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Intrinsic giant magnetoresistance due to
exchange-bias-type effects at the surface of
single-crystalline NiS, nanoflakes¥
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The coexistence of different properties in the same material often results in exciting physical effects. At
low temperatures, the pyrite transition-metal disulphide NiS, hosts both antiferromagnetic and weak
ferromagnetic orders, along with surface metallicity dominating its electronic transport. The interplay
between such a complex magnetic structure and surface-dominated conduction in NiS,, however, is still
not understood. A possible reason for this limited understanding is that NiS, has been available primarily
in bulk single-crystal form, which makes it difficult to perform studies combining magnetometry and
transport measurements with high spatial resolution. Here, NiS, nanoflakes are produced via mechanical
cleaving and exfoliation of NiS, single crystals and their properties are studied on a local (micron-size)
scale. Strongly field-asymmetric magnetotransport features are found at low temperatures, which
resemble those of more complex magnetic thin film heterostructures. Using nitrogen vacancy magneto-
metry, these magnetotransport features are related to exchange-bias-type effects between ferromagnetic
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and antiferromagnetic regions forming near step edges at the nanoflake surface. Nanoflakes with bigger
steps exhibit giant magnetoresistance, which suggests a strong influence of magnetic spin textures at the
NiS, surface on its electronic transport. These findings pave the way for the application of NiS, nanoflakes
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1. Introduction

Pyrite transition-metal disulfides (p-TMDs) are an interesting
family of compounds, which have been investigated since the
end of the 1960s in bulk single-crystalline form.'™® Several
p-TMDs also have magnetic properties,® like CoS,, NiS,, and
related compounds obtained from them, for example via sub-
stitutional doping of Fe for Co (e.g., Fe;_,Co,S,, for x > 0.05;
ref. 3 and 4) or of Se for S (e.g., NiS,_,Se, for x < 1 or CoS,_,Se,
for x < 0.6; ref. 4 and 6). Amongst magnetic p-TMDs, NiS, is of
particular interest for several reasons. First, the magnetic
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in van der Waals heterostructures for low-temperature spintronics and superconducting spintronics.

ground state of NiS, is not fully understood, although this
would be important also to understand the properties of other
p-TMDs obtained, for example, from NiS, via substitutional
doping. Second, several studies suggest that NiS, can host
different types of magnetic orderings at low temperature (7).
In this complex magnetic state, non-collinear magnetic spin
textures may arise, which could find, for example, applications
in spintronic devices operating at low 7, also in combination
with superconductors.

Unlike other transition-metal disulfides (TMDs) that are
layered and can be exfoliated down to the monolayer limit,
p-TMDs like NiS, feature strong covalent/ionic bonds between
their crystallographic planes. As a result of these strong bonds,
p-TMDs are not easy to exfoliate in the form of nanoflakes, i.e.,
as samples with size in one dimension (typically the thickness)
within the nanoscale range, and sizes along the other two
dimensions in the micrometre range. This is one reason why
most studies on p-TMDs to date have been carried out on
p-TMDs in bulk single-crystalline form, which makes it
difficult to obtain quantitative information about local vari-
ations in their physical properties using a combination of local
electronic transport and magnetometry measurements, with
high spatial resolution.
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In addition to the coexistence of different types of magnetic
ordering at low 7T, NiS,, which is a Mott insulator in the bulk,
also features a metallic behaviour at its surface in the same
low-T regime. From this point of view, NiS, is a p-TMD that
would be interesting to study as single-crystalline nanoflakes,
to gain a better understanding of the interplay between mag-
netic textures and electronic transport in this material at the
nanoscale.

