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Pyrite-structure NiS; is, in principle, a model antiferromagnetic Mott insulator that can be electron doped, hole
doped, and bandwidth controlled. Despite decades of study, however, the electronic and magnetic behavior of
NiS; have proven challenging to understand. Here, we build on recent advances establishing surface conduction
in NiS, to completely reexamine the electronic phase behavior of electron- and hole-doped single-crystal
Ni;_,Cu,S, and Ni,_,Co,S,. Magnetometry, heat capacity, neutron diffraction, and electronic transport mea-
surements suggest that prior studies missed vital details of the magnetic ordering in this system. While electron
and hole doping rapidly increase the antiferromagnetic ordering temperature (by as much as fourfold by x =~ 0.1),
signatures remain of antiferromagnetic and weak ferromagnetic ordering at the same temperatures as in undoped
NiS,. As these undoped ordering temperatures remain constant, the associated magnetic moments are diminished
by doping, strongly implicating electronic/magnetic phase coexistence across the Mott insulator-metal transition.
Substantial structural changes and inhomogeneity accompany these evolutions, highlighting the importance
of structural-chemical-electronic-magnetic coupling in NiS,. The insulator-metal transition is also strongly
electron/hole asymmetric, which we interpret with the aid of complementary dynamical mean-field theory
results. These findings significantly revise and advance our understanding of the electronic phase behavior of
this prototypical Mott insulator, highlighting the essential role of electronic, magnetic, structural, and chemical

inhomogeneity across the Mott transition.
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I. INTRODUCTION

The three-dimensional pyrite-structure transition-metal
disulfides (TMS,) are a notable class of materials in terms of
band filling control of electronic and magnetic properties and
associated functionality [1-4]. FeS,, CoS,, NiS,, and CuS,
share the same simple, cubic, pyrite structure, where TM?**
ions are octahedrally coordinated by (S,)>~ dimers, leading to
tggeg, tfgeé, tfgeé, and tzﬁge?,> electronic configurations, respec-
tively [1-4]. FeS; is thus a diamagnetic semiconductor, CoS;
a ferromagnetic (F) metal, NiS, an antiferromagnetic (AF)
Mott insulator, and CuS, a low-temperature superconductor
[1-4]. Solid solutions (e.g., Fe;_,Co,S, [1,3-9]) are also
stable over wide ranges between these compounds [1-18],
enabling facile chemical tuning of the e, band filling, from
e‘g) in FeS, to eé in CuS,. For decades, these materials have
thus been employed as model filling-tuned systems [1-18].

The above attributes are particularly useful in the study
of the model AF Mott insulator NiS,, which can be elec-
tron doped in Ni;_,Cu,S, [3,4,10,14-17], hole doped in
Ni;_,Co,S, [1-4,10,12,13], and bandwidth controlled in
NiS,_,Se, [4,19-26]. Due in large part to this flexibility,
chemically substituted NiS, has been heavily investigated
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for years, particularly in the study of the transition from
Mott insulating to correlated or uncorrelated metallic states
[10-26]. A partial electronic phase diagram of NiS, has thus
been compiled vs both doping and bandwidth, generating
key insights into this central problem in correlated electron
physics [3,4,22,24]. It should be acknowledged, however,
that there are significant gaps in the understanding of even
this heavily studied system. In hole-doped Ni;_,Co,S,, for
example, there remain substantial regions of phase space at
intermediate x in which little, if any, exploration has been per-
formed [3,4,10,12,13]. In terms of electron doping, CuS, lies
on the verge of stability and can only be synthesized at high
pressures [27], meaning that under typical growth conditions
Ni;_,Cu,S, crystals have an effective solubility limit, restrict-
ing the accessible range of electron doping [14,15]. Arguably,
the most important limits to understanding, however, arise in
relatively lightly electron- and hole-doped Ni;_,Cu,S, and
Ni;_,Co,S; in the vicinity of the transition from Mott insu-
lator to metal.

Two issues are particularly noteworthy with respect to the
insulator-metal transition in doped NiS,. First, the majority of
studies on this system were performed prior to the realization
that surface conduction dramatically impacts electronic trans-
port in NiS, [28-33]. It is now understood, as it is in FeS;
[34—43] and CoS; [44], that surface states are rife in single-
crystal NiS,, generating surface conductivities much higher
than bulk [28-30,32]. In typical transport measurements, the
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freeze-out of the Mott-insulating interior on cooling then leads
to the surface shunting current at low temperature (typically
below ~100 K), resulting in surface-dominated transport [28].
This is now established from temperature (7)-dependent re-
sistivity (o) measurements [28,30,32,33], thickness [28] and
shape [30,33] scaling, Hall effect data [29,30], the rich surface
magnetotransport effects that arise in NiS, crystals [28,29]
and nanoflakes [32], and photoemission studies [31]. Trans-
port data in the literature on NiS, doped with Co or Cu
[12-16] or substituted with Se [19-23,26] show clear indica-
tions of surface conduction, but were historically interpreted
as reflecting the NiS, bulk, meaning that the location and
nature of the insulator-metal transitions with doping and band-
width control have likely been mischaracterized.

Second, there are features of the electronic and mag-
netic behavior of NiS, vs doping that are extraordinary but
have not been fully understood. NiS, exhibits a complex
sequence of magnetic behaviors and transitions on cooling
[1-4,10,45-55]. The face-centered-cubic array of NiZt ions
creates geometrical frustration, which hinders AF ordering
despite strong AF exchange interactions [23,46,48,50,53,56].
The frustration ratio Ocw /Tn (wWhere Ocw is the Curie-Weiss
temperature and 7y is the Néel temperature) has been reported
to be as high as ~30 [28,48], and short-range AF order has
been detected above Ty [28,53,56]. Long-range AF order
then kicks in at 7y &~ 38 K, through a typical second-order
phase transformation [23,28,29,46-48,50-53,55,56], gener-
ating a spin structure that is complex and noncollinear
[23,46,48,50,53,56]. Remarkably, at Ty =~ 30K, a second
magnetic transition takes place, to a weak ferromagnetic (WF)
state [15,23,28,29,46-48,51,53-56]. It is clear that this WF
behavior is robust and widely observed, and that it arises
through a weakly first-order transition, but the origin of the
WEF state is controversial, particularly given that an F moment
is symmetry forbidden in the pyrite structure [23]. Structural
distortions [23,50,56,57] and domain effects [51] have been
proposed to explain the WF state, but the origin remains un-
settled. This richness in magnetic response continues as NiS;
is doped. The accepted magnetic phase diagram in fact shows
Tx dramatically increasing with doping with both electrons
and holes, reaching as high as ~130K (over three times the
undoped Ty) by x &~ 0.1 [3,4,10], although this extraordinary
behavior has not been fully explained [3]. Ty is then thought
to gradually decrease with further doping [3,4,10], along with
Tyt [3,4,10], although the solubility limit in Ni;_,Cu,S, and
the unexplored region in the Ni;_,Co,S, phase diagram mean
that this has not been fully tracked vs either electron or hole
doping.

In light of the above, the motivation for the current paper
is straightforward. Given the simple structure and stoichiom-
etry of NiS,, the ease with which it can be electron doped,
hole doped, and bandwidth controlled, and that it is touted
as a model AF Mott insulator, the level of uncertainty re-
garding key features of the NiS, electronic phase behavior
at low doping is unacceptable. We significantly improve on
this here through a detailed study of the magnetic, thermo-
dynamic, and electronic transport properties of electron- and
hole-doped NiS, single crystals. Ni;_,Cu,S; is studied up to
an effective solubility limit of x = 0.08, while Ni;_,Co,S,
is studied up to x = 0.30. Detailed investigations at ~20

doping levels provide strong evidence that vital details of
magnetic ordering in this system may have been missed in
prior studies. Electron and hole doping are found to indeed
rapidly stabilize Ty (by as much as fourfold by x ~ 0.1), but,
at the same time, clear signatures persist of the 7y and Ty, of
undoped NiS,. As the undoped Ty and Ty persist, their asso-
ciated magnetic moments are diminished by doping, strongly
implicating electronic/magnetic phase coexistence across an
inhomogeneous Mott insulator-metal transition. Clear evi-
dence for structural/chemical changes and inhomogeneity are
also found in this regime. Doping-dependent transport mea-
surements accounting for the intrinsic surface conduction then
establish that the Mott insulator-metal transition is distinctly
electron/hole asymmetric, which we interpret with the aid of
complementary dynamical mean-field theory (DMFT) results.
These findings establish a revised electronic phase diagram
for electron- and hole-doped NiS,, significantly altering and
advancing our understanding of the electronic phase behavior
of this prototypical Mott insulator.

