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Closing of the Mott gap near step edges in NiS,
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A prototypical charge-transfer type Mott insulator NiS, pyrite exhibits a metal-insulator transition with
bandwidth control. Recent discoveries on surface-specific electronic states on other 3d transition-metal disulfide
pyrites motivate us to further investigate the surface of NiS,, where metallic surface conduction is discussed.
Here, the spectroscopic-imaging scanning-tunneling-microscopy observations revealed that the surface is not
metallic, contrary to the expectation. Instead, the Mott gap is closed near step edges, suggesting possible
electrical conduction from one-dimensional channels. The edge anomaly was observed irrespective of its

magnetic order and is limited to the insulator phases.

DOI: 10.1103/PhysRevB.110.045139

I. INTRODUCTION

Transition-metal (TM) disulfides in the pyrite structure, in
which TM?* and S~ crystalize in the NaCl structure with
space group Pa3 [Figs. 1(a) and 1(b)], offer a variety of elec-
tric and magnetic properties depending on its d-band filling
[1-3]. FeS, (tzﬁgeg) is a diamagnetic semiconductor, CoS,
(tgge;) is a ferromagnetic metal, NiS, (tfgeéz,) is an antiferro-
magnetic Mott insulator with half-filled e, bands, CuS, (tzégef,)

is a superconductor, and ZnS, (tzﬁgeg) is a semiconductor.

NiS, undergoes a metal-to-insulator transition with band-
width control, and it is considered to be a typical model as
it does not change the crystal structure [4]. The bandwidth
control is achieved by Se substitution with S [5-9] and an ap-
plication of hydrostatic pressure [10,11]. The pristine NiS, at
an ambient pressure exhibits a noncolinear antiferromagnetic
order below 39 K, and a weak ferromagnetic order below 30 K
[Fig. 1(c)].

The resistivity of NiS, tends to saturate at low temperatures
even though it is an insulator. It has been argued that the
surface may be metallic and dominate the electric conduction
at low temperatures [14]. The multichannel conductance is
supported by changing the crystalline grain size [15] and
with heat treatments [16]. The neutron scattering measure-
ments with susceptibility measurements suggest the surface
contributes also to its magnetic state [17]. Additionally, a
finite density of states (DOS) at the Fermi level by the pho-
toemission spectroscopy [7,18] further implies its metallic
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surface states. More recent research has focused on the surface
anomalies convince the additional metallic channel [19] and
imply magnetic anomalies at step edges [20,21].

As surface conduction is implied in NiS,, it is interesting
to investigate the surface directly by using the spectroscopic-
imaging scanning tunneling microscopy (STM). An STM ob-
servation was reported for the metallic compounds NiS,_,Se,
(x > 0.45) [22] whereas its insulating state has not been in-
vestigated. In this article, we report STM results for the Mott
insulating side (x =0 and 0.45). In the three-dimensional
(3D) crystal structure, we find that its two-dimensional (2D)
surface is indeed insulating, contrary to the expectation from
previous reports. Interestingly, the Mott gap becomes smaller
as approaches to one-dimensional (1D) step edges in the weak
ferromagnetic insulator (WFI) and the paramagnetic insulator
(PI) phases. Thus, we infer that the suggested conductance
is happening at the 1D step edges rather than 2D surfaces.
Such edge effect was not observed in Se substituted metallic
crystals NiSy 55Seg 45.

II. METHODS

NiS,_,Se, (x =0and0.45) single crystals were grown
with the chemical vapor transport method [6]. For STM
measurements at 77K, the samples were cleaved in an
ultrahigh vacuum chamber (~10~3Pa) at around 77K to
expose clean and flat (00 1) surfaces and then transferred
to a microscope without breaking vacuum. As scanning
tips, tungsten wires were used after electrochemical etch-
ing in KOH aqueous solution, followed by tuning using
field ion microscopy and controlled indentation at clean
Cu(1 1 1) surfaces. Measurements at 5 K were performed with

©2024 American Physical Society
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FIG. 1. (a) The crystal structure of NiS, [12,13]. Ni atoms are
represented in green, and S atoms are in yellow. (b) A model
for a cleaved surface seen from the c-axis. The zigzag structure
of the topmost S atoms is highlighted with dashed lines. (c) A
schematic phase diagram of NiS,_,Se, reproduced from [5]. PM,
paramagnetic metal; AFI, antiferromagnetic insulator. The condi-
tions investigated in the present study are marked by black dots. (d) A
constant-current topographic image of NiS,. (e) A spatially averaged
dl/dV spectrum at a 2D surface. The set-point bias voltage Vi =
41V, set-point current /; = 100 pA, and measurement temperature
T =77K.

the Omicron low-temperature scanning tunneling microscopy
(LT-STM) system. The crystals were cleaved in the ultra-high
vacuum chamber at room temperature. A tungsten tip at-
tached to a qPlus sensor was used after controlled indentation
at clean Au(l11) surfaces. Tunneling-conductance di/dV
curves were obtained with numerical differentials of tunneling
current / versus bias voltage V curves.

