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Superlattices—a periodic stacking of two-dimensional layers of two or more
materials—provide a versatile scheme for engineering materials with tailored
properties"?. Here we report an intrinsic heterodimensional superlattice consisting of
alternating layers of two-dimensional vanadium disulfide (VS,) and a one-dimensional
vanadium sulfide (VS) chain array, deposited directly by chemical vapour deposition.
This unique superlattice features an unconventional 1T stacking with amonoclinic
unit cell of VS,/VSlayers identified by scanning transmission electron microscopy. An

unexpected Hall effect, persisting up to 380 kelvin, is observed when the magnetic
fieldisin-plane, a condition under which the Hall effect usually vanishes. The
observation of this effect is supported by theoretical calculations, and can be
attributed to an unconventional anomalous Hall effect owing to an out-of-plane Berry
curvature induced by anin-plane magnetic field, whichis related to the
one-dimensional VS chain. Our work expands the conventional understanding of
superlattices and will stimulate the synthesis of more extraordinary superstructures.

Superlattices have drawn intensive attention owing to their intrigu-
ing electronic, optical and magnetic properties that do not exist
inintrinsic materials'>. In general, traditional superlattices have
been formed among materials with the same dimension (such
as three-dimensional (3D)-3D, two-dimensional (2D)-2D and
one-dimensional (1D)-1D superlattices)>* 8, Recently, breakthroughs
in 2D materials have enriched the superlattice families, including
van der Waals heterostructures, moiré periodic patterns and ran-
domly intercalated compounds®™°. For instance, various typical
superlattices—such as the moiré superlattices of hexagonal boron
nitride/graphene" and twisted graphene’?, intermixing of ((GeTe),/
(Sb,Te,),), (ref. ) and organic molecular (cetyltrimethyl ammo-
nium bromide) intercalated black phosphorus™, and the molecule
molybdenum disulfide—have been achieved®”. In addition, interca-
lated compounds including niobium-based' and vanadium-based"”
superlattices and the intrinsic 2D superlattice MnBi,Te, (ref. ') have
been reported. These superlattices possess the potential super-
conductivity' and ferromagnetism® required for applications in
quantum spintronic devices? >, However, these superlattices were
mostly obtained by epitaxial growth or assembled by stacking 2D

materials through different methods®**?. Furthermore, in terms
of the structures and dimensions, the reported superlattices are
3D-3D, 2D-2D and 1D-1D superlattices®'*V. The realization of an
intrinsic heterodimensional superlattice formed between anintrin-
sic 2D (or 3D) material and a 1D material is still a big challenge in
experiments®,

Here wereport aheterodimensionalintrinsic superlattice structure
inavanadium (V)-based 2D superlattice grown directly by a one-step
chemical vapour deposition (CVD) method. This superlatticeis a peri-
odic structure of a 2D vanadium disulfide (VS,) layer and a 1D vana-
diumsulfide (VS) chainarray, belonging to the C2/m space group with
monoclinic symmetry. Such astructure has not been expected in met-
allurgy. Owing to the existence of the 2D VS, and the 1D VS array, the
superlattice (VS,-VS) shows anintriguing room-temperature in-plane
anomalous Hall effect. The magnetic-field angular dependence of this
effect indicates that only the magnetization along a particular crys-
talline direction contributes. The strong anisotropy stems from the
1D nature of the unique VS chain in the superlattice. Our work opens
an avenue to explore heterodimensional superlattices with excellent
physical properties.
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Fig.1|Growth process and opticalimages of the VS,-VS superlattice.

a, Growth process of VS,-VS. At a high temperature (T) with ashort growth
time (t), aVS,-VSsuperlattice can be obtained. b, Optical image of VS,-VS
superlattice flakes. ¢, Ramanspectraof the VS,-VS superlattice with different
thicknesses. d, Azimuthal-angle dependence of the SHG intensity in VS,-VS,
illustratingits anisotropic property. Thered dotsandredline are the
measurement data and fitted SHG curve of the VS,-VS superlattice,
respectively. e, XPSspectraof V2pintheVS,-VSsuperlattice. TheV 2p,,, and
V2p,,locatedat 523 eVand 516 eV (orange curve) correspond to the V¥ in VS,.
TheV2p,,andV 2p,,located at 521 eVand 514.5 eV are attributed to the V¥ in
VS.TheV2p,,,andV 2p,,located at 520.3 eV and 513 eV highlighted by green
curveareinduced by theVelement thathasnotreacted withS.TheV 2p,,and
V2p,,locatedathighenergy are attributed to oxidization of the superlattice,
and have alsobeen observed in the XPS spectra of S.

