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The influence of nanoparticle geometrical and percolation effects on the electrical transport and
magnetotransport properties of the system are investigated in a number of binary networks composed
of superconducting (MgB2), ferromagnetic (CrO2 or La;,38r;,3MnO3), and insulating (LiCoOz or
Cr;03) nanoparticles. For all-metal CrO2/MgBs binary composites an anomalously high resistance
state with two distinct percolation thresholds is found within a narrow range of the constituent
composition, as a result of the strong suppression of heterointerfacial conductance between super-
conducting and half-metallic (CrO2) nanoparticles and an unexpectedly large value of the perco-
lation threshold of MgB2. The latter can be attributed to the geometric mismatch between the
constituent nanoparticles and the related particle packing and excluded volume effects. The fill-
ing factor in this binary composite attains a maximum near the same percolation threshold and
exhibits a power-law scaling behavior, which would indicate another geometric phase transition.
The geometric effect of constituent particles is also verified through the large changes of percolation
threshold in different types of combinations of binary components. Interestingly, the percolation
transitions in these binary nanocomposites, either in the case of single or double percolation, are
found to be governed by an unconventional scaling behavior of resistance just below the percolation
threshold, due to mechanisms determined by heterogeneous interfaces of particles that are absent in
conventional single-component percolation systems. In addition, magnetotransport is investigated
in CrO2/MgB> junctions, demonstrating non-hysteretic low-temperature magnetoresistance at the
half-metal /Type II superconductor interface with the highest values around 42% at liquid helium
temperatures obtained at volume fraction between the two percolation thresholds. The results show
large variations of magnetoresistance that are highly sensitive to the constituent composition and
the sample temperature near the percolation thresholds, demonstrating the interrelation between

the structural or geometrical property of the system and materials functionality.

I. INTRODUCTION

Composite materials, enabling new, intelligently tai-
lored functionalities, are becoming increasingly impor-
tant in numerous applications. These new functional
materials might require various combinations of differ-
ent constituents [1]. Many properties of these complex
materials can be described by the classical percolation
models, which serve as a powerful tool for understand-
ing composite systems where geometric phase transitions
occur [2]. Percolation effects governing various proper-
ties of these materials have been extensively investigated
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in various complex systems, such as metal-insulator [3]
and superconductor-insulator composites [4, 5], polymer
blends [6], polycrystalline materials [7, 8], ferromagnetic
[9], and dielectric materials [10].

At the same time, there are many important questions
beyond the traditional percolation paradigm that need
to be addressed, such as the extent to which the particle
shape and size and the nature of conductance between
constituent particles in a composite network influence
its percolation threshold and scaling exponents. More-
over, for nanoparticle tunneling the geometric properties
and electrical connectivity are often not the same among
individual particles. While in the case of single-valued
two-particle resistance that results from tunneling con-
ductance in a composite system, the universality is be-
lieved to be preserved, the most general case of perco-
lation tunneling with variable coupling strength may be
nonuniversal [11].

A nontrivial variant of this problem involves percola-
tion in two-component composite systems built solely of
conducting nanoparticles, where the geometric property
of the system (percolation thresholds) and its electrical
property (conductivity) are fully decoupled. This is the
case of CrO2/MgBy composites, for example, in which
the conductance between individual particles of different
conducting components (CrOy and MgBs, each of metal-



lic conductivity) is effectively blocked, leading to an ef-
fective insulating region between the individual percola-
tion thresholds of the two components [12]. The reduced
interparticle conductivity in this system is increasingly
pronounced at lower temperatures, below the supercon-
ducting critical temperature of MgBy due to the conflu-
ence of tunneling effects and the suppression of Andreev
refection at the CrO2/MgBs half-metal /superconductor
interface [13]. These effects are directly responsible for
the double percolation transition observed in this sys-
tem, resulting in a conductor-insulator-superconductor
crossover behavior [12]. Each of the CrOg- and MgBs-
dominated percolative transitions is fundamentally dif-
ferent from the conventional percolation for a single
type of particles involving conducting or superconducting
state, resulting in a similar but different form of scaling
behavior for the sample resistivity in the vicinity of each
percolation threshold when p < p. (instead of the stan-
dard p > p.) in this unconventional binary composite
system, as will be further addressed in this work.

Moreover, in ferromagnetic(F)-superconducting(S)
nanoparticle composites the property of percolation may
be even more complicated, affected by particle interac-
tions, which can be both direct (via dipoles from mag-
netic nanoparticles) and indirect (via proximity effect).
The latter is an example of proximitized materials [14], in
which electrical, magnetic, and other properties of het-
erostructures for various functionalities can be tailored
or enhanced. When interactions between constituents is
present in a composite system, as examined in this work,
additional degrees of freedom for the study of percola-
tion become available, leading to a nonuniversal scaling
behavior. Such is the case with magnetic nanoparticles,
where spin-dependent transport plays an important role
and the system behavior can be characterized by magne-
toresistance as well. In the case of CrO, nanoparticles,
the intrinsic magnetoresitance, which is fairly small, is
significantly enhanced by the presence of a nanometer-
size dielectric surface layer [9, 15], resulting in a tun-
neling conductance between individual grains. At lower
temperatures the effect is further amplified due to the
presence of a Coulomb gap, with the maximum magne-
toresistance at 5 K being approximately 30% for a pure
CrO2/CrO4 system and ~ 50% for a CrO3/Cr203 com-
posite system [16, 17]. Importantly, in the latter case
the maximum of magnetoresitance is near the percola-
tion threshold [16], which implies a direct correlation be-
tween magnetoresistive and percolative properties. In
contrast to this well-studied problem [18], the maximum
of magnetoresistance in the CrOs/MgBs system corre-
sponds to the maximum interfacial area between CrOs
and MgBs nanoparticles, as found in this study, indi-
cating a different magnetoresistance mechanism, where
an effective area of a Type II two-gap superconductor
(MgB>) is reduced due to the magnetic field penetration
in the form of Abrikosov vortices with a substantial core
size [19]. Somewhat surprisingly, while large magnetore-
sistance has been observed in F/S and F/S/F junctions

based on spin-charge separation and non-equilibrium spin
density in superconductors [20], in F/I/S junctions with
two zero-field orthogonal magnetization states [21], and
in triplet superconductivity devices [22], to the best of
our knowledge, direct magnetoresistance measurements
in Ferromagnet/Type II superconductor junctions have
not been performed thus far.

