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Abstract. The electrical conductivity and magnetoconductance (MC) have been measured
in crystalline nickel–silicon (c-NixSi1−x ) films as a function of nickel content,x. An
abrupt decrease in the conductivity is observed at the metal–insulator transition wherexc ≈
13.5 at.% Ni. The discontinuity is explained in terms of a percolation model. Above 4 K,
the magnetoconductance (MC) is negative and arises from an electron–electron interaction
contribution and a weak-localization contribution involving strong spin–orbit scattering. Below
4 K, the magnetoconductance rapidly becomes positive. These low-temperature MC data can be
explained using a model of electrons scattering from superparamagnetic particles, first introduced
by Gittlemanet al.

1. The anomalous magnetoconductance puzzle

Over the last decade numerous investigators have observed in amorphous films a dominating
positive magnetoconductance (MC),1σ = σ(B) − σ(0), which generally appears at low
temperatures below 1 K. In contrast, the MC measurements above 4 K are usuallynegative
and can be nicely explained using the electron–electron interaction (EEI) theory and the
weak-localization (WL) theory involving strong spin–orbit scattering. Below 4 K, a new
scattering process often starts to dominate the negative EEI and WL contributions, producing
an effectivepositivemagnetoconductance. Some examples are these: amorphous CrxGe1−x
observed by Heinrichet al [1], amorphous RexSi1−x :Fe by Vinzelberget al [2], CrxSi1−x
and Crx(SiO)1−x by Vinzelberget al [3], amorphous NixSi1−x by Rosenbaumet al [4] and
by Abkemeieret al [5], amorphous FexGe1−x by Albers and McLachlan [6], granular Ni–
SiO2 films by Gittlemanet al [7] and in melt-spun granular CoCu by Hickeyet al [8]. The
positive magnetoconductance has gone unexplained with the exception of the interpretations
found in the articles of Gittlemanet al [7] and of Hickeyet al [8].

2. Theoretical background on the positive magnetoconductance

The theoretical model that most likely explains the positive MC data was suggested years
ago by Gittlemanet al [7]. A few years after the Gittleman publication, Helman and
Abeles presented a different model based upon electrons tunnelling between neighbouring
grains whose magnetic moments are not parallel [9]. The Helman–Abeles model again
incorporated the main argument introduced by Gittlemanet al. Several years ago, Zhang
Shufeng rederived the Gittleman results [10], and, most recently, Wiser advanced the
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Gittleman theory for the case of very small superparamagnetic (SPM) particles having a
range of particle sizes[11]. Wiser’s theory was motivated by the experimental MC results
on granular melt-spun CoCu films investigated by the University of Leeds group [8].

Gittlemanet al considered a sample consisting of very fine magnetic particles or grains
embedded in a nonmagnetic host [7]. If each magnetic particle or grain is ferromagnetic
consisting of a single magnetic domain and if its diameter is so small that the direction
of its magnetic moment is not fixed in space owing to thermal agitation, the particle is
called superparamagnetic, or an SPM particle. In order to have a single domain, the particle
diameter usually has to be less than the typical width of a domain wall that separates two
neighbouring domains. For example, the typical width of an Ni domain wall is 700Å
[12, 13]. Thus, the Ni particle must have a diameter less than 700Å to be single domain.
If the SPM particles are isolated from one another, there will be no significant coupling
between the particles; and in this case, the system behaves like a paramagnetic system of
randomly aligned magnetic moments of large magnitudes. Let us define the normalized
magnetoresistance1ρ(B)/ρ(0) as

1ρ(B)/ρ(0) = [ρ(B)− ρ(0)]/ρ(0) = −1σ(B)/σ(B) ≈ −[σ(B)− σ(0)]/σ(0) (1)

provided thatσ(0) ≈ σ(B). Gittlemanet al considered the contribution to1ρ(B)/ρ(0)
due to an electron moving from one SPM particle to another. They showed that the
probability for the electron to be scattered depends on the degree of correlation between the
magnetic moments of neighbouring SPM particles averaged over all configurations. Thus,
1ρ(B)/ρ(0) is proportional to−〈µ1 · µ2〉, whereµ1 andµ2 are the magnetic moments
of the initial and final SPM particles that define the path of the scattered electron. For
SPM particles, the magnetic field causes partial alignment betweenµ1 andµ2. Therefore
it follows that

