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Exploring low-dimensional electronic states is a frontier in condensed matter physics, particularly in systems with
insulating bulks and conducting surfaces. NiS, is a prototypical Mott insulator where macroscopic surface conduction
has long been observed, yet its microscopic transport dimensionality (1D vs. 2D) remains an ongoing debate. This work
addresses this puzzle by providing transport signatures that support an intrinsic 2D origin for this behavior. Below T* ~
100 K, the resistivity develops a plateau conforming to a 2D Mott-type variable-range hopping. Simultaneously, the angle-
dependent magnetoresistance reveals symmetries consistent with the (001) surface lattice, suggesting 2D transport rather
than oriented 1D channels. This 2D character is further supported by the resilience of surface conduction under slight
doping-induced disorder, in contrast to inherently unstable 1D systems. These findings help understand the physical origin

of the surface transport mechanism in Mott insulator NiS,.

Keywords: Mott insulator, surface conduction, variable-range hopping, magnetotransport

PACS: 71.30.+h, 73.50.-h, 72.20.Ee, 75.47.—m
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Over the past decades, pyrite-type transition metal
dichalcogenides MS; (M = Fe, Co, etc.) have garnered sus-
tained research attention.!'# These MS, compounds exhibit
exotic electronic states with intriguing physical phenomena,
such as the magnetic Weyl semimetal CoS, with large lin-
ear positive magnetoresistance and the superconductor CuS;
that hosts a charge density wave.’>~'% While this family of
materials shares similar non-interacting electronic structures,
their diverse properties are driven primarily by differences
in charge filling, highlighting the decisive role of crystal-

field effects and electron correlation. Among them, NiS;

L1211y guch

serves as a prototypical Mott—Hubbard insulator. |
a system, strong on-site Coulomb repulsion drives a metal-
to-insulator transition, a phenomenon that, along with com-
plex antiferromagnetic orders, has been central to previous

s.[13-201 However, a long-

studies on its bulk correlation physic
standing transport anomaly persists in NiS,, characterized by
a plateau-like feature in the temperature-dependent resistivity
p(T) that emerges despite the presence of the bulk charge-

16.21-231 Sych a conflict has prompted efforts to

transfer gap.!
uncover the underlying physical mechanism.

While early works attributed this anomaly to defect-
induced impurity bands,?*! subsequent investigations into
transport properties have established a phenomenological sur-

face conduction (SC) mechanism. ?323-3% Theoretically, NiS,

TCorresponding author. E-mail: ekliu@iphy.ac.cn

CSTR: 32038.14.CPB.ae698

has been predicted to host an obstructed atomic insulator
phase, where the shift of Wannier charge centers from atomic
sites leads to intrinsic 2D conduction on specific as-cleaved
surfaces.>!=34 This framework provides a rigorous expla-
nation for the observed SC beyond simple surface degrada-
tion. Nevertheless, a recent scanning tunneling spectroscopy
study revealed the existence of atomic-scale 1D-like conduc-
tion channels rather than a uniform 2D metallic surface layer,
challenging the prevailing picture.!?>! This discrepancy raises
a fundamental question: does the macroscopic SC arise from
an intrinsically 2D electronic state or the 1D conducting chan-
nels? Discriminating between these two scenarios is essential
for revealing the physical origin of SC in NiS,.

In this paper, we investigate the microscopic dimension-
ality of SC in NiS, through a series of transport signatures,
which indicate a 2D nature for this emergent behavior. Be-
low T* ~ 100 K, the p(T) quantitatively follows a 2D Mott
variable-range hopping (VRH) mechanism. Angle-dependent
magnetoresistance (ADMR) further reveals a two-fold sym-
metry consistent with the surface crystalline plane across
multiple rotation geometries, providing macroscopic evidence
for a pervasive 2D conduction sheet rather than oriented 1D
channels. Furthermore, the persistence of surface conduc-
tion against Cu/Co substitution-induced disorder (~ 0.6%)
contrasts with the strong localization tendency inherently ex-
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pected for 1D electronic systems. These findings also illustrate
the utility of transport analysis in probing the dimensionality
of electronic states in insulating materials.

