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and intermetallic (PtTe)[7] comprising
spin
and valley degree of freedom have
Magnetic 2D materials have emerged as a great interest in spintronics due
been
reported.[8] However, the theoretical
to atomic thickness scaling, low energy switching, and ease in the manipulapredictions of 2D spintronic devices and
tion of spins. This report demonstrates a facile, bottom-up, chemical vapor
circuits have been realized experimendeposition approach for non-van der Waals (non-vdWs), 2D chromium (III)
tally with the evolution of chromium
sulfide (Cr2S3) with c-axis orientation, out-of-plane magnetic anisotropy (easy
(Cr)-based tri-halides (CrX3; X = Cl, I, and
Br).[9–17] More recently, CrI3 and CrCl3 with
axis), and ferrimagnetic ordering. Importantly, the anisotropic magnetic
intrinsic magnetism have been introduced
saturation and resistivity of 10.23 mΩ cm reveal a narrow bandgap ferrimagand incorporated into artificial heteronetism in Cr2S3 (∆EActivation ≈ 22 meV and Eg ≈ 40 meV). The prototype lateral
structures, possible applications include
spin-channel Al/Cr2S3/Al devices exhibit a negative magnetoresistance of
magnetic tunnel junction, read head sen≈25% and ≈15% at 100 K (below Néel temperature) for few-layer (≈8 nm)
sors, and spin-FET.[16,18] Cai et al. have
and thin-film (≈50 nm) device structures, respectively, owing to itinerant
reported the field-induced negative magne
R(Hext ) − R(0) 
ferrimagnetism of Cr2S3. The magnetic field-induced spin polaron formatoresistance  MR(H ) =
 of
R(0)

