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Two-dimensionality of metallic surface conduction
in Co3Sn2S2 thin films
Junya Ikeda1, Kohei Fujiwara 1✉, Junichi Shiogai 1, Takeshi Seki1,2, Kentaro Nomura1,2, Koki Takanashi1,2,3 &

Atsushi Tsukazaki 1,2,3

Two-dimensional (2D) surface of the topological materials is an attractive channel for the

electrical conduction reflecting the linearly-dispersive electronic bands. Thickness-dependent

sheet conductance measurement is a reliable method to evaluate the 2D and three-

dimensional (3D) electrical conducting channel separately but has rarely been applied for

Weyl semimetals. By applying this method to thin films of a Weyl semimetal Co3Sn2S2, here

we show that the 2D conducting channel clearly emerges under the ferromagnetic phase,

indicating a formation of the Fermi arcs projected from Weyl nodes. Comparison between 3D

conductivity and 2D conductance provides the effective thickness of the surface conducting

region being estimated to be approximately 20 nm, which would reflect the Weyl feature of

electronic bands of the Co3Sn2S2. The emergent surface conduction will provide a pathway to

activate quantum and spintronic transport features stemming from a Weyl node in thin-film-

based devices.
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The surface of the films forms interface with substrate or
capping layer, which usually plays an active role for the
electrical conduction in addition to the bulk region. Var-

ious origins for the interface conduction in trivial semiconductors
have been explored as charge discontinuity at oxide interface1,
charge transfer2, dipoles effect3, and electric polarization effect4,5.
The effective thickness of the two-dimensional (2D) conducting
channel is basically dominated by charge accumulation based on
Poisson equation. Besides these interface effects, the emergent
topological materials hold intrinsic surface conducting channels
that are a Dirac surface state in three-dimensional (3D) topolo-
gical insulator (TI)6 and Fermi arc in Dirac and Weyl
semimetals7,8. The surface conduction in the topological mate-
rials exhibits the intriguing features of linearly-dispersive elec-
tronic bands such as spin-momentum locking9,10, quantum
anomalous Hall effect11,12, and magnetoresistance oscillation at
the Weyl orbits13,14. As another important feature, the surface
states of TIs suddenly disappear by hybridization between two
surfaces of top and bottom in ultrathin films. While the dominant
factor of the penetration function along thickness direction has
been experimentally15,16 and theoretically17 investigated, the
critical thickness for 3D-TIs is about 5 nm for Bi2Se3 (ref. 15) and
2 nm for Bi2Te3 (ref. 16). However, surface conduction in Weyl
semimetal (WSM) has been rarely explored in thin films.
Recently, a Co-kagome magnet of Co3Sn2S2, crystal structure of
which is shown in Fig. 1a, has been extensively investigated as a
Dirac semimetal (DSM) at paramagnetic phase and a WSM at
ferromagnetic phase18–23. Among proposed Weyl semimetals,
Co3Sn2S2 is an ideal material for the electrical detection of surface
conduction because (i) the Weyl points are very close to the
Fermi level18, (ii) the linearly-dispersive bands dominantly con-
tribute to density-of-states at the Fermi level18, (iii) the Curie
temperature (TC) of ~180 K is relatively high as a kagome-lattice

ferromagnet with electrical conduction. Large anomalous Hall
conductivity has been focused with perpendicular magnetic ani-
sotropy owing to large contribution of Berry curvature in the
Weyl nodes18. By tilting the symmetric line of the two Weyl
nodes from z-axis, surface Fermi arc has been observed by
spectroscopies21–23. The contribution of the projected Weyl
nodes would be detected in electrical conduction for ultrathin
films with suppressed bulk conduction though it has not been
apparently obtained in bulk Co3Sn2S2.

The electrical conduction in thin films at zero magnetic field is
generally expected to follow the Ohm’s law based on the 3D
uniform conductivity σxx (Ω−1cm−1) in whole region of the film;
G ¼ I

V ¼ σxx
tW
L , where G is the conductance of the sample, I

current, V applied voltage, W width, L length, and t thickness of
the channel. The sheet conductance is experimentally calculated
by Gs ¼ IL

VW ¼ tσxx . When the surface or interface contributes to
the electrical conduction in the films, the sheet conductance of the
film G2D

total sums up the t-dependent conductance in bulk region
Gbulk= tσ3Dbulk and the t-independent 2D surface conductance
G2D
surf , G

2D
total ¼ tσ3Dbulk þ G2D

surf as shown in Fig. 1b, c, where σ3Dbulk is
the 3D conductivity of the bulk region. Experimentally, t
dependence of the 2D sheet conductance G2D

total can separately
elucidate the conducting channel at 3D bulk and 2D surface when
these contributions are comparable in thin films. However, it is
often difficult to achieve the electrical conduction in the ultrathin
layers because the island-like grains initially disconnect each
other. This is so-called a dead layer at the interface, which is
usually evaluated by the t-dependent conductance measurement.
To accurately evaluate the bulk conductivity σ3Dbulk of the thin
films, therefore, the t-dependent measurement is reliable with
elimination of the additional conduction at the surface and/or
with accurate thickness contributing conduction except for a dead
layer. In this study, we applied this analysis to the Co3Sn2S2 thin
films to elucidate the dimensionality of the conducting channels
at bulk and surface separately. The films holding WSM phase are
intensively discussed in thickness 23–61 nm. The metallic con-
duction of the films at the WSM phase strongly relates to the
superior surface conduction.

