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can allow the discovery of basic new phys-
ical phenomena and the development of 
new device concepts.[1] The discovery of 
new vdW quantum materials and their 
heterostructures starting from graphene, 
insulators, semiconductors, superconduc-
tors, and topological materials has revo-
lutionized both fundamental and applied 
research.[2,3] The most recent addition to 
this vdW family is magnets, which have 
offered various advantages over conven-
tional magnets and opened new perspec-
tives in vdW heterostructure designs.[4–6] 
In addition to the atomically thin and 
flat nature of vdW magnets, flexibility, 
gate tunability, strong proximity interac-
tions, and twist angle between the layers 
can offer a unique degree of freedom 
and an innovative platform for device 
functionalities.[4,5]

Recently, several vdW magnets have 
emerged with the discovery of insulating 
Cr2Ge2Te6,[7] semiconducting (CrI3,[8] 

CrBr3
[9]), and metallic FexGeTe2.[10,11] The insulating vdW mag-

nets are useful for spin-filter tunneling[9,12] and proximity-
induced magnetism,[13–15] whereas the metallic magnets can be 
used as electrodes in magnetic tunnel junctions,[16] observation 

The discovery of van der Waals (vdW) magnets opened a new paradigm 
for condensed matter physics and spintronic technologies. However, the 
operations of active spintronic devices with vdW ferromagnets are limited to 
cryogenic temperatures, inhibiting their broader practical applications. Here, 
the robust room-temperature operation of lateral spin-valve devices using 
the vdW itinerant ferromagnet Fe5GeTe2 in heterostructures with graphene 
is demonstrated. The room-temperature spintronic properties of Fe5GeTe2 
are measured at the interface with graphene with a negative spin polariza-
tion. Lateral spin-valve and spin-precession measurements provide unique 
insights by probing the Fe5GeTe2/graphene interface spintronic properties 
via spin-dynamics measurements, revealing multidirectional spin polariza-
tion. Density functional theory calculations in conjunction with Monte Carlo 
simulations reveal significantly canted Fe magnetic moments in Fe5GeTe2 
along with the presence of negative spin polarization at the Fe5GeTe2/
graphene interface. These findings open opportunities for vdW interface 
design and applications of vdW-magnet-based spintronic devices at ambient 
temperatures.
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1. Introduction

The creation of van der Waals (vdW) heterostructures by com-
bining 2D quantum materials with complementary properties 
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of skyrmions[17] and spin-orbit-torque memory devices[18,19] for 
energy-efficient and ultra-fast spintronic technologies. How-
ever, the demonstration of these device operations with vdW 
magnets is so far limited to cryogenic temperatures. Although 
room temperature magnetism and proximity effects have been 
reported using vdW magnets,[20–22] the lack of active spintronic 
device operation at room temperature significantly limits its 
practical application potential.[21,23,24] Furthermore, a lateral 
room temperature spin-valve device with vdW metallic magnets, 
an essential building block for proposed spin-based memory, 
logic, and neuromorphic computing architectures[25–28] has not 
been realized yet.

Here, we demonstrate robust room-temperature lateral spin-
valve device operations using Fe5GeTe2/graphene heterostruc-
tures. Spin transport and precession experiments show the 
basic building blocks such as efficient spin injection, transport, 
detection, and dynamic functionalities. Furthermore, the mag-
netic properties of Fe5GeTe2 with multidirectional spin polari-
zation in Fe5GeTe2/graphene heterostructures are revealed. The 
experimental results are well supported by density functional 
theory (DFT) calculations, where the electronic and magnetic 
properties of Fe5GeTe2/graphene heterostructures were inves-
tigated, specifically: magnetic moments, interatomic magnetic 
exchange interactions, and magnetic anisotropy energies. The 

realization of room-temperature spin-valve operations advances 
the synergy between spintronics and vdW materials and is 
expected to boost the practical applications of vdW-magnet-
based devices.