II. METHODS

Ni;_,Cu,S, and Ni;_,Co,S; single crystals were grown
by chemical vapor transport (CVT) [12-14,28,29,32,58]. Pre-
cursor powders of NiS,, CoS;, and CuS were first prepared.
High-purity powders of Ni (Alfa Aesar, 99.999% purity), Cu
(Strem Chemicals, 99.999%), Co (Alfa Aesar, 99.998%), and
S (Thermo Scientific, 99.999%), in a nominal molar ratio of
1:7 (for Ni:S and Co:S) or 1:1 (for Cu:S), were thoroughly
mixed and sealed in evacuated (~107° Torr) quartz ampoules.
The resulting powders were then heated to 670° C for 6 d
for NiS,, 625° C for 6 d for CoS,, and 500° C for 1 d for
CusS, followed by furnace cooling. To separate excess S dur-
ing NiS, and CoS; reactions, the quartz ampoules were laid
approximately horizontally in a two-zone tube furnace, with a
slight downward tilt; reheating to 180-250° C separated the
liquid S. Next, phase-pure NiS,, CuS, and CoS, precursor
powders in stoichiometric ratios corresponding to Ni;_,Cu, S,
and Ni;_,Co,S, (total mass ~2.2 g at each x), were loaded
into evacuated (~107% Torr) quartz ampoules with ~100 mg
of NiBr, (Sigma-Aldrich, 99.999%) transport agent. Crystal
growth then proceeded in a two-zone tube furnace in a temper-
ature gradient from 715° C (source) to 635° C (sink), usually
for 16 d; as is typical [28,29,32,35,37,38,40,41,58,59], the
hot and cold zones were inverted for 3 d at the beginning
of the growth. Single crystals with average size several mm
were obtained, and were cleaned in solvent to remove any
residual S or NiBr,. Powder x-ray diffraction (XRD) was
performed on ground versions of these crystals using a Rigaku
MiniFlex 600 with a Cu Ko x-ray source and a graphite
diffracted beam monochromator. Lattice parameters were sub-
sequently obtained from whole pattern fits in JADE [60].
Energy-dispersive x-ray spectroscopy (EDS) measurements
were carried out in a JEOL JSM-6010PLUS/LA scanning
electron microscope with an integrated EDS detector. Spectra
were collected on flat, large (few-hundred-um) crystal sur-
faces, at 10 or 20 kV.

Magnetometry was performed in a Quantum Design Phys-
ical Property Measurement System (PPMS) vibrating sample
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magnetometer and a Quantum Design Superconducting Quan-
tum Interference Device magnetometer from 2 to 300 K, in
applied magnetic fields (H) up to 90 kOe along [111], perpen-
dicular to the crystal surfaces. Zero-field specific heat capacity
measurements were carried out by relaxation calorimetry
in a PPMS between 2 and 300 K. For standard relax-
ation calorimetry measurements, 2% temperature pulses were
applied, and three measurements were averaged at each tem-
perature. The thermal coupling factor was maintained above
~95% and the ratio of sample to addenda specific heat was
kept above 0.5 [61]. In order to probe phase transitions accu-
rately, long-pulse measurements were additionally performed,
using 5% or 10% temperature pulses to scan continuously
through phase transitions. Transport measurements were also
conducted in a PPMS, from 2 to 400 K, in a van der
Pauw configuration with DC excitation. Soldered In contacts
were applied to pristine, as-grown surfaces. The back (non-
contacted) side of the crystals was polished to reduce the
thickness to a few mm using SiC paper, followed by 3- and
1-um diamond slurries. Neutron powder diffraction (NPD)
was done on the HB-2A powder diffractometer at the High
Flux Isotope Reactor (HFIR), Oak Ridge National Laboratory
(ORNL). 2-3 g powder samples (ground crystals) of NiS,,
Nig 95C00.05S2, and Nig goCog 2052, contained in V cans, were
measured at several temperatures from 4.2 to 200 K, counting
for 4 h per scan. A finer temperature spacing was employed
for order parameter measurements, counting for either 300
or 600 s per point. A constant wavelength of 2.41 A was
selected using a Ge(113) monochromator. Diffraction patterns
were collected by scanning a 120° bank of 44 3He detectors
in 0.05° steps, providing 260 coverage from 5° to ~126°.
The collimation was open-open-12°, and a pyrolytic graphite
filter was placed before the sample to eliminate higher order
reflections. Subsequent Rietveld refinement was carried out
using GSAS-II [62].

DFT+DMFT calculations were performed with the Rut-
gers eDMFT code [63,64]. The DFT (density functional
theory) portion of the calculations was performed within the
local density approximation using the linearized augmented
plane wave method in Wien2K [65]. A 10 x 10 x 10 k—point
grid was chosen for the 12-atom primitive cell. The DMFT
impurity problem was solved using the continuous time quan-
tum Monte Carlo method included in eDMFT. As all Ni
sites occupy the same Wyckoff position, only one impurity
problem was treated, with all quantities on the different Ni
atoms related via the symmetry operations connecting the
sites. All five Ni d orbitals, including the fully occupied 1,
states, were treated as correlated, and states within +10 eV
of the Fermi level were included in hybridization. The “ex-
act” double counting correction was used to determine the
occupancy of the correlated orbitals [66]. The self-energy was
directly sampled, with its high-frequency tail being smoothed
for stability, as in Ref. [67]. The values of Hubbard U and
Hund’s J were set to 10.7 and 0.7 eV, respectively, consistent
with other studies on 3d transition metals using this code
[68,69]; these values are higher than they would be in DFT
alone, as DMFT explicitly models electron screening. Real
axis quantities were obtained via analytic continuation from
the imaginary axis with a 25 meV broadening. All calculations
were done at 232 K.
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FIG. 1. Wide-angle powder x-ray diffraction (XRD) patterns
(black) from representative ground crystals of (a) Nig.99Cog.10S> and
(b) Nig.9gCug.02S,, with reference patterns (blue) [70] shown below.
The insets to (a) and (b) are photographs of example correspond-
ing crystals with a 1-mm scale bar shown. Energy-dispersive x-ray
spectra from approximately 200 x 200 um? regions of representative
crystals of (c¢) Nig.99Cog.10S, and (d) NigogCug,S,. Primary peaks
are labeled and dopant Co and Cu peaks are labeled in red. (e)
Doping (x) dependence of the cubic lattice parameter (a, left axis,
red), and the excess cell size relative to the Vegard’s law (solid-black
line) extrapolation from the Fe,_,Co,S, system (Aa, right axis, dark
yellow), for Ni;_,Co,S, (hole doping) and Ni;_,Cu,S, (electron
doping). (f) Doping dependence of the XRD peak full-width at half-
maximum (FWHM) for Ni,_,Co,S, (hole doping) and Ni,_,Cu,S,
(electron doping). FWHM data are shown for the (200) (blue) and
(302) (green) Bragg peaks. Data points and error bars in (e) were
extracted from whole-pattern XRD fits; data points and error bars in
(f) are from Gaussian fits to individual Bragg peaks. Colored solid
lines in (e) and (f) are guides to the eye.