Results
Temperature dependence of electrical resistivity. Temperature
dependent resistivity ρxx of two Co3Sn2S2 films with thicknesses
of 41 and 40 nm is shown in Fig. 2a with a reference ρxx of bulk
crystal18. The two films are typical examples for 12 films with
various thicknesses t (23–61 nm), prepared by radio-frequency
sputtering (Methods section)24,25. Atomic force microscopy
observation detected comparable surface roughness values on
SiOx cap layers of the two films (Supplementary Fig. 1). All three
traces in Fig. 2a clearly present a kink ~180 K coming from the
ferromagnetic transition, corresponding to a phase transition
from DSM at T > TC to WSM at T < TC. This feature is in fact
detected in magnetization and anomalous Hall conductivity24,25.
Since metallic conduction is more pronounced in the WSM
phase, here we define the residual resistivity ratio (RRR= ρxx
(T= 300 K)/ρxx (T= 2 K)) to characterize the metallicity of the
films. This RRR is a good measure to classify the films into two
groups while the structural qualities of these films are comparable
in the inspection by x-ray diffraction25. In Fig. 2b, the RRR for all
the films measured in this study is summarized with the bulk
value18 to classify the films into Groups A (blue) and B (red), in
which the border for classification is RRR ∼ 4. Typical ρxx values
for the film #1 of Group A and the film #2 of Group B with
comparable t∼ 40 nm represent large and small RRR in Fig. 2a,
respectively. In comparison with the reference ρxx of bulk crystal
with large RRR ∼ 8.5, ρxx of #1 at low temperature is comparable

Fig. 1 Electrical conduction in Weyl semimetal Co3Sn2S2 thin films.
a Crystal structure of Co3Sn2S2. b Concept of electrical conduction of
Co3Sn2S2 thin films in the bulk Gbulk and at the surface Gsurf. Below Curie
temperature, perpendicular magnetization M (green arrows) induces
anomalous Hall effect (AHE). c Cross-section of thin films with thickness
t-dependent G2D

bulk and t-independent G2D
surf. Sheet conductance in the bulk

G2D
bulk is evaluated by three-dimensional conductivity of bulk Co3Sn2S2

σ3Dbulk × t.
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to that of the bulk but the ρxx of both the films at high tem-
perature is largely different.

Detection of 2D surface conductance in WSM phase. Thickness
t dependence of sheet conductance (Gs= 1/Rs, where Rs is sheet
resistance) at T= 300 K and 2 K is plotted as a function of t in
Fig. 2c, d, respectively. In DSM phase at 300 K, the sheet con-
ductance linearly depends on t. In addition, the intercept of the
fitting line is close to the origin, holding a dead layer thickness of
roughly 1 nm. This linear trend and the small intercept, as well as
the negligibly small strain as revealed by transmission electron
microscopy analysis (Supplementary Fig. 2), support the validity
of this t-dependent analysis based on the uniform crystalline
quality of the films. The slope in this plot corresponds to the
conductivity of the bulk σ3Dbulk as a usually discussed fundamental
physical parameter. In contrast, the intercept of the fitting line at
T= 2 K in Fig. 2d apparently reveals the emergence of t-inde-
pendent 2D conducting channel at extrapolated t= 0 nm, cor-
responding to the 2D surface conductance G2D

surf . This dramatic
variation of the intercept in the fitting line from 300 K to 2 K (also
see Supplementary Fig. 3) strongly indicates the unique surface
transport of the Fermi arc states, relating on the spontaneous
symmetry breaking and Fermi energy. The Fermi energy in the
non-magnetic phase is far from the Dirac point26, being the
maximum density of state that relates on the Stoner criterion for
the ferromagnetism in Co3Sn2S2. By contrast, the Fermi energy
becomes rather close to the Weyl nodes below TC (refs. 18,26),
which is the origin for the distinct appearance of the surface state
in only WSM phase.