2. Results and Discussion

The motivation behind using Fe5GeTe2 (FGT) is its ferro-
magnetic order with Curie temperature (Tc) above room tem-
perature[21,24,29] and an increased saturation magnetization 
with higher spin polarization[23,24] compared to Fe3GeTe2 with 
Tc ≈ 220 K.[10,11] Figure 1a shows the unit cell of Fe5GeTe2, where 
each Fe species is labeled, and Fe1-Ge split sites are shown over 
the graphene layer (the shaded region shows the heterostruc-
ture considered for the DFT calculations). A (√3 × √3)R30° cell 
of Fe5GeTe2 was used in the calculations, where two (one) Fe1 
atoms are situated above Ge denoted as Fe1U (below denoted 
as Fe1D) (structure referred to as UDU configuration[30]), as 
confirmed by our scanning tunneling microscopy (STM) meas-
urements (Figure 1b). The angle-resolved photoemission spec-
troscopy (ARPES) measurements (Figure  1c) show the Fermi 
surface map with bands exhibiting 6-fold symmetry of the 
hexagonal Brillouin zone, suggesting the good quality of the 
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Figure 1. Room-temperature spin-valve with Fe5GeTe2/graphene heterostructure. a) Schematic figure of the Fe5GeTe2 (FGT)–graphene(Gr) heterostruc-
ture along (1120), where FGT has a rhombohedral symmetry with space group ( 3R m). The half-filled solid balls represent an occupation probability of 
Ge and Fe1 atoms. The shaded area represents the interfacial part, which is modeled in DFT calculations. b) Fourier transformed image of the STM 
topography (inset) measured at room temperature. c) ARPES measurement of FGT at 24 K showing the electronic band structure in the kx–ky plane at 
binding energy EB = 0. d) SQUID measurements of the bulk FGT crystal with in-plane and out-of-plane B field at 293 K. The inset shows the magnified 
hysteresis loop with finite remanence and coercive fields. e) Anomalous Hall effect (AHE) signal (Rxy = Vxy/I) of FGT thin flake (≈30 nm) with magnetic 
field Bz sweep along the z-axis. The schematic in the top right inset shows the AHE measurement geometry. The bottom left inset is the zoom-in of AHE 
data in the low B field range. The linear background has been subtracted. f) Schematic of a spin-valve device with FGT on a graphene (Gr) channel with 
reference Co/TiO2 electrode. The bottom left inset is a schematic illustration for spin injection from FGT into the graphene channel through the vdW 
gap, inducing a non-equilibrium spin accumulation Δµ in graphene. g) The measured nonlocal (NL) spin-valve signal Rnl = Vnl/Idc for spin injection 
from FGT with parallel (P) and antiparallel (AP) alignment of FGT and Co electrodes (red and blue arrows) on CVD graphene channel with an applied 
bias current I across the FGT/Gr junction and NL voltage Vnl measured by the Co detector, as shown in the measurement geometry in the inset. The 
reference Au/Ti contacts on FGT and graphene are represented by the black dots. The bottom panel shows the data for FGT as the detector and Co 
as an injector (schematic in the inset). The red (blue) dashed arrows show the magnetic field sweep directions. The switching fields for FGT and Co 
electrodes in the spin-valve measurement are indicated. The measurements were performed in Dev 1 at room temperature.
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crystal. The magnetic characterization of bulk Fe5GeTe2 crystals 
by the superconducting quantum interference device (SQUID) 
magnetometer shows a finite magnetic remanence up to room 
temperature in both in-plane and out-of-plane orientation, with 
an in-plane magnetic anisotropy (Figure 1d). However, anoma-
lous Hall effect (AHE) measurements on thin Fe5GeTe2 flake 
(≈30 nm) show a strong out-of-plane anisotropy at low tempera-
ture and a finite magnetic remanence up to room temperature 
(see Figure 1e; Note S1, Supporting Information).

