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Hopping crossover and high-temperature superspin glass behavior in Ni films deposited on MoS,
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Realizing the potential of MoS, and other two-dimensional semiconductors in spintronic devices requires a
fundamental understanding of their interaction with ferromagnetic metals. We have investigated the transport
and magnetic properties of thin Ni films grown on single-crystal MoS, substrates. The Ni is found to have a
granular morphology with an average grain size of approximately 2 nm. Like previously investigated granular
Ni/insulator composites below the percolation threshold, transport is found to proceed via hopping. However,

our Ni/MoS, sample exhibits a dual crossover: activated hopping to 7'~

172 variable-range hopping at a higher

temperature and then a transition to power-law behavior at a lower temperature. The magnetoresistance was

used as a novel probe for uncovering superspin-glass-like behavior above room temperature in the Ni/MoS,
nanostructure, which also exhibits a collective ferromagnetic state at very low temperatures, reminiscent of

superferromagnetism.

DOI: 10.1103/PhysRevB.109.245432

I. INTRODUCTION

Thin ferromagnetic films have attracted the interest of
researchers for many decades [1-10]. The recent discovery
of ferromagnetism in monolayers of materials such as Crl
has significantly amplified research efforts because of interest
in the fundamental physics of ferromagnetism at the two-
dimensional (2D) limit and also the potential for numerous
applications in the developing field of spintronics [11-14].
Because the films are atomically thin, external parameters
other than a magnetic field can be used to perturb the mag-
netic state of the film. For example, an electric field has
been used to modify the coercivity (and hence the magne-
tocrystalline anisotropy) of iron-based alloy films [15], while
ferroelectric polarization has been predicted to have a sig-
nificant impact on the magnetocrystalline anisotropy energy
in cobalt and iron thin films [16,17]. In addition, magnetic
proximity effects have been observed in various thin-film
systems. Examples of proximity-related phenomena that have
been observed include enhancement of coercivity and Curie
temperature of Fe;GeTe, coupled with FePS; [18]; tuning of
valley polarization and valley Zeeman splitting in WSe, /Crl3
heterostructures [19]; giant proximity exchange and flat Chern
band in CrB3;/MoS; heterostructures [20]; and spin-orbit
torque switching of the magnetization in Fe;GeTe,/Pt bilay-
ers [21]. This list is a small subset of the large number of
tunable physical effects displayed by 2D ferromagnet-based
heterostructures that are both interesting from a fundamental
science perspective and potentially useful for applications in
magnetoelectronic device development.

Quantum confinement effects are also an important aspect
of the behavior of thin films as the 2D limit is approached
[22-26]. Thin films of nonmagnetic metals (Au, Ag, and Pd)
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deposited on MoS, exhibit quantized electronic growth modes
due to periodic dips in the density of states at the Fermi level
associated with certain nesting vectors of the Fermi surfaces
of the metals. The weak van der Waals bonding in MoS,
reduces the effect of strain due to lattice mismatch between
the film and the MoS, substrate.

In view of the intriguing effects of quantum confinement
and proximity described above, the deposition of a thin film
of Ni on a layered van der Waals semiconductor embodies
a simple system that may exhibit interesting characteristics.
This system has been studied computationally via density
functional theory [27]. In that work, the density of states
and magnetic properties of stacks consisting of one or two
monolayers of Ni and two monolayers of WSe, or MoS, were
investigated. The layers were configured to minimize lattice
mismatch and hence strain. It was found that the interfacial
layer of the dichalcogenide became metallic, whereas the
inner layer remained semiconducting. The metallization was
accompanied by a modest level of spin polarization. The Ni
layers remained strongly ferromagnetic but with a somewhat
reduced Ni moment in the interfacial layer. Recent experimen-
tal work on thin Ni films deposited on MoS, showed that the
Ni, which has a relatively large lattice mismatch with and
binds strongly to MoS,, tends to form clusters 1-3 nm in
size distributed continuously over the film [28]. The resis-
tance of the system increases with decreasing temperature,
which indicates that electron transport is nonmetallic in na-
ture. The system also displayed nonsaturating, linear negative
magnetoresistance up to 90 kOe. The magnitude of the mag-
netoresistance ratio (~0.06%/kOe) was larger than the values
for bulk Ni and granular Ni films.