NiS, single crystals and Cu/Co-doped variants were syn-
thesized using the Te-flux method. Elemental reagents of
nickel (99.99%), sulfur (99.99%), and tellurium (99.99%)
were combined at a 1:2:14 molar ratio in a quartz tube and
sealed under vacuum. The ampoules were slowly heated to
1073 K, held for 6 h, and then cooled to 773 K at a rate
of 1.25 K/h (over 10 days).
centrifugation at 773 K. The crystal structure and orientation

Excess flux was removed by

were characterized by x-ray diffraction (XRD) using Cu Ky
radiation. Elemental stoichiometry was examined by energy-
dispersive x-ray spectroscopy (EDS, Hitachi S-4800). To re-
solve the intrinsic surface transport, measurements were con-
ducted on three sample configurations: as-grown, as-polished,
and mechanically as-cleaved. Polishing was employed to de-
fine precise slab geometries for resistivity calculations, while
cleavage was used to expose pristine (001) surfaces to min-
imize extrinsic degradation. All samples were taken from
the same batch. Electrical transport measurements were per-
formed using a standard four-probe method in a physical prop-
erty measurement system (PPMS, Quantum Design).

The investigation began with validating the structural and
stoichiometric integrity of NiS, single crystals to ensure reli-
ability. This compound crystallizes in a cubic structure (space
group Pa3, No. 205), featuring Ni atoms occupying the face-
centered cubic sublattices and S-dimers oriented along body-
diagonal directions (Fig. 1(a)). Magnetization measurements
and neutron diffraction reveal an antiferromagnetic order in
NiS,, with a Néel temperature 7y = 39 K and a magnetic

moment of 1 ug/Ni, followed by the development of weak
ferromagnetism with a Curie temperature Tc = 30 K.36:37]
Figure 1(b) displays the EDS of our samples, which re-
veals a near-stoichiometric atomic ratio of Ni: S =1:1.99
and demonstrates elemental homogeneity. Although slight
stoichiometric deviation indicates a degree of disorder, the
characteristic insulating property remains well-preserved (see
Fig. 2). This robustness stems from the dominance of Mott
physics in the bulk state, as opposed to a non-interacting
band insulator arising from charge filling in bands.['?! Fig-
ure 1(c) shows the XRD pattern of the as-grown NiS, sin-
gle crystals. Only (00/) Bragg peaks are observed, indicat-
ing the (001) orientation of the exposed surface (Fig. 1(c)).
To verify the hallmark transport anomaly, p(T) was charac-
terized using a slab fabricated from a (001)-oriented single
crystal (Fig. 1(d)).
temperature coefficient of resistivity (TCR) below 300 K, fol-

The curve initially exhibits a negative

lowed by a sign reversal of the TCR around 7* that resem-
bles an insulator-to-metal transition. 7* marks the crossover
from high-temperature thermal activation to a low-temperature
transport anomaly regime in log-log plots. This negative TCR
reflects the gapped bulk state, while the low-temperature resis-
tivity manifests as a plateau (inset of Fig. 1(d)), representing
a transport anomaly previously attributed to SC.[?>27-28 Here,
the plateau denotes (weakly) T-dependent low-temperature re-
sistivity in log—log plots, in contrast to bulk thermal activation
behavior. In the following, we move beyond the phenomeno-
logical identification of surface transport to investigate its di-
mensionality through scaling analysis in p(7), ADMR sym-
metry, and disordered transport.
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Fig. 1. Crystal structure and basic characterization of NiS,. (a) Crystal structure and magnetic structure of NiS,. (b) EDS of a NiS, single
crystal. Insets: Corresponding elemental mapping for Ni and S. (c) XRD pattern of the exposed surface of the NiS, single crystal. Inset:
Optical image of a typical single crystal. (d) The p(T') of a as-polished NiS; single crystal (sample SO1) sample oriented along the (001) plane,

with / flowing along [100].