To study some of these questions in detail, we designed
and fabricated a number of hybrid nanocomposites by
combining half-metallic ferromagnets, superconductors,
and insulating nanoparticles at different volume ratios.
This allows us to investigate the connection between per-
colation effects and the electrical, magnetotransport and
occupational properties of the composites. In our previ-
ous work we introduced a double percolation effect [12],
manifesting itself as two independent percolative transi-
tions in the composite system, one for a superconducting
MgB; [23] and the other for a half-metallic CrO2 [24]
network. Correspondingly, we have identified two per-
colation thresholds for the conductivity of each compo-
nent, with the one for MgBs being anomalously high.
We argued that the constituent particle geometric shape
and size play a crucial role in achieving the necessary
conditions enabling the observation of the double per-
colation effect. The effect of particle geometry is fur-
ther studied here by replacing the high aspect ratio fer-
romagnetic CrOs particles by approximately spherical
Lay /38r3/3MnO3 (LSMO) particles [25], or by replacing
the spherical-type MgBs particles by large cylindrical-
shape LiCoOs ones, for either of which a much lower
percolation threshold is then found.

In this paper, we provide the compendium of re-
sults on a variety of composite systems with large geo-
metric disparity (including MgBs/CrOy, MgBy/CrsOs,
MgB3/LSMO, and CrO3/LiCoO; nanocomposites),
which include not only the electrical transport data, but
also the detailed measurements of magnetotransport as
well as the determination of filling or packing factors. An
unconventional scaling behavior for the system resistance
[i.e., R < (p.—p)*] is identified for binary composites, in-
cluding both cases of double and single percolation in the
regime involving heterogeneous particle interfaces, intrin-
sically different from the property of conventional single-
particle-type percolation. The property of particle filling
factor, particularly the power law behavior near the per-
colation threshold, and effects of excluded volume are in-
vestigated. Also identified are the previously unexplored
effects of large superconductor-ferromagnet magnetore-
sistance, which show high variations with the change of
sample composition and temperature, particularly in the
region between the percolation thresholds, indicating the
correlation between geometric and functional properties
of the binary composite system.



II. EXPERIMENTS

A. Sample preparation and structural
characterization

A series of ferromagnetic-superconducting composite
samples were fabricated by using the traditional cold
pressed technique. CrOs and LSMO powders were the
two different ferromagnetic components, while MgBy was
the common superconducting component. In a separate
experiment we combined CrO, nanoparticles with insu-
lating (at 200 K) LiCoOy nanoparticles. In our exper-
iments we used commercial CrOs, MgBs, and LiCoO9
powders, whereas LSMO powders were obtained from
sintered crystallized pellets. For the latter, hydrated
acetates of manganese, lanthanum, and strontium had
been mixed in deionized water at 80 °C and stirred until
the liquid evaporated. The resulting powder was cal-
cined in air at 1000 °C for one hour, then allowed to
cool to room temperature and pressed into pellets at
17 MPa. The calcined pellets were sintered at 1500
°C for 16 hours with heating and cooling rates of 10
and 20 °C/min, respectively. High firing temperatures
(> 1200 °C) were required to achieve proper oxygena-
tion and a metal-insulator transition near room temper-
ature. Powder X-ray diffraction (Philips X'Pert with Cu-
Ka radiation) was performed and Rietveld analysis us-
ing the XND software package [26] confirmed the sample
to be phase-pure La;/35r5,3MnO3. The two ferromag-
net /superconductor components were mixed according to
their weight ratios; the mixed powder was then ground
in a glass mortar for one hour. As the surface of all of
the constituents can be easily oxidized, in order to obtain
reproducible results it was necessary to perform this pro-
cess in a controlled environment, with the humidity kept
below 30%. The ground powder was then compressed at
10 GPa in a hydraulic press into 5 mm-diameter and ap-
proximately 1 mm-thick pellets. Immediately after the
fabrication, gold wires were attached to the pellet with
silver paste. The sample was then mounted on a Physical
Property Measurement System (PPMS) puck for trans-
port and magnetotransport measurements. The PPMS
excitation current of 2 pA (with the voltage limit of 5
mV) was used for most resistance measurements. The
pellet resistance was measured in the temperature range
from 2 K to 300 K; the magnetoresistance was measured
in the magnetic fields of up to 5 T.

For the MgB5/CrO, system, a total of 23 samples were
prepared according to the weight fraction x of CrOs: = =
0, 0.1, 0.25, 0.29, 0.31, 0.32, 0.33, 0.34, 0.35, 0.36, 0.365,
0.37, 0.375, 0.38, 0.39, 0.40, 0.41, 0.42, 0.45, 0.5, 0.6,
0.8, and 1. Using the bulk densities of CrOs, p; = 4.89
g/cm?, and of MgBs, ps = 2.57 g/cm?, weight fractions
x can be converted to volume fractions p via

- _ 1 0
z/pr+(L—a)/p2 1+ (p1/p2)(1/z 1)

Similar conversion can be used for LSMO and LiCoO»

based composite systems. In order to measure packing
fractions of the composites, pellets of pure component as
well as composite pellets (near the percolation thresh-
olds) were prepared. The packing fraction for a two-
component composite was determined with the known
bulk densities of CrOs, LSMO, MgBs, and LiCoO4 using
the following expression

m [ x 1—=x
/ V(PlJr P2 )7 @
where m and V are the total mass and volume of the
composite pellet which are determined for each composi-
tion.

A different geometry was used to determine the inter-
face properties and the contact resistance of MgBs /CrOs
particles. In this experiment we first prepared a sample
consisting of only one type of powder, cold-pressing it
using the same conditions and in the same geometry as
for other composite samples. Upon placing the other
type of powder on top of this fabricated sample, we cold-
pressed them together one more time to form a pellet
with a well-defined interface between these two different
components.

