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Fig. S1 (a) Schematic illustration of CVD system for 2D layered CrS2 synthesis.

Fig. S2 (a) AFM topological image of CrS2 flake. (b) The height profile taken across 

the line in (a). The results show a layered structure of our 2D CrS2 flake.
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Fig. S3 (a) SEM image of a CrS2 flake. Corresponding EDX mapping of (b) Cr and (c) 

S, suggesting quite uniform distribution of the Cr and S elements in the flake. 

Fig. S4 Comparison of XPS patterns of Cr 2p and S 2p for the Cr2S3 powder and our 

CrS2 sample. (a) Cr 2p patterns. (b) S 2p patterns. The energies were calibrated as C 1s 

peak as 284.5 eV.

Fig. S5 XPS patterns of CrS2 collected at different measurement positions.



S3

Table S1. Atomic percentage (atomic %) of the sample based on the measurements in 

Fig. S5.

Measurement C 1s O 1s S 2p Cr 2p Cr 2p/S 2p

#1 93.2% 3.7% 2.1% 1.0% 1.0 : 2.1

#2 91.7% 4.5% 2.5% 1.3% 1.0 : 1.92

#3 92.6% 4.0% 2.3% 1.1% 1.0 : 2.09

Fig. S6 (a) Comparison of Raman scatterings of our CrS2 and Cr2S3 powder. (b) Optical 

image shows where the Raman spectrum of Cr2S3 was obtained.

A. Comparison of Raman characteristics of our 2D layered CrS2 to non-layered 
Cr2S3

Very recently, Zhou et al.1 reported synthesis of 2D non-layered Cr2S3 and 

characterized it by Raman technique in details. They found that the Cr2S3 ultrathin 

flakes have six Raman modes labeled as P1 (~175.7 cm-1), P2 (~247.4 cm−1), P3 (~281 

cm−1), P4 (~304.6 cm−1), P5 (~337.9 cm−1), and P6 (~355.5 cm−1), respectively. Among 

these six Raman modes, P1, P2, P3, P6 have relatively distinguishable intensity. They 

also found that for the non-layered rhombohedral Cr2S3, the abnormal red-shift of the 

P2, P3, P6 modes (no change of P1) with increase in the thickness is mainly attributed 

to the change of covalent bond strength between Cr and S atoms coming from the 

stacking effect.

Besides the Raman spectrum presented in main text, we here show the Raman spectrum 

of another CrS2 flake (few layer) with a different thickness from that (about 6.4 nm) in 



S4

the main text. The peaks of Raman modes of our sample are at about 175 cm-1, 252 

cm-1, 283 cm-1 and 359 cm-1 (Fig. S7). And the Raman modes of our Cr2S3 powder are 

at about 304 cm-1 and 344 cm-1. These compounds containing Cr and S have some 

similar Raman features, but they show distinguishing characteristics from each other. 

As mentioned above, the different covalent bond strength between Cr and S atoms 

influences the Raman shift. Thus, the different positions of Raman peaks of our CrS2 

sample from the Cr2S3 ultrathin film is reasonable. In addition, the discussion of the 

layer-dependent Raman features and the assignment/identification of the modes of our 

2D CrS2 are beyond the scope of the present work.

Fig. S7 (a) Optical image of a CrS2 flake. (b) Raman spectrum collected at the white 

dot position in (a).
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Table S2. Summary of Raman peak positions of different samples.

Sample\Raman 

mode (cm-1)

P1 P2 P3 P4 P5 P6

Non-layered Cr2S3 

(Adv. Funct. Mater.
2019, 29, 1805880.) 
(laser  = 633 nm)

175.7 247.4 281 304.6 337.9 355.5

Our CrS2 (laser  = 

532 nm)

175.0 252.0 283.0 359.0

 = RCrS2 – RCr2S3 -0.7 4.6 2.0 3.5

Our Cr2S3 powder 

(laser  = 532 nm)

304.0 344

arXiv:1805.08002 

(laser  = 455 nm)

254 286

Note: The  = RCrS2 – RCr2S3 is the difference of the Raman shift at specific peaks 

between our CrS2 and Cr2S3. We find that there is no an identical change trend among 

the peaks.