To elucidate the surface transport, we performed a com-
parative analysis on p(7) data measured from single crys-
tals with various surface treatments. The data are presented
as normalized resistance R/Rzpox to effectively eliminate
In the
high-temperature regime (7 > T™), all curves overlap onto

sample-specific geometric uncertainties (Fig. 2(a)).

a single trace, illustrating the intrinsic insulating bulk. As
shown in the Arrhenius plot (inset of Fig. 2(a)), the curve fol-
lows the thermal activation law: R = Ry - exp(A /kgT), where
kg is the Boltzmann constant, Ry is a fitting factor, and A
denotes activation energy. The extracted A of all samples
ranges from 90.5 meV to 97.5 meV, in agreement with re-
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2223291 also demonstrating its independence of

ported values,!
surface processing condition. Nevertheless, a clear discrep-
ancy emerges among the samples at low temperatures, indi-
cating that the transport is dependent on surface condition be-
low T* (Fig. 2(a)). In particular, the as-polished sample (SO1)
shows a significantly enhanced SC contribution, as demon-
strated by its smaller R/R(300 K) below T* compared with
the other samples (Fig. 2(a)). Furthermore, 7" differs across
samples, with values of 92 K, 106 K, and 130 K for the
as-grown, as-cleaved, and as-polished samples, respectively.
This distinct variation reflects the competition between surface
and bulk transport behaviors. In contrast, 7c remains nearly
unchanged, which corresponds to the intrinsic bulk proper-
ties of NiS,. Such an enhancement, previously observed in
NiS,, 23] likely originates from surface microstructural defects
like polishing-induced cracks, similar to discussion in other

To further probe the intrinsic nature of the resistiv-
ity plateau, we normalized the resistance data to R/R;
(Fig. 2(b)). The curves for the as-grown and as-cleaved sam-
ples show excellent overlap at low temperatures, suggesting
that they share a common transport mechanism. Based on this
equivalence, the as-grown sample (S02) is selected as a rep-
resentative for the subsequent detailed analysis. Given that
a distinct negative TCR persists below T* for as-grown S02
(see Fig. S1(b) in supplementary information), we applied the
Arrhenius equation to check for a potential thermal activation
gap in this regime. As shown in Fig. 2(c), the Arrhenius plot
exhibits good linearity only in the regime below 5 K. More-
over, the extracted gap A = 1.2 K is comparable to the thermal
energy kT in this temperature range, reflecting that the trans-

port behavior in the plateau regime cannot be explained by a

surface-conducting systems such as SmBg. 3831 well-defined activation gap.
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Fig. 2. Evolution of the dominant conduction mechanism from thermal activation to Mott-type VRH in NiSj. (a) R/R300 k for as-polished
(S01), as-grown (S02), and as-cleaved (S03) samples. Inset: Arrhenius plot with a linear fitting to extract A. (b) Temperature dependence of
R/R; k for SO2 and S03. (c)—(e) Fitting of the resistance data below T* for S02 using the Arrhenius equation (c), the Mott-type VRH equation

with d =1 (d) and d = 2 (e), respectively.

Having ruled out conventional thermal activation via Ar-
rhenius analysis, we further adopt the Mott VRH mechanism
to analyze the low-temperature transport. Considering in-
herent sulfur deficiency and related disorders in real NiS;
crystals, diffusive carrier transport is expected to be influ-
enced by Anderson localization.[*>*!] In disordered systems,
Mott-type VRH commonly occurs, wherein charge carriers
tunnel between localized states with energy-dependent hop-
ping ranges maximizing tunneling probability.[*>*3! Within
the Mott-VRH framework, the p(T') follows a dimensionality-
dependent power-law relation: p = pg - exp(Tp/T)"/(@+1),
where pg is the pre-exponential factor, Tp is the characteris-
tic temperature and d denotes the effective dimensionality of
the system.[*3! It is worth noting that the VRH model is inap-
plicable to T-regime with metallic behavior. Therefore, the fit-