Composite samples of different compositions were
characterized by scanning electron microscopy (SEM).
The average size and shape of the particles, as well as
their size distribution, were determined from the analysis
of the respective SEM images, with the spatial distribu-
tion of the two types of particles monitored by Energy
Dispersive X-ray Spectroscopy (EDS) as in Ref. [12]. The
MgBs particles are approximately spherical, with average
diameter D ~ 500 nm. In contrast, the CrOs particles
are rod-like, with typical length L ~ 300 nm and width
d ~ 40 nm. The LSMO particles characterized by SEM
were also approximately spherical with a polydispersed
size distribution ranging from 1 ym to 5 gm. The ma-
jority of LiCoQOs particles, on the other hand, can be
described as cylindrical, with height about 5-10 ym and
diameter about 3-4 pm. (LSMO),(MgB2);_, composite
samples were fabricated via the same technique as the
(CrO2).(MgB2)1—_, samples.

III. RESULTS AND DISCUSSIONS
A. Double percolation effect in CrO;/MgB; system

In order to study the percolative transition in
CrO2/MgB; binary composites, electrical characteriza-
tion was conducted for samples with variable composi-
tions. First, several basic configurations were tested, in-
cluding a pure CrO5 sample, a pure MgBs sample, and
a sandwich-like sample composed of a CrO5 and a MgB,
layer separated by an interface. The corresponding R vs
T curves are shown in Figs. 1(a), 1(b), and 1(c) respec-
tively. The maximum resistance of a pure CrOy and a
pure MgBs samples is approximately 55 Q (at T = 2 K)
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FIG. 1. Temperature-dependent resistance of nanoparticles.
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Left: cold-pressed CrO2 sample; middle: cold-pressed MgBs

sample; right: cold-pressed sandwich-like sample with an interface between CrO2 and MgB,.

and 0.04 © (at 300 K) respectively, with the supercon-
ducting transition of MgBs occurring at T =~ 37 K. Note
that while the residual resistivity of CrOs is on the order
of ~ 5 uflem, which corresponds to the mean free path of
about 100 nm [18], the low temperature conductivity of
pure cold-pressed CrQO, samples as well as the observed
temperature dependence is fully determined by the inter-
particle contacts between individual CrOg particles.

On the other hand, the sample with CrOy/MgBs inter-
face junction has the maximum resistance close to 1000 €2
at 2K, which is approximately 20 times higher than that
of the pure CrO2 sample at this temperature (MgBs is
superconducting below T¢). While the real atomic in-
terface between MgBy and CrOs should be rough and
coarse, this measurement presented in Fig. 1(c) indicates
that the interface resistance between two different types
of particles (CrOy/MgBs) is approximately an order of
magnitude higher than that between the same type of
particles (CrO5/CrOs or MgBs/MgBs). This conclusion
is also consistent with the results obtained from the low-
temperature magnetoresistance data near the percolation
threshold (see Sec. IIIE), which shows a much smaller
contribution of the CrO5/CrOy interfaces to magnetore-
sistance as compared to the CrOs/MgBgy ones.

Having obtained these results for simplified sys-
tems, which have important implications for further
analysis and discussion, we focus on cold-pressed
(CrO2),(MgB2)1—, samples of variable compositions.
The outcomes of resistance measurements as a function of
temperature across the full range of sample compositions
are summarized in Fig. 2. These resistance plots can be
categorized into two types: for the samples with high
MgB; concentration (i.e., small volume fraction p), their
R vs T relation is similar to that of pure MgBs,, either
superconducting or having very low resistances below a
certain temperature, and the values of resistance become
generally larger as the MgBy volume fraction 1 — p de-
creases (see the first seven panels in Fig. 2). The sam-
ple resistance is plotted as a function of volume frac-
tions p at different temperatures in Fig. 3. Note that

the resistance does not increase monotonically with the
increase of CrOy volume fraction. While the resistance
on the MgBs-rich side (0 < p < 0.22) is very low and
the resistance on CrOs-rich side (0.34 < p < 1) is also
fairly low, the resistance of the composite samples at-
tains peak values within a narrow intermediate range of
0.22 < p < 0.34. At low temperatures the maximum
value of the resistance is about three orders of magnitude
higher than that of the pure CrOs sample. For example,
at 2K the maximum resistances are 450 Q2 for p < 0.22,
900 2 for p > 0.34, but close to 55 k2 for p = 0.25.

We can attribute this unusual behavior to a dis-
tinct double percolation effect appearing in this type of
nanocomposite system. As has been shown in Ref. [12],
it involves the development of two separate uncorrelated
percolative networks with conductive or superconduc-
tive paths, and with different percolation thresholds for
the two constituents: p$™©2 ~ 0.34 and 1 — pygBQ ~
1 —0.78 = 0.22. The substantial difference between the
values of these two thresholds indicates that the corre-
sponding percolation transitions are not symmetric, a di-
rect consequence of significant asymmetry in the size and
shape of the constituent particles, as will be discussed be-
low. Note that the I-V characteristics of the composites
measured in the range from 0.5 pA to 100 A are nonlin-
ear and have a complex temperature dependencies below
the critical temperature of MgBs, particularly near the
percolation thresholds. The detailed analysis of this be-
havior is beyond the scope of this paper.

In order to explain these surprising results, we recall
that the resistance of the heterogeneous interface (i.e.,
CrO2/MgB,) is at least an order of magnitude larger
than that of the homogeneous ones (i.e., CrO5/CrOs
or MgBs/MgBs), particularly at low temperatures, as
shown in Fig. 1. Therefore, it is reasonable to assume
that in the samples of variable compositions the path
maximizing the overall interface region between MgBq
and CrOs clusters would maximize the sample resistance.
In this binary composite system two independent per-
colative transitions have been observed, one from an in-
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FIG. 2. Sample resistance as a function of temperature for 20 different CrO2/MgBs composites with volume fraction p of CrO,

ranging from 0 to 1.

sulating state to a conductive state (on the CrOs-rich
side) and the other from an insulating state to a super-
conductive state (on the MgBs-rich side), which are re-
alized at certain compositions of CrOs (or MgBs). If,
in the range of intermediate compositions, none of the
two constituent clusters percolate (which, as we will dis-
cuss below, requires certain conditions to be satisfied),
one can expect the maximized heterointerface and hence
maximum resistance somewhere in this range (as seen in
Fig. 3), and thus the double percolation effect [12].