Synthesis of VS,-VS superlattice

It is noted that VS, and V;Sg can be easily obtained by the CVD
method™* 3, In our experiment, aVS,-VS superlattice was successfully
achieved by controlling the growth conditions. Herein, a molten-salt
CVD method was used to synthesize the V-based superlattices®. The
corresponding set-up is shown in Supplementary Fig. 1. The growth
method is depicted in Fig. 1a. The preparation of VS,, V;Sg and the
VS,-VS superlattice is discussed in Supplementary Section I (Sup-
plementary Figs.1and 2, and Supplementary Table 1). By controlling
the temperature of sulfur, at a high growth temperature with a short
growth time (less than 2 min), a VS,-VS superlattice was achieved. At
alowgrowthtemperature (lower than 730 °C) with along growth time
(more than 3 min), VS, flakes were obtained (as shown in Supplemen-
tary Fig. 3). Figure 1b shows an optical image of the VS,-VS superlat-
tice, which was synthesized with a precursor ratio of V,0s:potassium
iodide (KI) greater than 5:1. It can be clearly seen in Supplementary
Fig. 4 that the VS,-VS superlattice has a needle-like shape. At alow
precursor ratio of 2:1, the superlattice array was obtained (Supple-
mentary Fig. 5). This is attributed to the vapour-liquid-solid growth
mechanism*, which is discussed in Supplementary Fig. 2. The yield
and the stability of the superlattice are discussed in Supplementary
Figs.4-7. Atomic force microscopy measurements are detailed in Sup-
plementary Fig. 8. Raman spectroscopy was performed to determine

the vibrational properties of the VS,-VS superlattice (Supplementary
Fig. 6). Four main peaks located ataround 90 cm™,225cm™, 345cm™
and 455 cm™ were observed, as shownin Fig. 1c, which are completely
different from the Raman spectra of VS, (ref.**). The Raman modes of
the superlattices were identified by density functional theory (DFT)
calculations, as shown in Supplementary Fig. 9 and Supplementary
Table 2. We further measured the optical second-harmonic genera-
tion (SHG) from thick samples and a wavelength of about 990 nm was
selected as the excitation wavelength. An SHG signal clearly appears
at495 nm (Supplementary Fig.10). The dependence of the SHG inten-
sity on the azimuthal angle is shown in Fig. 1d (see more discussion in
Supplementary Information). To further illustrate the valence state
of Vin the superlattice, X-ray photoelectron spectroscopy (XPS) was
conducted and the results are presented in Fig. 1e. We can clearly see
that both V*" and V** co-exist in the superlattice, which suggests the
formation of V-Sbonds. The V 2p peaks located at 525 eV and 517 eV are
induced by oxidation of the samples. The corresponding XPS spectra
for sulfur (S) are shown in Supplementary Fig. 11.

Microstructure characterization

To determine the atomic structure of as-synthesized superlattices,
annular dark-field scanning transmission electron microscopy
(ADF-STEM) and cross-section transmission electron microscopy (TEM)
were performed. The grown material is a superlattice consisting of a
periodicstructure of 2D VS, and alD VS chain array. Figure 2a,b shows
the unit cell and the stacking structure of the VS,-VS superlattice with
the atomic model from the top view and the side view, respectively.
The VS, monolayers exhibit a 1T phase where the Vand S atoms are
arranged in octahedral coordination. The VS chains are a 1D infinite
array structure, stacking betweenthe VS, layers, forming alarge (1 x 3)
surface unit cellinwhich the Vatomsare trigonal pyramid coordinated
bySatoms. The VS,-VSsuperlattice belongs to the monoclinic crystal
system with a C2/m space group, where the unit cell (green dashed
rhombusin Fig. 2b) consists of lattice parametersa=9.69 A, h=3.23 A,
c=8.60 A, a=90°,=101°andy = 60°.Itis noted that the stacking order
ofthe VS, layersisnot conventional 1T stacking but a3R (rhombohedral)
stacking (indicated by the black dashed box in Fig. 2b) with the VS chain
arrayintercalated. Figure 2c shows an ADF image of the VS,-VS super-
lattice cross-section taken using 60-kV aberration-corrected STEM.
The magnified ADF cross-section image from the dashed rectangle in
Fig.2cisshowninFig.2d. The special stacking order matches the atomic
model shown in Fig. 2a,b well. Some weak atomic contrasts appear in
the interval of VS chains, which should originate from part of the dis-
placed VS chains along the longitudinal axis (Supplementary Fig. 12).