ting for the as-grown sample S02 is performed only below T,

where the TCR remains consistently negative (see Fig. S1(b)
in supplementary information). Since R and p differ only by
a constant geometric factor, the VRH law remains valid for
R. Motivated by previous reports of 1D-like features, 3% we
first examined the d = 1 case (Fig. 2(d)). Although the p(T)
data appear to follow a T /2 behavior below 10 K, clear de-
viations occur as the temperature increases. In contrast, the
p(T) data show much better agreement with a 7-'/3 (d = 2)
dependence over a broad temperature range extending up to
T* (Fig. 2(e)). The slight deviation observed between 7* and
Tc likely originates from the onset of non-negligible bulk con-
tributions as the temperature increases. Consequently, these
observations support that SC in NiS, aligns more closely with
a 2D Mott-type VRH mechanism rather than 1D hopping or
simple thermal activation.

We then extend our investigation to magneto-transport

097102-3
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properties to gain further insight through the magnetoresis-
tance (MR), defined as MR = [R(B) —R(0)]/R(0) x 100%. As
shown in Fig. 3(a), a weak negative MR is observed above T,
where insulating bulk conduction dominates. This negative
value is consistent with the suppression of spin-disorder scat-
tering under an applied magnetic field, a behavior reported in

(441 Upon cooling, this

other Mott insulators such as SrCuQO,.
negative response gradually diminishes and undergoes a sign
reversal near 7%, becoming positive at lower temperatures.
The emergence of positive MR below T* can be reasonably
understood within the VRH mechanism, where it originates
from the B-induced changes in the localization length and the
consequent reduction of hopping probability.[*>#61 While neg-
ative MR can also occur in 2D VRH systems due to quantum
interference between different directed hopping paths,*”) the
robust positive sign observed here suggests that the suppres-
sion of hopping probability is the dominant mechanism in our
samples. The crossover behavior is further clearly exhibited in
the temperature dependence of MR (Fig. 3(b)), revealing two
distinct regimes of opposite sign with the crossover point co-
inciding with the onset of the resistivity plateau at 7*. This
crossover is consistent with the shift from bulk-dominated to
surface-dominated transport.

5 2
a b :
® oK ®) 'T"  OFixed B
g0 ; O Fixed T
o
o
S OF - =y o 1
X —
o R Qf----- f%g ———————————————————
S T SurfaC(_eEQ?) Bulk
~ = conducthm% conduction
g s T
_5l 2004 5 %o R
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H a @a
| M=o
I||z|[[100] 250 Kl (001) E
B||z L(001) '
—10 | J .
—6 -3 0 3 6 0 100 200 300
B (T) T (K)

Fig. 3. Temperature-dependent magnetoresistance with sign reversal in NiS,.
(a) MR curves measured over the temperature range of 32-250 K. (b) MR as
a function of temperature at 9 T, in the same measurement configuration as
in (a). A distinct MR sign crossover is observed near 7* ~ 100 K, indicating
the transition of conduction mechanism.

To investigate the microscopic dimensionality of SC in
NiS,, we next carried out ADMR measurements on as-cleaved
(001) surfaces to resolve its symmetry feature. Distinguishing
between 1D and 2D transport via ADMR hinges on the spatial
confinement of carrier motion and the anisotropy of the Fermi
surface (FS). 1D electronic systems are highly anisotropic,
with FSs typically consisting of parallel planes or point pairs
that confine transport along specific chain axes. In contrast,
2D systems possess FSs that extend across the surface Bril-
louin zone (e.g., cylindrical or closed in-plane orbits), yielding
symmetries commensurate with the lattice structure. Conse-
quently, ADMR in 1D systems is uniquely sensitive to the ori-
entation of B relative to the conduction axis, because rotating

the magnetic field in orthogonal planes yields markedly dif-
ferent angular dependencies. However, for 2D systems with
in-plane isotropy such as cubic crystal structures, the trans-
port manifests as invariant responses across orthogonal rota-
tion planes. #3311 Based on these analyses, two distinct exper-
imental configurations (Figs. 4(a) and 4(d)) were employed
on (001)-oriented NiS, crystals to systematically discern the
dimensionality of the electronic states dominating the low-
temperature transport.