In the standard percolation theory, for a system ex-
hibiting a percolative transition the resistance R near
the percolation threshold p. can be expressed by a power
law R o< (p — pe) ™ or R x (p — pc)®, where the critical
exponent (u or s) depends on the dimensionality and the
intrinsic conducting property (i.e., conducting or super-
conducting) of the system. For three-dimensional (3D)
networks, the critical exponents of insulator-conductor
transitions are known to be p & 2 for 3D lattice [27]

and p & 2.38 for continuum percolation (as in the Swiss-
cheese model) [28], while for a conductor-superconductor
transition the expected value of the exponent is s ~ 0.75
[29]. However, there is an important difference be-
tween the binary nanocomposite system studied here and
the conventional conducting-insulating percolation tran-
sition with conducting particles embedded in an insulat-
ing medium or vacuum. In the latter case, the resistiv-
ity is infinite when p < p. since there is no conducting
path, and becomes finite when p > p. due to the ap-
pearance of percolative clusters of conducting particles,
with the scaling behavior R o (p — p.) ™" describing the
region of p > p.. In contrast, our binary composite sys-
tem consists of two types of metallic nanoparticles that
are cold-pressed and fill most of the space (subjected to
f < 1 filling factors); thus there is always a conducting
path available to go through the particles (albeit of dif-
ferent types), with the unfilled space irrelevant in terms
of resistivity. In other words, the percolation transition
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described here refers to the appearance of percolative
clusters of one particle type, while the whole compos-
ite cluster of both particle types is always percolative.
An important feature of this system is that either type
of constituent particles (e.g., pure CrOs or MgB5) is con-
ducting or superconducting, while the interface resistance
between different species (i.e., CrO2/MgBs) is at least
an order of magnitude higher as described above (see
Fig. 1). When p > p. with the existence of percolative
clusters of a pure constituent particle type such as CrOs,
the resistivity is low and mostly composition-independent
(showing as a near-constant value similar to the bulk
state). On the other hand, once p < p., no single per-
colative CrOs cluster exists, and the system conducting
path would always involve heterogeneous (CrOs/MgB5)
particle interfaces. While theoretically the resistance of
an idealized half-metal/superconductor interface with a
delta-function scattering potential may approach infinity
at T = 0 K [13, 30], in reality it generally leads to a finite,
albeit orders-of-magnitude increase of resistivity in the
superconducting state, moderated by nonzero spin-flip
probabilities at the S/F interface due to magnetic impu-
rities [31] or spin-orbit scattering [32], as well as possible
differences in the scattering potential strength for major-
ity and minority carriers [33]. Importantly, though, the
resistivity reaches its maximum at the largest number of
heterogeneous interfaces (i.e., maximum total perimeter
of either pure CrOy or MgB; clusters).

Hence, here we encounter a new type of percolation
transition for binary composites, with the percolation
threshold p. determined by the point at which the resis-
tivity of the sample starts to increase significantly (corre-
sponding to the disappearance of percolative single-type
clusters). When p > p., the conventional behavior of
R x (p — pe)~* for conductor-insulator transition would

not apply since the resistivity corresponds to the con-
stant bulk value as described above. Here the new fea-
ture occurs in the region of p < p. as the resistivity then
increases with larger deviation from p. (i.e., with |p — p,|
increasing). To our knowledge, there has not been any
theoretical work available so far for this new type of per-
colation behavior. However, it would be natural to as-
sume a similar power law behavior of

R |p_pcluv (3)

for this region of p < p. with conducting paths involving
heterogeneous interfaces, as verified by our experimental
data for MgBy/CrOs composite (see Fig. 4) and single-
percolation systems such as CrO5/LiCoQOs (see Fig. 7 in
Sec. ITID below). A similar argument can be applied to
the case of conductor-superconductor transition (on the
MgBs side), with the critical exponent p replaced by s
in Eq. (3).

To demonstrate that the two transitions in our com-
posite systems are governed by the above scaling law,
we calculate the values of exponents s and p at different
temperatures, as presented in Fig. 4, and show the log-log
plots of resistance vs volume fraction for both transitions,

at plcv[gB2 = (.78 for the MgBs side of the transition and at
p$*O2 = (.34 for the CrOy side, in the insets of Figs. 4(a)
and 4(b) respectively. A close examination of the data
confirms that for both MgBs- and CrOs-dominated net-
works the transitions are percolative, with the average
exponent p = 2.16 & 0.15 (for the insulating-conducting
transition on the CrOg side) and s = 1.37 + 0.05 (for
the insulating-superconducting transition on the MgBo
side). Note that the standard deviation for the criti-
cal exponent pu is appreciably higher for the CrOs side,
and there is some weak temperature dependence of pu,
varying from 1.97 at 60 K to 2.36 at 2 K, which may be
related to the fact that conductance across the CrOs per-
colative network, especially at the lowest temperatures,
is dominated by tunneling. Interestingly, these experi-
mental values of critical exponent u for the conducting-
insulating transition on the CrOs side, as obtained in this
unconventional double percolation system, are very close
to the known theoretical values in conventional single-
component percolation systems (which are between 2 and
2.38 for 3D lattice and continuum networks respectively).
Whether this is merely a coincidence or indicates the uni-
versal behavior of conducting-insulating transition would
be of interest for further theoretical or experimental ex-
ploration, but is beyond the scope of this work. On the
other hand, the exponent on the MgB, side deviates sig-
nificantly from the known theoretical result (s ~ 0.75)
for the conductor-superconductor transition [29], which
could be related to the fact that the transition observed
here is effectively an insulator-superconductor one (see
Fig. 3).

