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Abstract: The combination of magnetic and semiconducting properties in one material system has
great potential for integration of emerging spintronics with conventional semiconductor technology.
One standard route for the synthesis of magnetic semiconductors is doping of semiconductors
with magnetic atoms. In many semiconductor–magnetic–dopant systems, the magnetic atoms
form precipitates within the semiconducting matrix. An alternative and controlled way to realize
such nanocomposite materials is the assembly by co-deposition of size-selected cluster ions and
a semiconductor. Here we follow the latter approach to demonstrate that this fabrication route
can be used to independently study the influence of cluster concentration and cluster size on
magneto-transport properties. In this case we study Fe clusters composed of approximately 500 or
1000 atoms soft-landed into a thermally evaporated amorphous Ge matrix. The analysis of field and
temperature dependent transport shows that tunneling processes affected by Coulomb blockade
dominate at low temperatures. The nanocomposites show saturating tunneling magnetoresistance,
additionally superimposed by at least one other effect not saturating upon the maximum applied
field of 6 T. The nanocomposites’ resistivity and the observed tunneling magnetoresistance depend
exponentially on the average distance between cluster surfaces. On the contrary, there is no notable
influence of the cluster size on the tunneling magnetoresistance.

Keywords: amorphous; germanium; semiconductor; iron; clusters; nanoparticles; nanocomposite;
co-deposition; magnetoresistance; tunneling

1. Introduction

In conventional micro- and nanoelectronics it is the electric field and consequently the electric
current that determines the functional state of a device. The trend towards higher integration of circuits
invariably leads to an increase of energy dissipation and leakage. The promise of spintronics is that
limitations of this kind may be overcome by manipulating a spin degree of freedom in addition to
electric current, or even replacing it [1,2]. Progress in the field has been enabled by the development of
novel materials and device concepts, such as the discovery that multilayered or granular structures of
ferromagnetic and non-magnetic metals exhibit giant magnetoresistance [3–6]. With this motivation

Nanomaterials 2020, 10, 2192; doi:10.3390/nano10112192 www.mdpi.com/journal/nanomaterials

http://www.mdpi.com/journal/nanomaterials
http://www.mdpi.com
https://orcid.org/0000-0002-1434-9807
https://orcid.org/0000-0001-7982-9935
http://dx.doi.org/10.3390/nano10112192
http://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/2079-4991/10/11/2192?type=check_update&version=3


Nanomaterials 2020, 10, 2192 2 of 27

in mind, we investigate a class of composite semiconducting magnetic material. Namely, we synthesize
nanocomposite thin films by size-selective cluster-ion-beam deposition, with the aim of independently
controlling the size and concentration of magnetic clusters in a semiconducting matrix.

Introducing ferromagnetism to a semiconductor while preserving its useful transport properties
has been largely done by the development of dilute magnetic semiconductors (DMSs) [7]. A DMS is
synthesized by substituting few percent of the semiconductor’s atoms by some transition metals with
a finite magnetic moment. Ferromagnetism is then established by carrier mediated coupling of the
dopant atomic moments.

Standard fabrication methods like molecular beam epitaxy, ion implantation, co-sputtering or
pulsed laser deposition have been used to create DMSs out of elemental and multicomponent
semiconductors embedding both 3d and 4f elements, e.g., Ge:Mn [8–10] and ZnO:Fe [11,12].
Ferromagnetic inclusions are not necessarily composed of the pure ferromagnetic dopant only,
but they can also be a ferromagnetic alloy, e.g., ZnSnAs2:MnAs [13,14]. In some cases, thermite
reactions can also be applied to synthesize DMSs [15].

One challenge is to achieve ferromagnetism above room temperature, a basic requirement in a wide
range of applications. Recently, an amorphous metal-oxide magnetic semiconductor was synthesized
from a ferromagnetic metallic glass that exhibits a Curie temperature higher than 600 K [16,17],
the highest Curie temperature achieved in (Ga,Mn); a meanwhile well-established crystalline DMS
is only 200 K [17,18]. In crystalline DMSs the increase in Curie temperature is limited by how many
dopant atoms can dissolve in a semiconductor’s lattice whilst its crystal structure is preserved [17].
Often as a side effect, ferromagnetic inclusions can form. In these cases, dipole–dipole interaction
between the inclusions increasingly determine the magnetic properties of the DMS.