In terms of its magnetic properties, NiS, hosts a Type-I anti-
ferromagnetic (AF) phase with long-range ordering (LRO) and
a Néel temperature (Ty;) typically of ~38 K.”'° Above Ty, NiS,
is paramagnetic.® In the Type-I AF phase, the spin lattice of
NiS, consists of four sublattices with a unit cell equivalent to
the chemical cell, with each of the four spins forming an angle
6 = 12° + 4° with respect to the principal axis of the electric
field gradient at the Ni sites."""* This Type-1 AF ordering of
NiS, on its face-centred cubic (fcc) lattice is also known as a
triple-Q structure because the ground state of this AF phase is
triply degenerate due to the fcc lattice symmetry.”*™® The
triple-Q structure also exists in other materials, like y-FeMn,*?
y-MnNi'* and NpO,."*

As T is lowered below Ty, a Type-II LRO AF phase also
appears in NiS, with a Néel temperature Ty, of ~30 K.”**16718
Although Type-I and Type-II AF phases should be incompatible
in the fcc lattice of NiS,, they coexist over a certain temperature
range as the result of a first-order phase transition
accompanied, it has been proposed, by a small but finite dis-
tortion of the fecc lattice.'®*° This lattice distortion has been
suggested to lift the degeneracy of the two AF phases,"”
leading to a change in 0 for the Type-I AF phase.'" A canting in
the spin direction towards the [100] axis due to the lattice dis-
tortion also induces weak ferromagnetic (WF) ordering®™*
with onset temperature Ty coinciding with Ty,. The precise
origins of this WF phase, however, remains a matter of
debate.'®?

Even more interesting is the fact that the coexistence of AF
and WF orderings in NiS, also occurs along with an enhance-
ment in its surface electrical conduction at low T. Several
experiments based on photoemission spectroscopy®” and on
magnetotransport measurements>> > (the latter also with NiS,
polycrystalline samples®®) have shown that the NiS, surface is
more conductive than the bulk. As T is decreased, electronic
transport in NiS, thus becomes effectively two-dimensional
(2D), meaning that transport is completely shunted by the
NiS, surface. Evidence for this is also provided by the fact that
the contribution of the surface metallic conduction to the
overall sample conductance at low T increases as the NiS,
thickness is reduced.?*** Measurements of the magnetic sus-
ceptibility y also show an increase of the contribution of the
WF phase to the total magnetic moment,® when this is nor-
malised to the sample volume, as the thickness of the NiS,
single crystals decreases. Although those magnetic results were
not confirmed in recent studies,> the combination of the
above observations suggests the possibility of a correlation
between the surface conduction and the WF ordering at low T
in ultrathin NiS, crystals.
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To reach a better understanding of the physical properties
of NiS, at low 7, and of the interplay between electronic trans-
port and magnetic spin textures, here we study NiS, in the
form of nanoflakes. These nanoflakes allow us to investigate
electronic transport properties in NiS, using local electrical
contacts to NiS,, which we pattern with electron-beam lithogra-
phy (EBL). We also apply a magnetometry technique with high
spatial resolution - diamond quantum magnetometry (DQM)
with nitrogen vacancy (NV) centres - to probe any spatial vari-
ations in the magnetic spin texture of NiS,, which is essential
to interpret the magnetotransport measurements that we carry
out on the same nanoflakes. We note here that magnetotran-
sport measurements on NiS, single crystals have been
reported, but only down to T = 35 K.** On our NiS, nanoflakes,
we instead study magnetotransport down to T ~ 1.5 K, and
hence also below Ty, where the interplay between magnetism
and electronic transport could trigger unusual phenomena
due to the coexistence of AF and WF phases with 2D surface
conduction.

2. Results and discussion

We produce NiS, nanoflakes using a technique we have
recently developed, which allows for the production of nano-
flakes of any covalently or ionically bonded material in single-
crystalline form, via subsequent cleaving and mechanical exfo-
liation of the same crystals.