The question of whether the critical exponent s mea-
sured in our system should coincide with the one in a
conventional conductor-superconductor transition is non-
trivial. Indeed, the conductor-superconductor transition
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can be modeled by short circuiting an element in the
resistor model [34], while adding a link between the el-
ements would correspond to the metal-insulator transi-
tion (on the metal side). However, in our binary system
it is impossible to separate these two operations. Ad-
ditionally, the critical currents across the MgBs/MgBs
interface are likely to be nonuniform and determined not
by the properties of the bulk MgBs, but rather by the
properties of interfaces, i.e., the weak links between the
MgB; particles (although these “weak” links are actually
quite strong [35]). In other words, the superconducting
current would propagate via the proximity or Josephson
coupling between grains, which assumes that the metal-
insulator percolative transition should occur first. This
is consistent with our measured exponent (s = 1.37),
which deviates from the value of conventional conductor-
superconductor transition towards that of the conductor-
insulator transition. Moreover, it is entirely possible that
magnetic CrOy particles may affect the superconductiv-
ity of MgBs, nanoparticles near the percolation threshold,
particularly in view of “surface aging” reported for some
of the MgBy nanoparticles [36]. In other words, there
could be a significant difference between superconduc-
tors percolating in a non-interactive media, and in a me-
dia with highly localized magnetic moments, as has been
shown for CrOq particles [37]. If this, indeed, is the case,
the critical exponent is likely to scale with the particle
size in a nontrivial way, particularly when the interaction
length becomes comparable with the nanoparticle size, a
phenomenon that could be explored in the future work.

Another difference in our findings, compared to the
previously reported results, is the location of percolation
thresholds in the heterogeneous nanocomposites studied
here. While the observed percolation threshold for CrOs

(pST92 = 0.34) was close to the known theoretical limit,
the threshold for MgB, (pMeB2 = 0.78) was significantly
higher than expected. This surprising result, which is
strongly dependent on the geometric shape and size dis-
parity of the constituent particles, is key to understand-
ing the double percolation effect. As determined from
the SEM images, the length of the individual CrOs rod-
like particles is only about one half the size of the MgBs
particles; they are also very thin, with the average as-
pect ratio about 6.5, so that their volume is around 0.5%
of that of MgBy spheres. Thus the percolation of small
CrO9 nanoparticles can be approximated as a percola-
tion process in a continuum matrix. The threshold value
of p$*©2 is also very close to p. = 0.31 that was recently
determined both theoretically and experimentally for a
system of conducting and insulating spherocylinders with
the same aspect ratio of 6.5 [38], corresponding to the
dimensions of CrOy particles used here. However, the
situation for the percolation of large MgBs particles is
much more complicated, and involves the particle filling
and packing factors as well as the excluded volume effect,
as will be outlined below.

B. Composition dependence and power law
behavior of filling factor

For a more comprehensive picture of percolation in the
CrO3/MgB; binary system it is also useful to consider
the effect of packing density near the percolation thresh-
old. Strictly speaking, it is the spacial occupation or the
probability fraction (the product of the volume fraction
by the filling factor), rather than the volume fraction
itself, that determines the percolation threshold. How-
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ever, as it turned out, the filling factor reaches a maxi-
mum of approximately 85% between the two thresholds.
It keeps very close to this value (~ 82.5% and ~ 81% at
the CrOy and MgBs thresholds respectively) and changes
only marginally in the range of interest, 0.2 < p < 0.35,
as shown in Fig. 5. Moreover, as the two types of con-
stituent particles have very different sizes and shapes, the
filling or packing may have generated some composition-
dependent spatial nonuniformity, which would further
complicate the estimates of the occupation probability.

In addition to measuring the filling factor near the
percolation thresholds, we have investigated its behav-
ior over the whole composition range (see Fig. 5). In-
terestingly, the maximum of the filling factor appears to
be close to the percolation threshold for CrOs, a non-
trivial result. Moreover, while on the MgBs-rich side
(with small p < pSTO2 starting from pure MgBs,), the fill-
ing factor depends approximately linearly on the volume
fraction (up to p &~ 0.3; see the left panel of Fig. 5), on the
other side of the threshold there is a clearly identifiable
power law dependence with the exponent a = —0.22 (see
the right panel of Fig. 5). This thus indicates a geometric
phase transition associated with particle packing near the
percolation threshold, which can be understood qualita-
tively. Indeed, adding more CrO, particles to the already
closely packed MgBs spheres of variable sizes increases
the filling factor — being approximately proportional to
the volume fraction p of CrOy — until, near the threshold
for CrOs percolation, large finite-size clusters of CrOs
particles begin to develop, making it no longer possible
to position the particles between MgB, spheres, and thus
driving the filling factor down (towards the filling factor
of pure CrO2, which is much lower). The observation
of a power law behavior at the CrOg concentrations be-
yond the percolation threshold is intriguing, as it may
indicate the link between electric (conductive) and geo-

metric properties of the composite system.

Taking plcvlgB2 = (.78 as the value of volume fraction,
we convert it to the spacial occupation or probability
fraction [39], pePz — flpygBQ, where f; is the filling
factor of all the particles at the MgB, threshold. Based
on the experimental value of MgBs, i.e., f; = 0.811, we
obtain P2'#%2 = f,p'#P2 = 0,633, which is within the
close packing limit of 0.64 for the random packing of
hardcore spheres [40]. Similarly, at pS™©2 = 0.34, the
spacial occupation is given by P70z = f,pCm0z = .27
(where f5 is approximately 0.79), in good agreement with
the percolation limit in 3D continuous models (p. = 0.28
for 3D continuum percolation [2]).

While the result of PCM &Bs

. = 0.633 is more reason-
able than pe 872 = 0.78 which was obtained purely from
the value of volume fraction, we need to consider that
our samples are cold-pressed, which should further re-
duce the average distance between the adjacent particles.
Hence the value of P, is expected to be much lower than
the random packing limit and be around the range of
0.2 — 0.5 as found in previous experiments of MgB; [§]
and YBayCuzO7 [41] superconductor systems or granu-
lar metal films [42], as well as in our measurements of
other systems that will be described in Sec. III D. To ad-
dress this discrepancy, we need to examine the detailed
configuration of packing between particles of large geo-
metric contrast, which is related to the effects of excluded
volume examined below.