Isolated magnetic nanoparticles are interesting candidates for nanoscale metallic spintronic devices
since they can exhibit much larger spin relaxation times compared to the bulk material. This is due
to their large spin accumulation capability [19–21]. While spin valves can be implemented using
layered structures exhibiting giant or tunneling magnetoresistance [3,4,22], both effects also occur in
granular materials [5,6,23] and can thus be applied in spintronic devices [24]. Spin valve structures are
additionally of relevance in superconducting circuits, where they can form part of Josephson junctions
with a controllable phase shift [25,26]. These have potential applications in neuromorphic [27] and
quantum computing, where pi-qubits are expected to exhibit reduced decoherence [28,29].

The combination of magnetic nanoparticles with semiconductors can result in intriguing
phenomena like injection magnetoresistance [30,31], with promising applications in magnetic
field sensing. As a further example, ferromagnetism in semiconductors has been applied to realize
elements with a gate-tunable proximity magnetoresistance effect [32]. Takiguchi et al. [32] used a gated
epitaxial bilayer structure of non-magnetic InAs, that forms a two-dimensional quantum well on top of
a ferromagnetic (Ga,Fe)Sb semiconductor layer to this end.

The method discussed in the present article, namely, directly embedding magnetic clusters
by cluster ion beam deposition into a matrix material [33–35] is an alternative way to bring about
magnetic properties in semiconductors. Because clusters are formed independently, before getting
embedded by co-deposition within the matrix, the method allows for more precise control of the
clusters’ composition, their size, and their average distance in the matrix. In some applications, it is
desirable for the magnetic clusters to be small. For example, due to the thermal energy released
when the moment of a superparamagnetic cluster aligns back to its easy axis after being aligned to an
external field [36]. On the lower end, there is a limitation due to finite size effects. One example is
the increasing fraction of misaligned surface moments [37,38]. Finally, as shown in the present article,
co-deposition of magnetic clusters and semiconductors further extends the palette of materials, since
even non-equilibrium compositions of elsewise at least partially miscible material combinations can
be realized.

In this article we investigate magnetoresistance of Fex-Gem cluster–matrix nanocomposite films,
prepared by size-selective low-energy cluster ion-beam deposition, as a function of cluster size, cluster
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concentration in the matrix and temperature. We provide an analysis of the dominant transport
mechanisms in the films. The clusters, containing either 500 ± 50 (Fe500) or 1000 ± 100 atoms (Fe1000),
are deposited from a size-filtered cluster ion beam and embedded into an amorphous Ge (a-Ge)
matrix. Nanocomposite films with thicknesses from 17 nm to several hundred nanometers and Fe
concentrations >15 at. % were grown. We measured resistivity and magnetoresistance of the films as a
function of temperature. The latter is the change in resistivity due to an applied magnetic field—here
up to µ0H = 6 T—and is defined as ∆ρ/ρ0 = (ρ(H) − ρH=0)/ρH=0. The effect is on the order of 1% and
composed of a saturating component at small fields and a field-dependent component extending to the
highest fields. We identify the low field component as tunneling magnetoresistance. While the results
are independent of particle size, we find a clear exponential correlation of tunneling magnetoresistance
with resistivity and average nanoparticle surface-to-surface distance.

2. Materials and Methods

The cluster ion beam deposition (CIBD) system (in-house development) used in this study is
capable of synthesis and deposition of size-selected clusters ranging from several hundred to more than
one thousand atoms per cluster. In this work Fe clusters containing 500 ± 50% or 1000 ± 100% atoms
(referred to as Fe500 and Fe1000 from here on) were deposited at a landing energy of 56 eV per cluster.
Since the CIBD system is described in detail elsewhere [39–41] we will explain it here only in brief on
the basis of Figure 1.
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As indicated in the main sketch, effusion cell and triple e-beam evaporator are tilted by 70° to the horizontal 
cluster ion beam axis in vertical direction. As a compromise, the sample is set to an angle of 35° with respect 
to each incident beam. The inset depicts the ±17° tilt of the effusion cell and triple e-beam evaporator from 
the vertical direction. The slit mask (white) covering the sample chip (red) and its orientation is depicted 
there. 

Figure 1. Sketch of the cluster ion beam deposition system. (a) Haberland-type inert-gas-condensation
cluster-beam source, (b) 1st skimmer and acceleration lens set, (c) 2nd skimmer and acceleration lens
set, (d) 1st quadrupole triplet, (e) 1st slit and Faraday cup, (f) 90◦ sector magnet, (g) 2nd slit and Faraday
cup, (h) 2nd quadrupole triplet, (i) deceleration lens set and, (j) sample, (k) effusion cell and (l) triple
electron beam evaporator. A third Faraday cup can be moved into the beam at the sample’s position
(not shown). As indicated in the main sketch, effusion cell and triple e-beam evaporator are tilted by
70◦ to the horizontal cluster ion beam axis in vertical direction. As a compromise, the sample is set to
an angle of 35◦ with respect to each incident beam. The inset depicts the ±17◦ tilt of the effusion cell
and triple e-beam evaporator from the vertical direction. The slit mask (white) covering the sample
chip (red) and its orientation is depicted there.
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The CIBD system’s Haberland-type cluster source (a) [42] combines magnetron sputtering of
a 2 inch target (Fe, Kurt J. Lesker Company, Jefferson Hills, PA, USA, N4 purity) with inert gas
condensation (Ar and He mixture, Air Liquide, N6 purity) in a liquid nitrogen cooled aggregation
chamber (AC).