In particular, the fabrication starts by cleaving a NiS, single
crystal with a ceramic ZrO, blade to prevent contamination of
the smaller pieces of crystal obtained during this process. The
cleaving is carried out in a glovebox in inert (N,) atmosphere
directly on a piece of strong adhesive tape so that the smaller
NiS, crystals obtained at the end of this step are on the tape
ready to be exfoliated. The smaller crystal pieces are then
broken into nanoflakes by mechanical exfoliation and trans-
ferred onto a SiO, (300 nm)/Si substrate with pre-patterned Au/
Ti markers used as reference to locate the nanoflakes (Fig. 1a).
The substrates are then mapped with an optical microscope
inside the glovebox to detect those flakes which are likely NiS,.
This is done because several other flakes of different materials
(also from residues present in the tape) can be found on the
substrate after exfoliation. The composition of the identified
NiS, flakes is confirmed by energy-dispersive X-ray (EDX) ana-
lysis, which is usually done after the measurements to avoid
contamination of the interface between the contact electrodes
and the NiS, surface, or oxidation of the NiS, surface before
device fabrication.

Unlike other NiS, nanoflakes reported in the literature,
which are prepared via chemical synthesis methods, mostly for
water splitting applications,*®*” our NiS, nanoflakes are
single-crystalline because they are obtained from NiS, single
crystals, from which they must retain certain physical pro-
perties. The NiS, nanoflakes reported in this study have a
thickness ranging between ~200 nm and 800 nm, which
makes them about three orders of magnitude thinner than the

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Structural characterisation and elemental composition analysis
of the NiS, nanoflakes. (a) Pseudo-colour scanning electron micrograph
of a 420 nm-thick NiS, nanoflake (light blue) on a SiO,(300 nm)/Si sub-
strate with Au/Ti markers (yellow). (b) High-angle micro-XRD pattern of
the NiS; nanoflake (black curve) in (a) with NiS, peaks in light blue. The
red curve in the inset shows the micro-XRD pattern of substrate areas
without nanoflakes. (c and d) Crystallographic axes orientation deter-
mined by electron back-scattered diffraction on a 650 nm-thick NiS;
nanoflake (c) and orientation of the cubic cell axes (white arrows) in (d).
(e) Elemental composition analysis of the nanoflake in (d) based on
energy-dispersive X-ray (EDX) spectroscopy.

thinnest NiS, single-crystalline samples reported to date,
which were produced by mechanical polishing.** This reduced
thickness of our NiS, nanoflakes compared to single crystals
should increase any surface-related contributions to charge
transport, and in turn amplify any effects derived from the
interplay between surface states and magnetic spin textures at
low T.

Fig. 1a shows a typical NiS, nanoflake that we obtain from a
NiS, single crystal (see ref. 24 for a description of the relevant
single-crystal growth) on SiO,(300 nm)/Si with pre-patterned
Au/Ti markers. In addition to being helpful for the location of
the nanoflakes under an optical microscope, the markers are
also used for alignment of the electron beam during the pat-
terning of electrical contacts to the nanoflakes by EBL. The
EBL patterning is then followed by magnetron sputtering of
the electrode materials and removal of the EBL resist. We use
sputtering of the contacts to get better coverage of the electro-
des’ material along the nanoflake edges.

X-ray diffraction (XRD) measurements carried out with a
micro-XRD (p-XRD) setup show that our NiS, nanoflakes
always exfoliate along the same crystallographic axis, as they
are all (200)-oriented (Fig. 1b). We can differentiate the diffrac-
tion peaks of the NiS, nanoflakes from those generated by the
Au/Ti markers and the substrate by performing p-XRD
measurements on substrate areas with markers but without
nanoflakes (Fig. 1b; inset). The (200) orientation of our NiS,
nanoflakes is also confirmed by surface electron back-scattered

This journal is © The Royal Society of Chemistry 2023
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diffraction (EBSD) measurements (Fig. 1c), which we carry out
in a scanning electron microscope (SEM).

The EBSD data show that the NiS, nanoflakes exfoliate with
the a- and b-axis of the cubic unit cell oriented along the nano-
flake edges (Fig. 1d). We also carried out EDX spectroscopy on
all NiS, nanoflakes investigated to confirm that their stoichio-
metry corresponds to the nominal stoichiometry of the NiS,
crystals from which the nanoflakes are obtained (Fig. 1e). The
elemental analysis based on the EDX pattern of a NiS, nano-
flake reported in Fig. 1e, for example, confirms the stoichio-
metric 2 : 1 ratio of S to Ni within experimental uncertainty.