tions are quite resilient and enhance the field-dependent carrier conduction,
≈36% in CrCl3 with ultralow power operamaking it greatly useful for negative magnetoresistance operation. These
tion at 1–15 mV (Hext = 15 kOe and temprototype Al/Cr2S3/Al structures have demonstrated a low power (≈2 µW for
perature = 2 K), where Hext is applied
8 µm channel at 10 µA current) operation with a negative field-dependent
field and R is resistance with and without
field.[19] Besides this, the observed magresistance coefficient (rM) of ≈−5 × 10−4 Oe−1. The computed rM magnitude is
netic transitions in CrX3 are found as
tenfold higher than the bulk Cr2S3. This study identifies the potential of nonCrI3: 46 K, CrBr3: 37 K, and CrCl3: 17 K
vdW Cr2S3 toward new and robust 2D-based spintronic applications.
and hinders its applications owing to
low-temperature magnetic ordering.[13]
First-principles studies suggest that chromium-based chalcogenides CrM (M = S, Se, and Te) and CrMX
Atomically thin, layered non-van der Waals (non-vdW) 2D magmay possess magnetic ordering higher than its halide with
netic materials have opened a new path to study energy-efficient
large energy band dissimilarity around the Fermi edge and
device structures, new functionalities, and its potential applicaoffer a better spin transport in contrast to counterpart.[13] In
tions in spintronics.[1,2] The advantage of 2D-based spintronics,
contrary to conventional one, is to push the device scaling limit
this regard, chromium sulfide (Cr2S3) might be considered as a
by using material engineering, mechanical flexibility, facile
possible ferrimagnetic semiconductor[20,21] with mild resistivity
[1,3]
electrical, and chemically tunability.
(1–20 mΩ cm) and suitable for low power logic and nonvolaFurther, 2D non-vdW
tile application.[11,22–25] Naturally, the bulk ferrimagnetic Cr2S3
magnetic materials have shown great attention owing to strong
variation in properties depending on the number of layers and
shows two crystal geometry: rhombohedral structure (R-3) with
large magnetic ordering near room temperature (RT). Still,
magnetization (3 emu mol−1) and the other is trigonal structure
there are limited investigations on non-vdWs systems owing
(P-31c) with very low magnetization (7.2 × 10–3 emu mol−1).[26]
to the inherent interlayer covalent bonding or columbic interThe rhombohedral Cr2S3 shows maximum values of 9% MR(H)
action that largely restricts the existence of ultrathin matein Hext = 90 kOe at Neil temperature (TN ≈ 120 K). In contrast,
rials.[4] Lately, atomically thin non-vdW solids, including metal
the trigonal Cr2S3 sample shows negative magnetoresistance
oxides (Fe2O3),[5] metal chalcogenides (EuS, FeS, MnSex),[6]
in which absolute values remain lower than 0.5% in 9 T independently of the temperature. Hence, for low-dimensional spin
channel device structures R-3 Cr2S3 should be realized.[26]
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have also shown the new possibility for low-cost, high-purity,
ultrathin 2D non-vdW growth.[29] Chu et al.[20] have reported
the CVD growth of ferrimagnetic CrSx nanosheets in the submillimeter range. More recently, enhanced electrical conduction with increasing thickness of CVD grown Cr2S3 is reported
in detail.[21] It is also expected that while increasing the thickness of grown Cr2S3, the critical measure of magnetic ordering
gets influenced by intralayer (compensated ferromagnetic) and
interlayer (antiferromagnetic) anisotropy[30] and can be finetuned using an external magnetic field (Hext) as stated by Yuzuri
and Yoji.[23] Therefore, the development of a facile, restrained,
and batch producible synthetic route is in high demand. In this
work, we demonstrate the facile CVD growth of atomically, few
layers, and thin Cr2S3 films over sapphire (Al2O3). Raman investigations show the availability of active modes in the nanoscale
few-layer (staking of few monolayers) as well as thin-film Cr2S3.
The magnetic analysis confirms the ferrimagnetic behavior
considerable magnetic saturation and easy-axis anisotropy.
The MR(H) characteristics of Al/Cr2S3/Al lateral device structures have opened up the understanding of a large negative MR
under the external magnetic field (Hext), which attribute to the
intrinsic magnetic response of Cr2S3 and suggest new possibilities for low-dimensional systems for spintronics applications.
The nanoscale Cr2S3 was synthesized using a facile CVD with
anhydrous chromium (II) chloride (CrCl2) and sulfur (S) as precursors over sapphire (Al2O3-0001) substrate. At first, few-layer
Cr2S3 were synthesized at 1123 K (850 °C) for 15 min growth
duration. With the parameter explained in Table S1 (Supporting
Information). Further, the layered thin films of Cr2S3 were synthesized when growth temperature and carrier gas (Ar:H2) were
kept constant and growth duration was increased to 0.5 h at 300
sccm (for 50 mm diameter reactor). The detailed facile synthesis
approach has been shown in Figure 1a,b and Figures S1 and
S2 (Supporting Information). The surface morphology of the
single-crystal flake shows hexagonal edges owing to directional
growth.[31] Figure 1d shows the atomic force microscopy images
of few-layer samples with ≈8 nm thicknesses which correspond
to the ≈5 monolayers of Cr2S3.[32,33] The X-ray diffraction (XRD)
spectra suggest the single-crystal c-plane growth with rhombohedral geometry (R-3) as shown in Figure 1c,e. Three visible diffraction peaks of (003), (006), and (0012) are visible, in-line with
the standard rhombohedral Cr2S3 structure (PDF No. 10-0340).
The few-layer spectra (blue) show the major peaks available
for the c-axis grown materials, some peaks could be merged or
collapsed with the substrate intensity owing to their thickness.
Moreover, in the thin-film case, peaks are more prominent due
to sample volume. Some extra peaks are visible in thin-film
spectra (black), but the spectral intensity ratio is less than 0.2×
with respect to major c-axis. It justifies the monotonic growth
in the few-layer flake-like crystal as well as thin film. To ensure
well-controlled and consistent growth conditions, rectangleshaped samples with 3–4 mm were diced and subjected to the
micro-Raman spectroscopy for structural and X-ray photoelectron spectroscopy (XPS) for chemical analysis.[20]
It is evident from Figure 1f that two apparent Raman peaks
are observed at 253.4 (Eg) and 286.21 (Ag) cm–1 for Cr2S3 with different thicknesses of ≈8 nm (few layers: blue) and ≈50 nm (thin
film: black).[20] It is also noticeable that underneath the Al2O3 substrate signature at 410 cm–1 is not visible in the thin-film sample
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(black) due to higher thickness, but all signature modes available
in the few-layer Cr2S3 are also evident in the thin-film sample. It
confirms the consistent layered growth of Cr2S3 structures. These
peaks positions have matched well with the available literature
for 1T′ phase Cr2S3. A summary table of all Raman peaks and its
comparison with literature is shown in Table S2 and Figure S3
(Supporting Information). Furthermore, these few-layer Cr2S3
has been mapped for Ag peak at 286.1 cm–1 and mapped flake
has been shown in Figure 1g. The same flake structure has
been investigated under energy dispersive spectroscopy (EDS)
for chemical composition analysis and atomic ratio of Cr:S were
observed as 6.67:9.99 (2:3). The detailed mapping is presented
in Figure S4 (Supporting Information). Further, the XPS results
in Figure 1i,j validate the pristine phase of Cr2S3 without oxidation and inclusion of any foreign material entity (Figure S5, Supporting Information). These results further evidently establish
good stability in the air even after synthesis aging (data collected
day of growth and after 30 d of the vacuum-sealed environment
and shown in Figures S5 and S6, Supporting Information). Additionally, the 2p1/2 and 2p3/2 states of Cr are confirmed from the
peaks at binding energies ≈583.8 and 574.9 eV (Figure 1i), whereas
the peaks at binding energies ≈162.4 and 161.2 eV (Figure 1j) are
meant for 2p1/2 and 2p3/2 states of sulfur (S), respectively. Interestingly, the peak fitted core spectra of Cr suggest the availability
of low binding energy Cr (blue peak at 574.1 eV inside) the Cr2S3
which attributes the unbounded Cr, also explained by Cui et al.[21]
Furthermore, valance band (VB) spectra were investigated to
understand the electronic structure of Cr2S3 thin film. A helium
source with 21.2 eV energy was used. These spectra exhibit a VB
offset of nearly 0 eV which can indicate either that the Cr2S3 is a
heavily doped p-type semiconductor or metallic.[34] As 1T′ Cr2S3
is a narrow bandgap semiconductor (NB-SC) with ≈36 meV and
the synthesized Cr2S3 film shows only 1T′ phase in Raman, the
narrow bandgap semiconductor interpretation of VB spectra is
acceptable here. This NB-SC nature is further confirmed with
the temperature-dependent resistivity analysis (shown later in
Figure 3c). With evidence of structural and chemical measurements, the grown few-layer and thin-film Cr2S3 were subjected to
magnetization analysis.
To quantify the Cr2S3 magnetic behavior, temperaturedependent SQUID-VSM (quantum design) analyses were performed. These investigations showed an interesting phenomenon of magnetic ordering (second order) with the probabilistic
construction of paramagnetic → weak ferromagnetic or ferrimagnetic ordering as exhibited in the magnetization–field–
temperature (M–H–T) curves of Figure 2. The MHT curve
was plotted for the few-layer Cr2S3 with the magnetic field of
±5 kOe in the temperature range 300–10 K. Figure 2a,b shows
the MHT for in-plane and out-of-plane magnetic field. The
detailed MH for these contour plots are presented in Figures S7
and S8 (Supporting Information). From Figure 2c/d, the temperature ≈100 K may be considered as Néel point (TN) similar
to the bulk single crystals.[35] Based on M–T investigation, it is
found that the in-plane and out-of-plane magnetization are not
similar which suggests a sign of anisotropic behavior. A similar trend can also be observed when M–T is analyzed in μB/
Cr atom which suggests that for small Hext (500 Oe) magnetic
dipoles are aligned toward out-of-plane. It can be explained as
out-of-plane easy axis where two consecutive dipoles are aligned
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Figure 1. a) Growth schematic of Cr2S3 on sapphire using facile chemical vapor deposition (CVD); b) the temperature-growth kinetics is explained
in time domain graph; c) crystal structure of grown Cr2S3 plotted with ICDD.CIF file; d) atomic force microscopy image of grown 2D Cr2S3 flakes, the
inset shows large number of uniform flakes, the inset shows the grown Cr2S3 in layered geometry; e) XRD spectra for few-layer (down) and thin-film
(up) samples and compared with the reference PCPDF 10-0340; f) micro-Raman analysis of synthesized 2D active modes; g) Raman mapping of 2D
flake with Ag peak at 286.1 cm−1; the mapping depicts the hexagonal structure and its properties; h) EDS mapping of same geometry for elemental
analysis, EDS were done at low energy (7 keV) to avoid any damage due to long e-beam exposure; i,j) peak-fitted XPS core spectra of Cr 2p and S 2p,
respectively. k) Further, valance band spectra in thin film were investigated and compared with metallic Pt thin film.