The room-temperature vdW magnet Fe5GeTe2 in a hetero-
structure with graphene has been utilized to demonstrate 
spin valve devices as schematically shown in Figure  1f, where 
each device consisting of a Fe5GeTe2 flake as a spin injector 
or detector on the graphene spin transport channel (chemical 
vapor deposited CVD[31] or exfoliated graphene) (for details 
see Experimental Section and Figure S2, Supporting Informa-
tion). The spin-valve and Hanle spin precession measurements 
are sensitive to the Fe5GeTe2/graphene interface and should 
allow probing of the different spin polarization components 
(Sx, Sy, Sz). The spin-valve measurements with the magnetic 
field (By) sweep along the y-axis can provide information about 
the in-plane spin polarization (Sy) along the y-axis, whereas 
the Hanle spin precession measurements with Bx(z) along the 
x(z)-axis is a reliable approach to extract the (initial) spin polari-
zation Sy and Sz(x) and spin dynamic properties. The FGT–Co 
spin valve was measured using Fe5GeTe2 for both spin injec-
tion and detection in Dev 1 at room temperature (Figure  1g). 
By comparing with the reference Co–Co spin valve (Figure S3, 
Supporting Information), The switching (coercive) fields (Hc) 
for the Fe5GeTe2 and Co contacts can be confirmed. The obser-
vation of the robust spin-valve signals with a sharp switching 

demonstrates the presence of an in-plane spin component Sy 
at the Fe5GeTe2/graphene interface at room temperature.[21,23,24] 
To investigate the in-plane remanence of the Fe5GeTe2, minor 
loop measurements with the same nonlocal geometry were per-
formed, while the By field was swept backward before reaching 
the Hc of the Co electrode (Figure S3, Supporting Information).

To probe different spin polarization orientations at the 
Fe5GeTe2/graphene interface, we performed spin precession 
experiments in both the x-axis Hanle (xHanle) and the z-axis 
Hanle (zHanle) measurement geometries.[32] Figure 2a sche-
matically shows the expected xHanle lineshape for different 
spin components (Sx, Sy, Sz) injected from Fe5GeTe2 with dif-
ferent magnetic moments (Mx, My, Mz). The injected out-
of-plane spins Sz should result in an antisymmetric xHanle 
curve, whereas the spins along Sy should generate a sym-
metric xHanle signal. However, the spins along the Sx direc-
tion should not precess, resulting in the absence of a signal 
due to a collinear relationship with Bx. A sine-shaped xHanle 
signal is observed in the FGT–Co device (Figure 2b), indicating 
a possible out-of-plane spin Sz injection from the Fe5GeTe2/
graphene interface due to the perpendicular magnetic anisot-
ropy (PMA) of Fe5GeTe2 in the remanence.[33,34] The magnetic-
moment-dependent xHanle signal shows a sign change with 
the parallel (P) and antiparallel (AP) states, also offering us a 
method to eliminate the non-spin precession-related back-
ground. The difference in resistance between P and AP states 
Ravg = [Rnl(P) − Rnl(AP)]/2 was averaged (avg) and then decom-
posed into symmetric (sym) and antisymmetric (asym) com-
ponents with Rasym  = [Ravg(B) + Ravg(−B)]/2; Rsym  = [Ravg(B) − 
Ravg(−B)]/2, corresponding to the spin components Sy and Sz, 
respectively. Notably, there is no symmetric Hanle component, 

Adv. Mater. 2023, 2209113

Figure 2. Hanle spin precession in Fe5GeTe2/graphene heterostructure at room temperature. a,c) Schematics of xHanle and zHanle measurement 
geometries with Bx and Bz field sweeps respectively, and the expected lineshape of the spin precession signal for all the possible FGT magnetization 
scenarios (Mx, My, and Mz). b,d) Measured xHanle and zHanle signals in the FGT–Co spin valve with different magnetic configurations (P/AP) of the 
electrodes. The averaged (Avg) Hanle signal and extracted symmetric (Sym) and antisymmetric (Asym) components are presented with a shift on 
the y-axis for clarity. e) Schematic figure showing canting of the different Fe magnetic moments in the UDU structure with respect to the z-axis in the 
presence (solid arrows) and absence (dashed arrows) of graphene at T = 300 K obtained from Monte Carlo simulations. f) Exchange couplings are 
indicated between Fe1U and Fe at other positions in the UDU structure of the FGT monolayer. g) Calculated isotropic symmetric exchange interaction 
parameters between the Fe1U and the nearest neighbor (NN) Fe with (solid bars) and without (dashed bars) graphene, calculated using DFT at T = 0 K.
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suggesting no remnant Sy component when a Bx is applied, 
which is due to a soft magnetic property of the Fe5GeTe2 mag-
netization. This is consistent with a small Hc and a narrow 
minor loop observed for the Fe5GeTe2 in the spin-valve meas-
urements. These xHanle measurements suggest an out-of-
plane magnetic anisotropy at the Fe5GeTe2/graphene interface 
with spin polarization Sz in remanence (Note S2, Supporting 
Information).