Aggregated clusters exit the AC together with the inert gas into the vacuum chamber housing
the AC through an adjustable iris. The iris’s opening and the sputter head’s adjustable distance from
it allow to control both the pressure inside the AC and the time for cluster aggregation in the AC’s
aggregation zone before being stopped by expansion into vacuum. High vacuum conditions are
established via two skimmer-separated pumping stages (b), (c) right after the AC’s exit, where at first
a turbopump with a nominal pumping speed of 1900 L/s counters the gas and nanoparticle load
from the AC. In total, a nominal pumping speed of 4200 L/s is installed so that a remnant sputter
gas pressure better than 10−7 mbar during deposition and a base pressure better than 10−8 mbar are
established in the deposition chamber when the AC is settled at cryogenic temperature. The set of
applied source parameters depends on the cluster size aimed for and varied slightly from deposition
to deposition. Exemplary ones are given in Table 1.

Table 1. Exemplary process parameters for the two cluster species with diameter dCl. Ar & He gas
flow qAr/qHe, AC pressure pAC, sputter power PSputter, AC temperature TAC, beam potential Ubeam,
sector magnet field B and resulting negative cluster ion current ICl of the size-filtered total beam
measured with a Faraday cup right behind the sector magnet. The cluster ions were soft-landed with a
kinetic energy of 56 eV. For the cluster diameters see Appendix A.

Parameter
Cluster

dCl
(nm)

qAr/qHe
(sccm)

pAC
(mbar)

PSputter
(W)

TAC
(K)

Ubeam
(V)

B
(T)

ICl
(pA)

Fe500 2.2 100/300 2.3 45 100 +400 0.97 115
Fe1000 2.8 125/110 1.9 70 100 +400 1.36 100

Right behind the AC’s iris negatively charged clusters are attracted and accelerated in steps to a
potential Ubeam and collimated to a cluster ion beam by the two pumping stages’ skimmers (b), (c),
a set of electrostatic acceleration lenses and an electrostatic quadrupole triplet (d). Positively charged
clusters are deflected by the first skimmer. These and also the neutral ones are absorbed by the
turbopumps. The cluster source itself is on ground potential. Because of collision processes it is
unlikely for clusters to carry more than one elemental electric charge. A doubly charged cluster should
have carried twice the amount of nominal atoms. However, from mass distribution scans the amount
of double-sized clusters was found to be negligible. A cage-like metal tube shields the accelerated
beam from ground potential and maintains its kinetic energy at Ubeam. The collimated cluster ion
beam is directed into a 90◦ sector magnet (f) (Danfysik, Taastrup, Denmark, custom design, nominal
radius 500 mm, maximum magnetic flux density 1.4 T, see Table 1). Adjustable slits at the entrance
((e), set to 5.3 mm) and exit of the sector magnet ((g), set to 18.0 mm) restrict the range of transmitted
ion beam trajectories, which then correspond to a range of mass-to-charge ratio. The achieved mass
resolution is better than 10%. Right behind each slit a Faraday cup can be moved into the beam to
monitor and optimize the output of the source and the efficiency of the electrostatic lens system with
the help of a picoamperemeter. Typical intensities of the size-filtered beam measured with the 2nd
Faraday cup are included as ICl in Table 1. A second quadrupole triplet (h) recollimates the size-selected
cluster ion beam after the sector magnet. Finally, a deceleration lens system (i) directs the beam onto a
sample (j) installed inside the deposition chamber. The sample is at a potential of +56–57 V to establish
soft landing conditions and was cooled to 135 K with liquid nitrogen to avoid cluster agglomeration.
The films’ lateral dimensions on the sample chips were restricted using a laser-cut molybdenum
deposition slit mask (1 mm× 3.5 mm) as sketched in the inset of Figure 1. Exploiting the clusters’
single negative charge the picoamperemeter is used to also monitor the intensity of the beam hitting
the sample in the CIBD system’s deposition chamber during deposition. Additionally, a third Faraday
cup can be moved into the beam at the sample’s position in order to determine the beam density more
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accurately. However, a direct measurement of the cluster ion beam’s radial intensity profile is presently
not possible. From the AC’s iris to the sample the cluster beam travels a distance of about 4 m.