in opposite direction toward out-of-plane in FiM ordering. A
possible spin schematic in Cr2S3 is visualized as Figure 2e, and
a more detailed quantitative study is required for anisotropic
application. However, to realize anisotropy qualitatively, region
2 from Figure 2c/d has been selected where maximum change
in magnetization has been recorded near 100 K. So the MH data
at 100 K clearly show two distinct magnetization path for the
same Cr2S3 sample when it kept in-plane (H‖) and out-of-plane
(H⊥) as shown in Figure 2f. The anisotropy field (Hk) was calculated from the point of overlap in normalized magnetization
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saturation for both fields (H‖ and H⊥). The Hk for 100 K was
1.83 kOe as shown in Figure 2f.
Based on the M–H analysis, the lateral channel prototype Al/
Cr2S3/Al devices were fabricated with Cr2S3 as an active layer.
The grown Cr2S3 over Al2O3 was patterned through standard
semiconductor process flow and afterward, ≈40 nm non-magnetic aluminum (Al) was deposited using high vacuum thermal
evaporation (fabrication process: Table S5 and Figure S9,
Supporting Information).[36] The current–voltage (J–V) and
resistance–temperature (ρ–T) analysis were investigated for
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Figure 2. SQUID-based contour plots for the M–H–T curve show magnetization (µemu) for Cr2S3 and the absolute value magnetization scale were
taken for clear understanding under a) in-plane (H‖) and b) out-of-plane (H⊥). M–T data for small field of 500 Oe in ZFC and FC condition, c) the inplane data show minimal change in the magnetization, whereas d) out-of-plane shows a change with temperature, these M–T also found in-line with
literature in table, e) schematic of domain alignment with the Hext, considering the grown Cr2S3 are in out-of-plane easy axis. f) M–H plot for 100 K < TN
where the system is considered in spin-polarized condition.