C. Excluded volume effects

As illustrated in Fig. 6, voids between large MgBs
spheres are very effectively filled by small CrOs sticks
that are short and paper-thin, particularly under the
cold-pressing experimental condition, leading to the high



FIG. 6. Left: Schematics of MgBs spherical particles caged
by CrOz thin rods. Right: Excluded volume of a system
composed of a sphere (e.g., MgB» particle) and a thin rod
(e.g., CrO2 particle).

packing density as shown in Fig. 5. These CrO, sticks can
very effectively screen, or ”cage” larger MgBs spheres, as
can be also seen from the calculation of excluded volume
in a sphere-stick system [43, 44]. The excluded volume
of a given object is defined as the volume around the ob-
ject into which the center of another object cannot pen-
etrate (both objects are considered to be perfectly rigid)
[44, 45]. According to Onsager’s result for two sphero-
cylinders with diameters D and d and lengths L and I,
both randomly oriented, the excluded volume is given by
[43, 44]

Vip = %(d+p)3+ Z(d+D)2(l+L)+ %(dJrD)lL. (4)
For the sphere-stick system considered here, one of the
spherocylinders in Eq. (4) is a sphere (MgB2) with [ =0
and diameter D, while the other is a thin stick (CrOs)
with length L and diameter d < D, as illustrated in
Fig. 6. Thus from Eq. (4) the excluded volume of this
binary composite is simplified as

s s
Vo = =D+ = D?L. 5

6 + 4 (5)
Our measurement of this MgB,/CrO; system yields L ~
D/2 (see Sec. II), and thus V., /Vags, =~ 7/4, where
VuigB, = 7D3/6 is the volume of MgBy spheres. The
percolation threshold for MgBs can be approximated as

_ ]Vc‘/ngB2

P ;
‘/;ys

(6)
where V. is the total volume of the system and IV, is
the number of MgBs spheres at the percolation threshold,
which can be estimated from the simplest model [46] as
N, = Viys/Vep. Substituting this estimation into Eq. (6),
we obtain P, ~ Vg, /Ver ~ 4/7 = 0.57, which is con-
sistent with our experimental value of P, = 0.633. Note
that the percolation threshold is very sensitive to the par-
ticle shape and size. For example, paper-thin rectangular

particles with a volume fraction close to zero would be
extremely efficient in caging the spheres, resulting in the
percolation threshold approaching 1.

D. Single percolation in Mng/CrgOg,
MgB;/LSMO, and CrO;/LiCoO;: composites

Since the above explanation of anomalously high per-
colation threshold for MgBs based on the concept of ex-
cluded volume is essential for understanding our results,
we have performed several additional experiments to con-
firm that the value of threshold for MgBs is, indeed, inde-
pendent of the double percolation effect per se. First, we
annealed CrO, particles under vacuum using the recipe
of Ref. [16, 17] to convert them to CraO3 to study the
MgB3/Cr03 system. While now we no longer observe
double percolation in this system (as CroO3 particles are
insulating), the value of percolation threshold for MgBs
is found to be practically unchanged (0.76 as compared to
0.78), which confirms our assumption that it is, indeed,
the specific large geometric contrast between MgBs and
Cry03 or CrOs that drives the threshold higher.

In the second experiment we measured the threshold
for a MgBy/LSMO composite system, in which the shape
and size of the LSMO particles are quite different from
Cry03 or CrO5 — they are close to spherical but larger
in diameter than MgBs particles, with much less degree
of geometric contrast. Again, for this system only one
percolation threshold was observed (as the LSMO parti-

cles are insulating) with pg/Ing in the range between 0.32
and 0.39, a much smaller percolation threshold compared
to the case of MgBs particles percolating through the
CrO, matrix, but very close to the p$*©2 ~ 0.34 for the
CrOs percolating network in the spherical MgBs matrix.
We note that the percolation threshold in the system of
insulating-conducting Cr203/CrO4 spherocylinders (i.e.,
with no geometric contrast of constituent particles) was
recently determined to be = 0.31 [38], also quite close to
the threshold value obtained here.

The third experiment of CrOs percolating network
in the CrO2/LiCoOy composite is instructive because
LiCoOs particles are also approximately cylindrical (or
elliptical) with the diameter of about 3-4 ym and the
height of about 10 gm, much larger than the CrO, parti-
cles. In Fig. 7 we plot the resistance of the CrO5/LiCoOx
composite as a function of the volume fraction p of CrO4
and also as a function of |p — p.| for p < p. (where the
conducting path involves the CrO5/LiCoQOs heterointer-
faces) to fit into the scaling relation of Eq. (3). The mea-
surements were performed at 200 K in order to minimize
conductivity through the LiCoOs particles. We deter-
mine the percolation threshold to be p, = 0.16 and the
critical exponent to be p = 2.12.

While this value of the critical exponent is very similar
to the one obtained for the conductor-insulator transi-
tion in the MgBy/CrOy double percolation system, the
percolation threshold is significantly lower. Taking into
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FIG. 7. Left panel: Resistance of the CrO2/LiCoO; system as a function of the volume fraction of CrO2. Right panel:
Resistance scaling and the critical exponent p near the percolation threshold.

account the filling factor for this system (f = 0.78 as
we measured), the occupation probability is given by
P, = 0.125, in good agreement with the random pack-
ing limit for identical particles (the Scher-Zallen value
of 0.16 for spheres [39]). In contrast to the MgBy per-
colation described in the previous section, the excluded
volume for CrOs in the CrO5/LiCoOy system is close
to the actual volume of the LiCoOs cylinders [by using
Eq. (4) and neglecting the volume of much smaller CrOs
cylinders], and thus does not significantly alter the per-
colation threshold.

E. Magnetoresistance effects

To further explore the structure-property relation in
the MgB2/CrO2 composite system, we measured the re-
sistance of the samples as a function of the magnetic
field. We can identify three different volume fraction
ranges p in which magnetoresistive effects were observed
in these composites. The composites with p > 0.34,
above the percolation threshold of CrOs, show a charac-
teristic butterfly-like resistance vs magnetic field curves
(not shown), similar to the results obtained in Ref. [9],
while composites with MgBs volume fraction pM&B2=1—p
above the percolation threshold of MgBy (on the super-
conducting side of the insulator-superconductor transi-
tion) show a complex behavior due to the presence of
continuous superconducting links, as will be described
below.

