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ReseaRch aRticle

Self-Intercalation Tunable Interlayer Exchange Coupling 
in a Synthetic van der Waals Antiferromagnet

Xiaoqian Zhang, Wenqing Liu, Wei Niu, Qiangsheng Lu, Wei Wang, Ali Sarikhani, 
Xiaohua Wu, Chunhui Zhu, Jiabao Sun, Mitchel Vaninger, Paul. F. Miceli, Jianqi Li, 
David J. Singh, Yew San Hor, Yue Zhao, Chang Liu, Liang He,* Rong Zhang,* 
Guang Bian,* Dapeng Yu, and Yongbing Xu*

One of the most promising avenues in 2D materials research is the synthesis 
of antiferromagnets employing 2D van der Waals (vdW) magnets. However, it 
has proven challenging, due in part to the complicated fabrication process and 
undesired adsorbates as well as the significantly deteriorated ferromagnetism 
at atomic layers. Here, the engineering of the antiferromagnetic (AFM) 
interlayer exchange coupling between atomically thin yet ferromagnetic CrTe2 
layers in an ultra-high vacuum-free 2D magnetic crystal, Cr5Te8 is reported. 
By self-introducing interstitial Cr atoms in the vdW gaps, the emergent 
AFM ordering and the resultant giant magnetoresistance effect are induced. 
A large negative magnetoresistance (10%) with a plateau-like feature is 
revealed, which is consistent with the AFM interlayer coupling between 
the adjacent CrTe2 main layers in a temperature window of 30 K below the 
Néel temperature. Notably, the AFM state has a relatively weak interlayer 
exchange coupling, allowing a switching between the interlayer AFM and 
ferromagnetic states at moderate magnetic fields. This work represents a new 
route to engineering low-power devices that underpin the emerging spintronic 
technologies, and an ideal laboratory to study 2D magnetism.

DOI: 10.1002/adfm.202202977

1. Introduction

The development of engineered multi-
layers composed of magnetic and non-
magnetic materials at nanoscale paved the 
way for the creation of more complicated 
devices.[1,2] By stacking such thin films in 
multilayers, one can create layered het-
erostructures with properties that are 
fundamentally distinct from those of the 
constitutive bulk materials. For instance, 
these multilayers enable the spin valves 
and magnetic tunnel junctions to perform 
high-density and nonvolatile memories.[3,4] 
To realize spin-polarized scattering/tun-
neling, one has to create an opportunity 
to reorient the spin of two successive fer-
romagnetic (FM) layers and achieve the 
antiferromagnetic (AFM) interlayer cou-
pling, which is well explained with the 
Ruderman–Kittel–Kasuya–Yosida (RKKY) 
model.[5] In this model, localized spins 
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in two FM layers interact with conduction electrons through 
contact exchange potential, which oscillates with the distance 
between them. The magnetic coupling between adjacent mag-
netic layers, determined by the exchange potential, therefore 
can be tuned by varying the thickness of the nonmagnetic 
spacer layers.[6,7]

Due to the mechanism of AFM interlayer coupling between 
adjacent FM layers, memory device designs based directly on 
antiferromagnets have been demonstrated. Antiferromagnets 
offer the benefit of being insensitive to disruptive magnetic 
fields while emitting no stray fields as compared to ferromag-
nets. In contrast to bulk antiferromagnets with large exchange 
fields, synthetic antiferromagnets contain a relatively low 
interlayer exchange coupling strength, making them ideal for 
studying field-induced magnetic switching.[8] At present, syn-
thetic antiferromagnets made of transition metals have been 
achieved, nevertheless, the magnetic switching in synthetic 
antiferromagnets with van der Waals (vdW) multilayers has 
only been seen on rare occasions.[4,9] For this purpose, the fer-
romagnetism of FM layers must be maintained at atomic scale 
thickness.