Al/Cr2S3/Al structures (Figure 3a) in the absence of the applied
magnetic field (Hext). Figure 3b represents the J–V characteristics of Al/Cr2S3/Al structures, where bilateral ohmic behaviors
are observed for device structure in −500 → +500 mV bias at
room temperature. It indicates that conductivity in thin film
has been increased with respect to the few-layer devices and
reveals that there may be physical grain boundaries inside the
thin film. The amalgamation of these grain boundaries is found
to decrease the resistance of polycrystalline Cr2S3. Cui et al.[21]
have also detected a similar enhancement with the increase in
the thickness of Cr2S3 and explained it as the increased number
of excess Cr inside the lattice. The few-layer flake-like crystals
could be considered the ideal case where intralayer conduction
is through free charge carrier (p-type considered). These conducting carriers find small potential barrier as they travel to the
interlayer conduction at a low bias (≈200 mV). As the voltage
increase (so the electric field) it provides an ease to the interlayer conduction and results in enhanced conduction. However, these augmentations were visualized change in resistance for the applied bias and only 4% change was observed
as shown in Figure 3b inset. The fabricated device structure
was also analyzed by increasing temperature from 296 to 310
K. By increasing the temperature the J–V was found increased
for the same bias regime as shown in Figure 3b. On the other
hand, electrical conduction at given temperature possess similar behavior. Beyond that to assess the formation of the ohmic
junction of Cr2S3, we further investigated with the van der Pauw
method and observed resistivity (ρ) were 10.2 ± 0.1 mΩ cm at
room temperature (Figure 3c). The NB-SC behavior was further
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confirmed with the effect of thermal energy over electrical
transport (ρ–T). The decay in resistivity was observed while
increasing the temperature (Figure 3d). The resistivity behavior,
semiconductor near 50 K, showed an opposite slope in ρ near
TN and again become semiconducting above TN. For paramagnetic (T > TN), the activation energy was found at 22.4 meV (see
explanation in Figure S11, Supporting Information). Furthermore, above room-temperature ρ–T shows similar conduction
behavior until it get saturated near 450 K. The apparent varia dρ 
tion of resistance changes with temperature 
were found
 dT 
to be negative and converged to 0 near 450 K (kT ≈ 38.85 meV).
It perceives the minimum resistance state at 450 K, i.e., NB-SC
to metallic transition (Figure 3d). The above said investigation
also supports the first principal investigation of magnetic Cr2S3
(Eg = 20–40 meV), where the spin–orbit coupling is considered
by Chen et al.[32]
R(Hext ) − R(0)
Figure 4 shows the MR(H ) =
in Al/Cr2S3/Al
R(0)
for two geometries: few layers and thin film. These samples
were investigated in a constant current mode in the PPMS
(quantum design), the magnetic field was varied in sweep
mode from 0→50 kOe →0→−50 kOe→0→50 kOe. A small current of 10 µA was provided to avoid any local heating at low
temperature. Figure 4a shows the MR(H) for a wide range of
temperatures across the TN (≈100 K) (T = 300, 200, 150, 100, and
50 K). The resistance change (ΔR(H)) at 100 K was found to be
6000 and 700 Ω for few-layer and thin-film devices, respectively.
These ΔR(H) have resulted in the MR(H) of −25% (Figure 4a)
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Figure 3. a) Schematic representation of current conduction in prototype Al/Cr2S3/Al lateral device; b) J–V measurements for few-layer and thin-film Al/
Cr2S3/Al; JC–V plot shows similar conduction in both geometry with certain current offset, inset shows bias-dependent resistance change; c) resistivity
(ρ) of Cr2S3. d) Temperature dependence of the electrical resistivity (ρ) for a range of 50–450 K.