The most interesting behavior is observed in the in-
termediate region, i.e. in the range 0.22 < p < 0.34
when none of the individual components percolate. An
example of reversible results of resistance R vs magnetic
field H (between —5 T and 5 T) at different tempera-
tures for p = 0.25 (near the maximum of the resistivity

peak) is shown in Fig. 8. At high enough temperature
(> 25 K), the resistance curves are of the characteristic
butterfly shape as well, as shown on the right panels of
Fig. 8. Our results can be compared with those obtained
before for CrO5 powders which were also cold-pressed in
a matrix with antiferromagnetic insulating CroO3 parti-
cles [9], where the characteristic butterfly-shape curves
with reversible high-field slope were observed, with the
two peaks occurring near the temperature-dependent co-
ercive field. In this case the magnitude of magnetoresis-
tance MR is then defined as (Rmax — Rmin)/ Rmin, Where
Rax 18 the maximum resistance and the resistance Ry,
is determined by extrapolating the linear part of the
curve at large magnetic field to zero field, similarly to
the procedure adopted in Ref. [9].

It has been shown that the magnetoresistance in this
case might be associated with spin-dependent tunneling
via the alignment of the magnetization of CrOs parti-
cles [9]. For our MgBy/CrOs system here, the maxi-
mum magnetoresistance generally occurs at the lowest
measurement temperature (T = 2 K), as seen in Figs. 9
and 10. However, in contrast to the results of Ref. [9]
for CrO4/Cry03 powders, the peaks of resistance shown
in Fig. 8 do not coincide with the coercivity (~ 0.1 T)
at temperatures below 35 K (the critical temperature of
MgBs). Moreover, at temperatures below the supercon-
ducting transition temperature T the position of the
peaks shifts towards smaller fields (although the coer-
civity nominally increases slightly in this temperature
range), until the curves become practically non-hysteretic
at 2 K and 5 K. This suggests that magnetoresistance at
this composition is determined for the most part by the
MgBs/CrOs interfaces.

The magnitude of magnetoresistance MR as a function
of temperature for different volume fractions of CrOs is
plotted in Fig. 9, while the MR as a function of volume
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FIG. 8. Resistance of CrO2/MgBs cold-pressed samples below the MgB2 percolation threshold (at p = 0.25) as a function of

magnetic field H at different temperatures. Left: full range of m

agnetic field ranging from —5 T to 5 T. Right: blow up of the

central region (from —1 T to 1 T), with the characteristic butterfly-shape magnetoresistance curves appearing above 15 K.

fraction at different temperatures is plotted in Fig. 10.
As can be seen from both figures, the MR of this system
has two maxima: one, with MR ~ 42% at 2 K, is for
the sample at p = 0.25, which corresponds to the largest
resistance (see Fig. 3); the other of approximately the
same MR value corresponds to a much higher fraction
of CrOs, significantly above the percolation threshold,
which is consistent with the value of MR = 45% ob-
tained in Ref. [9] for pure CrOy powders. We can quali-
tatively explain this behavior by the interplay of the con-
ductance and magnetoconductance at CrOs/CrOs and
CrO3/MgB; interfaces. At high volume fraction of CrOs
the transport properties of the system are determined
for the most part by the CrO3/CrO; interfaces. Below
the percolation threshold of CrOs “infinite” cluster of
CrOs is no longer present in this double percolation sys-
tem (see Sec. IIT A), so that the conductance is beginning
to be strongly influenced by the CrOz/MgB; interfaces,
which have significantly higher contact resistance at low

temperatures. As the fraction of MgBs increases (i.e., p
decreases) further and the number of CrO,/MgBs; inter-
faces increases, the MR of the composite becomes com-
mensurate with the resistance, reaching a maximum at
p = 0.25 which corresponds to the highest resistance of
the system (as shown in Fig. 3). This picture is consis-
tent with the fact that the increase of MR near p = 0.25
as the temperature is lowered has the fastest rate com-
pared to all other compositions (see Fig. 9), emphasizing
the role of S/F interfaces and the coupling between the
magnetoresistance effect and double percolation transi-
tion.

While the maximum values of MR = 42% in our com-
posite system at 2 K (see Fig. 10) is comparable to the re-
sults of Ref. [9], we believe that the origin of this magne-
toresistance near p = 0.25 is very different. Indeed, while
the value of the upper critical field H.o, obtained from
our resistivity measurements for pure MgBs samples, was
about 6 T at 5 K (at 2K it exceeded the maximum field
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FIG. 10. Magnitude of magnetoresistance for the CrO2/MgB2
samples with volume fraction p > 0.24 at different tempera-
tures.

we could apply in our PPMS/MPMS systems), the first
critical field H.; is known to be quite low, with vortices
observed at magnetic fields on the order of mT [47]. As a
result, a certain field-dependent fraction of MgB, surface
area has a modified electronic structure with strongly
suppressed superconductivity even at relatively low fields
[19], influencing the Andreev reflection amplitudes, which
affects the resistance of the MgBs /CrOs contacts, reduc-
ing the overall resistance of the composite sample. In a
field on the order of 100 mT, comparable to the coer-
civity of CrOg [15], The distance d between vortices in
a type II superconductor can be estimated to be on the
order of 100 nm. This implies that at least several vor-
tices are present within a single MgB, nanoparticle, with

12

the number averaging out over the current path. This,
in turn makes it possible to introduce a ”parallel resis-
tance” model, which was evaluated in the Point Contact
Andreev reflection (PCAR) measurements of MgBs in a
variable magnetic field [48]. While it may be possible to
study the effect quantitatively, it is not easy due to the
two-band structure (o, 7) of MgBs which have different
coherence lengths and other parameters [48] and is be-
yond the scope of this work. Qualitatively, though, we
note that our simple model explains the absence of hys-
teresis at the lowest temperatures, where the Andreev
reflection effects in MgB5/CrO2 junctions dominate the
overall resistance. A very small hysteresis is still present,
likely due to a stray magnetic field from CrOs nanoparti-
cles. At higher temperatures when the CrOs/CrOs junc-
tions are beginning to play a progressively more impor-
tant role in the overall resistance, the hysteresis gradually
appears, in agreement with the finding of Ref. [9]. Sim-
ilarly, the sharpness of the MR peak (as a function of
volume fraction; see Fig. 10) is maximized near p = 0.25,
which corresponds to the largest resistance and hence the
largest number of MgBy/CrO4 junctions.