An effusion cell (k) (CreaTec Fischer & Co. HTC, Erligheim, Germany) is located inside the
deposition chamber of the CIBD system and provides a constant flux of Ge (MaTeck, Jülich, Germany,
N5 purity, in alumina crucible). For this purpose, the Ge was heated to temperatures between 1100 ◦C
and 1300 ◦C in an alumina crucible during deposition. The temperature was adjusted to obtain a
deposition rate resulting in the desired cluster concentration together with the simultaneously deposited
Fe clusters. The a-Ge matrix was grown with rates of up to 2 nm/min and monitored by a quartz
crystal balance. Its output was calibrated using reference samples whose thickness was measured
by XRR. Also, a triple electron beam evaporator (l) (Focus EFM 3, Si evaporated from a Ta crucible) is
installed in the deposition chamber. While the cluster ions travel in a horizontal plane, the effusion cell
and the triple evaporator are attached to the deposition chamber pointing almost vertically upward:
They are rotated by 70◦ from the horizontal and laterally by ±17◦ to different sides with the rotation
center equal to the sample position, as shown in the sketch of the CIBD system in Figure 1. In order to
avoid columnar growth of the matrix due to shadowing effects [43], Fe-Ge samples were tilted by 35◦

from the horizontal for deposition. A side effect of the differing deposition angles is an offset between
cluster ion beam, effusion cell and triple evaporator deposition areas due to the used deposition
mask. In Figure 2 the offset between the two latter can be seen. The offset between matrix and cluster
deposition was reduced to a minimum by mounting the chip under an angle of 17◦ in combination
with a deposition mask that exhibited a correspondingly tilted slit. During deposition the samples
were cooled to about 135 K by a constant flow of liquid nitrogen in order to avoid agglomeration of the
deposited Fe clusters by reducing their surface mobility. The deposited Ge is amorphous, as expected
for deposition temperatures below 450 ◦C [44]. We confirmed this by analyzing the magnetoresistive
behavior of a reference film, which was negative from room temperature down to a lowest possible
temperature of 220 K and followed a ρ/ρ0 = −C (µ0H)n dependence with temperature-dependent
constant C and exponent n ∈ (0.5; 1.0) [45–47].
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line pattern.

Figure 3 shows a cross-section through a ready deposited sample.
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Figure 3. Cross-section through the layers of a co-deposited nanocomposite sample. The individual
thicknesses are given in the drawing. Contact lines are not included in the sketch but can be seen in
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Nanocomposite film stripes were deposited on the 200 nm thick SiO2 thermal oxide surface layer
of a 5 mm× 5 mm Si substrate (525 µm, {100}, P-doped, 10 Ω cm to 20 Ω cm). The nanocomposite films
were sandwiched between a-Ge buffer and protection layers. Except one sample, all nanocomposite
layers were thicker than 100 nm. The as-deposited a-Ge had a porous film structure and, hence,
was prone to oxidation. For that reason, the sample film growth was finalized with a capping Si layer,
deposited from the triple e-beam evaporator.

Because of the protection layers it was easier to contact the nanocomposite film from underneath
by a set of ten 40 µm wide Ti (5 nm)/Pt (20 nm) lines with contact pads, as can be seen in Figure 2.

The contact pattern was deposited in advance by means of electron beam evaporation in another
UHV system. Four adjacent lines were chosen for a four-wire measurement centered at the region
most uniform in cluster concentration.

As the presence of deposited clusters reduces the nanocomposites’ resistivity by orders of
magnitude, the resistance of the buffer, protection and capping layers could be neglected. Measured
two-wire resistances were always larger than 1.7 kΩ while a contact line’s resistance was about 300 Ω.
Because noteworthy magnetoresistance effects only appeared at temperatures below 200 K and because
the films’ semiconductor-like increase in resistance, the contact lines’ resistance did not turn out to
be of significance. To confirm the concentration and its uniformity for each sample an EDX map was
recorded after transport and magnetic measurements had been completed.

Resistance measurements as function of temperature and magnetic field were carried out in a liquid
helium operated cryostat which is capable of precise temperature control and application of a magnetic
field of up to 7 T (Quantum Design PPMS, San Diego, CA, USA). The PPMS provides internal excitation
current sources with a minimum current in the nanoampere range. Each resistance was measured with
at least four different excitation currents equally spaced in magnitude, the maximum being 200 nA
at room temperature and decreased with temperature if necessary. To create a data point, for each
current 25 readings in each current directions were averaged and calibrated to an internal calibration
resistor by the PPMS (PPMS in AC drive and Standard calibration mode). To establish electric contact,
the samples were bonded to a PPMS sample puck using a semi-automatic wire bonder. Samples were
usually measured with the excitation current parallel to the applied field (longitudinal orientation).
Some samples were additionally measured in transverse and perpendicular orientation. Standard
zero-field/field cooled and magnetic hysteresis sequences were performed in longitudinal orientation
in SQUID magnetometers (Quantum Design MPMS XL and VSM, San Diego, CA, USA).