Figure 3a shows a coloured low-magnification ADF image of the
superlattice from the top view, and the number of layers (labelled
with circled numbers) can be easily distinguished by the contrast.
Figure 3b shows an ADF image from the thinnest area. We found that
the VS array layer is not stable when it is exposed at the surface (see
also Figs. 2c and 3e). As aresult, the thinnest stable structure is one
VS array layer sandwiched between two layers of VS,. The fast Fourier
transform (FFT) image shownin Fig. 3breveals structural information
on the superlattice, which consists of a (1 x 1) hexagonal pattern and
(1x1/3)satellite spots for the VS, layers and the VS array layers, respec-
tively. Furthermore, Fig. 3¢c,d (left) shows magnified ADF images of the
thinnest and second-thinnest VS,-VS superlattice, respectively. The
corresponding simulation results (Fig. 3¢,d, right) show excellent fit
to the experimental measurements. More details about the structure
of the VS,-VS superlattice are shown in Supplementary Fig.13.

We further performed electron energy loss spectroscopy (EELS) to
investigate the charged state of the vanadiumin the VS,and VS chains.
Figure 3e shows an ADF image of the thinnest superlattice as 2VS, + 1VS.
Inthe top-right corner, one layer of VS, and VS chains were damaged
by the e-beam and left a monolayer of VS, exposed. We performed an
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Fig.2|Atomicstructure of the VS,-VS superlattice. a, Top-view atomic
model of the stacking structure of the VS,-VS superlattice. Thered and yellow
ballsrepresentVandS atoms, respectively. Thered arrows indicate the (1x1)
unitcell (orange colour) of the VS, lattice. The blue arrows indicate the (1 x 3)
unitcell (cyan colour) of the VS chain array. The red bands highlight the 1D VS
arrays. b, Side-view atomic model of the VS,-VS superlattice. The black dashed
boxindicates the 3R stacking structure of 1T-VS,. The VS,-VS superlattice can

EELS line scan along the green line in Fig. 3e across seven VS chains.
Figure 3f shows the 2D spectrum image with energy on the x axis and
scan distance on the y axis. The cyan arrows point to the vanadium
L-edges collected from pure VS,, and the orange arrows point to the
spectra that contain extra EELS signals from the VS chains. Figure 3g
showsthe EELS spectraof'VS, + VSand VS,, which are combined spectra
fromthe seven orange arrows and seven cyan arrows in Fig. 3f, respec-
tively. The cyan spectrum represents the V* of VS,, and the orange
spectrum contains an extra signal from V2" of VS with a redshift of the
L-edge and anincrease in the L, peak. It is noted that no potassium
and iodine signals were detected from the EDS and EELS spectrum of
the VS,-VS layer (Supplementary Fig. 14). The calculated Helmholtz
free energies of the VS,-VS superlattices and VS, are shown in Sup-
plementary Fig. 15, demonstrating that the VS,-VS superlattices are
stable and naturally exist.