III. RESULTS

A. Structural and chemical characterization

The insets to Figs. 1(a) and 1(b) show photographs
of representative several-mm single crystals at example
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compositions  of  NiggpCop 19S,  (hole-doped) and
Nig9gCug2S,  (electron-doped). Corresponding XRD
patterns of ground crystals at these compositions are shown in
the main panels of Figs. 1(a) and 1(b) (black lines), revealing
good agreement with accepted patterns for pyrite NiS;
(blue lines) [70]. As in our prior papers on undoped NiS;
[28,29,32,58], the crystals are thus phase-pure within the
detection limits of powder XRD. Figures 1(c) and 1(d) then
show corresponding EDS data, from which an average (over
24 crystals of various dopings) sulfur-to-metal ratio of 1.98
was extracted (with a standard deviation of 0.09), i.e., close
to stoichiometric. For comparison, the random uncertainty on
this ratio is ~0.01, which is outweighed by the systematic
uncertainty of ~0.05. More important in the current context,
Figs. 1(c) and 1(d) also show characteristic K and L peaks
for Co and Cu, respectively (red labels), confirming dopant
incorporation. As discussed in detail in Fig. S1 and its caption
within the Supplemental Material (SM) [71], at sufficiently
high x, direct determination of the actual doping was thus pos-
sible by EDS. At very low x, however, this was not possible,
and so carefully calibrated EDS doping vs nominal doping
relations for both Ni;_,Co,S; and Ni;_,Cu, S, (Fig. S1 within
the SM [71]) were used for determination of actual x values
by extrapolation. In the Cu doping case, actual doping of
x = 0.08 could not be exceeded under our growth conditions,
primarily because of preferential crystallization of CusS.

As shown in Fig. 1(e), quantitative analysis of powder
XRD data provides additional insight into the structure of
these doped NiS; crystals. The left axis shows the cubic lattice
parameter (a) over a wide doping range, compared to the
Vegard’s law prediction based on the lattice parameter in the
well-studied Fe;_,Co,S; series [3,6-8], which approximately
connects with the lattice parameter of CuS; [3]. As previously
noted [3], there is a clear expansion of the unit cell around
the NiS, composition. This is shown more clearly on the
right axis, which plots the excess lattice parameter over the
Vegard’s law prediction Aa, which evolves asymmetrically
about the NiS, composition. Hole doping to x ~ 0.3 is needed
to fully suppress Aa, while electron doping initially rapidly
suppresses Aa, followed by a slower drop out to the effective
solubility limit. This excess cell volume and its asymmetric
doping dependence will be returned to below (Sec. III E),
where they are found to be strongly correlated with the
evolution of electronic and magnetic properties. Intriguingly,
Fig. 1(f) reveals that as the unit-cell expansion decreases with
hole (Co) doping, a broad maximum in the full-width at half-
maximum (FWHM) of some of the XRD peaks arises around
x & (.25, shown here for the (200) and (302) peaks. As the
powder particle size does not vary systematically with x (nor
does the instrumental broadening, which is only ~0.13° in the
relevant 26 window), this peak broadening must derive from
microstrain effects, i.e., spatial distributions of local lattice
spacings. This was investigated more thoroughly by refining
the powder XRD patterns at each composition using GSAS-II
[62] and then applying the generalized strain model within
GSAS-II. As shown in Fig. S2 within the SM [71], this reveals
~0.6% average microstrain values at x &~ (.25 but with very
different values of the two microstrain tensor components in
cubic symmetry, the S0 component being large while the Sy
component is negligible. This is a strong hint to potential local

symmetry breaking in a broad doping region centered around
x =~ (.25, which we plan to explore in the future with addi-
tional diffuse x-ray scattering measurements and analyses. It
is argued below (Sec. III E), where the data of Fig. 1(f) are
correlated with electronic and magnetic properties, that these
structural findings also likely point to doping inhomogeneity
in certain broad x ranges.

B. Revised phase diagram

Section III C below (discussing Figs. 3—6) describes full
details of the doping-dependent evolution of magnetic, ther-
modynamic, and transport properties of these Ni;_,Co,S;
and Ni;_,Cu,S; crystals. Prior to that discussion, however,
we present the revised phase diagram that results from this
paper [Fig. 2(a)]. As noted in the Introduction, undoped NiS;
exhibits two successive magnetic ordering temperatures, Ty
and Ty, at ~38 K [23,28,29,46-48,50-53,55,56] and ~30K
[15,23,28,29,46—48,51,53-56]. Consistent with prior reports,
as electron or hole doping proceeds, doped samples then ex-
hibit a doped Néel temperature Typ [green points in Fig. 2(a)]
that increases rapidly with x [3,4,10,22]. For hole doping
with Co, the increase in Typ is smooth, reaching ~150K
by x = 0.10, beyond which a weak decrease occurs. While
the increase in Typ for electron doping with Cu is also rapid
(reaching ~130K by x = 0.08), electron/hole doping asym-
metry is clear. Specifically, 7xp increases quickly with initial
electron doping, reaches a narrow plateau around x = 0.01,
then increases again before slowing near the effective Cu
solubility limit. The prior claims of rapidly increasing Tnp
with increasing electron and hole doping [3,4,10,22] are thus
substantiated, but with significant quantitative differences,
particularly the electron/hole doping asymmetry.

What was apparently missed in prior studies, however, is
that as Typ increases with x, there remain subtle but clear
indications of Ty and Ty at temperatures that barely deviate
from their undoped values [red and blue points in Fig. 2(a)].
This magnetism apparently associated with undoped NiS;
is suppressed with doping not through a decrease of the
ordering temperatures, but instead a decrease of the associ-
ated ordered moments. This is illustrated in Fig. 2(b), where
the WF magnetization (M) becomes undetectable by Co
doping of x = 0.10 and Cu doping of x = 0.03 [which is
why the T points in Fig. 2(a) cease to be plotted], again
asymmetrically with respect to electron/hole doping. Also
shown in Figs. 2(a) and 2(b) are the positions of the transi-
tions from insulator (I) to metal (M), marked by the vertical
dashed lines. Importantly, and as detailed in Sec. III C, these
are determined from bulk transport properties, above the
temperature-dependent crossover to surface-dominated con-
duction [28-33]. The correlation with magnetic ordering is
evident: The insulator-metal boundaries align exactly with the
saturation of the doped Néel temperatures Typ [Fig. 2(a)], also
reflecting the same electron/hole asymmetry visible in Typ(x)
[Fig. 2(a)] and My (x) [Fig. 2(b)].

As emphasized below (in Secs. III C, III D, and III E), the
phase behavior in Figs. 2(a) and 2(b) is suggestive of an in-
homogeneous Mott insulator to metal transition, progressing
through a regime of electronic and magnetic inhomogeneity.
We contend throughout this paper that this picture in fact
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FIG. 2. (a) Revised magnetic phase diagram of hole- and
electron-doped NiS,. The region of focus involves electron-doped
Ni;_,Cu,S; up to x = 0.08 and hole-doped Ni;_,Co,S, up to x =
0.30. Shown are the weak ferromagnetic (WF) transition temperature
T.r (blue), antiferromagnetic (AF) transition temperature Ty (red) of
the near-undoped regions, and AF transition temperature Typ (green)
of the heavily doped regions, as determined from magnetometry and
heat capacity data. Vertical dashed lines mark the Mott insulator (I)-
metal (M) transition boundaries, as determined from bulk electronic
transport data. (b) Doping (x) dependence of the WF magnetization
My of hole-doped Ni;_,Co,S, and electron-doped Ni;_,Cu,S, sin-
gle crystals, as determined from zero-field extrapolations of linear fits
to high-field magnetization vs field data [Figs. 3(k)—3(0)]. (c)—(f)
Schematics of the proposed phase evolution with electron or hole
doping (x). As x is increased, the AF/WF Mott-insulating phase in
NiS, (yellow) transforms into an AF metallic phase (blue), through
a regime of electronic/magnetic phase coexistence.

