
 

 

 

In-plane optical anisotropy of two-dimensional VOCl single crystal with weak interlayer 

interaction 

Ruijie Wang(王瑞洁), Qilong Cui(崔其龙), Wen Zhu(朱文), Yijie Niu(牛艺杰), Zhanfeng Liu(刘站锋), Lei Zhang(张

雷), Xiaojun Wu(武晓君), Shuangming Chen(陈双明), and Li Song(宋礼) 

Citation:Chin. Phys. B, 2022, 31 (9): 096802.   DOI: 10.1088/1674-1056/ac7555 

Journal homepage: http://cpb.iphy.ac.cn; http://iopscience.iop.org/cpb   

 

What follows is a list of articles you may be interested in  

 

Ohmic and Schottky contacts of hydrogenated and oxygenated boron-doped 

single-crystal diamond with hill-like polycrystalline grains 

Jing-Cheng Wang(王旌丞), Hao Chen(陈浩), Lin-Feng Wan(万琳丰), Cao-Yuan Mu(牟草源), Yao-Feng Liu(刘尧峰), 

Shao-Heng Cheng(成绍恒), Qi-Liang Wang(王启亮), Liu-An Li(李柳暗), and Hong-Dong Li(李红东) 

Chin. Phys. B, 2021, 30 (9): 096803.   DOI: 10.1088/1674-1056/ac032b 

Selective linear etching of monolayer black phosphorus using electron beams 

Yuhao Pan(潘宇浩), Bao Lei(雷宝), Jingsi Qiao(乔婧思), Zhixin Hu(胡智鑫), Wu Zhou(周武), Wei Ji(季威) 

Chin. Phys. B, 2020, 29 (8): 086801.   DOI: 10.1088/1674-1056/ab9438 

Epitaxial fabrication of two-dimensional TiTe2 monolayer on Au(111) substrate with Te 

as buffer layer 

Zhipeng Song(宋志朋), Bao Lei(雷宝), Yun Cao(曹云), Jing Qi(戚竞), Hao Peng(彭浩), Qin Wang(汪琴), Li 

Huang(黄立), Hongliang Lu(路红亮), Xiao Lin(林晓), Ye-Liang Wang(王业亮), Shixuan Du(杜世萱), Hong-Jun 

Gao(高鸿钧) 

Chin. Phys. B, 2019, 28 (5): 056801.   DOI: 10.1088/1674-1056/28/5/056801 

Photodetecting and light-emitting devices based on two-dimensional materials 

Yuanfang Yu(于远方), Feng Miao(缪峰), Jun He(何军), Zhenhua Ni(倪振华) 

Chin. Phys. B, 2017, 26 (3): 036801.   DOI: 10.1088/1674-1056/26/3/036801 

In-plane anisotropy in two-dimensional electron gas at LaAlO3/SrTiO3(110) interface 

Sheng-Chun Shen(沈胜春), Yan-Peng Hong(洪彦鹏), Cheng-Jian Li(厉承剑), Hong-Xia Xue(薛红霞), Xin-Xin 

Wang(王欣欣), Jia-Cai Nie(聂家财) 

Chin. Phys. B, 2016, 25 (7): 076802.   DOI: 10.1088/1674-1056/25/7/076802 

 

-------------------------------------------------------------------------------------------------------------------- 

http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7555
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac7555
https://doi.org/10.1088/1674-1056/ac7555
http://cpb.iphy.ac.cn/
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac032b
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ac032b
https://doi.org/10.1088/1674-1056/ac032b
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ab9438
https://doi.org/10.1088/1674-1056/ab9438
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/5/056801
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/28/5/056801
https://doi.org/10.1088/1674-1056/28/5/056801
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/26/3/036801
https://doi.org/10.1088/1674-1056/26/3/036801
http://cpb.iphy.ac.cn/EN/10.1088/1674-1056/25/7/076802
https://doi.org/10.1088/1674-1056/25/7/076802


Chin. Phys. B 31, 096802 (2022)

In-plane optical anisotropy of two-dimensional VOCl single crystal
with weak interlayer interaction

Ruijie Wang(王瑞洁)1,†, Qilong Cui(崔其龙)1,†, Wen Zhu(朱文)1,2,†, Yijie Niu(牛艺杰)3, Zhanfeng Liu(刘站锋)1,
Lei Zhang(张雷)4, Xiaojun Wu(武晓君)3, Shuangming Chen(陈双明)1,‡, and Li Song(宋礼)1

1National Synchrotron Radiation Laboratory, University of Science and Technology of China (USTC), Hefei 230029, China
2School of Mechanical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China