Using electrical contacts to the nanoflakes fabricated by
EBL (Fig. 2a), we first characterise their electronic transport
properties down to low T. The resistivity versus temperature,
p(T), curves show different trends in the range 50 K < T <
150 K, depending on the material from which the electrical
contacts to the NiS, nanoflakes are made. When Au/Ti contacts
are used, we sometimes measure non-linear current versus
voltage curves, I(V), likely characteristic of poor transparency
(i.e., high contact resistance) at the contact/nanoflake inter-
face. With such Au/Ti contacts, p(T) monotonically increases
from room T all the way down to low T (Fig. 2b). When Au/Pd
contacts are used, however, for which linear I(V) curves are
always measured, a decrease in p(T) occurs at 50 K < T < 150 K,
before p(T) increases again for T < 50 K (Fig. 2c). We therefore
relate the metallic behaviour shown in Fig. 2¢ for 50 K < T <
150 K to a better interface transparency (lower contact resis-
tance) when we employ Au/Pd rather than Au/Ti contacts.

The better interface transparency obtained with a Pd
wetting layer may well be due to the larger molar enthalpy of
formation of TiS, (from —400 to —600 k] mol™'; ref, 28) and
other Ti sulfides, compared to that of PdS and other Pd sul-
fides (from —70 to —96 kJ mol™"; ref. 29). This likely favors
interfacial metal/sulfide reactions (forming poorly-conducting
TiS,, for example) when Au/Ti contacts are deposited, but not
in the Au/Pd case. The transport data reported in the remain-
ing part of this manuscript are thus collected on NiS, nano-
flakes with Au/Pd contacts, unless otherwise specified.

In a recent study,> it has been shown that p(T) for NiS,
single crystals can change significantly depending on the
surface preparation and thickness. For NiS, single crystals that
are thinned by mechanical polishing, for example, an
enhancement in surface conduction is observed, which results
in a flattening of p(T) at T < 150 K.*>* Although our NiS, nano-
flakes are thinner by almost a factor of 10 than the thinnest
NiS, single crystals obtained by mechanical polishing in ref.
24, the p(T) curves that we measure (Fig. 2b and c) show
similar trends to those reported for NiS, single crystals
without surface polishing,*>*" with a typical kink in p(T)
around Twp. Nonetheless, the p(T) that we measure at low T
(Fig. 2b and c) is smaller than that reported in ref. 24, consist-
ent, significantly, with an increase in the contribution of
surface metallic states to the electronic conduction in our
ultrathin NiS, nanoflakes.

To study the effect of magnetic spin textures in NiS, on the
electronic transport, we also carried out magnetotransport

Nanoscale, 2023,15,10277-10285 | 10279
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Fig. 2 Electronic transport measurements on NiS, nanoflakes. (a) Pseudo-colour scanning electron micrograph of a 550 nm-thick NiS, nanoflake
(light blue area) with Au/Pd electrical contacts (yellow areas) fabricated on top of the nanoflake. (b and c) Resistivity versus temperature, p(T), curves
measured for a 380 nm-thick NiS, nanoflake with Au/Ti contacts (b) and for a 400 nm-thick NiS, nanoflake with Au/Pd contacts (c).

measurements on NiS, nanoflakes. To the best of our knowl-
edge, resistivity versus applied magnetic field, p(H), curves for
NiS, single crystals have only been reported for T > 35 K (i.e.,
above Twy),”* and measured with contact geometries much
less local (i.e., on far bigger scales) than those of our nanoscale
devices. Measurements on bulk crystals with wire-bonded con-
tacts other than with local EBL-patterned contacts as in our
study, for example, make it difficult to study electronic trans-
port due to edge states, or to investigate the effect of few mag-
netic domains on electronic transport properties.