1ρ(B)/ρ(0) ∝ −〈µ1 · µ2〉 = −〈µ1 · B̂〉〈µ2 · B̂〉 (2)

1ρ(B)/ρ(0) ∝ −[M(B)]2 (3)

whereB̂ is a unit vector in the direction of the magnetic field andM(B) is the magnetization.
For this reason the data for the magnetoresistance are often compared to a plot of the
magnetization squared, if magnetization data are available.

If magnetization data are not available, as is our case, the magnetization might be
approximated by the classical Langevin function,M(x) ∝ L(x):

L(x) = coth(x)− 1/x (4)

wherex = µBgeff B/kBT . For largex, L(x)→ 1; and for smallx, L(x)→ x/3. Refer to
Sears’ book for the derivation of the Langevin function [14]. Thus, the Gittleman derivation
suggests that themagnetoconductanceshould be positive and quadratic with small fields
and should saturate at high fields. There are two fitting parameters—the effective Landé
geff factor appearing in the argumentx and the factor in front of the Langevin function.
Thus the magnetoconductance associated with the superparamagnetic particles,1σSPM , is:

1σSPM = 1σsat [L(x)]2 (5)

where1σsat is the high-field saturated MC value obtained from the data.
The above results apply only if all the magnetic particles are SPM. However, if there is

a range of particle sizes present in the film, then one can obtain results that are completely
different from (5). Wiser has calculated the magnetoresistance for such a sample and found a
linear variation with the fieldB [11]; his calculated values for1ρ(B)/ρ(0) are in excellent
agreement with data for a melt-spun granular sample of CoCu [8].
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The other two theories used in the fitting of the MC data are the 3D electron–electron
interaction (EEI) theory that has been well described in the literature [15, 16] and the 3D
weak-localization (WL) theory that has been detailed also in the literature [17, 18].

3. Sample preparation and characterization

TwentycrystallineNixSi1−x films were produced by heat treatingamorphousNixSi1−x films
in a vacuum cell at 500◦C for two hours and allowing the cell to slowly cool down during
one day. If numerous films are to be studied from a particular series, it is important that all
the films be heat treated together simultaneously in order to insure that these films have an
identical thermal cycling history. The amorphous films had been previously deposited on
microscope glass slides that were maintained at room temperature during the evaporation.
Details on the fabrication of the amorphous NixSi1−x films can be found in [4] and [19]. The
film thicknesses are typically 1000̊A. The nickel contents were determined using EDAX
(energy dispersive analysis of x-rays) and Rutherford back-scattering studies.

In order to assure that the transmission electron microscope (TEM) samples had the
same structure as the films studied in the transport measurements, the TEM samples were
also converted in the same run. The TEM samples were obtained from films evaporated
onto photoresist coated glass pieces, that were located adjacent to the substrates used in the
conductivity studies. These TEM films were lifted off the glass pieces by dissolving away
the photoresist in acetone, and the free films were then floated onto standard copper TEM
grid holders that provided mechanical support for these fragile films. Thus, these TEM films
had identical fabrication and thermal cycling history as the actual measured films; hence,
they should reflect the same structural details that were present in the measured films.

With reference to the convertedcrystalline films, transmission electron microscope
studies revealed sharp diffraction rings of crystalline Si and weak diffused rings of the
metallic Ni2Si compound. Dark-field electron microscope pictures suggested that the Si
grains are large and on the order of 100Å to 200Å. The Ni2Si structure was not observable,
and thus its typical size cannot be ascertained. Thus, these films are composed of large
insulating Si grains between which are meandering paths of the conducting Ni2Si compound.
Figure 1 illustrates our proposed structure for the films. As long as there is at least one
continuous conducting path of Ni2Si throughout the sample, the film is probably metallic.
When the last path is broken by decreasing the Ni content, the electrons must travel through
the Si grains either by thermal activation from the valence band into the conduction band
of the Si or via variable-range hopping in the Si in order to transverse from one conducting
segment of Ni2Si to another isolated segment of Ni2Si.

