — P P,) (see
Supplemental Material[40]). Here P; is the spin po-
larization of the ferromagnetic metal FGT, and P, is
the spin polarization of the ferromagnetic semiconduc-
tor CrBrs due to the spin filtering effect, defined as
Py = (Iup — Tiown)/(Tup + Tdown)- P1 shows the same
temperature dependence as anomalous Hall conductiv-
ity, which is proportional to the magnetization of FGT
[27]. So Pi(T) = a- M(T)pgT, where « is a temperature
independent constant determined by the intrinsic prop-
erty of FGT. The measured temperature dependence of
the anomalous Hall conductivity of FGT flake with sim-
ilar thickness is shown in the inset of Fig. 2(c). We
find that P» of an atomically thin ferromagnetic semi-
conductor is also proportional to its magnetization when
the spin-split energy is small. P2(T) = 8- M(T)ciBrss
where (3 is a constant determined by the material and
applied voltage, we detail this relationship in the Supple-
mentary Material[40]. When the semiconductor is com-
posed of two antiferromagnetically coupled ferromagnets
(such as CrBrs in the resistance states "0" and "1"), its
spin polarization has the same relation as that of a fer-
romagnetic semiconductor but with effective magnetiza-
tion smaller than the sublattice. Py(T) = 8-0M (T')ciBrss
where § is a constant smaller than 1 and is determined by
the relative thickness of two antiferromagnetic coupled
parts (see Supplementary Material[40]). Precise mea-
surement of the thin CrBrs flake magnetization is tech-
nically not easy, and it was realized with graphene Hall
bar micromagnetometry[32]. That result is well repro-
duced by the temperature dependence calculation in a
mean-field treatment of the XXZ model [32]. The cal-
culation of spontaneous magnetization is shown in the
bottom inset of Fig. 2(c), we approximate M (T')cyBrs
with this calculated value as the experimental magnetic
field at state “1” is very small. So the temperature de-

pendence of TMR in our hybrid spin filter is TMR(T) =
2aM(T)rar-BOM(T)crBry  _ 2YM(T)raTM(T)CrBrg

1-aM(T)rcT BOIM(T)crBry ~ 1=vM(T)raTM(T)CrBrs ’
v = « - (6 is the only fitting parameter for measured

where
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FIG. 4. Bias-driven TMR polarity reversals in hybrid spin filter. (a) Magnetic field dependence of tunneling resistance
measured with different bias voltages at 2 K. The insets show more electronic states involve tunneling process with higher bias
voltage, resulting in changes of sign of spin polarization. (b) Bias voltage dependence of TMR. The dots are TMR measured
with separated voltages and the solid line is the TMR calculated from IV curves. The inset shows the IV curves measured at

different states.

temperature dependence of TMR in our device. We can large as 100% is obtained at low temperature and its
see that this model can fit the experimental data very temperature dependence can be interpreted with the ex-
well, indicated as the dashed line in Fig. 2(c). tended Julliére model. The high-quality device enables

The TMR polarity reversals with voltage bias can also ~ the control of spin polarization through an electric field,
be qualitatively interpreted with the extended Julliere ~ Which can expand the functionalities of this spintronic de-
model. FGT’s electronic states at high energy levels will vice. Unlike existing spin filters of 2D antiferromagnets,
involve the tunneling process when a large bias voltage is such as Crl and CrSBr, our hybrid spin filters are non-
applied, and the spin polarization of FGT will change be- ~ Vvolatile, and thus they have great potential applications
tween a positive value (majority-spin electrons dominate) in future information technology, such as in-memory cal-

and a negative value (minority-spin electrons dominate), culations. To achieve SI_ICh a.pplications, the Qperation
as illustrated by insets of Fig. 4(a). This will result in  temperature of the hybrid spin filter must be increased
TMR polarity reversals in our device, as the spin polar- Py using 2D ferromagnetic semiconductors and metals
ization of CrBrj is always positive. We calculate the spin with high Curie temperatures [44, 45|. Additionally, ex-
polarization of FGT through its band structure and in-  Ploring the electric method of switching magnetization is
deed find sign changes (see Supplementary Material[40]). also essential, especially the spin-orbit torque with quan-

However, the exact value of the bias voltage when TMR ~ tum materials [46-48]. Since the free layer of hybrid spin
polarity switches does not match our experimental data  filter is a 2D magnetic semiconductor and all the switch-
well. We notice that TMR polarity reversals have also re- ing current passes through the spin-orbit torque mate-
cently been observed in magnetic tunnel junctions with ~ rials, the magnetization control could be more efficient
FesGeTey [29, 30] and FegGaTe, [43]. In those systems, ~ compared to metal based devices [49, 50], thus making
quantitative interpretation of the precise voltage of TMR this type of device more compelling in future low energy
sign changes is still challenging, which means a more ded- ~ consumption electronics.

icated model should be introduced. The TMR polarity

switching from positive to negative and then back to pos-
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