We recorded detailed EDX maps across the part of the film where the voltage drop had been
sensed (Zeiss Leo 1530, Jena, Germany, equipped with an Oxford Instruments X-Max N 50 detector,
Abingdon, UK). This step was performed after the transport and magnetic measurements of a sample
had been completed. The EDX map helped to confirm a sample’s local uniformity in concentration.
Because of the difficulty of controlling the exact shape of the cluster ion focus on the sample and
because of a moderate amount of charging effects, the cluster concentration deviated from the ideally
expected top-hat shape. The so resulting cluster spot in the nanocomposite film had a diameter of
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about 1 mm to 2 mm with Gaussian-like concentration distribution. Therefore, it neither fully nor
uniformly covered the 1 mm × 3.5 mm deposition area. In order to determine the atomic ratio of cluster
vs. matrix material in the nanocomposite layer, we compensated the EDX determined atomic ratio
of Fe and Ge using the amount of Ge deposited as buffer layer, as protection layer and within the
nanocomposite layer as measured with the quartz crystal balance (see Appendix A). Furthermore, the
amount of Fe in the film determined in this way was used to derive the local film thickness, which was
needed to calculate sample resistivity. From the Fe concentration the mean particle separation (MPS)
could be estimated. It is defined as the average distance between the surfaces of two neighboring
clusters and is calculated by assuming a simple cubic order of the clusters in the matrix.

3. Results

Fe-Ge nanocomposite films were analyzed and evaluated separately with regard to the following
two aspects: Magnetoresistance and resistivity. For this purpose, Fe-Ge nanocomposite films with
cFe > 15 at.% were synthesized and studied. The samples and their basic properties are listed in Table 2.

Table 2. Fe500-Ge and Fe1000-Ge nanocomposite samples listed by their sample ID, Fe concentration,
layer thickness and average cluster surface to surface distance. Samples with their ID in parentheses did
not show magnetoresistive behavior since they were too high or too low in concentration. The samples
are listed by Fe concentration in ascending order.

Sample ID
Fe500 Ge

cFe
(at.%)

t
(nm)

ρ at 100 K
(Ωm)

MPS
(nm)

TMR at 100 K
(%)

G1 16 232 1.6 × 10−2 1.9 −0.16
G2 24 120 6.2× 10−4 1.3 −0.11
G3 28 130 5.1× 10−4 1.1 −0.09
G4 28 121 3.4× 10−4 1.1 −0.04
G5 28 17 1.7× 10−4 1.1 −0.03

(G6) 35 102 9.5× 10−5 0.8 0
(G7) 41 52 5.2× 10−5 0.6 0
(G8) 42 68 6.5× 10−5 0.6 0

Fe1000 Ge

(G9) 15 197 3.3 × 100 2.5 0
G10 18 523 7.4 × 10−1 2.1 −0.29
G11 18 340 5.3 × 10-1 2.1 −0.31
G12 19 148 2.2 × 10−1 2.0 −0.25
G13 21 255 1.5 × 10−1 1.9 −0.21
G14 22 167 4.9 × 10−3 1.7 −0.15
G15 27 234 2.3 × 10−3 1.4 −0.16

(G16) 76 70 4.6 × 10−5 0 1 0
(G17) 83 36 1.9 × 10−5 0 1 0

1 Sample is above percolation limit.

The room temperature resistivities of the samples varied over five orders of magnitude from
10−5 Ωm to 100 Ωm depending on cFe and exhibited negative magnetoresistance, which was for all cases
below 1% in magnitude for magnetic fields up to 6 T. Except one sample (G5) all nanocomposite layers
that did show magnetoresistance were thicker than 100 nm. Therefore, transport in the nanocomposite
layers can be safely assumed to happen in all three dimensions. This does not hold for sample G5
because on average there are only two clusters stacked on top of each other between the buffer and the
protection layer. It is also worth noting that all samples exhibit a mean particle separation less than the
diameter of clusters embedded in the nanocomposite.