Rich varieties of magnetic and electronic properties of 2D 
vdW magnets offer new options in memory computing tech-
nologies, owing to the pronounced perpendicular magnetic ani-
sotropy (PMA) and long-range magnetic order in their ultrathin 
limits.[10–12] Strong covalent bonds provide an in-plane stability 
of 2D magnets, whereas vdW forces and the resultant relatively 
weak coupling enable the interlayer spin re-orientations. One 
example is the 2D magnetic semiconductor chromium tribro-
mide (CrBr3) with different types of stacking orders, enabling 
realization of either AFM or FM phases.[13] Isostructural with 
CrBr3, CrI3-based spin-filter magnetic tunnel junctions dem-
onstrate an extremely large magnetoresistance (MR), with the 
benefit of intrinsic AFM interlayer coupling.[4] Meanwhile, 
antisymmetric MR has been observed in Fe3GeTe2/graphite/
Fe3GeTe2 vdW heterostructures, resulting from the spin 
momentum locking at the interface.[14] Utilizing the vdW gap 
as the spacer layer, spin valves have been realized in Fe3GeTe2 
homojunctions with a relatively low giant magnetoresistance 
(GMR) ratio,[15] which could be originated from the interfacial 
contamination during the device fabrication. In spite of the 
exciting progress in vdW heterostructure devices, the limitation 
of complicated fabrication process and interface damages occur 
inevitably, and the intrinsic tuning of magnetic interlayer cou-
pling in vdW magnets remains elusive.

To achieve the AFM interlayer exchange coupling in vdW 
multilayers, a promising candidate is the self-intercalated 2D 
magnet or quasi-2D magnet, Cr5Te8. The Cr5Te8 single crystals 
can be regarded as a stack of alternating CrTe2 and Cr interca-
lated layers, as shown in Figure 1a. Within the FM host layer, 
CrTe2 is composed of Te–Cr–Te sandwich layers stacking along 
c-axis, and Cr atoms are covalently bonded by six nearest-neigh-
boring Te atoms with octahedral coordination. By intercalating 

Cr atoms into the vdW gap, the CrTe2–Cr–CrTe2 stacking is 
formed, which is supposed to alter the FM exchange coupling 
of the CrTe2–CrTe2. Tuning of magnetic interlayer coupling in 
2D vdW magnets has so far only been observed by the exfo-
liation of atomic layers, the electrostatic doping, as well as the 
substitution of atoms on chromium trihalides with a relatively 
low Curie temperature (TC).[10,16,17] Recently, room-temperature 
ferromagnetism has been demonstrated in 2D ferromagnet 
CrTe2 in the form of both bulk and exfoliated thin flakes.[18] 
Notably, the FM ordering is well preserved in CrTe2 epitaxial 
thin films with thickness down to monolayer.[19] By means of 
the self-doping, Cr5Te8 has been reported as a weak itinerant 
ferromagnet with a strong PMA.[20,21] Moreover, its TC can be 
well manipulated by intercalating more Cr atoms due to the 
competition of AFM and FM coupling.[22] In this work, we 
demonstrate the engineering of an AFM phase associated with 
AFM interlayer exchange coupling in the Cr5Te8 vdW magnetic 
crystal, which functions as a self-assembled quasi-2D spin 
valve.

2. Results and Discussion

Self-intercalated Cr5Te8 single crystals were synthesized using 
self-flux method (see Experimental Section). As exhibited in 
Figure  1a, cross-sectional scanning transmission electron 
microscopy (STEM) high-angle annular dark-field (HAADF) 
images indicate the layered trigonal crystal structure.[23] The 
quasi-2D layered feature is also verified by atomic force micro-
scopy characterization on exfoliated few-layer Cr5Te8 flakes 
(Figure  S1, Supporting Information). The microscopic topo-
graphy taken from the surface of few-layer Cr5Te8 flakes shows 
atomically flat terraces, demonstrating the layered structure 
of Cr5Te8. The high degree of crystallinity of Cr5Te8 is con-
firmed by the selected area electron diffraction (SAED) pattern 
(Figure  S2, Supporting Information), which could be indexed 
according to a trigonal crystal structure with lattice parameters 
of a = 7.92 Å, and c = 5.98 Å. The reduced c of Cr5Te8 relative to 
that of non-intercalated CrTe2 (6.10 Å) suggests an increase of 
the coupling along c direction, and the significant bonding of 
the intercalated atoms as well. Thus, it is rather interesting to 
investigate the interlayer magnetic coupling, as the c-axis lattice 
constant is reduced by ≈2% after inserting Cr atoms between 
adjacent CrTe2 layers.