Similarly, the in-plane spin polarizations Sy(x) in the 
FGT–Co device were evaluated based on the symmetric and 
antisymmetric characteristics of the measured zHanle curves 
(Figure  2c). In contrast, the Sz spin polarization should not 
result in a signal, as it is collinear with Bz. The measured 
zHanle signal of the FGT–Co spin-valve device (Figure 2d) sug-
gests the injection of both spins, Sx and Sy, from the Fe5GeTe2/
graphene interface. Measurements with the different magneti-
zation directions of the magnetic moments (P/AP) result in the 
sign reversal of the Hanle curves, which are then averaged (Ravg) 
and decomposed into symmetric (Sym) and antisymmetric 
(Asym) components, corresponding to the spin components 
Sy and Sx, respectively. However, the magnitude of the Sx and 
Sy signals are much smaller than the measured Sz signal, con-
firming stronger out-of-plane magnetic moment in remanence 
at the Fe5GeTe2/graphene interface. To be noted, the presence 
of canted magnetism can offer such multidirectional spin 
polarization in Fe5GeTe2 (Note S3, Supporting Information).

Our DFT calculations show the magnetization for monolayer 
Fe5GeTe2 in a heterostructure with graphene to be directed 
along the out-of-plane or z-direction with magnetic anisotropy 
energy (MAE) 0.05 meV per Fe (Experimental Section and 
Note S4, Supporting Information). Such a weak MAE can give 
rise to significantly canted moments with respect to the easy 
axis. Figure  2e schematically shows the calculated magnitude 
(represented by arrow length) and the canting angle of the mag-
netic moment for each Fe species of Fe5GeTe2, with respect 
to the z-axis at 300 K with and without graphene, respectively 
(Table S3, Supporting Information). A small variation of the 
canting angle of Fe5GeTe2 is estimated from DFT calculations 
for with/without graphene, which changes on average by ≈3° 
from 55° to 58°. In the presence of graphene, the canting 
for Fe1U (Fe1D) decreases (increases) by 10° (7°); however, it 
does not have much influence on the canting angles for Fe2-5 
(Note S5, Supporting Information). The canting angles aver-
aged over all the Fe sites of the UDU structure obtained from 
Monte Carlo simulations is ≈58°, while from the experiments 
the canting angle is found to be ≈20°. There can be several 
possibilities that could be responsible for such discrepancy. As 
already mentioned, the calculations are performed using mon-
olayer Fe5GeTe2, whereas in the experiments a ≈30  nm-thick 
flake is measured. Moreover, the calculations are performed 
using a pristine sample, whereas in reality, the Fe5GeTe2 system 
hosts some Fe-vacancies, and this system is a mixture of the  
√3 × √3 cells (with Fe1-Ge split-sites) and a 1 × 1 cell (without 
any split-site). Our first-principles calculations have shown 
that the presence of a Fe-vacancy tends to make the magnetic 
anisotropy more out-of-plane.[30] Regarding the experimental 
canting angle of Fe5GeTe2 with doping in graphene, we find a 
small variation of ≈5° by comparing differently doped graphene 
devices (Note S9, Supporting Information).