for few-layer and −15% (Figure 4b) for thin-film devices. As
perceived from MH/MT investigation, the magnetization of
Cr2S3 gets enhanced just below the TN because the spins available inside the material are aligning to the weak ferromagnetic
ordering. Cai et al. have also visualized similar conditions
inside CrCl3 and called it spin-polarized ordering.[19] Additionally, MR(H) at 50 K in both devices (7.55% and 5.8%) were
found lower than the MR(H) at100 K. On the other hand, above
TN, the fabricated device structures had shown minimal MR(H)
of ≈−1%. It suggests that the polarons inside Cr2S3 are responsive to the magnetic field, but the thermal disorders (kT) are
dominant above TN.[25]
Here, one can think quantitatively that how the same Cr2S3
can respond in two MR(H) by changing the thickness. To
understand the difference in MR(H) in both devices, we can
anticipate that the thin film may possess physical grain boundaries. The incorporation of grain boundaries suppresses the
spin ordering and increases spin scattering near the boundaries
(Figure S2, Supporting Information). The increased spin scattering decreases the MR(H).[49]
After a detailed study of MR(H) in both devices, the results
were modeled with the existing theory of magnetic polaron hopping in magnetic semiconductors. As above said, it is expected
that the available Cr inside the 2D lattice. These Cr ions act as
carrier enriched polarons responsive to Hext, i.e., a Cr2+ hopping polaron (see red in Figure 4e).[50] This large spin-induced
conduction or decreased resistance ∆R(H) has been correlated
with a polaron site-based hopping mechanism and explained
Section S11 (Supporting Information). Further, as Hext is applied,
Adv. Electron. Mater. 2021, 2001116

these Cr polaron sites create the localized magnetic alignment
at a nanoscopic regime (MS local due to polaron site) and act as
polaron clouds, where nearby electrons get aligned toward the
Cr spin and reduce the spin scattering. These Hext enhance the
majority spin-polarized conduction which results in high MR(H),
also observed in 2D TiTeI system by Wu et al.[50,51] According to
reported one, the field dependence of MR using the hopping
mechanism by Lee et al.,[25] the MR(H) is a function of Mext,
thus proportional to Mext2 for T > TN and Mext for T < TN in a
low field region. However, for room-temperature investigations
(300 ≫ TN), the R(H) decreases exponentially as evident from
Figure 4d. When the polaron hopping hypothesis is considered,
the correlation between R(H) and Mext has been derived as follows
R (H ) ∝ e