Parental CrTe2 has a 2D character, where vdW-type inter-
layer exchange coupling stabilizes a FM ground state.[24] The 
excess Cr atoms sit interstitially between CrTe2 host layers and 
serve multiple functions, specifically, donating charge to the 
main layers to create new electronic order and modifying the 
bonding of the compound as well as the interlayer exchange 
coupling. To verify the local electronic correlation and magnetic 
ground state of Cr5Te8,[25,26] a typical pair of X-ray absorption 
spectroscopy (XAS) and X-ray magnetic circular dichroism 
(XMCD) spectra at Cr L2,3 edge was obtained at 5  K under a 
magnetic field of 2  T (Figure  1b). XAS exhibits remarkable 
multiple-peak features, which are separated by 1.3 eV at spin–
orbit core levels. The spectral line shape resembles that of pure 
CrTe2 thin layers,[19] suggesting that Cr3+ cations predominate 
in Cr5Te8. The sizable XMCD spectrum, obtained by taking the 
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difference of XAS, manifests the intrinsic FM ground state. 
There is a good agreement between Cr5Te8 and CrTe2 in both 
XAS and XMCD spectral line shapes, indicating that the ferro-
magnetism of Cr5Te8 mainly originate from CrTe2 main layers. 
Furthermore, effects of self-intercalation on the magneto-trans-
port properties were investigated (Figure  1c). Remarkably, a 
plateau-like feature and a large negative MR with magnitude 
exceeding ≈10% (0.5 T) at 158 K are observed, suggesting a dis-
tinct spin configuration in this plateau region. The high- and 
low-MR state could be interpreted in a manner qualitatively 
similar to the case of the “turn off” and “turn on” state, respec-
tively, in a standard GMR spin valve device. Considering the 
low resistance along both in-plane and out-of-plane direction 
(Figure S3, Supporting Information), the possibility of a tunnel 
magnetoresistance effect could be ruled out.[4] When sweeping 
magnetic field, magnetization directions of the adjacent CrTe2 
host layers can have either a parallel or antiparallel alignment 
configuration due to the existence of the intercalated layers, 
providing evidence of the GMR effect and the resultant spin 
valve in Cr5Te8. Figure 1d presents schematics of the transition-
metal based GMR structure and 2D vdW GMR structure, where 

the antiparallel and parallel spin alignment give rise to high 
(R⥮) and low (R⥣) resistance, respectively. In the case of con-
ventional synthetic GMR devices composed of transition metals 
and alloys, electrons travel through the entire ferromagnet/
metal multilayer structures, and both bulk and interfacial spin 
scattering are involved.[27–29] In contrast, due to the fact that the 
thickness of the Cr5Te8 GMR structure (millimeters) is much 
larger than the electron mean free path (tens of nanometers), 
the electrons are not able to pass through the entire structure to 
experience bulk spin scattering. Thus, the spin scattering only 
occurs at the interface between CrTe2 main layers and the vdW 
gap, which could be viewed as current channels and the spacer 
layer, respectively. By satisfying the condition of mean free path 
larger than the thickness of the spacer layer combined with 
adjacent CrTe2 layers, electrons are able to travel through both 
CrTe2 layers and the space layer to experience interfacial spin 
scattering. For comparison, we made a plot of the MR ratio 
versus the magnetic field for classic synthetic antiferromag-
nets and 2D magnets (Figure 1e). The Cr5Te8 single crystal, as 
a synthetic vdW antiferromagnet, possesses a comparable MR 
ratio with that of conventional synthetic antiferromagnet such 

Figure 1. Crystal structure, magnetic structure, and MR of Cr5Te8. a) Crystal structure showing bilayer CrTe2 with Cr atoms intercalated between the vdW 
gap. Spheres represent Te (yellow) and Cr (cyan) atoms with arrows representing interlayer magnetic exchange couplings. HAADF images from top 
view and side view show a trigonal lattice structure. Top panel: photo of Cr5Te8 single crystals. b) A typical pair of XAS for opposite circular polarizations 
and XMCD spectrum obtained with a magnetic field of 2 T at 5 K. c) MR curve as a function of magnetic field at 158 K. d) Schematic illustration of 
the transition-metal based GMR structure and the 2D vdW GMR structure. e) Plot of the MR ratio versus the saturation magnetic field (Hs), covering 
classic synthetic antiferromagnets ( [Co/Cu]60 (ref. [30]), [Fe/Cr]20 (ref. [7]), [Co/Ru]20 (ref. [7])) and 2D magnets ( MnBi4Te7 (ref. [31]), Fe3GeTe2 
(ref. [32]), CrTe2 (ref. [23]), Cr5Te8 (this work)).
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as [Co/Cu]60,[30] [Co/Ru]20, and [Fe/Cr]20,[7] but requires a lower 
saturation magnetic field. In addition, among 2D magnets 
including MnBi4Te7,[31] Fe3GeTe2,[32] and CrTe2,[23] Cr5Te8 shows 
a pronounced intrinsic GMR ratio as observed in this work.