3Department of Materials Sciences and Engineering, School of Chemistry and Materials Sciences,
University of Science and Technology of China, Hefei 230026, China

4School of Materials Science and Physics, China University of Mining and Technology, Xuzhou 221116, China

(Received 25 April 2022; revised manuscript received 30 May 2022; accepted manuscript online 2 June 2022)

Transition-metal oxyhalides MOX (M = Fe, Cr, V; O = oxygen, X = F, Cl, Br, I), an emerging type of two-
dimensional (2D) van der Waals materials, have been both theoretically and experimentally demonstrated to possess unique
electronic and magnetic properties. However, the intrinsic in-plane anisotropic properties of 2D VOCl still lacks in-depth re-
search, especially optical anisotropy. Herein, a systematic Raman spectroscopic study is performed on VOCl single-crystal
with different incident laser polarization at various temperatures. The polarized-dependent Raman scattering spectra reveal
that the Ag mode of VOCl show a 2-lobed shape in parallel polarization configuration while a 4-lobed shape in vertical
configuration. In addition, the temperature-dependent and thickness-dependent Raman scattering spectra confirm a rela-
tively weak van der Waals interaction between each layers among VOCl single crystal. These findings might provide better
understanding on the in-plane anisotropic phenomenon in VOCl layers, thus will accelate further application of 2D single
crystals for nanoscale angle-dependent optoelectronics.

Keywords: two-dimensional (2D) materials, in-plane anisotropy, Raman spectra
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1. Introduction
Two-dimensional (2D) materials, such as black

phosphorus,[1–3] tellurium,[4] and transition metal dichalco-
genide (TMDs),[5–15] show unique in-plane electrical, mag-
netic, optical, and thermal anisotropy due to their anisotropy
of crystal structure. These characteristics endow 2D materi-
als great potential in a diverse angle-dependent optoelectronic
application.[3,16,17] Based on the above views, the fundamen-
tal physical properties, such as polarization-dependent behav-
ior and phonon modes, are critical for the design of high-
performance devices based on 2D materials with in-plane
anisotropic properties.

As one of the 2D transition-metal oxyhalides (M = Fe,
Cr, V; O = oxygen, X = F, Cl, Br, I), VOCl has been
widely studied for its physical properties and applications.
Among them, theoretical calculations predicted that it is a
multiorbital Mott-insulator, and the bandgap is about 2 eV
with high resistivity.[18–20] Recently, VOCl single-crystal have
been demonstrated possess high dielectric constant[20] and
strong spin-phonon coupling.[21] Besides, research on simi-
lar materials has also been carried out widely. For example,
CrOCl/CrOBr monolayer have been identified as intrinsic fer-
romagnetic semiconductors with Curie temperatures of up to

160 K and 129 K, respectively.[22] Ultrathin ytterbium oxy-
chloride (YbOCl) single crystals are successfully synthesized
via chemical vapor deposition (CVD) method.[23] However,
the intrinsic in-plane anisotropic properties of 2D VOCl still
lacks in-depth research.

Raman spectroscopy is a non-destructive method to in-
vestigate the anisotropy properties of 2D materials because
it can provide structural and electronic information of char-
acterized 2D materials with high spectral and spatial res-
olution together.[24–26] Using angle-resolved Raman spec-
troscopy, the polarization-dependent behavior of 2D materials
can be exploited.[27] And temperature-dependent Raman spec-
troscopy can show the temperature effect of the phonon mode
and enables us to further understand the atomic structure, va-
lence bond, electrical, and thermal properties of the material
being studied.[28,29] Furthermore the thickness-dependent Ra-
man spectra can also reflect influence of 2D materials inter-
layer force on phonon and photon vibrational modes.

Herein, we synthesized the single crystal of VOCl by
the chemical vapor transport (CVT) method successfully, the
polarization-dependent behavior of VOCl is detected by us-
ing polarized Raman scattering on the (001) crystal plane,
then the strong in-plane vibrational anisotropy of 2D VOCl
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is demonstrated. The Raman peaks are shown in the range
of 100 cm−1–500 cm−1, and nuclear site group theory is
used to distinguish the different Raman modes correspond to
peaks. The temperature-dependent Raman experiment is per-
formed to study the lattice vibrational behavior and showed the
phonon modes change at 150 K. The corresponding Raman
spectra of VOCl flakes with different thickness indicate the
weak interlayer van der Waal interaction in VOCl crystals.[30]

This work could provide useful information for the conve-
nience of 2D materials in the field research of electronics and
optics.