In this work, we present the results of a comprehensive
investigation of the magnetotransport properties of a thin Ni
film deposited on MoS,. We find that the clustered state of
the Ni film leads to hopping conduction and glassy character-
istics that are manifested in the magnetotransport behavior at
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temperatures above room temperature. At low temperatures,
the Ni/MoS, system transitions to collective ferromagnetic
behavior. Magnetically glassy behavior is most often probed
by means of magnetization and susceptibility. We show
here that magnetotransport measurements can be an effective
means of shedding light on the behavior of such systems.

II. EXPERIMENTAL DETAILS

The samples were prepared by depositing Ni onto the
cleaved surface of commercially available MoS; in a vacuum
chamber with a base pressure of 5x107!°mbar. Deposi-
tion occurred at room temperature using a 2 mm Ni wire
(99.995% pure) in a mini electron-beam evaporator (MAN-
TIS QUAD-EV). A flux monitor was used to maintain a
consistent deposition rate calculated to be 2.5 A/min from
the resulting scanning tunneling microscopy (STM) images.
Samples scanned using STM had Ni thickness ranging from
a fraction of a monolayer up to 5 nm. Samples used in the
resistance and magnetic measurements had a 5-nm thickness
of Ni. Typical Ni grain sizes in the films were in the 1-
3 nm range. After leaving the deposition chamber, the sample
investigated for this work was exposed to air for 2-3 h to
attach electrical leads. Gold leads were attached to the sample
using silver epoxy. A Quantum Design DynaCool Physical
Property Measurement System was used to perform transport
measurements between 375 and 5 K. Resistance measure-
ments were performed with a 0.5-Hz, 1 pA driving current
to minimize heating effects at low temperatures. Magnetiza-
tion measurements were carried out with a Quantum Design
MPMS SQUID magnetometer. The uncertainty in resistance
values as measured by the standard deviation over an aver-
aging time and repeated measurements is less than 0.1% for
resistances less than 1 M€2 and less than 1% for values higher
than 1 MQ. Resistances just exceed 1 M2 for only the lowest
measurement temperature of 5 K.

III. RESULTS AND DISCUSSION
A. Film characteristics

Significant effort has been devoted to the growth of metal
films on layered crystalline substrates such as graphene and
transition-metal dichalcogenides [29-32]. While many metals
exhibit three-dimensional (3D) island growth on graphene at
room temperature (though Eu exhibits 2D growth) [29,30],
layer-by-layer epitaxial room-temperature growth has been
demonstrated for fcc metals on MoS; [31]. Ni, though fcc, was
not found to grow epitaxially; it formed small, polycrystalline
grains with no preferred orientation [31].

Figure 1 shows a histogram of cluster sizes in a 100 nm x
100 nm scanning tunneling microscope image of the Ni film
(shown in the inset) deposited at room temperature on MoS;
that was used in our experiments. The size distribution is
relatively narrow and centered close to 2 nm. The morphology
of the film is clearly granular, with typical grain/cluster sizes
of 1-3 nm. Though the individual clusters are distinct with
visible boundaries, in many cases there are connections or
bridges between the clusters in the distribution. The highly
granular character of the Ni film on MoS, is unlike the growth
of noble metals such as Au, which form atomically flat islands
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FIG. 1. Histogram of 100 nm x 100 nm scan of clusters in the
scanning tunneling microscope image of the Ni film studied in this
work. The image itself is shown in the inset. The film comprises
distinct grains with typical sizes ranging from 1 to 3 nm deposited
on MoS,.

on the same substrate via electronic growth. Compared to the
noble metals, Ni atoms have a significantly greater binding
energy on an MoS, surface, a larger lattice mismatch, and
lower mobility. Saidi [32] has tabulated values of the ratio of
the adhesive and the cohesive energy (Ea.qgs/Econ) and diffusion
barriers for adatoms for many metals on MoS,. Compared to
other metals, Ni has a relatively large E,qs/Econ ratio, mainly
due to its very large value of E,y and moderate value of
Econ. Thus, Ni would tend to bind strongly to MoS, with little
diffusion across the substrate and moderate binding to itself.
This is consistent with the formation of small polycrystalline
clusters as was previously mentioned and strikingly similar to
the morphology of our sample. Additional details on the STM
scan and the characteristics of the Ni film can be found in
Ref. [28].