The magnetoconductance data strongly suggest the presence of magnetic particles.
What is the physical origin of the magnetic particles? We speculate on the following
explanations. One possibility is segregation of excess magnetic atoms during the thermal
conversion step, thus forming small magnetic particles. In our case, this would be small
Ni particles. Alternatively, the magnetic atoms could come from magnetic impurities in the
glass substrate that diffuse to the glass–film surface during the heat conversion step. For
example, our microscope glass slides have 0.045% Fe2O3 [20]. Another possibility is the
presence of magnetic impurities in the starting materials used for the evaporation of the films
[21] or magnetic impurities in the graphite evaporation boats that contained these materials
[22]. Lastly, there is the possibility of formation of a magnetic compound during the heat
conversion step; for example, Belu-Marian’s group suggests that the compound NiSi2 can
also form during the heat conversion step, and that this compound is magnetic [23]. We
saw no diffraction rings of NiSi2 in our films, suggesting the absence of this compound in
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Figure 1. Proposed structure of the crystalline NixSi1−x films based upon TEM studies
and magnetoconductance results. The Si grains are excellent insulators; and the electrical
connectivity is through the metallic meandering paths of the Ni2Si compound. Also shown
are the magnetic particles or grains that become superparamagnetic below 3 K.

our films. The nickel–silicon phase diagram is quite complex [24]. The presence of these
magnetic particles is also included in figure 1.

4. Zero-field conductivity data

The unconvertedamorphousNixSi1−x films exhibited a smooth continuous decrease in the
electrical conductivity as the Ni metal content,x, was decreased [4], as illustrated in figure 2;
considerable experimental effort was required to identify the metal–insulator transition which
occurred at the critical nickel concentrationxc of 25 at.% Ni in theamorphousfilms [4].
In total contrast, the convertedcrystalline films exhibited a spectacular decrease of the
conductivity at a nickel content of about 13.5 at.% Ni, illustrated in figure 2. The jump
is on the order of five magnitudes, suggesting the breakage of the last critical backbone
(conducting path) in a percolation path model described earlier. Collver reported a critical
concentration of 13 atm.% in his films [25, 26]. Similar discontinuous jumps were first
observed by Abeles’ group many years ago in W–Al2O3 annealed at 1500 K for 2 hours
[27], in Au–Al2O3 [28] and in Ag–SiO2 [29]. By far the most spectacular jump was recently
reported by Wu and McLachlan in a composite system composed of conducting graphite
and the very insulating compound boron nitride [30].

Below the MIT atxc = 13.5 at.% Ni, the resistivity of the insulating films exhibited
activated hopping whereρ(T ) = ρ0 exp(T0/T )

y ; hereT0 is a characteristic temperature
and y is an exponent. For intrinsic conduction (thermal activation of electrons from the
valance band to the conduction band) or also for the cases of extrinsic conduction or nearest-
neighbour hopping,y = 1. For 3D Mott variable-range hopping,y = 1

4 [31], and for Efros–
Shklovskii variable-range hopping,y = 1

2 [32]. As the resistivities of the insulating films
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Figure 2. Room-temperature conductivity values versus the nickel content,x. The circles
represent the amorphous unconverted nickel–silicon, while the crosses represent the crystalline
converted nickel–silicon structure. Notice the discontinuous jump in the conductivity at 13.5 at.%
Ni for the converted films.

were so high even at room temperature, only a limited high-temperature span of resistivity
measurements between 300 and 800 K was possible. We observed intrinsic conduction with
y = 1 above 300 K with an energy gap of 0.99 eV, close to that of 1.1 eV reported for
crystalline Si [13].