B. Effect of Raman excitation wavelength on Raman scattering

The Raman spectrum study for TMDs such as MoS2 has been normally done with the 

standard green excitation (514 - 532 nm) or in resonant conditions (633 nm). And the 

existence of a resonant excitation of several peaks when using 633 nm, 785 nm and 325 

nm excitation wavelengths is related to electron-phonon coupling with different 

transitions in the MoS2 energy band structure. Despite this, the peak positions of the 

two very intense peaks at 382.9 and 408.1 cm−1 of bulk MoS2, attributed to E2g1 and A1g 

vibration mode, respectively, showed negligible shift with different excitation 

wavelengths.2 However, if the sample is very thin such as monolayer WS2, the 

frequencies of the Raman modes would change slightly (within 2 cm-1) with a change 

in laser wavelength.3 The reasons for this may be due to the increase in lattice 

temperature by strong optical absorption and the modification of force constants of the 
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vibration by photo-excited carriers.4

The comparison confirms that our samples show some characteristics of the compounds 

comprising of Cr and S, but our 2D layered CrS2 has its own Raman features due to its 

structure.

C. Raman spectra from DFPT calculation and comparison with Raman spectra of 

CVD grown CrS2

The Raman spectra for the polymorphs of CrS2 are executed from density functional 

perturbation theory (DFPT) as implemented in the CASTEP package.5 For the CASTEP 

computation we have used the VASP optimized structures with a similar k-point mesh 

as input with Norm-conserving pseudopotentials (energy cut-off 700 eV) and PBE 

version of GGA exchange correlation functional. Before DFPT calculation, full 

geometry optimization was performed and both code gave almost same lattice 

parameter and atomic positions. 

The Raman spectra of three phases of CrS2 are shown in Fig. S8. The calculated Raman 

modes of each phase of CrS2 are mentioned inside the Fig. S8. The calculated Raman 

modes for 1T and 1T’ phases are matched with the experimental Raman mode. In 

general, the calculated Raman shift underestimate the experimental Raman shift.6 The 

calculated Raman modes of 2H phase are at 391.4 cm-1 and 405.6 cm-1 and those peaks 

are very low in intensity as observed in experimental Raman spectra. From this 

comparison (Table S3), we can conclude that the three phases coexist in our CVD 

grown CrS2.  Moreover, such low intensity of the characteristics peaks of 

semiconducting 2H phase indicates the presence of small percentage in the CVD grown 

CrS2.
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Table S3: Comparison of theoretical and experimental Raman peaks of CrS2

Theoretical

(Cm-1)

Experimental

(Cm-1)

2H-CrS2 1T-CrS2 1T’-CrS2 As prepared CrS2 sample

187.6 175

244.7 243.0 252

285.9 283

353.8 346.5

361 359

391.4 385

405.6 405.6 403

453.9

Fig. S8 (a) Raman spectra of three different phases of CrS2 predicted from DFPT 

calculation. (b) Raman spectra of CVD grown CrS2 film (as depicted inset).
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D. The analysis of crystallographic structure of 2D layer CrS2 by comparing to the 

known compounds containing Cr and S

Our samples both on Si with diffraction peak at about 33 and on Al2O3 with diffraction 

peak at 37 substrates have an identical diffraction peak at 2 of about 15. We find 

that for other 2D layered TMDs such as MoS2 and WS2, they also show a diffraction 

peak at about 14 - 15, belonging to the (002).7, 8 The interplanar spacings from the 

SAED are about 0.2941 nm (d1) and 0.1723 nm (d2) (Fig. S9), which are not matched 

with those in PDF (Powder Diffraction File) of the compounds containing Cr and S 

(Fig. S10-S15)

Fig. S9 SAED patterns for different CrS2 flakes.

Fig. S10 The PDF information about the known compounds comprising Cr and S.