The emergent antiparallel spin configuration in self-inter-
calated Cr5Te8 indicates the existence of extra magnetic states, 
apart from the FM phase in CrTe2.[18] The magnetic order was 
revealed by monitoring the temperature and field dependent 
magnetization. Figure  2a shows the temperature dependent 
magnetization (M–T) curves with an applied magnetic field per-
pendicular to the sample surface. The magnetization shows a 
general trend of decreasing with the increase of temperature, 
demonstrating a FM behavior with a TC of ≈150 K. Above TC, 
a cusp-like feature is observed in the M–T curve, exhibiting a 
typical AFM property with a Néel temperature (TN) of 180  K. 
As the magnetic field increases, TN shifts to lower temperature, 
and disappears when the field exceeds 0.5 T (inset of Figure 2a). 
In addition to M–T curves, the magnetic hysteresis loops also 
indicate the FM nature when the temperature is below TC. 
As shown in Figure  2b, the out-of-plane magnetic moment 
increases linearly and saturates at a relatively low magnetic 
field (below 0.3  T). The saturated magnetic moment (Ms) per 
Cr atom and coercive field is determined to be 2.3 μB and 0.01 T 
at 10  K, respectively. An itinerant nature appears to be the 
reason of the discrepancy from the Ms =  3 μB expected under 
an ionic model. In contrast, the in-plane magnetization does 
not saturate even with a strong magnetic field of 5 T (Figure S7, 

Supporting Information). This demonstrates a strong PMA, 
which is related to the strong overlap of Cr–Cr 3 2dz  and Cr 
3d–Te 5p-orbitals along the perpendicular direction. Remarkably, 
when the temperature is above TC, a plateau feature appears in 
the hysteresis loops at low field region (Figure  2c), indicative 
of an AFM coupling with almost vanishing magnetic moment. 
This plateau feature is also a signature of magnetic anisotropy, 
echoing the PMA discussed above. Further increasing the field, 
the AFM order is suppressed, and a spin-flip transition occurs. 
The AFM phase is preserved at a higher field with elevated tem-
perature, and disappears with temperature above TN. Because 
of the weak quasi-vdW interlayer exchange coupling, the mag-
netic properties can be easily modified by applying a low mag-
netic field or varying the temperature. To further investigate the 
magnetic states, we measured the temperature-dependent AC 
susceptibility under different out-of-plane fields. The real part 
(χ’) and imaginary part (χ’’) of magnetic susceptibility under 
magnetic field ranging from 0 to 0.5 T with a step of 0.05 T are 
presented in Figure 2d,e, respectively. χ’ exhibits an extra peak 
(marked by blue triangles) beside the FM peak (red squares), 
while only a FM peak shows up in χ’’ within the identical tem-
perature scope. The prominent χ’ and absent χ’’ of the anomaly 
in the magnetization curve is another evidence of an AFM  
character.

The intriguing AFM ordering makes Cr5Te8 promising for 
engineering spin valve devices. Accordingly, electrical prop-
erties under magnetic field along the easy axis at various 