B. Transport in zero magnetic field

Figure 2(a) shows the logarithm of the resistance versus
temperature for the Ni/MoS, sample. The system exhibits
semiconductor-like behavior, with the resistance increasing by
several orders of magnitude as the temperature decreases from
375 to 5 K. The semilog graph clearly shows that there are
three distinct regions of behavior as the temperature is varied.
This is more clearly demonstrated by plotting the derivative
of In(R) versus 7, as shown in the inset of Fig. 2(a). To
understand this behavior, we treat the Ni film as a granular
metallic system with individual grains separated by a dielec-
tric spacer of varying thickness. Strong binding of Ni to the
MoS; single-crystal and significant lattice mismatch drive the
agglomeration of the Ni into nanoclusters. The spacer is the
surface layers of MoS,. As previously noted, the as-grown
films were exposed to air to prepare them for measurements,
leading to the growth of an oxide layer. However, oxidation
of Ni proceeds slowly [33] under ambient conditions, and any
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FIG. 2. (a) Ln(Resistance) vs temperature for Ni film on MoS,.
The inset shows the derivative of the In(R) vs T plot, which clearly
indicates three regions of behavior. (b) Ln(Resistance) vs 1/T along
with fits for activated hopping (red line, higher temperatures) and
T-'/2 variable-range hopping (black line, lower temperatures). The
inset shows a power-law fit to the lowest-temperature data.

oxide layer is expected to contribute negligibly to the transport
and magnetic properties.

Electric transport in granular materials has been exten-
sively investigated over several decades [34—41]. In most
cases, the systems studied experimentally consisted of metal
grains dispersed within an insulating matrix. If the volume
fraction of the metal exceeds the percolation threshold, the
system becomes metallic. For lower volume fractions, insu-
lating behavior ensues. The situation is, however, made more
complex by a distribution of grain sizes and shapes, as well
as intergrain distances. When the granular system is in the
metallic phase, the resistivity typically exhibits a small posi-
tive temperature coefficient of resistance at high temperatures,
which may turn negative at low temperatures due to localiza-
tion effects [38,39,42]. In the insulating regime, the materials
exhibit hopping behavior extending over a wide temperature
range [34,38,41,43,44]. The most common variations of the
resistivity as a function of temperature exhibited by granular
materials are (i) purely activated (Arrhenius) behavior corre-
sponding to nearest-neighbor (NN) hopping [42,45,46]

p = poexp(Ea/ksT) (1)

(ii)) Mott variable-range hopping in three dimensions
[38,41,47],

o = puexpl(Tu/T)"*] 2)

and (iii) Efros-Shklovskii (ES) variable-range hopping
[36,44,48,49],

p = pesexpl(Tes/T)"?]. A3)

In two dimensions, the exponent for the Mott law is 1/3
[50]. The prefactors in Eqs. (2) and (3) are only weakly
temperature-dependent. Figure 2(b) shows a plot of In(R)
versus 1/T for temperatures between 375 and 75 K. The
high-temperature data (Region 1: 375 < T < 200 K) display
linear behavior, as corroborated by the excellent linear fit.
This indicates that the system exhibits thermally activated
NN hopping, with an activation energy E, = 70 meV. This
exponential dependence on 1/T could also be due to donor
carriers freezing out in the MoS, substrate. We therefore tried
to fit the function R = AT"exp(E,/2kT ), where n varies with
the temperature dependence of the mobility. (When n = %,
the mobility is temperature-independent.) For various values
of n in the range —1 < n < 2, the function gave a good fit but
significantly worse in quality than the pure activated behav-
ior described by Eq. (1). We also tried a sum of the donor
freeze-out and activated behavior, which gave unphysical re-
sults. Figure S1 in the supplemental material provides more
details on the fitting [51]. Thus, we conclude that the granular
Ni/MoS, system exhibits thermally activated NN hopping
behavior in the high-temperature region.