One would anticipate that all the films above the MIT would be metallic. The test
that identifies whether the films are metallic or insulating is the parameterw defined as
w = d lnσ/d lnT ; if the film is metallic and its conductivity can be described by the
empirical expressionσ(T ) = σ(0) + cT z, thenw → 0 asT → 0. In contrast, if the film
is insulating and displays activated conductivity, thenw →∞ asT → 0. With reference
to films having nickel contents greater than 14 at.%, these films had conductivities whose
w values tended to extrapolate to zero, thus identifying all these films as metallic. The
exception was film No 27 which was barely insulating, and has a nickel content of 13.8 at.%.
Thus, the MIT is located slightly abovexc ≈ 14 at.% Ni. according to thew criterion.

We have fitted the low-temperature conductivity of the metallic films below 4 K to the
expression

σ(T ) = σ(0)+ CT 1/2+DT z (6)

where the first termσ(0) represents the finite conductivity at absolute tempera-
ture, the second termCT 1/2 is the electron–electron interaction contribution with
C ≈ 3 K−1/2 (� cm)−1 [15] and the last termDT z is an additional scattering process,
perhaps arising from the presence of the superparamagnetic particles and/or from weak
localization.

Experimentally, we find values ofD = 1.1 K−3/2 (� cm)−1 and z ≈ 3/2. The fit is
shown by the solid line in the inset of figure 3. We have no explanation for this last term;
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Figure 3. The conductivity of the metallic film having 19 at.% Ni as a function of temperature.
The inset displays the low temperature data that are compared to the empirical expression
σ(T ) (� cm)−1 = 438.4+3.2(T /K)1/2+1.1(T /K)1.55. The first term represents the conductivity
at absolute zero,σ(0). The second term comes from electron–electron interactions. The origin
of the third term is not understood. The linear temperature dependence of the conductivity above
50 K comes from electron–phonon scattering.

and we were not successful in fitting a Kondo resistivity term, a ln(TF /T ) term, to these
data [33]. We explain the linear decrease of the conductivity with increasing temperatures
observed above 50 K in figure 3 as due to scattering of the electrons from phonons. For
temperatures greater than2Debye/5, the phonon population of all frequencies is proportional
to T . As a result, the temperature correction to the resistivity,1ρ(T ) ∝ T [34, 35]. As the
conductivity σ(T ) changes little in the high-temperature range between 50 and 300 K as
seen in figure 3, we anticipate that1σ(T ) ∝ −T as observed experimentally. The Debye
temperature for Ni is 450 K [13].

A fit of (6) to the conductivity data of each metallic film yields a value forσ(0), the
conductivity at absolute zero. According to the scaling theory that predicts a continuous
transition in a 3D system near the MIT owing to disorder, the zero-temperature conductivity,
σ(0), can be extrapolated to zero according toσ(0) = σ0(x − xc)s [36]. For our case of
strong spin–orbit scattering, the effective critical conductivity exponent,s, is predicted to
be s ≈ 1 [37–39]. The MIT should occur whenσ(0) vanishes. An extrapolation of the
σ(0) data versus Ni content in figure 4 indicates a critical concentrationxc ≈ 13 at.% Ni,
consistent with the observed jump in the room-temperature conductivity at 13.5 at.% Ni.
The scaling theory prediction should be contrasted with the Mott prediction of a minimum
metallic conductivity [40], which is not observed in this system.

5. Magnetoconductance data and comparison to the theories

We had anticipated observingnegative magnetoconductance (MC) values in crystalline
NixSi1−x based upon thenegativevalues already observed in the amorphous NixSi1−x films
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Figure 4. The zero-temperature conductivities versus nickel content,x. Values forσ(0) were
obtained from empirical fits of equation (6) to the low-temperature conductivity data for the
different metallic films. The MIT occurs whereσ(0) extrapolates to zero, atxc ≈ 13 at.% Ni,
according to the scaling theory.