The uncertainties of the absolute quantities given in Table 2 are governed by the XRR determined
mass density of our a-Ge, the XRR determined crystal balance calibration and the EDX signal’s
tampering by the protection and capping layers covering the nanocomposite. We estimated the
following absolute errors to be ∆cFe = 2 at.%, ∆t = 12 nm and ∆MPS = 0.4 nm. The relative error of
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the resistivity is ∆ρ = 13%. Since we deduced the tunneling magnetoresistances directly from the
recorded curves we assume a relative error of ∆TMR = 10% here.

3.1. Magnetoresistance of Co-Deposited Fe-Ge Nanocomposite Films

Within the examined range of Fe concentration samples showed magnetoresistive behavior up to a
maximum concentration of about 30 at.%. In Figure 4 a representative set of magnetoresistance curves
(relative magnetoresistive change ∆ρ/ρ0 vs. applied magnetic field µ0H) at different temperatures is
presented for sample G14.
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Figure 4. Set of magnetoresistance curves at different temperatures from sample G14. Intuitively, the
magnetoresistance is a superposition of a sharp drop at low fields and a field-dependent component
which is linear to good approximation above 40 K and non-linear below. The dashed lines approximate
the high field magnetoresistance data at 50 K.

The detected magnetoresistance is a superposition of a sharp drop that saturates within low field
range and a field-dependent component. The latter is linear to good approximation above 40 K and
becomes significantly non-linear at lower temperatures. We separated the low field effect from each
curve by extrapolating the approximated as linear field-dependent part of the curve graphically to
µ0H = 0 T. As an example, corresponding dashed lines are added to Figure 4 for data at 50 K.

Magnetoresistance curves were recorded up to fields of 6 T and in both field directions. For some
samples the low field magnetoresistance was also measured at a higher field resolution. Transport
measurements in longitudinal, transverse and perpendicular geometry showed that the observed
magnetoresistance effects are isotropic as it is shown in Figure A1 in Appendix B.

3.1.1. Low Field Magnetoresistance

Separated from the high field magnetoresistance the magnitudes of the sharp drops are plotted
versus temperature in Figure 5a for Fe500-Ge and in panel (b) for Fe1000-Ge samples.

The saturating low field magnetoresistance generally increases with decreasing temperature. It is
larger in nanocomposite films which contain the larger cluster species and increases in magnitude with
decreasing Fe concentration. However, the effect remains less than 1%.
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Figure 5. Low-field magnetoresistance vs. temperature of (a) Fe500-Ge and (b) Fe1000-Ge nanocomposite
samples.

3.1.2. High Field Magnetoresistance

The slopes determined from the linear regression fits as indicated in Figure 4 are plotted in Figure 6
as a function of temperature.
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Figure 6. Slope of high field magnetoresistance vs. temperature of (a) Fe500-Ge and (b) Fe1000-Ge
nanocomposite samples. Fe1000-Ge samples exhibit a jump to positive slopes around 90 K. A common
trend is the increase of the slopes with decreasing temperature.

For the Fe1000-Ge nanocomposite films, shown in Figure 6b, the slopes are initially negative for all
samples starting from high temperatures and slopes increase as temperature is lowered. A change
to positive slopes is observed at around 90 K, marked by the dashed vertical line. A similar trend is
observed for the Fe500-Ge nanocomposite samples, as shown in Figure 6a. There, the jump to positive
slopes is less pronounced, however.

3.2. Resistivity of Co-Deposited Fe-Ge Nanocomposite Films

Figure 7 presents resistivity data of the Fe-Ge nanocomposite samples as a function of temperature.
Fe500-Ge data are plotted as dashed lines while solid lines represent Fe1000-Ge samples.

Data from sample G9, highest in resistivity and showing no magnetoresistance, are added
as dotted line. In general, the resistivity increases approximately exponentially with decreasing
temperature. The increase is faster than exponential below 100 K. All samples exhibit a linear I-V
characteristic and hence ohmic contact behavior. The increase in resistivity is less in samples with
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higher Fe concentration and less for samples containing the smaller cluster species. For some samples
containing Fe1000 clusters at low concentration the increase in resistance prohibited measurements at
temperatures lower than 40 K.
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Figure 7. Resistivity vs. temperature of Fe500-Ge (dashed lines) and Fe1000-Ge (solid lines showing
magnetoresistance, dotted line showing no magnetoresistance). Layers containing the smaller cluster
species are lower in resistivity. Resistivity also decreases with increasing Fe cluster content. Not shown
is the resistivity of an a-Ge reference sample, whose room temperature resistivity is 3× 102 Ωm and
from which it quickly increases with decreasing temperature.