Figure 2. Demonstration of emergent AFM phase. a) Temperature dependence of the out-of-plane magnetic moment with the magnetic field ranging 
from 0.05 to 6 T. Samples were cooled down to 15 K without magnetic field and data was collected in the warming-up cycle. The platform-like feature 
and Curie-like behavior indicate that the 2D FM ordering within layers develops first. Besides, cusp-like features near 180 K (top inset) suggest develop-
ment of the AFM ordering. b) Out-of-plane and in-plane magnetic hysteresis loops at 10 K, suggesting a strong PMA. c) Hysteresis loops at indicated 
temperatures with magnetic field along c-axis. The magnetization switching behavior at representative magnetic fields are schematically shown as 
insets. d,e) Temperature-dependent χ’ and χ’’ of AC susceptibility measured along out-of-plane direction. Phase boundaries of TC and TN determined 
from the susceptibility are illustrated by red squares and blue triangles.
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temperatures were assessed systematically (Figure  3a). The 
temperature dependent longitudinal resistance, R, decreases 
upon cooling (Figure 3b), indicating a typical metallic behavior. 
It is consistent with the band structure measured by angle-
resolved photoemission spectroscopy (ARPES) where the Fermi 
level is located in the valence band (Figure  S10, Supporting 
Information). As shown in Figure  3c, the magnitude of MR 
curves below TC is ≈0.6% at 0.5  T, comparable with that of 
CrTe2 thin flakes.[23] Notably, a sharp peak, corresponding to a 
large negative MR, appears at a low field when the temperature 
is close to TC. With continuously increasing temperature, this 
peak becomes broad and a plateau appears, which is a signa-
ture of a magnetic phase transition.[33] It is in good agreement 
with the emergent AFM phase shown in previous magnetiza-
tion measurements. The antiparallel alignment of the magneti-
zation in the AFM phase produces an appreciable increase of 
the resistance, consistent with the phenomenon observed in 
spin valves.[1,2] In the plateau region with AFM ordering, elec-
trons suffer a high scattering ratio and the conductivity is sup-
pressed.[2,31] Increasing the field, the resistance drops sharply 
during the process from AFM phase to FM phase, among 
which the transmitting electrons with the same spin direc-
tion as CrTe2 layers can pass freely. Further increasing the 
field, there is another slope change in the MR curves at high 
fields (for example, at 155 K and 0.28 T in Figure 3d, at 160 K 
and 0.38  T in Figure  3e), which is due to the saturation of 
magnetization.[34]

Consistent with pure CrTe2 compound, the ground state 
of Cr5Te8 is FM,[24] whereas the self-intercalation gives rise 
to the AFM phase at elevated temperatures. Now we address 
the possible origins of this magnetic transition. The first 

mechanism that could lead to the observed AFM behavior is 
the formation of spin glass. In order to verify this possibility, 
frequency-dependent AC susceptibility was measured along 
c-axis (Figure  S9, Supporting Information). The peak position 
of susceptibility curves (≈180  K) is independent of frequency, 
different from the frequency-dependent one found in spin 
glasses.[35] In addition, a helical AFM state could result in such 
a phenomenon as well.[36] The in-plane easy axis is usually a 
common feature of helical AFM states, contradictory to the 
observation of strong PMA in Cr5Te8. As a result, the poten-
tial of a helical AFM state could be ruled out. Another possible 
mechanism responsible for the AFM phase is the antiparallel 
interlayer coupling between adjacent CrTe2 layers. Trace back to 
the source, the exchange interaction mechanisms of both intra-
layer and interlayer play a vital role in the magnetic ordering. 
AFM direct exchange interaction through t2g orbitals and the 
FM Cr–Te–Cr superexchange interaction contribute to the 
magnetic coupling of intralayer. On the other hand, directional 
hybridization between Cr 3d-orbitals and Te 5p-orbitals gives 
rise to the interlayer superexchange coupling, which depends 
on the bond angles and bond distances of Cr–Te–Te–Cr path.[37] 
In addition, coupling through intercalated Cr is also worthy 
of consideration. According to previous reports, the lattice 
constant of CrTe2 bulk along c-axis is 6.10 Å.[38] Strikingly, the 
vertical distance between CrTe2 main layers dropped to 5.98 Å 
with interlayer Cr doping (Figure S2, Supporting Information). 
Notably, the distance between two nearest-neighbor Cr atoms 
plays an important role in determining the magnetic states. 
It has been theoretically predicted that the magnetic proper-
ties of CrSiTe3 and CrGeTe3 can be manipulated by modifying 
atomic distance under moderate strain.[39,40] Based on the 