Evaluation of 2D and 3D conducting channel separately. At
the various temperatures, t-dependent analysis was carried out
to elucidate the σ3Dbulk and G2D

surf . In addition, the total conducti-
vity σxx of the films is calculated by conventional scheme
σxx ¼ ρxx

ρ2xxþρ2yx

� �, where ρxx is resistivity and ρyx Hall resistivity for

estimation under the assumption of uniform conduction in whole
region. Figure 3a, b shows the σxx (black line) for the films #1 and
#2 and the analyzed σ3Dbulk (red circles) as discussed in Fig. 2c, d for
the Group A and B, respectively. Above TC∼ 180 K, the analyzed
σ3Dbulk matches well with the σxx, meaning that the analysis is valid
for estimation of bulk conductivity for DSM phase. In WSM
phase below TC, the σ3Dbulk (red closed circles) gradually increases
with decreasing temperature, implying the suppression of spin
disorder scattering and/or magnon-phonon scattering19,27–29 as
like half-metallic ferromagnetic materials. Moreover, the σxx for
#1 (black line) represents superior metallic behavior at low
temperature, the value of which is much higher than the σ3Dbulk.
This deviation indicates the contribution of additional conducting
channel to that of the t-dependent bulk, which is the t-inde-
pendent surface conduction (blue region). By contrast, in Fig. 3b,
the σxx for #2 (black line) is comparable to the σ3Dbulk (red open
circles) for Group B. Considering the comparable σ3Dbulk for Group
A and B, the superior metallic conduction of σxx for #1 is mainly
driven by the surface conduction.

Effective thickness of 2D surface conducting channel. The
analyzed G2D

surf for Group A and B is plotted as a function of
temperature in Fig. 4a. The G2D

surf increases with decreasing tem-
perature in WSM phase for both Groups. The steep increase of
G2D
surf for Group A induces the large σxx of the films in Group A.

Judging from the consistent trend between the σxx shown in Fig. 3
and the G2D

surf in Fig. 4a, the difference between the observed σxx
(black line) and the analyzed σ3Dbulk (red circles) in Fig. 3;
σxx � σ3Dbulk ¼ σ3Dsurf , corresponds to the contribution of 2D G2D

surf .
Considering the units of σ3Dsurf and G2D

surf , we estimate the effective
thickness of the surface conduction teffsurf by a following equation
σ3Dsurf ´ t

eff
surf ´ 2 ¼ G2D

surf where the factor of 2 corresponds to two
surfaces of the films. Although the error bar is large in Fig. 4b, the
t-independent 2D conduction region is estimated to be roughly

Fig. 2 Temperature T and thickness t dependence of electrical conduction in Co3Sn2S2 thin films. a T dependence of resistivity ρxx for a reference of bulk
(black curve from Liu et al.18), film #1 (blue curve; t= 41 nm) from Group A, and film #2 (red curve; t= 40 nm) from Group B. b Residual resistivity ratio
RRR for the films as a function of thickness, which guided to categorize the films to Group A and B by the criteria at roughly RRR= 4. The bulk value of
RRR= 8.5 (Liu et al.18) is included for comparison. c, d To detect the t-independent conductance, sheet conductance G2D

total for various thickness films at
T= 300 K and 2 K are plotted, respectively. The slope corresponds to three-dimensional conductivity σ3Dbulk. The detection of intercept in d indicates the
emergence of t-independent two-dimensional surface conductance G2D

surf. The experimental data in a and d are replotted from Ikeda et al.25.
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20 nm constant against t-variation. This value is rather thicker
than that of 3D-TI for example 5 nm of Bi2Se3 (ref. 15). The
distribution of surface Fermi arc along z-direction may be related
to the broadness of the projection of Weyl nodes with narrow
gap17. Based on empirical facts that weakening of spin–orbit
coupling tends to increase the critical thickness in 3D-TIs such as
Bi2Se3 and Bi2Te3 (refs. 15–17), the weaker spin–orbit coupling of
Co3Sn2S2 composed of lighter elements may induce the weak
confinement of surface state, resulting in the large effective
thickness. While we here assume uniform G2D

surf to estimate the
averaged effective thickness, the penetration function of
the surface conduction region should be more carefully con-
sidered to be rapid decay along z-direction as like 3D-TIs17,30. It
will be important to clarify the correspondence between the
estimated teffsurf and the real-space distribution of the surface states.
While the values of σ3Dbulk and G2D

surf are influenced by the defects in
bulk and surface region, the teffsurf is likely valid owing to the
independent analysis for the estimation of bulk and surface
contribution. In this study, apparent detection of the t-indepen-
dent conductance reveals the possibility of surface Fermi arc
conduction in the Co3Sn2S2 thin films.