provides the only simple interpretation of the data, particularly
the broad coexistence of a strongly doping-dependent Txp
with a Ty that is essentially unshifted from pure NiS,, the
suppression of the undoped AF/WF order occurring through
gradual decrease of the ordered moment [Fig. 2(b)] rather

than the ordering temperatures [Fig. 2(a)]. A schematic il-
lustration is shown in Figs. 2(c)-2(f), in which an initially
uniform AF/WF Mott-insulating phase [Fig. 2(c)] is broken
up by electron/hole doping via nucleation of higher-Typ AF
metallic regions in a matrix of essentially undoped AF/WF
insulating regions. As shown in Fig. 2(a), the doped regions
have Tnp that increases rapidly with x. Eventually, the phase
fractions invert [Fig. 2(e)], before a uniform high-7yp AF
metallic phase emerges [Fig. 2(f)]. From Figs. 2(a) and 2(b)
it is clear that the process in Figs. 2(c)-2(f) is somewhat
asymmetric with respect to electron/hole doping, while from
Figs. 1(e) and 1(f) (and Fig. S2 within the SM [71]) it is clear
that there are correlations with the structure and chemistry.
This evidences coupling between the structure/chemistry, and
electronic/magnetic properties of doped NiS, across the Mott
transition. Section III C next provides a detailed description
of the magnetic, thermodynamic, and transport data that were
used to generate the phase diagram of Fig. 2(a).

C. Magnetometry, heat capacity, neutron diffraction,
and electronic transport

Shown first in Figs. 3(a)-3(e) are T-dependent magneti-
zation (M) data in an applied magnetic field (H) of 1000
Oe, under both field-cooled (FC) and zero-field-cooled (ZFC)
conditions, at five representative dopings. Starting with un-
doped NiS; [Fig. 3(c)], the onset of WF order at Ty is readily
apparent at ~30K, where the FC M(T) rises in an order-
parameter-like fashion while the FC and ZFC curves bifurcate
[3,4,23,28,46-48,51,56]. The AF ordering at Ty is clearer in
Fig. 3(h), which is a close-up of the ZFC M(T) from Fig. 3(c).
A Ty of 39.7 K is inferred from the peak (as confirmed by neu-
tron diffraction below). This is in reasonable agreement with
prior work [23,28,29,46-48,50-53,55,56], within the range of
the variations in 7y that can occur due to Ni/S stoichiometry
variations. These variations are shown explicitly in Fig. S3
within the SM [71], which shows the effect of the S:Ni loading
in the crystal growth tube on the structural, magnetic, and
transport properties of NiS,.

Doping, whether with holes (Co) or electrons (Cu), sup-
presses My, as shown in Figs. 3(a), 3(b), 3(d), and 3(e),
respectively (note the widely varying M-axis scales). Hole
doping to x = 0.05 [Fig. 3(b)] suppresses My by a factor of
~70, but, as highlighted in Sec. III B, Ty remains unchanged
at ~30K. A new feature emerges at higher 7' (~100K),
however, where a second FC/ZFC bifurcation arises, albeit
weak. Increasing the hole doping to x = 0.20 [Fig. 3(a)] then
essentially eradicates any sign of the original WF order (note
the M-axis scale) but leads to clearer FC/ZFC splitting at even
higher T'(~150 K). It is shown below from neutron diffraction
that the temperature at which this FC/ZFC splitting turns on
is definitively a Néel transition, and thus we label it Txp, the
doped Néel temperature. Importantly, as this strong evolution
of My and Typ with hole doping takes place, the close-ups in
Figs. 3(f) and 3(g) reveal that a clear signature of the undoped
Ty remains. Qualitatively similar behavior takes place with
electron doping with Cu but with differences in doping scales.
As shown in Figs. 3(d) and 3(i), M is suppressed by a factor
of ~10 by only x = 0.02 [Fig. 3(d)], while Ty is unaffected
[Fig. 3(d)], and the undoped Ty remains visible [Fig. 3(i)].
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FIG. 3. (a)-(e) Temperature (7) dependence of the FC (field-cooled, blue) and ZFC (zero-field-cooled, red) magnetization (M) of five
representative hole- or electron-doped Ni;_,Co,S, and Ni;_,Cu,S, crystals, in a 1000-Oe applied field (H). When present, Ty, Tx, and Tp
are labeled in each panel. (f)—(j) Close-up of the ZFC M(T) curves in (a)—(e) in the vicinity of Tx. (k)—(0) M vs H curves at low-T (2-5 K) for

the crystals shown in (a)—(j).

By x = 0.04, WF ordering is no longer apparent, and a clear
Tnp has emerged at ~110K [Fig. 3(e)], but the undoped Ty
again remains [Fig. 3(j)]. Figures 3(b)-3(d) and 3(f)-3(j) in
fact show only minimal variations in Tys (< 1.2K) and Ty
(< 4.5K) with doping [see also Fig. 2(a)], which we show in
Fig. S3 within the SM [71] to be comparable to the range due
to minor deviations from ideal metal/sulfur ratio.

Complementary to M(T), Figs. 3(k)-3(o) show M(H) at low
T (2-5 K). The WF behavior in undoped NiS, [Fig. 3(m)]
manifests as clear low-field hysteresis from the WF com-
ponent, superimposed on a linear “background” from the
AF component [28,29,47,51,56]. Hole doping to x = 0.05
[Fig. 3(1)] or electron doping to x = 0.02 [Fig. 3(n)] sup-
presses the remnant magnetization, which then vanishes at
higher doping [Figs. 3(k) and 3(0)], consistent with the eradi-
cation of the WF signature in M(T) in Figs. 3(a) and 3(e). This
is all reflected in the electron/hole-asymmetric My (x) shown
in Fig. 2(b), which was extracted by extrapolating the high-
field (> 60 kOe) portion of the M(H) curves in Figs. 3(k)-3(0)
to H = 0. Note that nontrivial doping variations in the coer-
civity are also apparent in Figs. 3(k)-3(0), as returned to and
explained in Sec. III D below.

The overall picture from the magnetometry data of Fig. 3
is clear. Typ indeed rapidly increases with increasing elec-
tron or hole doping, as reported previously [3,4,10], but at
the same time clear signatures of Tj,; and 7y remain, essen-
tially invariant from undoped NiS, [as in Fig. 2(a)]. Mys is

suppressed with doping, however [with some asymmetry
between electron and hole doping, Fig. 2(b)], strongly sug-
gestive of magnetic phase separation into spatial regions with
doped, and near-undoped, magnetic properties [Figs. 2(d) and
2(e)].

T-dependent specific heat capacity (C,) measurements at
the same five representative electron and hole dopings are
shown in Fig. 4, providing further insight. Shown first in
Fig. 4(c) is the C,(T') of undoped NiS; between 2.5 and 300
K, measured in both standard relaxation (short pulse, black
data) and scanning (long pulse, red data) modes (see Sec. II
for measurement details). C,(T") displays the expected overall
increase with increasing 7, approaching 3R (where R is the
molar gas constant) above 300 K, but with a large, sharp peak
at ~30 K owing to Ty¢. This peak is higher in long-pulse-mode
data, consistent with the weakly first-order nature of the WF
transition [15,23,28,29,46-48,51,53-56]. A close-up of the
long pulse C,(T) data is shown in Fig. 4(h), revealing also
a second, smaller peak at ~38 K owing to 7x. This latter peak
is essentially identical in short- and long-pulse measurements,
consistent with its second-order nature [23,28,29,46-48,50—
53,55,56]. Overall, this heat capacity behavior is in agreement
with prior reports on undoped NiS, [10,48]. The effect of
electron and hole doping is then shown in Figs. 4(a), 4(b),
4(d), 4(e) and Figs. 4(f), 4(g), 4(i), 4(j). Entirely consistent
with the deductions from magnetometry (Fig. 3), three main
trends are apparent. First, electron and hole doping suppress
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FIG. 4. (a)-(e) Temperature (7) dependence of the specific heat