Here, we perform magnetotransport measurements as T is
progressively lowered below Ty; and Twr to better understand
the influence of both AF and WF order on electronic transport.
The most striking magnetotransport features that we report
are measured below Ty, Le., at a T where the WF and AF
orders coexist in NiS,. In this state, field-asymmetric features in
the magnetoresistance (MR) are found (Fig. 3), meaning
different values of p(H) for opposite H polarities. We define
MR(H) = 100 x ((p(H) — p(0))/p(0)) here. A list of the devices for
which we have performed MR measurements is reported in
Table S1 of the ESIt together with some device parameters
(e.g., direction of applied H, p at T = 300 K etc.). In Table S1,}
we also identify each device with a number, which we also use
to refer to a specific device in this manuscript.

Fig. 3 (where the applied H is in the plane of the flake)
shows that for device 1 in the paramagnetic state of NiS, (T >
Tn1), or in the Type-I AF state (Twr < T < Tn1), we only measure
field-symmetric MR(H) in agreement with other studies.** As T
is lowered below Ty, however, for all the devices investigated
here, MR(H) assumes different values at the limits of the
applied H range (i.e., [-7 Tesla, 7 Tesla]), meaning that it
becomes strongly asymmetric with respect to H polarity. This
asymmetric MR behaviour for opposite H directions at T < Tyyg
occurs with both in-plane and out-of-plane H, and it is inde-
pendent of the type of contacts used (Fig. 4). In addition, MR
(H) also changes sign, going from negative to positive values in
the intermediate range of the H that we apply (see, e.g., curves
measured at 5 K and 18 K in Fig. 3 at negative H values
between —3 T and 0 T). Lastly, we note that for some devices,
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Fig. 3 Magnetotransport measurements on NiS, nanoflakes (device 1).
Variation in magnetoresistance (MR) defined as MR(H) = 100 X (p(H) —
p(H = 0))/p(H = 0) for a 380 nm-thick NiS, nanoflake as a function of T
with an in-plane applied H. Ascending and descending H sweeps are
shown in blue and red, respectively, with the measurement T indicated
in the top right corner of each panel. po = 1.657 x 107¢ N A2 is the
vacuum permeability. Gray dashed lines indicate the MR measured at
H = 0, whilst green arrows show the hysteretic MR loops that are shifted
with respect to H = 0.

at T < Twyr, MR(H) also exhibited hysteretic loops that are
shifted in H with respect to H = 0 (see Fig. 3 at 5 K and 18 K).
The latter type of feature resembles the magnetotransport
behaviour observed, for example, in spin valves based on thin
film heterostructures with a ferromagnetic (F) layer exchange-
biased by an AF layer exchange coupled to it. Critically, these
asymmetric MR behaviours were observed in several devices
not only for out-of-plane H (Fig. 4; devices 2 and 3), but also
in-plane H (Fig. 4; device 1), ruling out that this MR behaviour
is due to contamination of the MR signal by some anomalous
Hall effect. A planar version of the latter might be envisioned
also, but the behaviour of the MR asymmetry is essentially the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 MR change at H = +7 Tesla for different devices made on NiS;
nanoflakes with thicknesses of 380 nm (device 1; top panel), 790 nm
(device 2; middle panel) and 400 nm (device 3; bottom panel). H is
applied in plane for device 1 and out of plane for devices 2 and 3.

same for out-of-plane and in-plane H (Fig. 4), making us confi-
dent that the observed asymmetry is not due to contamination
of the typically field-even MR by field-odd Hall effects.

The MR curves for devices 2 and 3 are reported in Fig. S1
and S2 of the ESI file.t We observe that the MR(H) curves show
a negative background above Tywr when H is applied out of
plane (device 1 in Fig. 3) and a positive background when H is
within the plane (devices 2 and 3 in Fig. S1 and S2).