III. RESULTS

An STM topographic image of the cleaved surface is
shown in Fig. 1(d). One type of surface is available in this
material because the S-S dimer bonds may not be broken.
The zigzag structure does not contradict the model structure
as in Fig. 1(b). The observed lattice constant is around 560
pm, which agrees with the literature value of NiS, [23].

Tunneling conductance curves were measured on such
cleaved surfaces at 77K, in the PI phase [Fig. 1(e)]. The
observed d//dV spectra are approximately proportional to the
local DOS, and hence we can directory refer to the insulating
gap. The measured insulating gap width is about 0.3eV at
77K, which is comparable to the reported gap width of the
bulk [24]. Contrary to the speculations of the previous reports
[7,14-19], the 2D surfaces are found to be insulating.

As the surface of NiS, is found to be insulating, metallic
states may originate from some defects or from some spe-
cific structures. We investigated the electronic states near step
edges because the lack of a good cleavage plane in NiS, re-
sults in a large number of step-terrace structures at cleavages.
The electronic state just below step edges cannot be investi-

K

i

5

5

H ]
£

10 nm -0.2 T 11 10 nm O M 50
z (nm) d//dV (pS)

FIG. 2. Edge states in NiS, measured at 77 K (PI phase). (a) A
topographic image of a pseudoisland structure. (b) A d//dV map at
4200 mV within the surface Mott gap taken in the same field of view
as (a). Positions where the tip changed are marked with black arrows.
Ve = +0.9V and I, = 100 pA.

gated with STM since a finite radius of a scanning tip causes
tunneling current through the side of the tip. Such artifacts of
the tip shape are avoided on terraces above steps. Thus, we
focus on the electronic states above the steps in the following,
and the data are considered only for the topographic height
|z] < 50 pm.

A step-terrace structure with two-unit-cell hight [Fig. 2(a)]
was investigated with the spectroscopic-imaging technique,
where the d//dV conductance curves are measured at each
pixel of the image. Figure 2(b) shows a dI/dV map at
+200mV, representing the local DOS distribution within the
insulating gap. The in-gap states appear all around the step
edges. Thus, the behavior is not constrained to a specific
orientation of the step with respect to the crystalline axis.
Although the tip condition changed several times during the
measurements as marked with black arrows, the in-gap state
is observed irrespective of the tip condition.

A magnified view shows a more detailed structure of the
in-gap states. The step was obtained from the same crystal
at a different cleavage, and the step height corresponds to 1
unit cell. The topographic image is shown in Fig. 3(a), and
a DOS map at +200 mV representing the in-gap edge states
is shown in Fig. 3(b). These images are deformed due to the
thermal drift but the atomic registry is maintained. Figure 3(c)
compares the tunneling spectra near and away from the step
edge. The insulating gap is almost closed near the step edge,
resulting in a quasimetallic state in the 1D step edge. The
spatial distribution of the tunneling spectra near the step edge
is shown in Figs. 3(d) to 3(f). The in-gap states near the step
edge are not restricted to the step edge, but they spread over
several nanometers into the terrace.

Some bright spots in d//dV are observed on the terraces
[Fig. 2(b)]. These spots probably originated from impurities
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FIG. 3. The edge anomaly in NiS, measured at 77 K (PI phase).
(a) A topographic image near a step edge. (b) A dI/dV map at
4200 mV within the surface Mott gap taken in the same field of view
as (a). Points at z < —50 pm are not shown. (c) d//dV spectra near
(red circle) and away (blue square) from the step edge. (d) Tunneling
conductance spectra along the green line in (b). (¢) The variation of
the insulating gap defined at 1 pS. (f) The line profile of the simulta-
neously taken topographic image. V; = +1.0 V and I, = 100 pA.

embedded under the surface. Although the d//dV spectra on
these impurities are very similar to those near the step edges,
it is unlikely that the observed gap collapse is associated
with the impurities. This is because the in-gap states homoge-
neously distribute around step edges regardless of the position
of impurities. Therefore, the metallic state is intrinsic to step
edges of NiS,.

The location of the gap with respect to the chemical poten-
tial depends on samples [compare Figs. 1(e) and 3(c)]. They
probably originated from some doping effects from impuri-
ties. We confirmed that the gap closes toward the Fermi energy
near step edges wherever the surface gap is.

To investigate the effect of magnetic order on the in-gap
state near the step edge, we performed spectroscopic-imaging
measurements near step edges also in the WFI phase at 5 K.
A NiS, crystal from a different batch was used. Atomically
sharp step edges are resolved in the topographic image in
Fig. 4(a), where the tip probably feels the symmetry of Ni
atoms as well. The step height is 4 nm, and the zigzag struc-
ture of S atoms is perpendicular to the step. As shown in
Figs. 4(b) to 4(f), the insulating gap gradually collapses over
a few nanometers as approaching the step edge, similar to the
paramagnetic phase.