2. Experiment details
2.1. Synthesis of VOCl

The VOCl single crystal was prepared by the CVT
method. Firstly, the V2O3 powders were synthesized by an-
nealing the V2O5 (99%, Aldrich) in Ar/H2 (10%) atmosphere
with a flow rate of 100 sccm, the furnace was heated to 600 ◦C
in 60 min, and kept at this temperature for 30 min, then the
temperature rose to 900 ◦C in 30 min and hold for 2 hours,
the furnace was cooled down naturally. Secondly, in the glove
box, the V2O3 and VCl3 (99%, Aldrich) were weighed in a
stoichiometric ratio and placed in a quartz glass tube, then the
tube was taken out, evacuated to 6×10−3 Pa, and sealed by
propane and oxygen gas. Thirdly, this tube was put in a two-
zone furnace with a temperature gradient of 850 ◦C–750 ◦C
and held for 5 days. After natural cooling, single-crystal sam-
ples can be obtained.

2.2. Transfer and characterizations

The VOCl crystal was mechanically exfoliated by scotch
tape and transferred to 300-nm SiO2/Si substrate with PDMS.
The size, morphology, and thickness of as-grown VOCl
samples were characterized by OM (Olympus BX53-P) and
AFM (Bruker Dimension Icon). Raman and PL spectra
were obtained from a confocal microscope Raman spec-
trometer (HORIBA LabRAM HR-800, 532-nm excitation
laser with 1 mW). The high-resolution TEM (HRTEM) and
corresponding SAED analyses were performed on a JEOL
(JEMARF200F TEM). The x-ray absorption fine structure
(XAFS) spectra were collected in the Beijing Synchrotron Ra-
diation Facility (1W1B, BSRF) to detect the V K-edges. The
x-ray was monochromatized by an Si(111) monochromator.

3. Results and discussion
3.1. Characterization of synthesized VOCl

For atomic model, VOCl single crystal has a symmetry
of D12

2h (Pmmn) point group. Each molecular layer contains
two layers of chlorine atoms sandwiched between a V–O bi-
molecular layer, and the molecular layers are coupled by van
der Waals forces (Fig. 1(a)). The powder x-ray pattern of
the VOCl crystals is shown in Fig. 1(b). Four peaks includ-
ing (001) peak at 11.44◦, (003) peak at 34.08◦, (004) peak
at 45.9◦, and (005) peak at 58.3◦ are confirmed, indicating
the preferential growth orientation of VOCl is (001) plane.
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Fig. 1. Synthesis and characterization of VOCl single crystals. (a) The crystal structure of VOCl under side and top views. (b) Powder x-ray
pattern of the VOCl crystals. (c) The TEM image of VOCl crystals, scale bar: 2 nm. And the selective area electron diffraction of VOCl, scale
bar: 5 1/nm. (d) The corresponding Fourier transforms FT(k3χ(k)) and the first shell fitting of Fourier transform of XAFS spectra (V–V, V–O,
and V–V) for VOCl. (e) Raman spectra of VOCl at 93 K.
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Figure 1(c) show the transmission electron microscopy
(TEM) image and the selective area electron diffraction
(SAED) spots of VOCl, which reveals the arrangement of
atoms on the (101)-basal plane, the lattice spacing of the crys-
tal planes of (101) can be measured at 0.324 nm. Meanwhile,
the SAED spots reflects the high crystallinity of VOCl. Be-
sides, the (200), (220), and (020) planes are confirmed from
the [001] zone axis.

In addition, x-ray absorption fine structure (XAFS) is also
used to determine the crystal structure of VOCl (see Section 2
for XAFS experimental parameters). The XAFS results of
VOCl, V2O3 and VO2 single crystals (see Fig. S1) show that,
with the V2O3 and VO2 as references, the absorption edge of
V shifts to lower energies, indicating the V valence state is
about +3. The coincidence of its fourier transform spectra of
extended XAFS (V–O, V–Cl, and V–V) and first shell fitting
results (Fig. 1(d)) indicate the correct judgment in structure of
VOCl. And the structural parameters of the calculation show
in Table S1. Figure 1(e) shows the identified three Raman
modes at 93 K (see section 2 for Raman experimental param-
eters). The three peaks at around 200 cm−1, 383 cm−1, and
402 cm−1 can be assigned to Ag modes. These three modes
are ascribed to the stretching vibrations of V–Cl bonds.[31]

The absence of Bg modes might be the weak electron–phonon
interactions.[32] The Ag and Bg are Raman-active phonons, see
Subsection 3.2 for their specific meanings.