[4]. The negative magnitudes arise from a negative contribution from electron–electron
interactions (EEIs) [15]:

1σEEI (B, T ) = −[e2F̃σ /(4π
2h̄)][kBT /(2h̄Ddiff )]

1/2g3{geff µBB/kBT } (7)

and from the negative weak-localization (WL) contribution involving strong spin–orbit
scattering [17, 18]:

1σWL(B, T ) = e2

2π2h̄

√
eB

h̄

[
3

2
f3

(
B

Bin(T )+ 4
3Bso + 2

3Bs

)
− 1

2
f3

(
B

Bin(T )+ 2Bs

)]
. (8)

Analytic expressions for the functionsg3(x) and f3(y) can be found in references [16]
and [18]. The fitting parameters in the EEI expression are the diffusion constantDdiff ,
the electron screening parameterF̃σ and the effective Land́e factor geff . In the WL
expression, the fitting parameters are the temperature-independent effective spin–orbit field
Bso and the effective magnetic scattering fieldBs and the temperature-dependent effective
inelastic fieldBin(T ). The relation between the scattering timeτx and fieldBx is given by
τx = h̄/4eDdiff Bx [41].

The magnetoconductance of the metallic film No 19 having 19 at.% Ni was compared
to the three theories. Above 3.2 K, the MC is negative as illustrated in figure 5, and only
the EEI and WL processes contribute. Reasonable values were assigned to the parameters:
Ddiff = 1× 10−4 m2 s−1, ge = 2 for the electron Land́e factor,F̃σ = 0.2 and the effective
magnetic scattering fieldBs = 0. The inelastic fieldBin(T ) was a free fitting parameter as
well as the temperature-independent spin–orbit fieldBso; Bso took on the value of 1.19 T.
Note that the spin–orbit field is large corresponding to strong scattering with a typical time
of τso ≈ 1.3× 10−12 s. The data of figure 5 represent the WL contribution only, where
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Figure 5. Fits of the weak-localization theory to the magnetoconductance data at 3.2 K and above
for the metallic film having 19 at.% Ni. The small negative EEI contribution has already been
subtracted from the original data. Notice the negative MC magnitudes, arising from the weak-
localization contribution which includes strong spin–orbit scattering. The fitting parameter—the
temperature-independentspin–orbit effective fieldBso—is large and equal to the constant value
of 1.91 T. Thetemperature-dependentinelastic fieldBin(T ) is treated as the only variable fitting
parameter to the different curves.

the very small EEI contribution has already been subtracted from the raw MC data. The
solid lines in figure 5 are fits of the WL theory only. The resulting values for the inelastic
effective fieldBin(T ) and the inelastic scattering timeτin(T ) are presented in figures 6(a)
and 6(b).

The magnetoconductance rapidly changes its behaviour below 3 K as shown in figure 7.
The MC data suggest that a new process ‘turns on’ below 3 K and completely dominates the
EEI and WL terms. At 0.5 K, the MC is now positive, increasing very rapidly in magnitude
at small fields of a few hundred Gauss and then tending to saturation at higher fields. In
order to analyse the data, we assume that this new scattering process works independently
of the EEI and WL terms, and hence the negative EEI and WL terms can be approximated
in magnitude and subtracted from the data to leave only estimated values for the MC of this
new process. By extrapolating values for the effective inelastic fieldBin(T ) to temperatures
below 3 K from figure 6(a), the WL term to the MC can be estimated. The contribution
from the EEI term can be directly calculated. The resulting MC data with the Wl and EEI
contributions subtracted are shown in figure 8. Owing to the saturation behaviour at higher
fields for these MC data and its positive sign, the data suggested to us a connection to
magnetization behaviour, also observed in [42].

We believe that the Curie temperatureTC for most of our magnetic particles is 3 K.
Above 3 K, the particles are paramagnetic and have negligible influence on the conductivity
and magnetoconductance; below 3 K, these particles are superparamagnetic.

According to (5), the positive MC can be fitted to the expression1σSPM(B) =
1σsat (T )L

2(x), whereL(x) is the Langevin function,1σsat (T ) is the saturated MC at
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(a)

(b)

Figure 6. Extracted values for (a) the effective inelastic fieldBin(T ) and (b) the inelastic
scattering timeτin(T ) obtained from the fits to the MC data of figure 5.