Within both of the two series of cluster species, resistivity increases with decreasing Fe content.
For samples G13 and G10 the low temperature increase in resistance deviates from the behavior of
the other samples. It is possible that the resistance of the films was shunted by some other conductor
contaminating the film’s surface. One possible source is remaining conductive tape that was needed to
ground the Pt contact lines during deposition. Although care was taken to remove it using solvents we
cannot completely rule it out. A different reason may be slightly increased concentrations of clusters
close to the edge of the film due to a small amount of charging on the mask or substrate surface.
The flattening resistivity of G1 at the lowest temperatures maybe due to the same effects.

3.3. Properties Related to the Superparamagnetic Nanoparticles

A TEM study was performed to characterize the size distribution of the deposited clusters and
to examine if clusters are stable within the a-Ge matrix. The level of agglomeration of the clusters
is visible in the micrographs, but it is difficult to transfer the result to the other samples because of
the different substrate surface (carbon coated grid). In order to further prove the existence of the
clusters inside the a-Ge matrix, we performed SQUID magnetometer measurements of all samples,
confirming the superparamagnetic nature of the nanoparticle ensemble.

3.3.1. Analysis of Fe1000 TEM Grid Samples

In Figure 8a,b we present micrographs of two Fe1000-Ge nanocomposite thin films that were
deposited onto carbon coated TEM grids. About 5 nm of Ge were co-deposited with the Fe clusters for
the sample shown in panel (a), which resulted in an Fe cluster concentration of about 7 vol.% here.
The micrograph was observed by acquiring an elemental map of Fe by means of energy-filtered
TEM (EFTEM) using a three-window method at the Fe L2,3-edge. The other sample was deposited
without Ge matrix; the corresponding image (b) shows a scanning TEM micrograph. To minimize
agglomeration both samples were cooled with liquid nitrogen during deposition. In both images it
is clearly visible that some clusters remain isolated while some other clusters agglomerate and form



Nanomaterials 2020, 10, 2192 11 of 27

chains because of the random deposition from the cluster ion beam. Both samples are thin enough
to be interpreted as a two-dimensional distribution of clusters, although it is possible that clusters
apparently agglomerating in panel (a) remain disconnected. Moreover, graph (a) shows that the Fe
clusters preserve their near spherical shape in the Ge matrix and mostly do not merge into larger
particles or precipitates during or after film deposition. A size analysis of the particles in the matrix
co-deposited TEM grid sample is shown in the upper plot of Figure 8c.
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the TEM grid samples were transferred into a glove box while contained in an evacuated, UHV 
compatible transfer chamber. In the glove box they were loaded onto a Gatan 648 transfer holder 
under Ar atmosphere. However, HRTEM analysis of some isolated clusters with a crystalline 
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Figure 8. (a) Fe map of a 5 nm thin (quasi-2D) Fe1000-Ge nanocomposite containing about 7 vol.%
of Fe clusters, acquired by means of EFTEM. (b) Scanning TEM micrograph of clusters deposited
without Ge matrix on a thin carbon film. In both images isolated chains of clusters are clearly visible.
Both images only show sections of the recorded images. (c) Particle size distributions extracted from
the full images. The upper (lower) distribution corresponds to clusters co-deposited with (deposited
without) Ge matrix.

It yielded a slightly larger mean cluster size (3.3 nm) than the one given in Table 1. The lower plot
shows the size distribution determined from the TEM grid sample carrying clusters deposited without
Ge matrix. The average size of isolated clusters determined from each TEM grid sample match perfectly.
Moreover, the latter distribution’s FWHM confirms that the CIBD system’s size selectivity is better
than 10%. Graphs (a) and (b) of Figure 8 only show sections of the recorded micrographs. The size
analyses were each executed on the full micrograph, that is, on areas that were larger than implied by
the presented images.

The TEM grid samples had to be continuously kept under inert gas atmosphere. For this reason,
the TEM grid samples were transferred into a glove box while contained in an evacuated,
UHV compatible transfer chamber. In the glove box they were loaded onto a Gatan 648 transfer holder
under Ar atmosphere. However, HRTEM analysis of some isolated clusters with a crystalline structure
in their cores suggests that of Fe3O4 to have formed. This indicates that, despite the met precautions,
oxidation cannot be completely avoided. Therefore, oxidation of the Fe clusters is likely to be one
reason for the increased cluster diameter observed here. Another reason may be a deformation towards
an oblate ellipsoidal shape in the moment a deposited cluster hits the surface of a sample film.