3.2. Angle-dependent polarized Raman spectra

Raman spectrum contains abundant information of crys-
tal structural orientation and phonon vibration.[33] The Raman

scattered intensity can be described as

IS ∝ ω
4|𝑒i·

↔
𝑅 ·𝑒s|2, (1)

where ω is the angular frequency of the scattered light, 𝑒i

and 𝑒s are the unit vector of the scattered and incident ra-
diation, and

↔
𝑅 is the second rank Raman tensor.[34] For the

two-dimensional VOCl crystal, the non-vanishing polarizabil-
ity tensor for the Raman active modes can be given by the
following expression:

Ag

 a 0 0
0 b 0
0 0 c

 , Bg

 0 d e
d 0 f
e f 0

 .

The incident laser parallels with the c axis of the crystal, which
is polarized along the a axis or baxis of the crystal. In the lab-
oratory frame XY Z, the Z axis coincides with the c axis. The
Raman tensor can be described as cosϕ −sinϕ 0

sinϕ cosϕ 0
0 0 1

−1 αxx αxy αxz
αyx αyy αyz
αzx αzy αzz

 cosϕ −sinϕ 0
sinϕ cosϕ 0

0 0 1

 .

Table 1. Under parallel and vertical scattering geometries, the anisotropic Ra-
man scattering intensity for two vibrational modes in layered VOCl sample.

Raman mode Parallel (𝑒i ‖ 𝑒s) Vertical (𝑒i⊥𝑒s)

Ag |acos2 θ + csin2
θ |2 |bsinθ cosθ −asinθ cosθ |2

Bg |d sin2θ |2 |d cos2θ |2
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Fig. 2. The angle-resolved Raman spectroscopy of VOCl. (a) The contour colour map of Raman intensities under the parallel configuration. (b) The contour
colour map of Raman intensities under the vertical configuration. (c)–(f) Polar plots of the Raman intensity change with respect to rotation angle.
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The intermediate matrix is the Raman tensor of VOCl crystal,
which is correspond to the Ag and Bg. In the laboratory frame,
the Raman tensor elements can be given by

αXX = αxx cos2
ϕ +2αxx sinϕ cosϕ +αyy sin2

ϕ,

αXY = −αxx sinϕ cosϕ +αxy(cos2
ϕ− sin2

ϕ)

+αyy sinϕ cosϕ.

The Raman peak intensity in the parallel scattering geometry
is IS ∝ |αXX |2, and the Raman peak intensity in the vertical
scattering geometry is IS ∝ |αXY |2. Accordingly, the relation-
ship between Raman peak intensity and angle for Ag and Bg

modes under parallel and vertical polarizations is listed in Ta-
ble 1.

To verify the above calculation results, the angle-resolved
Raman spectroscopy experiments were carried out by rotating
VOCl samples, and the results are shown in Fig. 2. It can be
seen from Figs. 2(a) and 2(b) that the contour colour map of
Raman intensities with rotation angles changing from 0◦ to
360◦ at a step of 10◦. Under the parallel configuration, A1

g and
A2

g modes have two maxima values at 0◦ and 180◦. The in-
tensity of A3

g is too weak to be distinguished, but the evolution
period of A3

g is same as those of A1
g and A2

g modes. Under ver-
tical configuration, A1

g and A2
g modes have four maxima values

at 45◦, 135◦, 225◦, and 315◦, respectively. The evolution pe-
riods of A1

g and A2
g modes are π/2. Besides, figures 2(c)–2(f)

shows the polar plots of A1
g and A2

g modes Raman position in
parallel and perpendicular polarization configuration, in which

the black dots are experimental values and the red lines repre-
sent the fitting result based on the above equations. A1

g and
A2

g peaks show a 2-lobed shape in parallel polarization config-
uration but a 4-lobed shape in vertical configuration. This is
consistent with the calculation in Table 1. The above results
indicate that the polarized Raman intensities of VOCl are de-
pendent on the crystal structural orientation.

3.3. Temperature-dependent Raman spectra

In addition, temperature-dependent Raman spectroscopy
is highly important for further research of lattice vibration be-
havior. The contour colour map of low layer VOCl is shown
in Fig. 3(a). Three modes peaks A1

g, A2
g, and A3

g can be distin-
guished. The temperature ranges of the experiment are from
93 K to 453 K with a step of 30 K. With the increase of
temperature, the intensity of the Raman peak weakens obvi-
ously, which is probably because the anharmonic coupling of
Ag modes are enhanced and Raman activity of the vibratory
group is limited.[33] In addition to Raman peak intensity, the
shift of the Raman peak position also contains a lot of infor-
mation. To observe the shift of the Raman peak, figure 3(b)
shows the enlarged view of offset in the A1