Thermally activated behavior has been predicted to occur
in granular materials for temperatures for which kT < E,,
where E, is the single-electron charging energy [45,46]. Tem-
peratures in Region 1 of Fig. 2 are certainly well below E, /k.
If we take E, ~ €2 /ka, where Kk is the dielectric constant
(k = 8 for MoS;) and a is a characteristic length, we find that
a =~ 3 nm. This seems reasonable given the typical cluster size
of our sample.

For 200 < T < 75K, Fig. 2(b) shows the fit using Eq. (3),
i.e., variable range-hopping accounting for charged-grain in-
teractions. We also attempted a fit using Eq. (2)—Mott
variable range hopping, for both two and three dimensions—
but the fit quality was definitely lower than that for the ES
T~'/2 form. See Fig. S2 in the supplemental material for more
information on the fitting [51]. The best-fit value of TEIS{ 2 was
found to be 60.7 K!/2. ES-type variable-range hopping has
been found to describe transport over wide temperature ranges
in granular metals [36,38,39,48]. For films of Ni embedded
in SiO,, Sheng er al. [36] found a TEIS/2 value of 69K'/?
for a sample with a 44% volume fraction of Ni, which is
greater than the value we obtained. Sheng et al. also found
that the TEIS/ % value increased as the Ni volume fraction de-
creased, i.e., as the granular system became more insulating.
Gittleman et al. reported that the temperature coefficient of
resistivity changed from positive to negative for a Ni volume
fraction below approximately 60% [34]. These findings af-
firm that our Ni/MoS, sample is on the insulating side of a
metal/insulator transition; however, just how close it is to the
transition is unclear. Sheng [38] used a percolative critical
path method to show that in granular materials, there is a
crossover between high-temperature activated character and
low-temperature Mott 7~!/% behavior in three dimensions.
The T~!/2 behavior was hypothesized (with support from
simulations) to be an interpolation between the two regimes.
Experimentally, a crossover between 7 ~!/2 behavior at higher
temperatures and T~'/4 behavior at lower temperature has
been observed in a granular metal system [41]. Further,
atomically thin MoS; exhibits a crossover from activated to
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variable-range hopping [52,53]. This behavior and that of the
magnetoresistance (discussed later) point to the probed sys-
tem being a composite of the Ni film and an embedding layer
of MoS;. It is worthwhile to note that the values of the prefac-
tors obtained from the fits using Eqs. (1) and (3) are quite
close; po (in resistance units) = 117  and pgs = 100 2.
This reinforces the conclusion that there is a crossover from
activated transport to 7~!/? variable-range hopping, given
the similarity of their values. The prefactors are the “high-
temperature” (7" — o0) resistivities, which should be similar
to classical Drude values.

There is another crossover below 70 K (Region 3) in our
Ni/MoS, system; however, it is not to Mott variable-range
hopping behavior. Instead, the resistance increase softens dra-
matically to a nearly linear R versus T dependence. In fact,
the best fit to these data was obtained from a power law:
R =Ry — AT, with x = 0.82. [See the inset in Fig. 2(b).]
We note that other Ni/MoS, samples we prepared showed the
same low-temperature softening even though their resistances
were up to an order of magnitude smaller at 5 K. Thus,
the slope change is unlikely to be due to sample heating or
instrumental issues.