The acquired ADMR data reveal a striking consistency
between these orthogonal rotation planes. Figure 4 presents
ADMR results in polar coordinates, and the corresponding
Cartesian coordinate data can be found in Fig. S2 (see sup-
plementary information). In configuration I (Fig. 4(a)), B
was rotated within the xz-plane. At 100 K, the ADMR ex-
hibits a cos? 6 dependence (Fig. 4(b)). Upon cooling, the pro-
file evolves gradually into an emergent sin” @ dependence that
dominates at 35 K (Fig. 4(c)). In configuration II (Fig. 4(d)), B
was confined to the yz-plane, remaining transverse to the cur-
rent at all angles. Remarkably, the ADMR in this configura-
tion replicates the cos” @ behavior at 100 K (Fig. 4(e)) and fol-
lows an identical temperature evolution, stabilizing as a well-
defined sin” @ symmetry at 35 K (Fig. 4(f)). The observed uni-
formity in both twofold symmetry and temperature evolution
stands in sharp contrast to the divergent responses expected
for 1D systems, thereby unveiling the 2D nature of the sur-
face transport. Although the specific microscopic mechanism
governing the sin” @ dependence at low temperatures requires
further clarification, its symmetry matches the expectations for
the NiS,(001) surface. Notably, despite the microscopic evi-
dence of spatially confined 1D conducting channels, 3 our
observations suggest a limited contribution from these local
features to the macroscopic transport.

To further differentiate intrinsic 2D transport from a po-
tential superposition of oriented 1D filaments, which could
collectively mimic 2D symmetry in macroscopic measure-
ments, chemical doping was employed to introduce controlled
disorder. Specifically, introduced impurities introduce atomic-
scale impurities that act as random scattering centers, dis-
rupting the periodic lattice potential. The theoretical basis
for this approach lies in the scaling theory of localization,
where the suppression of charge diffusion by disorder is funda-
mentally dependent on the dimensionality of the system.[>%33]
In 1D systems, the metallic state is fundamentally unsta-
ble, where even slight perturbations can trigger strong Ander-
son localization or other phase transitions that quench metal-

34331 Thus, if 1D channels governed the sur-

lic conduction. !
face transport in NiS,, slight doping could lead to a precipi-
tous collapse of this transport behavior. Conversely, 2D sys-

tems could exhibit resilience when considering interactions

097102-4


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae5b5f
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae5b5f

Chin. Phys. B 35, 097102 (2026)

such as electron—electron coupling and thus manifest a grad-
ual evolution of conductance under increasing disorder, which
is exemplified in the 2D surface states of disordered BiySe;

90
a b
® [ Configuration I ] ® 120
B=9T Z# B X
z 1(001) a
A o
Y Z
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(| x E
—> ]||x||[100]
()} ©
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B=9T * B
%
/'y
L

- =
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MR (102 %)