Properties of the VS,-VS superlattice

Owingtothe novelstructure of the van der Waals superlattice formed by
thelayered VS, and VS array, the superlattice shows a striking property,
thatis, an unexpected Hall effect when a magneticfieldis in the plane of
theelectriccurrentand the Hall field. Figure 4a shows the field depend-
ence of the Hall resistivity p,, at 150 K for fields along three coordinate
axes, x, yand z, defined in Fig. 2. The current is in the y direction, and
the transverse voltage along the x direction is measured. The zaxis is
perpendicular to the substrate. When B||z, the out-of-plane Hall effect
(OPHE) is measured. When Bisin the x-y plane, the Hall effect usually
vanishes because of the absence of the Lorentz force contribution, as
is observed when B||y. The vanishing p,, indicates a good alignment
accuracy in our experimental set-up. However, when Bl||x, there is a
marked Hall effect that is even larger than the OPHE, which immediately
rules out the possibility of a perpendicular field contribution owing
to misalignment of the sample. Herein, we call this unconventional
Hall effect the in-plane Hall effect (IPHE). It is worth pointing out that
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beexpressed by asmaller unit cell (green dashed rhombus) with lattice
parametersofa=9.69 A,b=3.23A,c=8.60A,a=90° 8=101°and y = 60°. The
greybandindicates the periodicity of the superlattice unit cell along the c axis.
¢, Cross-section ADF image of the VS,-VS superlattice cut by focusedion beam.
ThesurfaceisterminatedinaVs,layer. Alocal deficiency in the 1D VS chainsis
indicated by the white arrows. d, The magnified ADF image from the white
rectanglein cthatagrees with the overlaid atomic modelstructure.

the IPHE should not be confused with the planar Hall effect, which is
essentially an anisotropic magnetoresistance® ¢, The IPHE is a true
dissipationless Hall effect, which is independent of the direction of
the current, that s, it persists even when the current is parallel to the
magneticfield (Supplementary Fig.16). As the ordinary Hall cannot play
arole under the current geometry, we believe that the IPHE is a type
of anomalous Hall effect (AHE) associated with spin—-orbit coupling.

Unlike typical nonlinear AHE in ferromagnets, our IPHE is linear
in field at all measurement temperatures, which excludes any fer-
romagnetic order. Among all known vanadium sulfite compounds,
only VsSg and V,S, exhibit an antiferromagnetic order below 32 K and
9K, respectively®”. The phase transition is manifested as akink in the
temperature-dependent resistivity*®. However, the resistivity of our
superlattice remains smooth up to 380 K (Supplementary Fig.17),
implying anabsence of magnetic order. Thisis further supported by the
lack of aspin-flop transitionup to9 T, as indicated by the linear magne-
toresistance and Hall resistivity (Fig. 4a and Supplementary Fig.18).In
contrast, such a transition occurs at 3.5 T in V,Sg, owing to a relatively
small magneto-crystalline anisotropy>°. A comparison between the
VS,-VS superlattice and V;Sg is provided in Supplementary Fig.17.In
addition, magneto-optical Kerr effect measurements also show no
signature of magnetic order (Supplementary Fig. 19).

The observed IPHE isrobust, persisting up to 380 K, the highest tem-
perature of our measurement apparatus. The magnitude decreases
withincreasing temperature, as shownin Fig.4b. Surprisingly, the Hall
coefficient of the IPHE at room temperature, 0.44 x 10 cm?® C 7, is still
larger than that of the OPHE (Supplementary Figs.20-22). Thein-plane
Hall conductivity is plotted as a function of temperature in Fig. 4c.
Interestingly, it follows an exponential decay with temperature in the
whole temperature range, which yields agap 4 = 8 meV (Supplemen-
tary Fig. 23). The intrinsic AHE is determined by the Berry curvature
of the Bloch bands, which is inversely proportional to the square of
the bandgap within the prototypical model for 2D massive Dirac fer-
mions®. Consequently, the AHE is strongly enhanced when two bands
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Fig.3|Detailed analyses of the VS,-VS superlattice. a, A coloured low-
magnification ADF image of the superlattice. The darkest contrast region
marked with O is the vacuum. The different sets of superlattice layers are
marked by circled numbers. b, Anatomic-resolution ADFimage of the
superlattice at the thinnest region. ¢,d, Magnified ADF image and corresponding
simulationimage of the thinnest and second-thinnest superlattices as 2VS, +1VS

are close, known as hotspots. The obtained small gap is consistent
with the observed substantial IPHE. This picture is supported by the
distributions of Berry curvature in the Brillouin zone from the DFT
calculations (Supplementary Fig. 29).