Similar to our findings, Beamish et al. [54] discovered
a crossover from 7 ~!/2 behavior of the resistivity to a less
rapid increase at low temperatures in granular Ni/SiO,. Chui
[55] proposed an explanation based on tunneling of electrons
from smaller grains to larger ones, resulting in a reduction
of kinetic energy and the disappearance of the Coulomb
blockade. The resulting functional form of the resistivity
did not fit our lowest-temperature data. We note that the
low-temperature resistivity of highly disordered 3D metals
has a power-law dependence due to quantum interference-
induced localization [56]. A low-temperature crossover from
ordinary metallic to weak-localization behavior (accompa-
nied by a minimum in the resistivity) due to diminished
inelastic phonon scattering is often observed [57,58]. How-
ever, it seems unlikely for metallic behavior (even if highly
disordered) to be found at temperatures below established
hopping regimes. As mentioned above, the results suggest that
both the Ni grains and MoS, substrate (especially within a
few layers of the interface) form a composite system with
distinct properties of its own. A more complex hopping
mechanism similar to that suggested by Chui may be re-
sponsible for the behavior at the lowest temperatures. We
note that Novosel et al. [43] have reported that the mangan-
ite LagsCapsMnOs undergoes a collapse of variable-range
hopping at small grain sizes with a concomitant decrease in
resistance and increase in the ferromagnetic contribution. This
is also contrary to expectations because decreasing grain size
is normally associated with increasing disorder. In this case,
the system is also a composite; the grains comprise a core
of antiferromagnetic/charge-ordered phase and a shell that is
predominantly ferromagnetic.

Overall, the fits in all three regions are very good, though
in Region 2, the difference between the Mott and ES forms
is not overwhelming. Of the two Mott forms, the T-13 form
(corresponding to 2D systems) gives a slightly better fit. We
also note that the ranges of resistance and temperature in the
three regions are somewhat limited compared with those in
other granular systems. Still, we are confident that the three
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FIG. 3. (a) Resistance vs magnetic field at 5 K. (b) Resistance vs
magnetic field at 350 K. The lines are second-order polynomial fits.
The magnetic field is perpendicular to the plane of the film.

regimes and the quantitative descriptions we have provided
appropriately capture the behavior of the composite Ni/MoS,
system.

C. Magnetotransport

Figure 3 shows the resistance versus magnetic field for the
Ni/MoS; sample at 5 K (a) and 350 K (b). The field is applied
perpendicular to the plane of the film. The asymmetry in the
latter graph is striking; there is virtually none in the former.
Asymmetric magnetoresistance is typically due to switching
of the magnetization at the coercive field [59] or a thickness
gradient in the sample leading to the mixing of the transverse
resistivity with the longitudinal resistivity [60]. However, the
disappearance of the effect at 5 K indicates that these mech-
anisms are not the source of the asymmetry. We found that
the magnetoresistance (MR) of the sample decays with time,
especially at temperatures above 300 K. The timescale of the
decay was comparable to that of the changes in magnetic field
during the measurements, which led to the asymmetry.

The fits in both data sets are parabolas, i.e., the MR
increases as H?2. (There is a small linear term due to the
asymmetry.) The MR ratio at 90 kOe is approximately 2%
at both 5 and 350 K, i.e., the MR has no significant temper-
ature dependence. This positive, quadratic MR suggests the
Lorentz force, which has a B2 dependence with no saturation
for open orbits of the Fermi surface [61]. However, Lorentz
magnetoresistance typically obeys Kohler’s rule, which holds
that the MR ratio is inversely proportional to the square of the
resistivity [62]. Thus, the MR should be smaller at lower tem-
peratures, contrary to our results. We note that atomically thin
MoS, exhibits a positive magnetoresistance [52]. However, in
this case, the MR ratio increases with decreasing temperature
as expected from wave-function shrinkage in a semiconductor
in which localized carriers hop between defects. If both mech-
anisms are simultaneously present in our Ni/MoS; system, the
countervailing temperature variations could lead to the weak
temperature dependence that we observe.
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FIG. 4. (a) Normalized resistance vs time in zero magnetic field.
(b) Normalized resistance vs time in a 90-kOe magnetic field. The
temperature is 330 K for both measurements. The field is applied
perpendicular to the plane of the film.

In many cases, ferromagnetic metal/nonmetal composites
show negative MR [28,34,63]. As we will see later, the
Ni/MoS; system studied in this work exhibits spin-glass-like
behavior in magnetic fields up to 90 kOe. This suggests that
the field does not have a large effect on reducing spin disorder
or misalignment and thereby producing significant negative
magnetoresistance.