(Gy) of five representative hole- or electron-doped Ni,_,Co,S, and

Ni;_,Cu,S, crystals. The black-open circles and the red-filled circles were obtained in relaxation (short pulse) and scanning (long pulse)
modes, respectively. The Dulong-Petit 3R limit (R is the molar gas constant) is shown, and, when present, T,,¢, Tx, and Typ are labeled in each

panel. (f)—(j) Close-up of the long-pulse C,,(T') in (a)—(e) in the vicinity

of Ty, Ty, or Typ. (k)—(0) Low-T (up to 10 K) C,/T vs T plots for the

crystals shown in (a)—(j). Short-pulse data (black circles) are shown along with linear fits (green lines); note the doping evolution of the T = 0

intercept, which is the Sommerfeld coefficient y.

the signature of WF order, asymmetrically with respect to
electrons/holes. Hole doping to x = 0.05 and electron doping
to x = 0.02 [Figs. 4(b), 4(d), 4(g), and 4(i)] decrease the
C, peak height at T¢ from ~130Jmol~'K~! in undoped
NiS; to only 5—6J mol 'K ™!, further doping [Figs. 4(a), 4(e),
4(f), and 4(j)] eradicating this signature all together. Second,
as this happens, T, remains essentially unshifted from the
undoped position, as can be seen by comparing Figs. 4(g),
4(i), and 4(h). Significant broadening of the transition is evi-
dent, however, which is unsurprising given that it likely arises
from small regions with low, but likely nonzero, doping [blue
in Fig. 2(d)]. Third, at the highest electron and hole dop-
ings [Figs. 4(a), 4(e), 4(f), and 4(j)], clear signatures of Typ
emerge, at temperatures coincident with the FC/ZFC splittings
in M(T) [Figs. 3(a) and 3(e)], as reported by Ogawa et al. [10].

Further analyzing the low-T C,(T') behavior, Figs. 4(k)-
4(o) show sub-10-K C,,/T vs T? plots, to test for adherence
to G(T)=yT + BT?3. Here, yT is the electronic contribu-
tion to C,, where y is the Sommerfeld coefficient, and the
BT? term is the low-T expansion of the Debye-model vibra-
tional heat capacity [72-74]. In the latter, 8 = 234 Nkg /63,
where N is the number of atoms per mole, kg is Boltzmann’s
constant, and 6p is the Debye temperature [72-74]. This
form is well adhered to in all cases, as illustrated by the
green straight-line fits in Figs. 4(k)—4(o0). In undoped NiS,

[Fig. 4(m)], as expected, y (the T = O intercept) is negli-
gible due to the Mott-insulating ground state. Hole doping
to x = 0.05 and electron doping to x = 0.02 [Figs. 4(1) and
4(n)]; however, both induce finite y, indicating the presence
of clear electronic contributions to C,(T') as T — 0. This
is highly significant, as [see Fig. 2(a)], these compositions
remain on the insulating side of the insulator-metal transition
according to bulk transport measurements. This is further
strong evidence of local metallic regions in an insulating
matrix, i.e., the electronic/magnetic phase coexistence illus-
trated in Fig. 2(d) [75,76]. With further doping, y reaches
a substantial ~10 mJ mol~! K2 in Ni g0C00 2052 [Fig. 4(k)]
and NigosCug04S, [Fig. 4(0)], in the metallic phase. It is
evident from the slopes in Figs. 4(k)-4(o) that electron and
hole doping also introduce asymmetric changes in 6p. This
is most evident from comparing Fig. 4(m) with Fig. 4(k),
which yield 6p for undoped NiS, and Nig gyCog.20S, of ~300
and ~450 K, respectively. While some contributions to C,(T")
from magnetic excitations likely arise, complicating matters,
the obvious explanation for this substantial increase in 6p with
hole doping is lattice stiffening associated with the suppres-
sion of the unit-cell volume in Fig. 1(e); we return to this
below in Sec. III D.

As a final comment on Fig. 4, we note that our mea-
surements of the doping dependence of y are in reasonable
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FIG. 5. Neutron powder diffraction patterns from ground crystals of (a) NiS,, (b) Nip95C0¢.05S2, and (c) NiggoCop20S2 at 4.2, 36, 50,
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labeled in the plots. The corresponding magnetic peaks are plotted in the insets to (d)—(f), which are blowups of the NPD data in (a)—(c).
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counts.

agreement a prior study, with the exception of the highest Cu
dopings probed [10]. In that regime (see Fig. S1 within the SM
[71]) the actual (EDS) Cu concentration differs significantly
from the nominal Cu concentration, which is one potential
source of such discrepancies, if sufficiently careful measure-
ments of the actual doping level are not made (Fig. S1 within
the SM [71]). Small deviations of our extracted 6p values
this prior paper [10] can be attributed to different analysis
methods, specifically low-T analysis of the type shown in
Figs. 4(k)—4(o) vs high-T Debye-model fits.

Direct confirmation of the doping- and 7-dependent se-
quence of magnetic orderings in these electron/hole doped
NiS; crystals was achieved via neutron diffraction. Measure-
ments were made on ground crystals of undoped NiS,, as
well as hole-doped Ni;_,Co,S, with representative x values
of 0.05 and 0.20. Figures 5(a)-5(c) show neutron diffraction
patterns collected at 200, 50, 36, and 4.2 K for x = 0, 0.05,
and 0.20, respectively. These temperatures were selected to
capture the behavior above the maximum Typ, below the max-
imum Typ, between Ty and Ty, and below Ty [see Fig. 2(a)].
As noted in the Introduction, the spin structure of NiS, is
complex. Adopting the notation used in Ref. [23] for undoped

NiS,, the magnetic structure at Ty < T < Ty is referred to
as M, with a characteristic wave vector k = (000), and the
magnetic structure at T < Ty is referred to as My, with a
characteristic wave vector k = (1/21/21/2) [23,48,50,53].
In undoped NiS, [Fig. 5(a)] no magnetic order is present
at 200 K and therefore all observed Bragg peaks are from
nuclear reflections, as indicated by the dark blue reference
lines at the bottom of panels (a)—(c). Upon further cooling,
three magnetic Bragg peaks first appear at 36 K, from the AF
order onsetting at 7. The M; (1 0 0), M; (1 1 0), and M,
(3 1 0) peaks can be seen at 20 = 24.5°, 34.9°, and 84.3°,
respectively (see the orange reference lines at the bottom of
the figure). Further cooling to 4.2 K (< Tyr) then generates
additional magnetic Bragg peaks due to the M, magnetic
structure, such as M, (1/2 1/2 1/2) at 260 = 21.1° and M,
(1/2 1/2 3/2) at 20 = 41.2° (see the light-blue reference lines
at the bottom of the figure). Note that M, contributes to the
intensities of both M; (1 0 0) and M; (1 1 0) below Ty, as
these two forms of magnetic structure coexist in that 7 range
[23,46,48].