Thelink betweenthe particular superlattice structure and the uncon-
ventional property can be qualitatively uncovered to some extent by
following the symmetry arguments in refs. *“*! (further details can be
found in Supplementary Sections Il and VII). Our superlattice has a
C2/mspace group, which has aglide mirror symmetry/Wy =M, % %. 0
(Fig.2), forcing the IPHE to vanish. However, an in-plane magnetization
m, breaks the mirror symmetry and the Hall effect is allowed, except
when m, is parallel to the y axis. M, survives, resulting in a zero Hall
effect, whichis confirmed by calculjétion (Supplementary Fig.30) and
in excellent agreement with the experimental results. The symmetry
analysis also provides aguideline for searching for the IPHE. For exam-
ple, if there are two perpendicular mirror planes that are also perpen-
dicular to the Hall plane, the IPHE is forbidden.

Itiswellunderstood that the Berry curvature acts on electrons like
amagnetic field in momentum space and gives rise to the intrinsic
AHE. Although the intrinsic anomalous Hall conductivity (AHC) is
usually aligned with magnetization, itis not arequirement. In fact, it
hasbeen predicted that anin-plane magnetization can produce the
quantum version of the AHE***2, Our superlattice presents arare case
of an out-of-plane Berry curvature generated by an in-plane field.
To further reveal the origin of the IPHE, we performed DFT calcula-
tions of the band structure involving the spin-orbit coupling and a
magnetic field (see more details of calculation in Supplementary
Section VIII), which splits the energy bands (Supplementary Fig. 29).
We found that the spin-orbit coupling and magnetic field combine
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(c)and 3VS, +2VS(d).e, An ADF image of the 2VS, + 1VSregion with an area
exposing monolayer VS,.f, EELS 2D spectrumimage taken fromaline scan
alongthegreenlineine.Orange and cyan arrows point to the positions
ofthe VS, +VSand VS, regions, respectively. g, EELS spectra of the vanadium
L-edge of the VS, + VSregion (orange spectrum) and the VS, region (cyan
spectrum).

toinduce aninhomogeneous distribution of Berry curvature of the
energy bands, which is mainly concentrated around the regions with
smallbandgaps such as the G pointin the Brillouin zone (Supplemen-
tary Fig.30), inline with our aforementioned qualitative analysis of
the Berry curvature. The calculated field-dependent intrinsic AHC
(Supplementary Fig. 30) exhibits several key features consistent
with experiments. (We clarify the possibility of the IPHE owing to
the Lorentz force with an anisotropic Fermi surface (Supplementary
Fig.31).) First, the AHC vanishes when the magneticfield is along the
ydirection, but s finite otherwise. Second, the moderate magnetic
field would enhance the magnetization and hence increase the AHC
linearly, which agrees with the experimental linear magnetic-field
dependence of the AHC.

We then map out the magnetic-field angular dependence of the Hall
effect, as shown in Fig. 4d-f. As the field is rotated in the z-y plane,
the Hall resistivity follows a sine function, consistent with a conven-
tional Hall effect due to the out-of-plane field. In the case of the field
beingrotated in the x-y plane, the Hall resistivity maximizes when B||x,
whereasit vanishes when B||y, again following a simple sine function.
When the field is rotated in the z-x plane, the measured data are a
sine function with a phase shift, which can be faithfully decomposed
into the IPHE and the OPHE without any adjusting parameter (see
theillustration in Supplementary Figs. 24 and 25). The fact that the
angular dependence can be well described by simple trigonometric
functionsindicates that the IPHE is solely proportional to the projec-
tion of the field on the x axis. This result, though seemingly trivial,
implies a highly unusual spin texture, which apparently results from
the peculiar 1D VS chain of the superlattice, asit breaks the three-fold
rotational symmetry of VS,.
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Fig.4|Transport measurements of the VS,-VS superlattice. a, Hall
resistivity under amagnetic field along different directions at 7=150 K. As the
magnetoresistanceis negligible at this temperature (Supplementary Fig.18),
onlyaconstant value needs tobe subtracted fromthe raw data to obtain the
Hallresistivity. Thein-plane Hall effect (B||x) is even larger than the out-of-plane
one (Bl|z). Theinsetis anillustration of atypical sample.Scalebar, 2 um. The
currentisalongtheydirection. b, IPHE at different temperatures. The inset
isthe temperature dependence of the Hall coefficient. ¢, In-plane Hall
conductivity versus temperature. The inset shows the Hall conductivity
calculated from the resistivity and the Hall resistivityat B=1T, plottedona