The normalized resistance versus time at 330 K in zero
magnetic field and 90 kOe is shown in Figs. 4(a) and 4(b), re-
spectively. The resistance decays by approximately 0.5% over
a 4-h period for the zero-field case. The decay is significantly
stronger when the sample is subjected to a 90 kOe field at that
temperature. Relaxation processes are characteristic of glassy
systems such as spin glasses [64], cluster glasses [65,66],
superspin glasses [67,68], and electron glasses [69,70]. The
relaxation of thermodynamic variables (e.g., magnetization
and susceptibility) with time is due to nonequilibrium dynam-
ics in the glassy state. The granular nature of our Ni/MoS;
sample brings to mind superspin glass (SSG) systems as a
model for understanding its time-dependent behavior. SSG
systems are typically densely packed nanoparticle systems,
with each nanoparticle being a single-domain ferromagnet.
The nanoparticle superspins interact via dipolar interactions,
which may produce ferromagnetic or antiferromagnetic align-
ment depending on spatial separation. Conflicting alignments
lead to frustration and glassy behavior. At low enough tem-
peratures in a densely packed superspin system, exchange
interactions can lead to a long-range-ordered superferro-
magnetic state [68]. SSG behavior is typically probed by
magnetization and ac susceptibility measurements. Here, we
have used magnetoresistance to reveal SSG-like behavior in
granular Ni/MoS,.

Figure 5 shows hysteresis measurements at 5 K (a) and
345 K (b). At 5 K, the hysteresis loop is closed with a
coercivity of ~200 Oe, suggesting a collectively ordered fer-
romagnet. In contrast, the loop at 345 K is not closed and
clearly indicates that the magnetization is drifting with time.
Thus, we have strong evidence of a superferromagnetic state
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FIG. 5. (a) Hysteresis plot at 5 K. The loop is closed and there
is significant coercivity. (b) Hysteresis plot at 345 K. The loop is not
closed, indicating a magnetization drifting with time, i.e., relaxation
is occurring.

at very low temperatures with little time dependence, which is
consistent with the magnetoresistance results presented above.
In addition, the relaxation of the magnetization at 345 K
is in accordance with the time-dependent magnetoresistance
results discussed earlier.

Figure 6 shows the decay of the resistance with time at
various temperatures. All measurements were made in a 90-
kOe field applied perpendicular to the plane of the film. Given
that irreversibility is a typical characteristic of glassy systems,
we established a protocol to ensure (to the greatest extent
possible) that the state of the system was being prepared
in the same manner at each temperature. The sample was
cooled in a 90-kOe field to 5 K and then warmed in the same
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FIG. 6. Normalized resistance vs time at various temperatures.
The solid lines are fits using a stretched exponential function. In
each case, the sample was cooled in a 90-kOe magnetic field to 5 K
and then warmed in the same field to the temperature at which the
resistance relaxation measurement was performed. The field remains
on during the relaxation.
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field to the temperature at which the resistance relaxation
measurement was performed. Figure S3 in the supplemen-
tal material has more details [51]. The relaxation rate for
345 K is much greater than the others; otherwise, there is
no easily identifiable dependence of relaxation rate on tem-
perature. This is likely due to the irreversibility mentioned
above; the system is always in the glassy state. The solid
lines are fits to the 345 and 315 K data with a stretched
exponential R/Ry = A exp[—(t/ty)"], which provides a useful
mechanism for quantitatively describing relaxation processes.
For T = 315K, n = 0.35 and #; = 2.18x 10° min. For T =
345K, n = 0.5 and 7y = 2.78 x 10* min. The fits show that the
data generally follow the stretched exponential form. There
are systematic oscillations of the data about the fits, suggest-
ing that in addition to the overall relaxation rate indicated
by the stretched exponential, there may be shorter timescale
processes occurring as well.