A different type of magnetoresistance is observed in
samples for which the MgBs volume fraction is above the
MgBs percolation threshold (i.e., smaller p and larger
1 —p > pMeB2). A typical magnetic-field dependence
of resistance is presented in Fig. 11. The sample resis-
tance increases with magnetic field at various tempera-
tures, showing positive magnetoresistance, in contrast to
the negative magnetoresistance for the volume fraction of
MgBs below its percolation threshold as described above.
Interestingly, larger volume fraction of MgBs (smaller p)
corresponds to higher maximum temperature at which
the positive magnetoresistance can be observed; e.g., for
a pure MgB, sample (p = 0), positive magnetoresistance
is observed up to 37 K, while for samples of lower MgBo
concentration (larger p) positive magnetoresistance is ob-
served only below 25 K, which may be related to the
increased influence of the magnetic phase (CrOz).

A similar phenomenon of positive magnetoresistance
has been observed by Barber and Dynes [49], who
investigated granular Pb films near the insulator-
superconductor transition in a magnetic field. They de-
scribed three regimes corresponding to this behavior. At
magnetic fields higher than some crossover point H,, a
power-law behavior R o« H® was found for intermedi-
ate fields, while at higher magnetic fields a logarithmic
behavior R o log H was observed. The authors related
the crossover field H, to the size of the regions of su-
perconducting phase coherence, which increases with the
average grain thickness. In our case here, a similar sce-
nario may take place, that is, more MgBy particles are
needed to achieve global coherence.

We note that for the concentration range very close to
the MgB, threshold, hysteretic behavior has been repeat-
edly observed at the lowest measurement temperature
(~ 2 K) [see Figs. 11(e)-11(i)]. We speculate that this
behavior might be related to the vortex motion in MgBs,
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FIG. 11. Magnetic-field dependent resistance of (CrOz),(MgB2)1—, cold-pressed samples for p = 0, 0.055, 0.150, 0.177, 0.198,

0.205, 0.213, 0.221, and 0.228 in panels (a)—(i) respectively.

although more systematic studies are needed to confirm
this assumption. Qualitatively similar effects have also
been observed in the (LSMO),(MgBs);_, composite sys-
tem. In Fig. 12 the magnetic-field dependent resistance
curves for (LSMO)g.61(MgB2)o.39 are presented, showing
the behavior analogous to that for (CrOsz),(MgB2)1_,
samples presented in Fig. 11.

IV. CONCLUSIONS

We have investigated a number of two-component
nanoparticle percolation systems, the complex behavior
of which is controlled by their functional properties, such
as interface tunneling between the superconducting and
ferromagnetic nanoparticles, as well as their geometric
properties such as size and/or shape disparity, as demon-
strated by our results of CrOs/MgBs, CryO3/MgBa,

LSMO/MgBs, and CrO5/LiCoOs composite systems.
Compared to the CrOs/MgBs double percolation com-
posite showing anomalously large threshold for MgBq
percolation (with volume fraction poleB 0.78), replac-
ing CrOs particles with ferromagnetic and approximately
spherical LSMO particles resulted in a much smaller av-
erage percolation threshold p. =~ 0.35. On the other
hand, replacing roughly spherical MgB, particles by large
cylindrical LiCoOs particles resulted in a low percolation
threshold for CrOs, with volume fraction p. = 0.16.
The effect of particle geometry disparity, combined
with the effectively blocked conductance path between
different types of constituent particles, is directly re-
sponsible for the double percolation transition observed
in the CrO3/MgBs system, resulting in a conductor-
insulator-superconductor crossover effect. Each of the
CrOs- and MgBs-dominated percolative transitions is es-
sentially different from the conventional percolation tran-
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FIG. 12. Results of resistance vs magnetic field for

(LSMO)o.8(MgB2)o.2 sample at different temperatures.

sitions for a single type of particles involving conducting
or superconducting states, resulting in a similar but dif-
ferent form of scaling behavior for the sample resistance
near each percolation threshold when p < p. (instead
of p > p. conventionally) in our unconventional binary
composite systems. Our simple model can explain the
anomalously high threshold observed for the spherical
MgBs particles, which is directly related to the large ge-
ometric contrast of the constituent particles and the cor-
responding excluded volume of highly anisotropic CrOq
sticks. We have also found the link between the max-
imum filling factor for the CrO2/MgBs composite and
the percolation threshold for CrOs, as well as a power
law behavior of the filling factor, indicating the presence
of geometric phase transition in this system.

Using the range of volume fractions 0.22 < p < 0.34
we were able to isolate the contributions of CrOs/MgBs
junctions to electrical conductivity of the composite sys-
tem. This, in turn, made it possible to directly mea-
sure the effects of non-hysteretic magnetoresistance at
the half-metal /superconductor interface, where a partial
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suppression of superconductivity in a Type II two-gap
superconductor (MgBs) leads to the decrease of the junc-
tion resistance [13]. The low-temperature MR values are
very sensitive to minute variations of composition near
the resistance maximum, with the highest MR ~ 42% at
liquid helium temperatures obtained at volume fraction
p = 0.25 between the two percolation thresholds.

The approach presented here can be applied to other
material systems to provide an effective avenue for un-
derstanding the nontrivial connection between mate-
rial functionality and the structure or geometry of its
constituents, which is especially important for multi-
component systems. Another implication of this study is
the possibility of controlling the system properties by ad-
justing various geometric factors (size, shape, anisotropy,
etc.) of the constituent particles, to realize differ-
ent system modes important for materials applications
(e.g., conducting-insulating-superconducting crossover as
demonstrated here). For example, one may be able to
adjust the percolation thresholds by varying the size
of one (or both) of the constituent particles to facili-
tate a convergence of the non-percolative segment in the
composition-resistance phase diagram to a single point,
so that the resistance of such a system will become es-
sentially bimodal, a useful property for various device
applications.
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