Figure 7. The magnetoconductance (MC) data below 3 K as afunction of applied field for the
metallic film having 19 at.% Ni. Notice the positive sign of the MC as well as the rapid rise of
the MC at very low fields and the tendency of the MC to saturate at high fields.

high fields andx = geff µBB/kBT . The values for the saturated MC,1σsat (T ), can be
estimated from the curves of figure 8. The only fitting parameter is the effective Landé
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Figure 8. Experimental values for the excess magnetoconductance1σSPM(B), where the
electron–electron interaction contribution and the weak-localization contribution have been
subtracted from the 0.49 K and 1.9 K data of figure 7. The lines are fits usingσsat [L(x)]2, where
L(x) is the Langevin function that approximates the magnetization andx = geff µBB/kBT . The
fits are based upon a model of electron scattering from superparamagnetic particles, suggested
by Gittlemanet al.

factor geff which took on a typical value of 130. The dashed line fit to the MC data at
T = 0.49 K in figure 8 is acceptable using the Langevin function approximation to the
magnetization. Both theB2 behaviour of the MC at low fields and the saturation of the MC
are reproduced. The saturation behaviour occurs at fields greater than 0.1 Tesla. However,
there are inconsistencies at higher temperatures. For example the theory predicts that at
the higher temperature of 1.667 K, the saturation behaviour should occur at higher fields
of approximately 0.3 Tesla. This prediction is not observed in the MC data at 1.667 K in
figure 7 and might be associated with different Curie temperatures for the various particles
in this transition region. Moreover an effective Landé geff of 265 was required to fit the
1.9 K MC data. It would be useful to extend the MC to lower temperatures where one
would anticipate saturation at even smaller fields (less than 0.1 Tesla).

Since the Land́e g factor for nickel is 0.60 [43], a typical superparamagnetic particle
having an effective Land́e factorgeff of 130 would be composed of about 220 nickel atoms.
Using an interatomic distance of 2.49̊A for a Ni atom [12], 220 nickel atoms would be
fitted into a particle or grain having a diameter of 15Å. If the moment arises from the
NiSi2 compound rather than Ni atoms and if the unit cell of NiSi2 has a larger diameter
of 5.5 Å and perhaps the typicalg factor of≈2, then the typical particle diameter would
be 22 Å. A particle smaller than 30̊A is too small to be observed in our transmission
electron microscope. For evaluating (1), typical values forσ(T = 0.49 K, B = 0) and
σ(T = 1.67 K, B = 0) are 453.206 and 457.195 (� cm)−1 for the x = 19 at.% Ni film.



Conduction processes in crystalline NixSi1−x films 133

The very small diameters of the SPM particles are expected to directly influence their
physical properties. First, the Curie temperatureTC should be greatly reduced. Recall that
the Curie temperature is directly proportional to the exchange constant,J . If the particle
is small, most of the atoms reside on the surface rather than in the bulk, and hence the
effective exchange constant,J , should be greatly reduced. For example, Beckmann and
Bergmann report that two Ni atoms are barely magnetic [44, 45]; in support of this claim
are the magnetoconductance results of Linet al [46] which suggest that Ni particles having
diameters smaller than 6̊A are nonmagnetic, which implies thatTC = 0. In contrast, bulk
Ni has aTC = 627 K [13]. Thus for very small-diameter Ni particles, there must be a rapid
decrease ofTC → 0; this argument might explain our low Curie temperatures ofTC ≈ 3 K.
Secondly, there are preferred orientation directions of the magnetic moment of the SPM
particle along certain crystallographic directions. In our case the unit cell is probably that
of Ni or NiSi2. The magnetic moment is randomly oriented only if the anistropy energy is
less than thermal energykBT . Since the anistropy energy scales directly with the volume
of the particle [13], there will be no preferred alignment direction of the moment for very
small-diameter particles. This argument probably explains why the magnetic field required
to produce the saturated positive magnetoconductance is so small in magnitude. In addition,
the large magnetic moment of the SPM particle also contributes to the effect.

In conclusion, we claim that the positive magnetoconductance values observed
below 3 K arise from electrons scattering off the moments of very small-diameter
superparamagnetic particles.
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