A natural question is whether the edge-induced effect is ob-
served when the insulating gap is suppressed by the bandwidth
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FIG. 4. The edge anomaly in NiS, measured at 5 K (WFI phase).
(a) A topographic image near a step edge. The image is Fourier-
filtered to suppress high-frequency noise. (b) A dI/dV map at
+200 mV within the surface Mott gap in the same field of view as (a).
Points at z < —50 pm are not shown. (c) d//dV spectra near (red cir-
cle) and away (blue square) from the step. (d) Tunneling conductance
spectra along the green line in (b). (e) The variation of the insulating
gap defined at 2.5 pS. (f) The line profile of the simultaneously taken
topographic image. V; = +1.5V and I, = 200 pA.

control. To this end, we investigated NiS,_,Se, (nominal
x = 0.45), which is located around the boundary of the PI
and the antiferromagnetic metal (AFM) phases [Fig. 1(c)]. As
shown in Fig. 5, the topographic image exhibits two atomic
sites with different heights. Se atoms are considered to appear
higher in constant-current topographic images [22]. From the
ratio between the numbers of higher and lower atoms on the
surface, x is estimated to be 0.43, which agrees with the
nominal amount of Se. A d//dV map is measured at a step
edge with 0.5-unit-cell hight [Figs. 5(a) and 5(b)]. There is
no gap in the tunneling spectra as shown in Fig. 5(c). A line
profile clarifies that any edge effect was not evident at any bias
voltage within £0.5V [Figs. 5(d) to 5(f)].

IV. DISCUSSION

The surface conduction in NiS, has been proposed in the
previous reports [14—17,19]. The present observations clarify
that the 2D surfaces are as insulating as their bulk, and in fact,
their 1D edges are more metallic. Since the in-gap states near
step edges can provide an additional channel to the conduc-
tance, whose amount is directly related to the surface area,
we consider that the previous observations are consistent for
1D edge conductance. The 1D edge channel can also infer
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FIG. 5. Absence of a noticeable edge effect at the boundary
of the PI and the AFM phases in NiS; 555€(45 measured at 77 K.
(a) A topographic image near a step edge. Se atoms appear as bright
protrusions while S atoms appear darker in the same zigzag structure.
(b) A dI/dV map at +200mV in the same field of view as (a). Points
at z < —50 pm are not shown. (c) d//dV spectra near (red circle)
and away (blue square) from the step. (d) Tunneling conductance
spectra along the green line in (b). (¢) The variation of the insulating
gap defined at 2.5 pS. (f) The line profile of the simultaneously taken
topographic image. V; = +1.0V and I, = 100 pA.

why the previous angle-resolved photoemission spectroscopy
measurements did not report dispersive features within the
Mott gap even though a finite DOS at the Fermi level is
observed [7,9,18,25].

The question is what causes the observed metallic edge
state. One possible scenario concerns a bandwidth-controlled
Mott insulator-to-metal transition, which occurs when the

onsite Coulomb repulsion U becomes smaller with respect to
the bandwidth W. In bulk NiS,, physical or chemical pres-
sures induce the bandwidth-controlled Mott insulator-to-metal
transition. However, U and W are expected to become larger
and smaller, respectively, at the step edges due to weaker
screening and hopping, which contradict the observed metal-
lic edge state. Particular edge termination may effectively
cause local doping, resulting in a metallic edge, as in the case
of the metallic surface of V,_,Cr,O3 with excess vanadyl
cations [26]. In the present case, however, the metallic edge
states appear irrespective of the edge direction, ruling out the
possibility of a termination-dependent metallic state. Another
possible cause of the metallic state is topological edge states
[27-31]. Although the topological aspect of the band structure
has theoretically been argued in NiS, for U = 0 [29], we
are not aware of such an expectation for a more realistic
situation with U # 0. More experimental and theoretical work
is indispensable to clarify the underlying mechanism of the 1D
metallic edge states in pyrite NiS,.

V. CONCLUSIONS

In summary, the spectroscopic-imaging STM measure-
ments on the charge-transfer-type Mott insulator NiS, clar-
ified that the 2D surface is as gapped as the 3D bulk. The
Mott gap collapses near the step edges in the WFI and the
PI phases, exhibiting a quasimetallic DOS. This behavior was
not observed at the phase boundary between the PI and the
AFM phases. The spatially resolved results obtained in this
work indicate that the surface conduction so far inferred from
macroscopic measurements [14—16,19] are not related to the
surface but associated with the step edges. Different types of
“surface” effects have been found in various 3d transition-
metal disulfides [32-38]. We anticipate that their systematic
spatially-resolved investigations may help to understand the
role of step edges in the pyrite structure.
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