The asymmetric and hysteretic MR(H) features shown
above, and the fact that their onset T corresponds to Twr, also
suggest that these features originate from the interplay
between WF and AF orders, which coexist in NiS, at T < Twp.
One possible explanation for these MR features would be that
the WF regions in NiS, form adjacent to AF regions, resulting
in exchange-coupled areas with different coupling strength
that are sensitive to the applied H and strongly affect the local
magnetotransport measurements. Exchange-bias-type effects
at these WF/AF interfaces may then lead to asymmetric MR
with hysteretic features like those that we report in Fig. 3.

To probe the above hypothesis and resolve the types of mag-
netic spin texture forming locally in NiS,, we also carried out
DQM using commercially available diamond probes with a
single NV centre at the apex of a diamond tip (Fig. 5f). The NV

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Diamond quantum magnetometry (DQM) measurements on
NiS, nanoflakes. (a—e) Optical microscope image of a NiS, nanoflake
before (a) and after capping with hBN (b) with atomic force microscopy
image after capping in (c) and with inverted colour bar in (d). Panel (e) is
a zoom in on the area in the green box of (d), with the white box high-
lighting where the DQM is done. (f) Schematic of the DQM setup. (g)
Magnetic field B, measured by DQM at different temperatures Ts
(specified in the yellow boxes) on the NiS, area corresponding to (e)
showing regions with stroger B, (green circles) close to a nanoflake step
edge (dashed line). (h) Median value of B, versus T over the nanoflake
areas in (g).

axis direction is defined by the angles (¢nv and Oyy), as shown
by the schematic illustration of the DQM setup shown in
Fig. 5f. The values of ¢nv, Ony and the distance of the NV
centre from the sample surface (dyy) have been determined via
independent measurements,** as reported in the ESL.t The NV
centre measures the projection of the stray field coming from
the sample along the NV axis. The out-of-plane component of
the magnetic field (B,) at the sample is then reconstructed via
the Fourier method.*

We note that, only for the DQM measurements, we used a
hexagonal boron nitride (hBN) flake as capping layer to
prevent the oxidation of the NiS, nanoflakes (see ESI{). We
performed DQM measurements as a function of 7, whilst pro-
gressively reducing 7 below Tn; and Twr, to correlate possible
changes in the magnetic signal probed by the NV spins with
the onsets of the AF and WF orders. The results of the DQM
measurements are shown in Fig. 5g for a representative NiS,
nanoflake. The measurement data show the absence of any
significant B, originating from the NiS, nanoflakes at T > Txq,
which agrees with the absence of any type of magnetic order-
ing in NiS,.
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As T is reduced below Ty,, however, an increase in the stray
magnetic field signal probed by the NV spin is clearly
observed. In particular, we detect regions of the nanoflakes
that generate magnetic field with opposite direction (red and
blue areas in Fig. 5¢ measured for T < Ty; ~ 35 K). These
regions likely correspond to areas with uncompensated
moments on the NiS, surface.

Characterisation of the surface topography of our NiS,
nanoflakes via atomic force microscopy indeed shows that they
have a stepped surface (see, e.g., Fig. 5c-e). Such a stepped
surface in the AF state of NiS, could lead to the formation of
areas with uncompensated magnetic moments,** which would
generate a non-null B, for T < Ty;. This B, can also change
polarity when moving from one terrace to another depending
on the step height, which is consistent with the DQM data in
Fig. 5g.

As T is reduced below Ty we then detect additional
regions with stronger B,, which we associate with the WF order
in NiS,, since they appear around Ty ~ 30 K. The increase in
B, below Ty is also shown in Fig. 5h, where we report the
median absolute value of B, originating from the sample as a
function of 7. Our DQM data in Fig. 5h confirm that areas
with stronger B, (green circles in Fig. 5g), which we ascribe to
the WF phase, emerge in proximity to AF regions with uncom-
pensated moments that we resolve at the NiS, surface at Ty <
T < Tna. Since exchange coupling is known to arise at the inter-
face between F regions and AF regions with uncompensated
moments,*?® exchange bias effects can account for the
exchange-bias-like MR features observed at temperatures
where AF and WF coexist (Fig. 3 and 4).