To probe the glassy characteristics of granular Ni/MoS;
more deeply, we carried out memory and rejuvenation mea-
surements. Spin glasses of all types exhibit both of these
properties. Consider a system in the glassy state that has
been aged for a given amount of time at a certain temper-
ature. The system will evolve towards equilibrium at that
temperature during the aging period. As aging proceeds, the
system becomes equilibrated over an increasing length scale.
If the temperature is then decreased by a small amount, the
system will start to evolve towards its new equilibrium state
(rejuvenation) regardless of the aging time at the previous
temperature. Rejuvenation occurs over shorter length scales,
as the system keeps its memory of the larger, “frozen” equi-
librated regions. Thus, when the system is reheated to the
original temperature, its thermodynamic state is recaptured
(on the length scale of the equilibrated regions). Recent large-
scale simulations have conclusively shown that rejuvenation
and memory are intimately related to the interplay among
different length scales of the spin system [71,72].

Rejuvenation and memory are displayed by granular
Ni/MoS, as shown in Fig. 7(a). Using the same protocol
described above, the sample was allowed to age at 345 K,
after which the temperature was reduced to 300 K. It is clear
that aging restarts, as the resistance relaxes upward toward
a higher equilibrium value at the lower temperature. When
the temperature is returned to 345 K, the resistance resumes
its original decay from a point close to its value just before
the temperature decrease. See Fig. S4 in the supplemental
material (which includes Refs. [73,74]) for more information
[51]. Figure 7(b) shows the results of repeating the exper-
iment but heating the sample after the initial aging rather
than cooling it. It is clear that when the system is returned
to the original temperature, there is no memory of the initial
state. Heating destroys memory of the equilibrated regions
because larger length scales (higher free-energy barriers) can
be probed. Note that during the “rejuvenation” stage, the resis-
tance time decay does not have the usual relaxation character
because there is no new aging on smaller length scales. The
totality of these results represents strong evidence that our
granular Ni/MoS, sample exhibits superspin glass behavior
with a possible crossover to a superferromagnetic state at low
temperatures.
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FIG. 7. (a) Aging during temperature cycling in which the tem-
perature is first decreased and then increased back to the original
value. The system displays rejuvenation at the lower temperature and
then memory when the original temperature is restored. (b) Temper-
ature cycling experiment with a positive temperature increment done
first. Rejuvenation and memory are absent.

IV. CONCLUSIONS

We have experimentally investigated magnetotransport in
a granular Ni film deposited on an MoS, single-crystal sub-
strate. In zero magnetic field, the resistance as a function
of temperature exhibits three distinct regions of behavior. In
the highest-temperature region (375 < T < 200 K), the resis-
tance exhibits activated (Arrhenius) behavior, characteristic of
nearest-neighbor hopping. In the middle region (200 < T <
75K), there is a crossover to variable-range hopping with
the exp(AT ~'/?) form, consistent with theoretical predictions
for granular metals. The exp(AT ~'/?) behavior has also been
found experimentally to describe granular metals and atom-
ically thin layers of MoS, over wide temperature ranges.
At the lowest temperatures (75 < T < 5K), the increase in
resistance with decreasing temperature softens considerably,
displaying power-law behavior, which does not conform with
a crossover to Mott variable-range hopping R ~ exp(AT ~'/%)
at very low temperatures. The power-law behavior is reminis-
cent of metallic transport in disordered systems, though such
a crossover to metallic behavior at low temperatures seems
unlikely. We believe this behavior is a manifestation of the
composite nature of the Ni/MoS, system. We also used the
magnetoresistance as a novel probe of glassy behavior of the
granular system. In zero magnetic field, the resistance decays
slowly with time. When a strong magnetic field is applied, the
relaxation rate increases. Magnetization measurements show
collective ferromagnetic behavior at low temperatures, with
little evidence of relaxation; however, at higher temperatures
(near and above room temperature), an open hysteresis loop
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indicates magnetization drift due to relaxation. The magne-
toresistance also exhibits rejuvenation and memory, which are
definitive characteristics of magnetic glassiness. We therefore
identify granular Ni/MoS, as a superspin glass material with
a possible crossover to a superferromagnetic state at low
temperatures.
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