Discussion
Here we discuss the origin for the appearance of t-independent
surface conduction in the films. The robust t-independent current

path is experimentally detected by the analysis of sheet con-
ductance of the films. The thickness of the films is thick enough
to form uniform crystalline structure and to hold a feature of
WSM with large anomalous Hall conductivity25. The top and
bottom surfaces of the films form the interface with a capping
layer of SiOx and Al2O3 substrate, respectively. Such interface
between oxide insulator and sulfide metal is likely to be basically
inactive for the electrical conduction. Other extrinsic defect for-
mation contributing to the metallic electrical conduction can be
excluded. As intrinsic origins, the surface projected Fermi arc is
possibly located at the inert interface. Moreover, the appearance
of surface conduction below TC should be noticeable to the Weyl
nodes stemming from WSM phase. However, the origin for dif-
ferent values of RRR in two groups is not obvious from the
structural quality. In fact, the analyzed value of σ3Dbulk for both
group is comparable. The resultant G2D

surf originating from clear
classification of Group A and B in Fig. 2d is mainly related to the
difference of RRR. As shown in Fig. 2b, most of the films in
Group A are roughly thicker than those in Group B, implying
that 40 nm ∼2 × teffsurf looks criteria for the large surface conduc-
tion. The surface conduction in the WSMs may be weakened by
hybridization each other. Single crystalline bulk also presents
large RRR (Liu et al.18), even though the electrical conduction is
dominated by the Gbulk due to thick limit. To be consistent with
the bulk results, the detected surface conduction is likely to shed
light on the thin films with less contribution of bulk conduction.

Fig. 3 Analyzed conductance for bulk and surface in Co3Sn2S2 thin films. a, b The σ3Dbulk is estimated by the slope in t-dependent sheet conductance for
Group A and B as shown in Fig. 2c, d. Temperature dependence of the analyzed σ3Dbulk is plotted with the obtained conductance data for the representative
film #1 in A and #2 in B (black line). The deviation between the black line and σ3Dbulk corresponds to the contribution of electrical conduction at the surface
σ3Dsurf. The error bars represent the standard deviations of the calculated σ3Dbulk.

Fig. 4 Comparison of 2D conduction G2D
surf and averaged 3D thickness of the surface conducting channel. a Temperature dependence of the surface

conduction G2D
surf by the analysis as shown in Fig. 2d for the data of Group A (blue) and B (red). b Under the assumption of uniform electrical conduction at

the surface region, the effective thickness of surface conduction teffsurf is calculated by teffsurf ¼
G2D
surf

2σ3D
surf

at T= 2 K. The error bars represent the standard deviations
of the calculated G2D

surf and teffsurf in a and b, respectively.
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In addition, the surface termination might be a plausible origin
for holding different Fermi surface contributing to the electrical
conduction7,21,22,31, although determination of the surface ter-
mination of Co3Sn2S2 thin film is difficult in the present sample
structure. The superior metallic surface conduction in Group A
may link to the rich surface Fermi arc by sulfur termination. On
the sulfur terminated surface, the sulfur vacancies detected by
tunneling spectroscopy might influence the 2D surface conduc-
tion via a local modification of the electronic states22,32. By
contrast, the less surface conduction in Group B may be termi-
nated by Sn. The further studies on specific interface formation
need to clarify the termination and contribution to the charge
distribution.

Conclusions
Systematic thickness dependence of conductance reveals
the emergence of t-independent 2D conducting channel in the
Co3Sn2S2 films under Weyl semimetal phase. Based on the
analysis for two group films, superior metallic conduction at
surface dominates the large RRR of the films. Origin for the
appearance of 2D metallic conducting channel is likely the
surface Fermi arc projected from Weyl nodes. Broad penetra-
tion of the 2D surface state comes from material specific
parameters of Weyl semimetal Co3Sn2S2 such as strength of
spin–orbit coupling and gap size at Weyl point. The interface
formation with the Co3Sn2S2 will provide an attractive arena for
quantum transport and spintronic phenomena based on the
intriguing 2D metallic surface state.

Methods
Film preparation. Co3Sn2S2 thin films were prepared by radio-frequency sput-
tering. The growth procedure is following and detail information can be found in
previous studies24,25. Firstly, a Co3Sn2S2 film was deposited on Al2O3 (0001)
substrate at 400 °C. Then, a SiOx capping layer was deposited on the Co3Sn2S2 film.
The film was annealed at 800 °C in vacuum for 1 h. The crystal structures and
composition were characterized by x-ray diffraction and energy-dispersive x-ray
spectroscopy. The t (23–61 nm) was controlled by the deposition duration, which
was confirmed by the Laue fringe in x-ray diffraction patterns.

Electrical transport measurement. Electrical measurements were carried out in
physical property measurement system (PPMS, Quantum Design)25. The films
were scratched to make Hall-bar shape with indium contact electrodes. In the
previous studies, the large anomalous Hall conductivity was observed in all films,
indicating that the WSM phase is materialized.

Data availability
The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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