We also note that the regions with B, that we associate with
the WF phase are mostly localised near step edges on the NiS,
nanoflakes (see the dashed line in Fig. 5g), where the for-
mation of AF areas with uncompensated moments is more
likely. It is therefore reasonable to assume that near step edges
the concentration of non-collinear magnetic textures and
exchanged-bias regions increases. This means that nanoflakes
with steeper edges should exhibit more asymmetric MR fea-
tures and larger MR ratios than those we measure for NiS,
nanoflakes with a mostly flat surface (Fig. 3). To verify this, we
selected NiS, nanoflakes with higher steps and wider terraces
and measured their MR(H) using contacts made to opposite
sides of the nanoflake, across a step edge.

The results of these magnetotransport measurements are
reported in Fig. 6 and Fig. S3t1 for two different NiS, nano-
flakes. For both nanoflakes, we measure a significant increase
of the MR(H), which reaches values as high as 1370% for one
of these nanoflakes at the limits of the applied H range (at T ~
26.6 K in Fig. 6b). More strongly asymmetric behaviour in MR
for positive and negative H, and more pronounced exchange-
biased-like features than those shown in Fig. 3 are also
measured.

The largest MR measured for the flake with a step edge in
Fig. 6 at T ~ 26.6 K occurs around the same T at which we also
observe a peak-like feature in the B, (mT) measured by DQM
near the step edges of NiS, nanoflakes (Fig. 5). The combi-
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Fig. 6 Magnetotransport measurements on a NiS, nanoflake with high
step edges (device 4). (a) Resistivity versus temperature, p(T), curves
measured for a 280 nm-thick nanoflake. Atomic force microscopy
image highlighting the step edges of the nanoflakes is shown as inset to
panel (a). The dashed line in panel (a) marks Ty (b) MR change as a
function of the applied field H, MR(H), at a few representative tempera-
tures (left axes) and corresponding resistance values (right axes)
measured for the NiS, nanoflake in (a). Ascending and discending H
sweeps are shown in blue and red, respectively.

nation of these results suggests that the onset of the WF phase
in NiS, can indeed be the physical mechanism responsible for
the large MR measured near step edges.

We note here that the expression ‘giant magnetoresistance’
has been originally introduced in the literature for spin valve
devices based on thin film multilayers consisting of magnetic
layers separated by non-magnetic ones.>® After its introduc-
tion, the same expression has been also used to describe
changes in MR in magnetic thin film multilayers with
exchange-bias effects at their interfaces.>>*® We therefore refer
to the very large changes in MR that we measure in our NiS,
devices as giant magnetoresistance because the effects that we
observe arise across interfaces between regions with different
magnetic orders/spin textures, making them close to the
effects observed for magnetic multilayer systems, for which the
expression giant MR is routinely used.

For the two devices with step edges that we have measured
(device 4 in Fig. 6 and device 5 in Fig. S37), we find that the
MR background is always positive, independent of the direc-
tion of H. For device 4, for example, where H is applied in
plane, the MR background is positive at T > Ty Similarly, for
device 5 in Fig. S3,f the MR background remains positive,
although H is applied out of plane. We believe that the positive
MR background in devices with step edges is not a determinis-
tic property, as the MR in such devices depends on a variety of

This journal is © The Royal Society of Chemistry 2023
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factors, which makes its sign difficult to predict. First, the
voltage signal that we measure in devices with step edges has
both in-plane and an out-of-plane contributions from the bias
current. Also, spin textures forming in these devices can
exhibit complex patterns near step edges, as confirmed by the
DQM data in Fig. 5, that can be randomly distributed with
respect to the measurement electrodes every time a device with
step edges is made. All these factors make it difficult to under-
stand the origin and predict the sign of the MR background in
such devices.