films.[3%>7] Consequently, the persistence of SC characteris-
tics in NiS; under chemical doping provides a criterion to dis-
tinguish its dimensionality.
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Fig. 4. Angle-dependent magnetoresistance with twofold symmetry in NiS,. (a), (d) Schematic of measurement configurations, with B rotated in
the xz-plane (configuration I) and yz-plane (configuration II), respectively. Current / is applied along the [100] direction (x-axis). (b), (c) ADMR
polar plots for configuration I. (e), (f) Corresponding ADMR plots for configuration II. In both configurations, ADMR exhibits a pronounced twofold
symmetry: it follows a cos? 6 dependence at 100 K and evolves to a sin” @ dependence at 35 K. The identical symmetry and similar temperature
evolution of ADMR across rotation planes indicate an in-plane isotropic response, consistent with the behavior of a 2D conducting system. The
T-range from 100 K to 35 K falls in the plateau regime, and lower temperatures enable purer and stronger surface transport signals.
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Fig. 5. Persistence of the surface conduction against chemical doping in NiS,. (a) R(T') profiles of pristine NiS; (SO1 in Fig. 1) and Cu/Co-
doped NiS; (~ 0.6%), showing the persistence of R-plateau at low temperatures. (b) Arrhenius plots of normalized R, R/R300 . from the data
in (a). Linear fitting in high-temperature (7 > 200 K) and low-temperature (7' < 10 K) regimes yields excitation energies A; (bulk channel)
and A; (surface channel), respectively. (c) Summary of A and A; for a series of pristine and doped (~ 0.6 %) samples. The resilience of SC
against doping-induced disorder contradicts the well-known fragility of 1D metallic systems, supporting 2D nature of the surface transport.

The R(T) measurements for all samples were performed
on mechanically as-cleaved (001) surfaces (Fig. 5(a)). For the
Nig.98Cu.02S> crystal, the R-plateau remains evident and ex-
hibits a saturation towards 0 K, indicating that the SC is pre-
served. Similarly, in Nip.9g8Co00.02S2, the plateau feature still
persists although R increases by approximately two orders of
magnitude from 100 K to 2 K. The corresponding Arrhenius
plots clearly resolve the existence of a low-temperature sur-
face contribution (Fig. 5(b)). Based on Arrhenius law, we ex-
tracted two activation energies: A; for bulk and an effective

A, for the surface channel, with the latter signifying the con-
tinued dominance of SC at low temperatures. The evolution
of these energies reflects the doping-induced shift in intrin-
sic properties instead of extrinsic surface artifacts (Table S1,
supplementary information). Figure 5(c) summarizes the ac-
tivation energies, A and A, across a series of NiS, samples
with controlled doping levels. The stability of A; confirms that
the bulk insulating gap remains robust against slight substitu-
tion (atomic ratio ~ 0.6%). More importantly, A, consistently
falls within the thermal energy scale (< 10 K), underscoring
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the persistence of the low-temperature transport channel and
pointing toward its intrinsic 2D nature. Crucially, such results
do not imply absolute stability, as increasing substitution lev-
els inevitably escalate the degree of disorder within the sys-
tem. At a higher Co-doping level (Nig.94Cog 0652, see Fig. S3
in supplementary information), the intensified disorder eventu-
ally overwhelms the surface conduction, leading to a complete
quenching of the plateau-like feature.

Collectively, these findings point toward a microscopic,
intrinsic 2D conduction mechanism that fundamentally gov-
erns the low-temperature transport in NiS,. To elucidate the
microscopic origin of this 2D behavior, it is instructive to move
beyond the 1D edge state scenario. Indeed, the spectroscopic
evidence identifies point-like discrete conductive sites apart

(331 These point-like conductive spots

from 1D-like channels.
likely combine to form a 2D conductive network, providing
a basis for macroscopic signatures like the resistivity plateau
and 2D-VRH conduction. In this picture, the network’s con-
nectivity ensures long-range transport, while the non-periodic
spatial arrangement of these conductive sites provides condi-
tions for VRH conduction.

In summary, our study points to a microscopic 2D char-
acteristic for the surface conduction of NiS,, thereby clarify-
ing its intrinsic dimensionality uncertainty. This scenario is
based on several transport signatures: the crossover from bulk
thermally activated conduction to a 2D Mott-type VRH mech-
anism exhibiting a 7'/3 dependence; the in-plane conducting
isotropy consistent with the identical twofold ADMR symme-
tries across orthogonal rotation planes; and the persistence of
the surface conduction in the case of slight doping-induced
disorder (~ 0.6%). This work deepens the understanding of
surface transport in the Mott insulator NiS;, which is essential
for exploring emergent phenomena in Mott systems.
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