The moment of Fe1U increases significantly in the presence 
of graphene, while there is almost no influence on Fe at other 
positions in the UDU structure. Further, the nature and mag-
nitude of the isotropic symmetric exchange interactions J1U-j 
for Fe1U of Fe5GeTe2 were investigated with and without the 
graphene layer (Figure  2f,g), where the positive and negative 
sign of J1U-j implies ferromagnetic (FM) and antiferromagnetic 
(AFM) interactions, respectively. In most cases, the presence 
of graphene increases the strength of FM interactions, while 
J1U-j couplings tend to be more AFM-type without graphene. 
Such features are quite prominently visible for j = 3 and j = 1U 
(Figure S9, Supporting Information). The significant increase 
in the moment of Fe1U in the presence of graphene is caused 
by the increase in bond lengths of Fe1U with its nearest neigh-
bors-upper Te atom Te(U) and Fe2 (Table S2, Supporting Infor-
mation), which in turn modifies the hybridization of Fe1U with 
its neighbors, enhancing the moment of Fe1U.

To figure out the anisotropic characteristic of the Fe5GeTe2/
graphene interface, an angle-dependent in-plane spin-valve 
measurement was performed from +90° to −90° in the 
xy-plane (Figure 3a–c). By extracting the anti-symmetric preces-
sion and stage-like components from the in-plane results, we 
plot the angle dependence of the spin polarization Sz and Sy 
(Figure 3d,e). The measurements show that the in-plane mag-
netic moment of Fe5GeTe2 (and the corresponding spin polari-
zation Sy(x)) can be easily rotated in the xy-plane by a small B 
field; however, it has a robust out-of-plane spin polarization Sz 
(Note S7, Supporting Information). In addition, the spin detec-
tion at the Fe5GeTe2/graphene interface in Dev 1 was measured 
(Note S8, Supporting Information) and similar results were 
also observed in Dev 2 with the exfoliated graphene channel 
(Note S9, Supporting Information).

To be noted, the SQUID, AHE, and spin-valve data can repre-
sent different magnetic properties of the Fe5GeTe2. The SQUID 
and AHE data show the magnetic property of a bulk and a 
thin flake, respectively, whereas the spin polarization obtained 
from spin-valve measurements is mainly from the contribution 
of the Fe5GeTe2/graphene interface. This is due to the weak 
interlayer magnetic interaction,[35,36] so that only a few layers 
of Fe5GeTe2 at the interface with graphene contribute to the 
spin valve signals. Moreover, the Fe5GeTe2/graphene interface 
area in different devices has a size of ≈1–3 µm2, comparable 
to the expected Fe5GeTe2 magnetic domain size,[21,37] which 
can explain the non-zero remanence at the injection/detection 
areas. Moreover, our DFT results also show that the mag-
netic properties can be modulated at the Fe5GeTe2/graphene 
interface.

To examine the sign of the spin polarization of the Fe5GeTe2/
graphene interface results from bias dependence measure-
ments were compared with results obtained from the standard 
Co–Co spin-valve (Figure 4a). Reversing the bias current 
polarity (+/−I) results in the spin accumulation with opposite 
spin polarization in graphene due to spin injection and extrac-
tion at the Fe5GeTe2/graphene interface. The spin signals invert 
the sign for +/−I, and the magnitude of the spin-valve signal 
scales linearly with the applied bias current for Fe5GeTe2 and 
Co contacts (Figure  4b). Importantly, we notice that the sign 
of the spin signal for the FGT–Co spin-valve is opposite com-
pared to that of the standard Co–Co spin-valves, which implies 

Adv. Mater. 2023, 2209113

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202209113 by Statens B
eredning, W

iley O
nline L

ibrary on [21/03/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH2209113 (5 of 9)

www.advmat.dewww.advancedsciencenews.com

negative or opposite spin polarization of the Fe5GeTe2/graphene 
interface compared to Co electrodes (Note S10, Supporting 
Information). Such a negative spin polarization is found to 
be robust and could be reproducibly observed in all devices 
(Figures S17 and S20 in Supporting Information for Dev 2 and 
3). These observations agree with the density of states (DOS) 
obtained from DFT calculations (Figure  4d), where Fe5GeTe2 
shows a negative spin polarization at the Fermi energy (EF) 
with the DOS of the minority channel being larger than that 
of the majority channel at the Fe5GeTe2/graphene interface. To 
have a better insight, the sublattice-resolved spin polarization at 
EF is given in Table S5 (Supporting Information), where all Fe 
moments have negative spin polarization, and Ge and Te have 
positive spin polarization.