Figure 3. AFM interlayer exchange coupling in Cr5Te8 spin valves. a) Schematic diagram of transport measurements. b) Temperature dependent lon-
gitudinal resistance and its differential, dR/dT, exhibiting a kink at TC ≈150 K. c) Longitudinal resistance versus out-of-plane magnetic field. There is a 
rapid increasement of MR once entering into the AFM state. With further increasing temperature, the MR decreases and vanishes above TN. d) Com-
parison of field dependent MR (yellow line) and magnetic moment M (orange line) at 155  K, demonstrating the slope change at higher field due to the 
saturated magnetization. The MR ratio is defined as [ρ(H)−ρ(0)]/ρ(0). e) Slope change of field dependent MR (light green line) and magnetic moment 
M (green line) at 160 K, suggesting a phase transition.
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RKKY model, the interlayer magnetic coupling energy oscillates 
as a function of the nonmagnetic layer thickness in synthetic 
AFM multilayers.[7,41] Considering the temperature dependence 
of lattice constant included in Figure  S13 (Supporting Infor-
mation), the interlayer distance in a temperature window of 
150–180  K may favor the antiparallel alignment among CrTe2 
main layers. Similarly, the oscillatory behavior of the interlayer 
exchange interaction versus the interlayer separation has also 
been revealed in the vdW (Fe1−xCox)4GeTe2 magnets.[42] Besides, 
the variation of carrier density (n) can also be responsible for 
the AFM phase. The temperature dependence of n, GMR ratio 
and the AFM interlayer coupling strength (JAFM) are summa-
rized in Figure  4a. There is an apparent increase of n once 
entering the AFM phase, while it drops from the peak value of 
1.09 × 1023 cm−3 at 160 K to 1.07 × 1022 cm−3 at the AFM phase 
boundary. In the itinerant Cr5Te8 system, the local spins and 
itinerant electrons are entangled with each other, which gov-
erns the spin dynamics.[43] The emergent AFM spin configu-
ration is expected to also depend on the abrupt increase of n, 
while the exact exchange mechanism between conduction elec-
trons and local spins remains to be investigated. Actually, the 
coupling between the magnetism and carriers is not limited to 
CrTe2 compounds, but also applicable to magnetic topological 
insulators Mn(Bi1–xSbx)4Te7 with magnetic phase transitions 
induced by a charge carrier engineering.[44]

A notable observation in Figure  4a is that, there is a rapid 
increase of the MR ratio once entering into the AFM state. 
With further increasing temperature, the GMR magnitude 
decreases and vanishes above the TN, which presumably arises 
from two main contributions. The first one is the increased 
spin fluctuation at high temperature.[45,46] The other contribu-
tion comes from the reduced mean free path of electrons due 
to temperature dependent magnon scattering, phonon scat-
tering and interfacial scattering. Despite GMR is related to the 

AFM coupling, JAFM (JAFM = μ0Hex MstFM, where tFM is the FM 
unit thickness and μ0Hex represents the exchange field) shows 
an increasing trend with the increased temperature first, then 
reaches a peak of 66 μJ m−2 at 175 K, and finally reduces sharply 
near the TN (Figure  4a), which is different from the tempera-
ture response of GMR ratio. JAFM is governed by contributions 
from the spacer layers, magnetic layers and the interfaces. Near 
the TC, the interlayer exchange coupling involves the transition 
from the FM mode to the AFM one at a higher temperature, 
resulting in an enhancement of JAFM. With further increasing 
temperature, the softening of the Fermi edge, complex reflec-
tion coefficients at the interface as well as collective excitations 
within the magnetic layers make the coupling mechanism less 
effective.[47] The quantified JAFM is one or two orders of mag-
nitude lower than those of typical synthetic antiferromagnets 
composed of transition metals such as Fe/Cr (1.02 × 104 μJ m−2),  
Co/Ru (4.83  ×  103  μJ  m−2), and Co/Cu multilayers (2.21  × 
103 μJ m−2).[48] This weak JAFM in Cr5Te8 resolves the conundrum 
of how to obtain changes in magnetic order with a moderate field, 
a behavior typically associated with weak magnetic interactions.