The PDF information of the compounds containing Cr and S for Cr3S4 (PDF # 72-1225) 

(Fig. S10), Cr2S3 (PDF # 72-1223, and PDF # 72-1224) (Fig. S11), Cr.875S (PDF # 72-

1221) (Fig. S12), Cr5S6 (PDF # 72-1222) (Fig. S13) and CrS (PDF # 72-1225, PDF # 
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72-12262) (Fig. S14) are below for reference.

Fig. S11 PDF # 72-1225 of Cr3S4.

Fig. S12 PDF # 72-1223 and PDF # 72-1224 of Cr2S3.
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Fig. S13 PDF # 72-1221 of Cr.875S.

Fig. S14 PDF # 72-1222 of Cr5S6.
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Fig. S15 PDF # 72-1225 and PDF # 72-12262 of CrS.

E. Band structure using HSE06 functional

The computational expensive hybrid functional is mostly used to study the exact band 

position of 2D material. Here we also predicated the band structure of polymorphic 

CrS2 using HSE06 functional. The 2H CrS2 exhibit semiconducting behavior of direct 

band gap. The predicted band gap is ~1.47 eV which is ~0.5 eV larger than GGA+PBE 

predicted bandgap. The trigonal and distorted trigonal phase of CrS2 show metallic 

behavior (as shown in Fig. S16)

Fig. S16 Band structure of (a) 2H-CrS2, (b) 1T-CrS2, and (c) 1T’-CrS2 using HSE06 

functional. Black dotted line represent the Fermi level and set at 0 eV.
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F. Spin polarized calculation and magnetic properties of polymorphic CrS2 

The spin polarized calculation has also been carried out to examine the magnetic 

behavior of polymorphic CrS2. Table S4 shows the relative total energy with respect to 

the most stable phase with the same functional. For both spin polarized and non-spin 

polarized calculation within GGA functional the 2H phase is energetically stable. 

Moreover, the nonmagnetic 2H CrS2 is energetically favorable and which is consistent 

with previous studies.9, 10 After considering the onsite Coulomb U correction within 

GGA functional, the 1T’-CrS2 exhibit more stability than other two phases. The value 

of onsite Coulomb correction for Cr (Ueff =2.8) has been taken from previous literature.9 

Furthermore, we calculated the spin polarized DOS using GGA and GGA+U 

functional.  The left panel of Fig. S17 depicts the spin polarized density of states of 

three phases without U correction and it shows that for three phases the DOS for spin 

up and spin down are equivalent and identical. From GGA predicted DOS, the 

polymorphic CrS2 show nonmagnetic characteristics. But after considering the Hubbard 

correction (U), the spin polarized density of states for 1T and 1T’ phase of CrS2 are 

inequivalent for spin up and spin down states. The inequivalent DOS for spin up and 

down confirm the magnetic nature of 1T and 1T’ phases of CrS2. More interestingly, 

the calculated magnetic moment in CrS2 is affected by the onsite U correction. After 

adding U correction the magnetic moment per Cr atom for 1T and 1T’ phase of CrS2 

change from 0.012 to 0.531μB and 0 μB to 2.206 μB respectively (Table S4).
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Table S4. Relative total energy (∆E) with respect to the most stable configuration 

calculated with the same functional, magnetic moment per Cr atom

Functional Phase  ΔE  (eV/CrS2) Mag. mom (μB)

2H 0.0 0

1T 0.522 0

GGA

Non-spin polarized 

1T’ 0.370 0

2H 0.0 0

1T 0.524 0.012

GGA

Spin-polarized 

1T’ 0.370 0

2H 0.020 0

1T 0.338 0.531

GGA+(U=2.8)

1T’ 0.0 2.206
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Fig. S17 Spin polarized density of states using GGA functional and GGA+U of (a, d) 

2H-CrS2 (b, e) 1T-CrS2, (c, f) 1T,-CrS2. Top and bottom arrows denote spin up and 

spin down channel, respectively.
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