Considering the different resistances of Fe5GeTe2/graphene 
interfaces and the geometrical parameters of the devices, a 
calculation of the spin-signal versus interface resistance based 
on the drift-diffusion model[47] was performed. The spin trans-
port in graphene is not affected by spin absorption effects 
in Dev 1 and Dev 2, which have a large Fe5GeTe2/graphene 

interface resistance with a minimum conductance mismatch 
(Figure 4e). The spin diffusion length and interface resistances 
for both CVD and exfoliated graphene are similar. Noticeably, 
the difference in square resistance Rsq between CVD gra-
phene (1–5 kΩ) and exfoliated few-layer graphene (0.2–0.5 kΩ) 
makes the calculated curves different (Note S15, Supporting  
Information).

Finally, the spin polarization of the Fe5GeTe2/graphene inter-
face was calculated by considering both the spin valve and the 
Hanle signals. The magnitude of the spin-valve signal can be 
defined as ΔRnl  = PipPCoλgrRsqexp(−Lch/λgr)/wgr, where only 
the in-plane spin polarization of Fe5GeTe2, Pip, is unknown; 
and the other parameters are extracted from the Co–Co refer-
ence zHanle measurements[32] (PCo is the spin polarization 
of Co contacts, λgr the spin diffusion length, Rsq the square 
resistance, Lch the channel length and wgr the width of the 
graphene channel). The calculated in-plane spin polarizations 
for the different devices cover the range |Pip| = 1.2–44.9%. The 
calculated out-of-plane spin polarization was extracted to be 
|Pz| = 3–9.5% from the xHanle data. It should be noted that the 

Adv. Mater. 2023, 2209113

Figure 3. Angle dependence and spin precession in Fe5GeTe2/graphene heterostructure at room temperature. a) The schematic top view of the 
spin valve device with in-plane Bip field sweep in the xy-plane with an angle Φ to the y-axis. Right: Schematic front view of the device for magnetic 
moment configuration in FGT with an external Bx field. M is the magnetic moment with components Mx (Mz) along the x(z)-axis. Sx and Sz are the 
corresponding injected spin orientations. b,c) In-plane angle dependence of the spin valve signal with angle Φ = 0 to −90° and 0 to +90°, respectively. 
The switchings of injector FGT and detector Co electrodes in the spin valve signal are shown by the black and blue arrows, respectively. A linear y-axis 
shift is added to the signals for clarity, and a small hysteresis of ≈3.5 mT from the magnet is corrected using control experiments of reference Co–Co 
Hanle signals. d,e) Normalized spin-valve signal components Sz(y) and comparison with the sine (cosine) function with the in-plane Bip rotation angle 
Φ. The error bars were calculated from the background noise of the signal. The insets are the top view of the schematic for the in-plane magnetic 
moment Mip projection on the axes, where Sz(y) are injected spins from magnetic moments Mz(y) of FGT. The measurements were performed in Dev 
1 at room temperature.
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saturated in-plane spin polarization is different from the out-of-
plane remanence spin polarization in Fe5GeTe2. Detailed spin 
parameters of the different devices are summarized in Table S4 
(Supporting Information). The observed variation of the spin 
polarization in different devices can be due to compositional 
variations between different Fe5GeTe2 flakes[37] as well as dif-
ferent Fe5GeTe2/graphene interface conditions.[48,49] The DFT 
calculations show a negative spin polarization of the Fe5GeTe2/
graphene interface with p ≈ −10% (Table S5, Supporting Infor-
mation). As suggested by the DFT calculations, the oxidation of 
Fe5GeTe2 at the interface can be one explanation for the large 
spin polarization observed in the exfoliated-graphene device 
prepared in air, in contrast to CVD-graphene devices prepared 
in a glovebox (Note S16, Supporting Information). However, 
changing the vdW gap by 5% does not have a significant impact 
on the spin polarization and magnetic moments (Note S17, 
Supporting Information). The observation of robust room tem-
perature spin valve and Hanle signals suggests efficient spin 
injection/detection for the Fe5GeTe2/graphene vdW hetero-
structures and provides a substantial advance in vdW-magnet-
based device applications (Figure 4f).