Based on the magnetization, susceptibility, and transport 
measurements, we plot the field-temperature phase diagram in 
Figure 4b. With the emergent AFM interlayer coupling, Cr5Te8 
can be regarded as a magnetic-order competing system. Below 
TC, main layers are ferromagnetically stacked along both inter-
layer and intralayer direction, resulting in a negligible MR. In 
the temperature range between TC and TN, the FM ordering 
within each CrTe2 layer remains, while the interlayer coupling 
between adjacent CrTe2 layers turns into AFM, bringing about 
the intrinsic GMR effect. A merger of TC and TN curves at high 
fields is clearly seen in the phase diagram, which is due to the 
enforced alignment of Cr magnetic moment by the Zeeman 
field.[49] Above TN, the compound becomes paramagnetic and 
the MR vanishes. The presence of self-intercalation tunes the 

Figure 4. Temperature and magnetic field dependent magnetization reversal. a) Temperature dependence of the n, the GMR ratio and the JAFM. 
b) Compiled magnetic field-temperature phase diagram. The green, purple, and pink symbols represent the critical points extracted from M–T curves, 
AC susceptibility, and electrical transport, respectively.
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interlayer magnetic coupling between CrTe2 main layers, and 
thereby gives rise to the rich magnetic phase diagram. Apart 
from switching the interlayer coupling with an applied mag-
netic field, it is also possible to achieve analogous effects 
through varying temperature near the phase transition point.

3. Conclusion

In summary, we demonstrate an effective strategy to realize 
AFM interlayer exchange coupling through atomic-scale self-
intercalation in crystal lattice. In particular, the antiparallel 
spins between adjacent CrTe2 layers give rise to a pronounced 
GMR ratio and synthetic AFM phase in Cr5Te8 2D magnetic 
crystals, without requiring complex fabrication of multilayer 
structures. This technique could be extended to a broad class of 
2D magnets to create potentially new mechanisms and proper-
ties. The experimental platform provides a hitherto unexplored 
but appealing approach to obtain the AFM interlayer exchange 
coupling, offering a new horizon in designing desired magnetic 
phases and engineering functional structures for 2D magnet-
based spintronics.

4. Experimental Section
Growth of Cr5Te8 Single Crystals: High-quality Cr5Te8 single crystals 

were synthesized using self-flux method with high-purity elemental Cr 
(99.99%) and Te (99.999%) materials (from Alfa Aesar). A mixture of 
Cr and Te with an optimized molar ratio equivalent to 1:6 was sealed 
in evacuated quartz ampoules. Then it was heated up to 1050  °C and 
maintained for 1  day to allow sufficient homogenization, followed by 
slow cooling to 700 °C for a period of 1 week. Once the furnace reached 
700 °C, the excess flux was removed from the crystals by centrifugation. 
It needs to be mentioned here that the growth method and parameters 
are different from those of CrTe2

[23] and Cr1.2Te2 single crystals[50] 
previously reported. The thicknesses of the Cr5Te8 bulk sample for 
magnetic and transport measurements is 0.692  mm. Cr5Te8 bulk can 
be well preserved in ambient conditions for at least one month as its 
pristine ones.

Structural and Magnetic Characterization: The crystal structure was 
examined by a high-resolution single crystal X-ray diffractometer (Bruker 
D8 Discover). The incident X-ray is from Cu-Kα emission and has a 
wave length of 1.5418 Å. The scan mode is θ--2θ. The magnetization and 
susceptibility measurements were performed using a Quantum Design 
superconducting quantum interference device (SQUID) magnetometer 
with a base temperature 2 K and magnetic field up to 7 T. The magneto-
transport devices were confined to the Hall-bar geometry using the 
standard four-point probe method with room temperature cured 
silver paste as contacts. The MR measurements were performed on a 
Quantum Design Physical Property Measurement System (PPMS) with a 
base temperature 2 K and magnetic field up to 9 T.

X-Ray Absorption Spectroscopy and X-Ray Magnetic Circular Dichroism: 
XAS and XMCD measurements at the Cr L2,3 absorption edges in total-
electron yield (TEY) mode were performed at beamline I10 at Diamond 
Light Source, U.K. Oppositely circular polarized X-rays with 100% 
polarization were used to resolve XMCD signals in normal incidence. 
The light-helicity was switched in a magnetic field of 2  T, which was 
applied at 90° with respect to the film plane and in parallel with the 
incident beam. The dichroic spectrum was obtained by taking the 
difference of XAS spectra, i.e., σ+ − σ−.

Angle-Resolved Photoemission: After being cleaved in the load lock, the 
sample was transferred into the ARPES measurement chamber. ARPES 
measurements were performed with a SPECS PHOIBOS 150 hemisphere 

analyzer at 100 K with an energy resolution of 40 meV. A SPECS UVS 300 
helium discharge lamp (He Iα = 21.2 eV) is used as the light source.

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