g–A3
g peaks at dif-

ferent temperatures. It can be clearly seen that all three peaks
show red-shift with the temperature going up, which is similar
to experimental results from TMDs.[35–37] This shift is usu-
ally caused by electron–phonon, anharmonic phonon–phonon
interaction and thermal expansion.[38,39]
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Fig. 3. Temperature-dependent Raman spectra of VOCl sample. (a) The contour colour map of temperature-dependent Raman spectra. (b) The
typical modes for Raman peak positions as a function of temperature. (c) The first-order temperature coefficient fitting of Raman peaks. (d)
The temperature-dependent FWHM of A1

g, A2
g, and A3

g modes for the Raman peaks of 2D VOCl.
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The temperature-dependence of A1
g, A2

g, and A3
g phonon

frequencies are linear, which can be fitted below:

ω(T ) = ω0 +χT,

where ω0 is the phonon frequency of vibration modes at zero
Kelvin temperature, and χ is the first-order temperature co-
efficient, which can be obtained from the slope of the fitted
straight line. As shown in Fig. 3(c), the fitted first-order tem-
perature coefficient χ for A1

g, A2
g, and A3

g modes are estimated
as−0.00779,−0.01509, and−0.02086 cm−1/K, respectively.
It is indicated that A3

g modes are more sensitive to tempera-
ture. Moreover, the first-order temperature coefficient is pro-
portional to the interlayer forces. The reported temperature
coefficients of common two-dimensional materials are sorted
out in Table S2.[38,40,41] Inferring that the interlayer forces of
VOCl are similar to the TMDs system. This conclusion was
also supported by the subsequent VOCl stripping process.

Meanwhile, the temperature-dependent full width at half
maximum (FWHM) of A1

g, A2
g, and A3

g modes were examined
as shown in Fig. 3(d). The broadening of phonon modes in Ra-
man spectroscopy is the result of an optical phonon decaying
into two distinct phonons caused by anharmonic forces in the
crystal. Thus, the phonon lifetime is inversely proportional

to the FWHM of the Raman peak.[42] With the increase of
temperature, the FWHM of vibration modes increase linearly,
indicating that the phonon lifetime (phonon relaxation time)
decreases with the increasing temperature.[43]

3.4. Thickness-dependent optical properties

When the crystal has strong interlayer forces, thick-
ness reduction also modulates the electron–phonon interac-
tion, which appears as different vibrational bands in Raman
spectra.[44] In order to investigate the interlayer forces of
VOCl crystal. We conducted Raman test on VOCl with dif-
ferent thicknesses. The atomic force microscope (AFM) tests
in Fig. 4(a) show that 2D VOCl flakes with thickness of
1.9 nm (two layer), 4.7 nm (five layer), 9.3 nm (ten layer), and
18.6 nm (twenty layer) were successfully exfoliated on 300-
nm SiO2/Si. The optical images of VOCl single crystal with
different thicknesses are shown in Fig. S2. The correspond-
ing Raman spectra of VOCl flakes with different thicknesses
are shown in Fig. 4(b). This can be seen by contrast with
bulk crystal, the vibration frequencies of A1

g (201.0 cm−1),
A2

g (383.8 cm−1), and A3
g (402.9 cm1) do not change with

the thickness of VOCl flakes, indicating the interlayer van der
Waal interaction in VOCl crystal is weak.
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Fig. 4. (a) AFM images and corresponding curve of cross profiles of different VOCl samples, scale bar: 5 nm. (b) The Raman spectra of VOCl
with several thicknesses.

4. Conclusions
In summary, we have successfully prepared 2D VOCl

crystal and investigated its crystal structure and in-plane pho-
ton anisotropy. Employing the angle-dependent polarization
Raman scattering experiment, the Raman peaks (A1

g, A2
g, and

A3
g) which belong to Ag vibrational modes are determined,

and the specific shape shown in polar plots of the Raman
intensity change with respect to rotation angle is consistent
with the calculation. The temperature co-efficient for A1

g,
A2

g, and A3
g modes were estimated as −0.00779 cm−1/K,

−0.01509 cm−1/K, and −0.02086 cm−1/K, respectively. The
FWHM of different Raman modes in VOCl is observed to in-

crease with temperature. Finally, the Raman spectra of 2D
VOCl layers with different thicknesses are presented, three
Raman peaks show little shift with thickness changes, proving
the weak van der Waals force exists between layers of VOCl
crystals. Based on the above experiments, this study could
provide useful information for accelerating specific applica-
tions of 2D materials in the field of electronics and optics.
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