Moving to Nig95Co0gsS, [Fig. 5(b)], comparison to the
undoped case [Fig. 5(a)] reveals two clear differences. First,
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the signatures of WF order (light-blue lines at the bottom
of the figure) are significantly weakened, consistent with our
conclusions from magnetometry (Fig. 3) and heat capacity
(Fig. 4). Second, the magnetic Bragg peaks of the M; struc-
ture are clearly already present at 50 K, meaning that Txp
exceeds Ty, again consistent with above. In NiggyCo0g 2052
[Fig. 5(c)], all signatures of WF order are then eradicated,
leaving only M; peaks (orange lines at the bottom of the
figure), which are now pronounced even at 50 K. To determine
the onset temperatures of the M; and M, magnetic orders,
the normalized intensity (/) of the M, (1/2 1/2 1/2) peak for
Ni0_95C00_0552, and M1 (l 0 0) peak for both Nio_gsCOo_QSSz
and NiggoCop20S, were measured at smaller T spacing, as
shown in FIgS S(d)—S(f) For NiO‘QSCOO'OSSZ, the M, (1/2 172
1/2) intensity shows negligible T dependence from 200 K
down to 50 K, below which it measurably rises at T, [see the
inset to Fig. 5(d) for a blow-up of Fig. 5(a), where the black
arrow marks the relevant magnetic reflection]. The main panel
of Fig. 5(d) shows a corresponding order parameter measured
with improved statistics, which is well fit near Tys by I
(1—=T/Tys)*?, where B was fixed at 0.365, the 3D Heisenberg
exponent [48,54,77] (we use a second-order phase transition
approach here, as the WF ordering is known to be only weakly
first order [15,23,28,29,46-48,51,53,54,56,69]. Figure 5(e)
then focuses on the M; (1 0 0) reflection at the same doping
(x = 0.05), showing in the inset the strong increase in this
magnetic intensity between 200 and 50 K. The corresponding
order parameter [main panel of Fig. 5(e)], is well fit near
Tap by I o< (1—T/Txp)*? with B = 0.365 for the 3D Heisen-
berg exponent, yielding Typ &~ 100 K. The latter is in good
agreement with magnetometry [Fig. 3(b)]. What is notable in
Fig. 5(e), however, is the upward deviation of the data from
the fit near the undoped Ty [the dashed line is an extrapolation
of the (1-T/T\p )28 fit]. This upward deviation is in fact well
captured by a second-order parameter (second solid line) with
critical temperature ~50 K. This is further strong evidence
of phase coexistence of a high-Typ AF metallic phase with
a low-Ty AF Mott-insulating phase, as depicted in Figs. 2(d)
and 2(e), the slight enhancement of the apparent 7y relative
to the undoped case potentially reflecting some short-range
order detectable in neutron diffraction. Finally, Fig. 5(f) shows
the equivalent data for Nig g9Cog20S,, where the normalized
M; (1 0 0) intensity rises according to [ o« (1-7"/ Tap)?? with
B = 0.365, yielding Txp ~ 150K, again in agreement with
magnetometry [Fig. 3(a)] and heat capacity [Fig. 4(f)]. At this
doping, unlike x = 0.05, no additional intensity is observed at
low T, as expected due to the doping-induced suppression of
the signatures of Ty and Tys.

These neutron diffraction observations directly confirm our
conclusions from magnetometry and heat capacity. Specifi-
cally, the Typ temperature scale is indeed due to AF ordering
that is rapidly stabilized by doping, the T+ and Ty of undoped
NiS; indeed persist over some doping range (where magnetic
ordering at Typ and Ty coexist [see Fig. 5(e)], and sufficiently
heavy doping does eventually lead to a state dominated purely
by AF ordering at Typ. As an aside, we note that the signature
of high-Txp AF ordering in M(T) in Figs. 3(a) and 3(e) may be
somewhat atypical, but neutron diffraction data such as those
in Figs. 5(c) and 5(f) unambiguously establish M;-type AF
order. To tie these conclusions regarding magnetic behavior

108
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FIG. 6. Temperature (7) dependence of the electrical resistivity
(p) of representative crystals of (a) hole-doped Ni,_,Co,S, and (b)
electron-doped Ni;_,Cu,S,, at various x. All measurements were
performed with contacts on the pristine top surfaces of single crystals
polished from the back to 1-2-mm thickness.

to electronic transport properties, we now move on to doping-
and 7-dependent resistivity measurements.

Figures 6(a) and 6(b) show p(7T) data for undoped NiS,
along with a total of 10 compositions of hole-doped [Fig. 6(a)]
and electron-doped [Fig. 6(b)] Ni;_,Co,S, and Ni;_,Cu,S,.
As noted in Sec. II, these measurements were performed by
contacting pristine, as-grown crystal top surfaces. In undoped
NiS, [black curves in both Figs. 6(a) and 6(b)], o(T) is
quantitatively consistent with our prior work [28,58], clearly
reflecting surface conduction. p(7) is insulating in nature on
cooling from 400 K (with an activation energy of ~155 meV
[28,48,51,52]), before abruptly flattening at ~100 K. This
behavior is due to the Mott-insulating bulk (i.e., the crystal
interior) freezing out on cooling, leading to the more conduc-
tive surface shunting essentially all current at 7 << 100K
[28-30]. In as-grown crystals, the low-T surface conduction
is weakly metallic to weakly insulating, occurring in a few-
nm-thick surface region [28]. With respect to connections to
magnetic ordering, it is shown in Fig. S4 within the SM [71],
consistent with prior reports [28,29,51,52], that dp/dT reveals
clear anomalies in undoped NiS, at both the undoped Ty
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and T¢. Consistent with the other conclusions in this paper,
these anomalies persist with doping, up to the insulator-metal
boundary (Fig. S4 within the SM [71]).

With both hole and electron doping, in Ni;_,Co,S;
[Fig. 6(a)] and Ni;_,Cu,S, [Fig. 6(b)], respectively, the
high-T bulk-dominated behavior evolves strongly with x. In
Ni;_,Co,S2, p(300 K) decreases monotonically and gradu-
ally with x, falling by almost three orders of magnitude by
x = 0.30. As this occurs, p(7T) transitions from insulating-
like (dp/dT < 0) to metallic-like (dp/dT > 0), the bulk
insulator-metal transition apparently occurring at x ~ 0.125
[between the green and orange curves in Fig. 6(a)], as labeled
in Fig. 2(a). We note that this position of the insulator-metal
transition is necessarily, albeit not ideally, determined from
relatively high-T behavior, as surface conduction prevents
ready access to bulk low-T transport. Inflection points in p(7)
in fact arise at all x in Fig. 6(a), which must now surely
be understood to reflect crossovers from bulk- to surface-
dominated conduction. This was not appreciated in many prior
studies, particularly on the Mott insulator-metal transition in
NiS;_,Se, [19-23,26]. As elucidated in detail in the better-
understood case of FeS,, as a function of bulk doping level,
surface conduction can in fact result in various unusual forms
of p(T) [37,38,40]. This is because of the competition between
doping-dependent bulk conduction, high-conductivity surface
conduction, and the strongly 7-dependent Schottky and/or p-n
junctions that necessarily arise between the bulk and surface
regions [37,38,40]. In particular, the crossover from flattening
in p(T) at low T in undoped NiS, in Fig. 6(a) to the sharp
increases on cooling that take place at x = 0.05, 0.10, and
0.15, are highly reminiscent of the behavior in heavily doped
FeS,, reflecting the strongly 7-dependent freeze-out of the
bulk/surface junction [37,38,40]. Only deep in the metallic
regime [x = 0.30 in Fig. 6(a)] does fairly well-behaved metal-
lic p(T) emerge at all 7, when both the bulk and surface
are metallic, and thus no significant junction arises at their
interface.