3. Summary and Outlook

We have demonstrated room temperature operation of vdW-
magnet-based lateral spin-valve devices using Fe5GeTe2/ gra-
phene vdW heterostructures. Highly efficient spin injection, 
transport, and detection could be observed with a negative spin 
polarization at the Fe5GeTe2/graphene interfaces. These spin-
valve devices allowed us to probe different spin-polarization 
components and their relationship with spin transport and 
precession in the device. The observed multidirectional spin 
polarization at the Fe5GeTe2/graphene interface indicates an 
out-of-plane canted magnetism. The strong remanent magneti-
zation in the Fe5GeTe2/graphene heterostructure is different 
from the bulk behavior of Fe5GeTe2 and can be ascribed to the 
van der Waals heterostructure interface. The canted magnetiza-
tion and negative spin polarization are supported by DFT calcu-
lations and Monte Carlo simulations of the Fe5GeTe2/graphene 
system. The possibility to integrate vdW magnets with graphene 
spin valve devices has enormous potential in developing vdW 
heterostructure-based spintronics at room temperature.[28,49,50] 
The canted and soft magnetic properties of Fe5GeTe2 at room 

Adv. Mater. 2023, 2209113

Figure 4. Negative spin polarization of Fe5GeTe2/graphene interface. a) Schematics for the spin injection and extraction process at FGT/Gr interface, 
showing the accumulation of “down” and “up” spins in the graphene channel, respectively. b) Bias dependence of the FGT–Co2 and Co2–Co3 spin-valve 
signal magnitude in the spin injection and extraction regime and the linear fittings, respectively. Co2(3) are the reference Co electrodes. The error bars 
are calculated from the standard deviation of the measured data. c) Comparison of the measured spin valve signals of FGT–Co2 and Co2–Co3 spin 
devices. The signals are shifted along the y-axis for clarity. d) Calculated spin-polarized total DOS for Fe5GeTe2/graphene heterostructure (solid lines) 
and projected onto Fe5GeTe2 (color-shaded area). e) The calculated spin valve signal magnitude (normalized) as a function of the interface resistance 
(Ri) for CVD graphene and exfoliated (Exf) graphene samples. All the parameters were taken from the measured FGT devices. f) Comparison of the 
working temperature of our FGT–graphene spin-valve devices with the state-of-art results on vdW-magnet-based devices, like MTJs: Fe3GeTe2/hBN,[16] 
Fe3GeTe2/MoS2,[38] Fe3GeTe2/InSe,[39] Fe3GeTe2/WSe2;[40] spin source devices: CrSBr/gr,[14] Cr2Ge2Te6/gr;[13] SOT devices: Fe3GeTe2/Pt,[18,19] Fe3GeTe2/
WTe2,[41,53] Cr2Ge2Te6/(Bi1−xSbx)2Te3,[42] Cr2Ge2Te6/Pt,[43] Cr2Ge2Te6/Ta,[44] and spin filter devices: CrI3/CrI3.[45,46]
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temperature can be useful for field-free spin-orbit torque-based 
technologies.[51] This will bring a strong synergy between 2D 
materials and spintronics with the possibility of further control-
ling the figures of merit by twist angle between the vdW layers, 
magnetic proximity effects, and gate tunability for energy-effi-
cient and ultrafast spintronic devices.[15,52] These room-temper-
ature developments in vdW-magnet-based heterostructures will 
open future opportunities for fundamental studies and spin-
tronic devices for magnetic sensors, memory, logic, communi-
cation, and novel computing architecture applications.[25,26]