Conclusion

We have synthesized a vertically stacked VS,-VS superlattice using the
CVD method. The STEM and cross-section TEM results clearly revealed
the atomic structure of the VS,-VS superlattice, which has not been
obtained in V-based materials. The in-plane AHE at room tempera-
turewas first observed in the superlattice. The magnetic-field angular
dependence reveals anunexpected in-plane anisotropy, resulting from
the 1D VS chain. Our results openanavenue to synthesize superlattices
and uncover novel physical properties.
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Methods

Sample synthesis

Thesuperlattice was synthesized inal-inch-diameter (2.54 cm) quartz
tube. Thelength of the furnace was about 36 cm. The reaction system s
shownin Supplementary Fig. 1. Specifically, the aluminaboat contain-
ing the precursor powder was putin the centre of the tube. The mixed
powder (V,05) and the salt (KI) with a ratio of 10:1 to 1:1 were used as
the precursors. Two silicon dioxide (SiO,)/silicon (Si) substrates with
a285-nm SiO, top layer were placed on the alumina boat face to face
and the mixed powder was put between the substrates. Another alu-
mina boat containing S powder was put in the upstream of the tube
furnace at 200 °C. The distance between the Sboat and the precursor
boat was about 18 cm. A mixed gas of hydrogen/argon with a flux gas
(10/80 standard cubic centimetres per minute (s.c.c.m.)) was used
as the carrier gas. The heating rate of all reactions was 50 °C min™.
The growth temperature was 780-800 °C and the growth time was
1-5 min. The temperature was cooled to room temperature naturally.
All reaction materials were bought from Alfa Aesar with purity more
than 99%. For synthesizing the V;S,, VCl; and Swere used as precursors.
Analuminaboat with 0.2 g VCl; was placed in a quartz tube (diameter
of 2.54 cm). The alumina boat with a volume of (8 cmx 0.6 cm x 1.1
cm) was located at the centre of the heating zone. A SiO,/Si substrate
was placed atop the boat with the oxide surface facing down. Sulfur
was put in the upstream of the tube. Hydrogen/argon (90:10 s.c.c.m.)
was used as the carrier gas. The centre of the furnace was heated to
600 °C at arate of 50 °C min™. The growth time was about 5-10 min.

SHG

The SHG experiment was carried out with ahome-built optical set-up.
The SHG signal was excited by a titanium:sapphire oscillator-generated
laser with awavelength of 990 nm. The linewidth of the pulse was 140 fs
andtherepetition rate was 80 MHz. One 100x% objective lens (numerical
aperture 0.9, Nikon) was set to focus the laser spot on the sample and
collect the reflected SHG signal. A 750 nm short pass filter (Semrock,
FF01-750/SP-25) was used to filter out the excitation laser before the
generated SHG was collected by the spectrometer (Acton, Spectra
Pro 2300i).

STEM-EELS

STEMimages were acquired by usinga ARM200OF-based ultra-high vac-
uum microscope equipped with aJEOL delta corrector and a cold field
emission gun operating at 60 kV. The probe current was about 20 pA.
The convergence semi-angle and the inner acquisition semi-angle were
37 mrad and 76 mrad, respectively. Typical ADF images were taken at
1,024 x 1,024 pixel resolution and using 38.5-ps pixel time. The EELS
core loss spectra were acquired by using a Gatan Rio CMOS camera
optimized for low-voltage operation. The EEL spectrumwas acquired
by using a line scan with an exposure time of 0.05 seconds per pixel.

STEM image simulation was carried out by using MacTempas soft-
ware (MacTempas Version 2.4.54).

Device fabrications

The Hall bar pattern was made by standard electron-beamlithography.
5/50 nm of palladium/gold or titanium/gold was deposited as metal
contacts by electron-beam evaporation. The cross-shaped pattern
was etched by SF, using reactive ion etching. Four-probe electrical
measurements were carried out using a lock-in method in an Oxford
variable temperature cryostat and acommercial Physical Property
Measurement System (manufactured by Quantum Design).

Data availability
Source data are provided with this paper.
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