Comparing to Ni;_,Cu,S, [Fig. 6(b)], the asymmetry be-
tween hole and electron doping is again apparent. p(300
K) falls rapidly from x =0 to x = 0.02, reaching ~ 1 x
1072 Qcm, a resistivity that would require hole doping to
x ~ 0.10 [Fig. 6(a)], i.e., five times heavier. Increasing x
in Ni;_,Cu,S; to 0.05 then results in only weak addi-
tional decreases in p(300 K) before the effective solubility
limit is encountered. Based on the relatively high-T" (bulk-
dominated) dp/dT, however, the insulator-metal transition is
indeed crossed at electron doping of x ~ 0.03 [between the
orange and purple curves in Fig. 6(b)], as marked in Fig. 2(a).
At lower T, the inflection points in p(7) that are the tell-
tale sign of surface conduction again arise, with a roughly
similar overall doping-driven evolution to the hole doping
case in Fig. 6(a). As elaborated in the SM [71] (Fig. S5
and its caption), it is informative to compare the data of
Fig. 6 with the data on Ni;_,Co,S, and Ni;_,Cu,S, from
the Dresselhaus and Adler groups from the late 1970's to
early 1980’s [12-14]. Those data were acquired only down
to just below 100 K [12-14], and thus missed the onset of sur-
face conduction, but are nevertheless in reasonable agreement
with our high-T data, albeit over a smaller doping range for
Nil_xCOx82.
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FIG. 7. Doping (x) dependence of extracted magnetic and elec-
tronic parameters for hole-doped Ni;_,Co,S, and electron-doped
Ni;_,Cu,S, single crystals: (a) the weak ferromagnetic (WF) mag-
netization My, (b) the low-T (2-5 K) coercive field H., (c) the 75-K
magnitude of the zero-field-cooled/field-cooled (ZFC/FC) magneti-
zation splitting, (d) the resistivity (p) at 20 K (left axis) and 300
K (right axis), (e) the bulk resistivity activation energy E,, (f) the
Sommerfeld coefficient y (left axis) and the Debye temperature 6p
(right axis), and (g) the magnitude of the heat capacity C, at the
WEF transition temperature Ty¢. My¢ and H. in (a) and (b) were
obtained from Figs. 3(k)-3(0), M, being determined from zero-field
extrapolations of linear fits to high-field M(H) data. Data in (c) were
obtained from Figs. 3(a)-3(e), with the down arrows signifying upper
bounds as the measured values plotted are on the same order as
the measurement resolution. Data in (d) were obtained from Fig. 6.
E, data in (e) were obtained from linear (i.e., Arrhenius or simple-
activated) fits to log;yp vs T~! plots from the high-7 (150-300 K)
bulk-dominated region in Fig. 6. Finally, y, 0p, and C,(Ts) data in
(f) and (g) were obtained from the data shown in Fig. 4. Throughout
the figure, blue refers to magnetometry data, red to transport data,
and green to specific heat data.

D. Doping dependence summary

On the basis of the data depicted in Figs. 3—6, and connect-
ing to Fig. 2, Fig. 7 summarizes the doping dependence of
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key magnetic, electronic, and thermodynamic parameters of
electron- and hole-doped NiS,. Starting with magnetic proper-
ties, Fig. 7(a) reproduces My (x) from Fig. 2(b) for reference.
As already noted, this reveals the electron/hole-asymmetric
suppression of the WF magnetization with doping, because
of the evolution in magnetic inhomogeneity depicted in
Figs. 2(c)-2(f). As alluded to in the discussion of Figs. 3(k)—
3(0), this is accompanied by nontrivial variations in the
coercivity (H.) associated with the WF order. The full H.(x)
is shown in Fig. 7(b), which, in addition to the necessary van-
ishing at sufficiently high electron and hole doping (owing to
suppression of WF order), also shows a sharp minimum at x =
0. We believe that two factors dominate this H.(x). First, as x
is increased from zero in both Ni;_,Co,S, and Ni;_,Cu,S,,
the decrease in My, [Fig. 7(a)] must naturally drive an in-
crease in H. [Fig. 7(b)]. In the Stoner-Wohlfarth model of
coherent magnetization rotation, for example, H. = 2K, /M,
where K, is the effective uniaxial magnetic anisotropy
constant and Mj is the saturation magnetization [78]. A de-
creasing M, with increasing x thus naturally increases H,.
Second, if domain effects are relevant, the Co and Cu doping
will generate domain wall pinning sites [79], and eventually
clusters [see Fig. 2(d)], which would hinder domain motion
and thus also increase H.. We believe that these factors lead
to the initial increase in H. with electron/hole doping, before
the suppression of the WF order drives H. to zero, leading
to the form of H.(x) in Fig. 7(b). Electron/hole asymmetry
is again apparent, in close accord with Fig. 7(a). Figure 7(c)
complements these analyses, showing the magnitude of the
FC/ZFC splitting at 75 K [see Fig. 3(a), for example], a
parameter designed to track the high-Typ AF order. As would
be expected based on Figs. 2(c)-2(f), this is negligibly small
at low doping [note the logjo scale in Fig. 7(c)] but then
gradually rises with doping, out to x = 0.20 in the hole-doped
case. The inverse correlation with Fig. 7(a) is clear, the WF
order of the near-undoped regions in Figs. 2(c)-2(f) being
gradually suppressed as the high-Typ AF order of the doped
regions is enhanced.

Figures 7(d) and 7(e) then turn to electronic transport. Fig-
ure 7(d) shows the 20-K resistivity (left axis, red-filled circles)
and 300-K resistivity (right axis, red-open circles), repre-
senting the low-T and high-T (bulk-dominated) behaviors.
Consistent with the discussion of Fig. 6, p(300 K) is clearly
electron/hole asymmetric. Electron doping in Ni;_,Cu,.S; ini-
tially rapidly decreases p(300 K), before a narrow plateau,
then another weak decrease as the effective solubility limit of
Cu is approached. Hole doping in Ni;_,Co,S,, on the other
hand, induces a more gradual decrease in p(300 K) out to
x = 0.20 and beyond [Fig. 6(a)]. p(20 K) has a similar elec-
tron/hole doping dependence to p(300 K), albeit over a larger
range, as would be expected. Figure 7(e) further reinforces
these conclusions by plotting the doping dependence of the
activation energy extracted from the high-7, bulk-dominated
p(T), where the correlations with Figs. 7(a) and 7(d) are
striking.

Finally, Figs. 7(f) and 7(g) present thermodynamic quanti-
ties. Figure 7(f) (left axis) shows the full doping dependence
of y from the low-T C,(T'). This is of course negligible in
undoped Mott-insulating NiS,, then rises asymmetrically for
electron and hole doping. Most significantly, the onset of

clearly nonzero y occurs before the insulator-metal transitions
(the vertical-dashed lines in Fig. 7), strongly supporting the
electronic phase coexistence scenario depicted in Figs. 2(c)—
2(f) [75,76]. Figure 7(f) (right axis) shows the corresponding
doping dependence of the Op from the low-T C,(T') analysis
[Figs. 4(k)—4(0)], which also rises asymmetrically for electron
and hole doping. As already noted, the primary factor respon-
sible for this behavior is likely the excess unit-cell volume
shown in Fig. 1(e) (right axis), since the decreased cell vol-
ume with doping should naturally generate lattice stiffening
and thus higher 6p. Figure 7(g) then plots C,(Tyt), i.€., the
magnitude of the specific heat peak due to the onset of WF
order. In accord with Fig. 7(a), this is large in NiS;, where
the AF/WF phase is dominant, but is diminished with doping
as the Mott-insulating low-Ty AF/WF phase is suppressed in
favor of the metallic high-7yp AF phase.

E. Discussion and DMFT results

Together, the data of Figs. 1 and 3-6 paint a clear
phenomenological picture of the transition from AF Mott
insulator to AF metal in electron- and hole-doped NiS,, as
summarized in Figs. 2 and 7. First, both electron and hole
doping indeed lead to rapid stabilization of high-Txp metal-
lic AF states, which saturate at the critical doping levels
[Fig. 2(a)] [3.4,10]. As this takes place, the low-Ty Mott-
insulating AF/WF phase is suppressed not by reduction of
Tx and Ty [see Fig. 2(a)], but instead by suppression of the
magnetization associated with this order [Figs. 2(b) and 7(a)],
strongly suggesting electronic and magnetic phase coexis-
tence across a spatially inhomogeneous Mott insulator-metal
transition. This is further supported by the emergence of a
finite Sommerfeld coefficient even on the insulating side of
the transition [Fig. 7(f)] [75,76], and the coexistence of AF
ordering at Typ and 7y [Fig. 5(e)]. Both electron- and hole-
doped NiS, thus join a growing list of Mott insulators in
which doping induces electronic and magnetic phase coex-
istence and strikingly inhomogeneous Mott transitions. This
includes doped perovskite titanates such as LaTiO3.4 [80] and
Y-xCa,TiO3 [81], cuprates such as La;_,Sr,CuOy4 [82], and
iridates/ruthenates such as Sr3;(Ir;_,Ru,),07 [83]. This gen-
eral behavior has been interpreted in terms of electronic phase
coexistence of undoped (i.e., half-filled Mott-insulating) and
doped (metallic) regions across a first-order Mott insulator-
metal transition, as in several theoretical approaches [84,85].
In light of our findings, NiS, may be another system display-
ing such physics.