4. Experimental Section
Fabrication of Spin-Valve Devices and Spin Transport Measurements: The 

Fe5GeTe2 crystals were obtained from Hq Graphene, the large area CVD 
graphene samples were received from Grolltex Inc on a 4-inch SiO2/
Si wafer, and HOPG graphite was used to obtain few-layer exfoliated 
graphene samples. The CVD graphene channels were first prepared by 
electron beam lithography (EBL) and oxygen plasma etching process. 
The Fe5GeTe2 flakes (≈20–50  nm) were exfoliated and dry transferred 
onto both monolayer CVD graphene and exfoliated few-layer graphene 
on an n++Si substrate with 285  nm SiO2. The exfoliation of Fe5GeTe2 
and their heterostructures with CVD graphene were prepared inside a 
glove box in an N2 atmosphere, where a clean interface can be obtained 
(Dev 1 and Dev 3). The Dev 2 and Dev 4 with Fe5GeTe2/exfoliated 
graphene heterostructures were prepared in air (inside the cleanroom 
environment), followed by a vacuum process in a high vacuum chamber. 
For the device fabrication, the nonmagnetic and magnetic contacts were 
prepared by multiple electron beam lithography (EBL) processes and 
electron beam evaporation of metals. The nonmagnetic Au/Ti contacts 
were first prepared on Fe5GeTe2 flakes with 10 s low-energy Ar cleaning 
of the surface at a glancing angle. Next, the nonmagnetic Au/Ti contacts 
were prepared on graphene for reference electrodes by EBL and lift-off 
process. The ferromagnetic contacts (Co/TiO2) on graphene were 
prepared by EBL and electron beam evaporation and lift-off process. 
For the Co/TiO2 contacts, a two-step deposition and an oxidation 
process were adopted; 0.4  nm Ti was deposited, followed by a 10  Torr 
O2 oxidation for 10  min each, followed by 60  nm of Co deposition. 
Measurements were performed at room temperature with a magnetic 
field up to 0.6 Tesla and a sample rotation stage in vacuum conditions. 
The measurement system was calibrated with standard all CocCo 
graphene spin-valve measurements. The electronic measurements were 
carried out using the current source Keithley 6221, nanometer 2182A, 
and dual-channel source meter Keithley 2612B. All the spin valve and 
Hanle measurements were performed at room temperature.

Characterization of Fe5GeTe2: The angle-resolved photoelectron 
spectroscopy (ARPES) measurements were performed at the MAX 
IV Laboratory Bloch beamline with high energy, angular, and spatial 
resolution (15 meV, <0.15 degrees, 10 µmx15 µm). The measurements 
were done at 24 K at 145 eV photon energy. Single crystals of Fe5GeTe2 
were cleaved in a high vacuum better than 8 × 10−11 mbar. A deflector-type 
hemispherical analyzer from Scienta-Omicron was used. The scanning 
tunneling microscopy (STM) measurements were done at 300 K using 
the VT-XA model from Scienta-Omicron. Chemically etched W tips 
were used and further cleaned by e-beam heating. A superconducting 
quantum interference device (SQUID) was used to measure the static 
magnetic properties of bulk Fe5GeTe2 crystals at room temperature 
(293 K). Isothermal magnetization measurements were performed with 
the magnetic field applied both in-plane (B∥xy) and out-of-plane (B∥z). 
The bulk Fe5GeTe2 crystal was glued on a Si substrate to achieve proper 
alignment of the magnetic field during the measurements.

DFT Calculations: Density functional theory (DFT) calculations were 
performed using the Vienna Ab Initio Simulation Package (VASP), 
where the generalized gradient approximation (GGA) was used as the 
exchange-correlation functional. The interatomic isotropic symmetric 

exchange parameters Jij of the Heisenberg model were calculated using 
the full-potential linear muffin-tin orbital method (FP-LMTO) and the 
relativistic spin-polarized toolkit (RSPt). Monte Carlo simulations using 
the parametrized Heisenberg model with isotropic and anisotropic 
terms were performed by UppASD code to calculate canting angles. 
Details of the computations are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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