We further observe that the resistivity p(7T) measured with
the configuration of the electrical contacts across step edges
shown in Fig. 6a and S37 takes on much larger values com-
pared to those measured on nanoflakes with a flat surface
(Fig. 3), but still in line with the p values reported in other
studies of single crystals.**

The larger p measured on nanoflakes with higher steps
(Fig. 6 and S3) is consistent with an increase in the current
component that flows along the NiS, out-of-plane direction,
meaning across the bulk of the nanoflake, which is known to
be less conductive than the surface. Also, the interplay
between WF and AF phases is more strongly probed in this
transport configuration, and it results in p(7) with sharp
jumps and/or instabilities near the onset temperatures (Twr
and Ty;) of the two magnetic orders (Fig. 6 and S3). We also
note that the MR curves show a host of very complex beha-
viours at low T, both in nanoflakes with and without step
edges (Fig. 3a, 6 and S3t). Further studies, possibly with the
support of micromagnetic simulations, will be needed to
understand the complex T evolution of these MR features
below Twr, parts of which we ascribe to the interplay between
WEF and AF phases in NiS, nanoflakes. Also, magnetotransport
measurements on bulk single crystals below Twr will have to
be carried out to compare the low-T magnetotransport pro-
perties of bulk single crystals to those which we have measured
for NiS, nanoflakes.

3. Conclusions

In conclusion, we have fabricated NiS, nanoflakes by exfoliat-
ing NiS, single crystals, characterised their low-T magnetotran-
sport properties, and correlated the magnetotransport data
with the magnetic spin textures existing in the material by NV
magnetometry. Nanoflakes with a flat surface show surface-
dominated electronic transport at low T and field-asymmetric
MR with hysteretic features that resemble those usually
observed in more complex magnetic thin-film hetero-
structures. Based on our NV results, we correlate these MR fea-
tures to exchange-bias-type effects originating at the interface
between the WF regions and uncompensated moments of the
Type-I AF regions at the NiS, surface, which has a step-and-
terrace topography. When nanoflakes with higher steps are
tested, an extremely large increase in MR asymmetry and more
pronounced exchange-bias-like features are measured. These
results suggest that NiS, nanoflakes host intrinsic exchange
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bias effects due to the coupling of surface regions with
different types of magnetic orders at low T. As a result of the
good surface metallicity of NiS,, exchange-coupled surface
regions then have a strong effect on the magnetotransport pro-
perties of the NiS, nanoflakes.

One implication of our findings is that NiS, nanoflakes
could potentially be used as an alternative to more complex
thin-film heterostructures for a variety of spintronic and device
applications based on MR effects. The good metallicity of the
flat nanoflakes, in combination with exchange-coupled spin
textures, could also be exploited for the realisation of super-
conducting spintronic devices by coupling NiS, nanoflakes to
superconducting materials.”” In such systems, the magnetic
spin textures at the metallic surface of NiS, could be tested for
the generation of long-range spin-triplet correlations.

Although the resistivity p of our NiS, nanoflakes is three
orders of magnitude lower than that of NiS, single crystals,**
we also note that it increases at low 7, which can in principle
be a problem when coupling NiS, nanoflakes to superconduc-
tors. Nonetheless, the absolute value of p at low T (~1.0 Q cm
at T ~ 4.2 K for nanoflakes with a flat surface; Fig. 2) is still
lower than that of other TMDs like MoS, (ref. 41 and 42) for
which  proximity-induced superconductivity has been
observed.*>** These results on other TMDs are therefore very
encouraging with respect to coupling NiS, to superconductors,
which may result in an even stronger proximity effect due to
the relatively low p of the NiS, surface at low T.

Finally, we note that NiS, nanoflakes can be picked up via
the same dry-transfer technique used for other van der Waals
(vdW) materials. This implies that the exchange-bias-type
effects intrinsic to NiS, nanoflakes could potentially be used
for the realisation of novel exotic phases and quantum effects
obtained by coupling NiS, nanoflakes to other vdW materials.
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