The Mott transition in doped NiS, is also found to be
notably electron/hole asymmetric. The doping evolution of
all key parameters in Ni;_,Co,S, is gradual, out to a crit-
ical doping level of x &~ 0.125 [Figs. 2(a), 2(b), and 7]. In
Ni;_,Cu,S,, on the other hand, the evolution with doping is
more rapid, the critical doping level is only x =~ 0.03, and
there is even evidence of two-stage character to the transi-
tion [see Figs. 2(a), 2(b), 7(a), 7(d), and 7(e) in particular].
Complementary DMFT results, shown in Fig. 8, provide sig-
nificant insight into the origin of this doping asymmetry.
Consistent with prior DFT + DMFT studies [86,87], a metal-
lic state is found in DFT, but a gap of ~0.5 eV opens in
DMEFT. This is shown in Fig. 8(a), where the spectral function
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FIG. 8. (a) Total spectral function A(k,w) of undoped NiS, from dynamical mean-field theory (DMFT) at 232 K. Energies are shown
relative to the Fermi energy Ef. (b) Corresponding density-of-states (DOS) in arbitrary units, both total (blue line) and from Ni d orbitals alone
(orange line). (c) Orbitally projected spectral function of undoped NiS,, where red shades indicate Ni e, states, blue shades indicate Ni 75,
states, and black indicates S weight. I, X, M, and R correspond to the k points (0,0,0), (0,1/2,0), (1/2,1/2,0), and (1/2,1/2,1/2).

is plotted. Interestingly, the corresponding density-of-states
(DOS) in Fig. 8(b) reveals a far more complex situation than
an isolated Ni e, band split into upper and lower Hubbard
bands [3,4,22,88]. The total DOS immediately above and
below the gap does have substantial Ni d weight, but also
significant contributions from S states. Most importantly in
the current context, a striking feature in Fig. 8(a) is the far
higher coherence (i.e., sharper features) just above the gap
(the “conduction band”) compared to just below the gap (the
“valence band”) [86,87], as also reflected in the magnitude of
the DOS peaks in Fig. 8(b). Upon doping NiS,, one would
thus expect that a coherent, weakly correlated metallic state
should be stabilized more rapidly with electron doping than
hole doping, in qualitative agreement with our experimental
observations such as those in Figs. 7(d) and 7(e). (While
Hund’s-coupling-induced correlations could affect this pic-
ture, Hund’s metallicity has been discussed in NiS, only with
Se substitution or under pressure, and is not predicted in
carrier-doped NiS; [89,90]). The orbitally projected spectral
function in Fig. 8(c) provides further insight into this by
depicting the Ni f,, states in blue shades, Ni e, states in red
shades, and S states in black. The region just above the gap
(“‘conduction band”) is seen to be composed of predominantly
weakly correlated bands, likely S antibonding bands that at-
tain eg character through hybridization. The region just below
the gap (“valence band”), on the other hand, has substantial S
weight but is mixed with strongly correlated e, states. These
DMEFT results thus provide a semiquantitative basis for the
observed electron/hole doping asymmetry in NiS,.

Finally, it is instructive to attempt to connect our findings
regarding electronic and magnetic behavior with the structural
data of Figs. 1(e) and 1(f) and Fig. S2 within the SM [71].
The first point to make here is that the asymmetric evolution
of the excess unit cell volume with doping [Fig. 1(e), right
axis] bears obvious and striking similarity to the electronic
and magnetic evolutions in, for example, Figs. 7(a), 7(b), 7(d),
and 7(e). Clearly, the excess cell volume in doped NiS, can
be definitively associated with the Mott-insulating AF/WF
phase. As this Mott-insulating phase is suppressed by doping,

in an electron/hole-asymmetric fashion [consider the bulk-
dominated p(300 K) on the right axis of Fig. 7(d)], the cell
volume collapses to the expected level [Fig. 1(e), right axis].
Future theoretical work is clearly needed to further explore
this connection between cell volume and relative electronic
correlation strength in doped/substituted NiS,. Similarly, the
Tnp(x) behavior in Fig. 2(a) needs further theoretical con-
sideration. An early study by Ogawa and coworkers [3]
emphasized the interconnections between Txp(x), Aa(x), and
E,(x), arguing that Txp should be maximized at the Mott-
Hubbard transition as Aa and E, vanish [3]; this was based
heavily on the Hubbard model theoretical study of Plische
[91] and Kubo [92]. Considering Figs. 1(f) and S2 within
the SM [71], it is also clear that the broad maximum in the
XRD peak widths in Ni;_,Co,S, overlaps with the critical
doping level for the Mott transition. This strongly suggests
that the electronic/magnetic inhomogeneity that results from
the coexistence of regions with near-undoped 7y and Ty with
regions with high Typ is accompanied by structural/chemical
inhomogeneity, as well as potential local symmetry breaking.
This is very likely tied to the behavior in Fig. 1(e), i.e., the
regions with near-undoped electronic/magnetic properties will
have substantially expanded cell volumes while the heavily
doped regions will have cell volumes in-line with the Ve-
gard law prediction. This is another factor that has not yet
been highlighted in the literature on Ni; _,Co,S,, Ni;_,Cu,S,,
NiS,_,Se,, pressurized NiS,, etc., emphasizing the strong
coupling of structural, chemical, electronic, and magnetic de-
grees of freedom in this system.

IV. SUMMARY

We have presented a detailed study of the struc-
tural, magnetic, electronic, and thermodynamic properties of
Ni;_,Co,S; and Ni; _,Cu,S, single crystals, spanning the crit-
ical regions for the transitions from Mott insulator to metal. A
revised electronic phase diagram has thus been generated, sig-
nificantly modifying the understanding of the electronic and
magnetic properties across the Mott insulator-metal transition
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in this model highly correlated system. The rapid stabilization
of a high-Typ metallic AF state with doping is confirmed, but
along with the persistent observation of the Ty and Ty of the
undoped parent phase. This low-Ty Mott-insulating AF/WF
phase is suppressed not through the decrease of Ty and Ty,
but instead by the decrease of the magnetization of this phase,
strongly implicating electronic/magnetic phase coexistence
across a spatially inhomogeneous Mott transition. This is fur-
ther supported by numerous features of the detailed doping
dependencies of the electronic, magnetic, and thermodynamic
parameters in this system. The Mott insulator-metal transition
in doped NiS; is also found to be electron/hole asymmetric,
and is accompanied by clear structural anomalies and inho-
mogeneity, providing yet deeper insight into the physics of
this system. These results significantly revise and improve the
understanding of the transition from AF Mott insulator to AF
metal in electron- and hole-doped NiS,, highlighting a num-
ber of issues that clearly require further theoretical attention.
Through such studies, we hope that a complete understanding
of the insulator-metal transition in this model Mott insulator
can finally be obtained.

Note added. Recently, the authors became aware of Yasui
et al. [93]. In that work it is suggested that the surface conduc-
tion in NiS; single crystals arises not at the entire surface but

instead at surface step edges. This does not alter the claims
in the current paper regarding surface vs bulk conduction,
instead refining the nature and location of the surface con-
ducting states.

All data in this paper are available at DRUM (the Data
Repository for the University of Minnesota) [94].
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