M 
− A  ext 
 M0 

2

∀ T > TN and R (H ) ∝ e

M 
− B  ext 
 M0 

∀ T ≤ TN

(1)

where Mext, M0, and A and B are field-induced magnetizations,
zero fields spontaneous magnetization, and the proportionality
constant, respectively.[25] Similarly, N0 and Next are the net spins
contributing to magnetization at zero field and external field in
Cr2S3.[52] Here, the Next computed net spins contributing to the
enhanced conduction is explained as follows
N ext =

N ext Mext
=
=
V
µB

Mext
dMext 
µo  1 +


dH 

(2)

where all acronyms are in standard form.
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constant temperature analysis, β can be neglected and the simplified rM is as follows
rM =

Figure 4. MR(H) investigation for Cr2S3 across the perpendicular external
magnetic field. MR(H) of a) few-layer and b) thin-film Cr2S3 for ±50 kOe,
c) net spins calculated from M–H virgin curve using Equation (3), d)
modeled the MR(H) behavior with the applied field for different temperatures found in-line with Equation (2). e) Representation of polaron
formation when Cr+ is available inside the material, in absence of Hext it
aligns the nearby spins to reduce the magnetostatic energy of Cr2S3 and
when Hext is applied in easy axis, results in larger polaron site which helps
in better conduction as shown in down. f) Summary of the figure of merit
and roadmap of 2D magnetoresistive devices (detailed data are tabulated
in Table S6, Supporting Information); the number denotes the references
of earlier reported 2D materials.[1,19,37–48]

The experimental data were fitted with Equation (1) and
shown in Figure 4d. The MR(H) was normalized to its maximum value to compare all the MR(H) as a function of Hext
and T. Mainly Figure 4d shows two types of slopes: linear
for T ≤ TN and nonlinear parabolic for T > TN. The MR(H)
is shown the same path at different temperatures, i.e., 300,
200, and 150 K, which can be justified with the available net
spins at these temperatures as shown in Figure 2c. Similarly,
for 100 and 50 K, the MR(H) path is linear which supports
the polaron-based conduction [Equation (2)]. Considering the
absolute value of MR(H), Figure 2c shows higher number
of spin at 100 K with respect to 50 K, hence it also provided
higher MR(H).
For the potential magnetoresistive device applications, the
distinguishable resistance state and endurance investigations
are imperative. The magnetic response of prototype Al/Cr2S3/Al
devices with ⊥Hext results in a significant change in resistance
and can be quantized as the resistance state corresponds to
desecrate field (Hext) as shown in Figure 4a,b.[53] Regarding
this, the magnetoresistive coefficient (rM) has been calculated
from the empirical relation for Al/Cr2S3/Al devices from R(H)
−1
−1
as R(0)(1 + rMHext + e − β ((T0 −T1 ) ). Here, β = ΔE/K denotes a temperature coefficient of the electrical resistance value. During
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R( H ) − R(0)
R(0) × H ext

(3)

The calculated rM of ≈−5 × 10–4 Oe–1, for spin-polarized condition at 100 K, offers a suitable 2D material similar to existing
soft magnetic thin films.[54] The constant rM behavior suggests the scope of MR extrapolation at a different field, such as
≈45% at the 90 kOe field as shown in Figure S12 (Supporting
Information).
As unveiled in Figure 4f, the narrow bandgap semiconductor
Cr2S3 channel devices with suitable growth engineering, may
result in significant negative MR and resolve the critical issues
of low-temperature magnetic ordering for 2D spintronics. It
also exhibits more than ten times higher field sensitivity (rM)
and robust stability than the bulk Cr2S3, which are promising
for low-power and high-performance spintronic device applications. In conclusion, the ferrimagnetic ordering of CVD grown
2D narrow bandgap (∆EActivation ≈ 22.4 meV; ρ ≈ 10.2 mΩ cm)
Cr2S3 were demonstrated at ≈100 K. Most importantly, the large
negative MR up to −25% was observed in this grown 2D-Cr2S3,
which is not usual in conventional semiconductors. As compared with other 2D-FMs, Cr2S3 preludes to low-power magnetoresistive sensors, advanced spin-FETs, and system-on-chip
applications.

Associated Content
Besides these investigations, the authors observed robotic physical switching in Cr2S3 flake under the external magnetic field
and recording shared in Video S1 (Supporting Information).
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