3.3.2. Magnetization Measurements

The Fe clusters form a superparamagnetic ensemble in each sample, with the strength of interaction
between their moments depending on their average separation. The superparamagnetic nature of
each sample was confirmed by performing zero-field cooled/field cooled (ZFC/FC) measurements
in a longitudinal field of 20 mT using a SQUID magnetometer. Results for sample G12 are shown
exemplarily in Figure 9a.
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Figure 9. Magnetization measurements of sample G12. (a) ZFC/FC data plot reveals a maximum ZFC
magnetization at 19 K. (b) Magnetization curves at 300 K and 5 K. Inset: The latter temperature reveals
the film’s blocked (ferromagnetic) state due to a hysteresis in magnetization while the former reveals
an anhysteretic dependence as expected in the superparamagnetic temperature range. The dashed line
is a Langevin function that approximates the magnetization curve at 300 K.

The appearance of a maximum in magnetization in the ZFC curve and a coincidence of ZFC and
FC curve above the maximum together with the lack of hysteresis at room temperature are evidence
for the existence of a superparamagnetic state and, hence, individual, separated clusters in the film.
The small disparity between ZFC and FC in the superparamagnetic temperature range is likely due to
a small amount of clusters deposited outside of the matrix, which agglomerated on the contact lines
because of charging effects. These agglomerates are visible as dark spots at the left hand edge of the
example film shown in the micrograph Figure 2.

While the cluster concentration was uniform within the regions of the films used for transport
measurements, the shape of the cluster ion beam resulted in a concentration gradient away from the
center of the cluster spot. Due to the varying degree of interaction among clusters and a varying degree
of agglomeration, blocking happens across a temperature range instead of at a well-defined temperature.
For the presented nanocomposite samples the maxima of the ZFC curves generally lie between 10 K
and 40 K. Disregarding the thin sample G5, a slight increase of the blocking temperature with increasing
Fe concentration was observed for the samples exhibiting magnetoresistance. On average, Fe1000-Ge
samples possess a higher blocking temperatures (25 K) than the Fe500-Ge ones (17 K) as expected and
as can be seen in Figure 10.

For samples above the percolation threshold much higher blocking temperatures were observed.
Following the standard blocking temperature definition VK1/kBTB = ln(τ/τ0) ≈ 25 [48] with
cluster volume V a single Fe1000 cluster’s blocking temperature can be estimated with the bulk
magnetocrystalline anisotropy constant of Fe at liquid helium temperature K1 = 53.1× 103 J/m3 [49]
to be about 2 K. The discrepancy with the observed blocking temperatures can be attributed to dipole
interactions between clusters or for example a dominating surface anisotropy.

In Figure 9b magnetization curves at 5 K and 300 K of sample G12 are shown. At 5 K, well below
the sample’s blocking temperature, ferromagnetic behavior, indicated by the required coercive field to
zero the magnetization, is observed (see inset) as expected. At 300 K the coercive field strength remains
within measurement uncertainty. In addition, at 300 K the saturation magnetization of a sample is
lower than when measured at 5 K, as expected from the thermal fluctuation of the superparamagnetic
moments of the clusters. This presented behavior of the magnetization was observed for all samples.

Additionally, in Figure 9b, as a crude approximation a simple Langevin model for the magnetization
curve at 300 K is plotted as a dashed line. Using a magnetic moment of about 4200 µB in the model
corresponds best to the data. We know the magnetic moment of bulk α-Fe to be 2.2 µB and can
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therefore conclude that the number of atoms contributing to an individual superparamagnetic moment
is about twice the number of atoms in the as-deposited particles. This discrepancy arises both from
agglomeration (a certain number of dimers exist as can be deduced to some extent from the TEM
analysis) and the dipolar interaction among the nanoparticles.
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Figure 10. Blocking temperature of all samples (blue circles: Fe1000-Ge, green triangles: Fe500-Ge) that
exhibit magnetoresistance (solid symbols). Some samples not showing magnetoresistance (crossed
symbols) are added to the graph despite not being listed in Table 1. Disregarding the highlighted thin
sample G5, the blocking temperature increases with concentration and is larger for the nanocomposites
containing the larger cluster species.

We emphasize that the magnetic properties measured with SQUID magnetometry correspond
to the full ensemble of particles on the sample, while the transport measurements only correspond
to the film between the two voltage sensing contact lines. However, a clear correlation between the
measured magnetization and the observed saturating magnetoresistance can be noted as expected.
In particular, below the blocking temperature the maxima in resistance occur at the coercive fields,
as is shown in Figure 11.

Nanomaterials 2020, 10, x FOR PEER REVIEW 14 of 28 

 

(a) 

 

(b) 

Figure 11. (a) Absolute resistance vs. magnetic field of sample G14 recorded at 7 K. The arrows and 
the color coding indicate the sweeping direction of the field. The points of maximum resistance at 
𝜇𝜇0𝐻𝐻 =  ± 31 mT are passed after zero-crossing. (b) Magnetization vs. magnetic field shows hysteretic 
dependence at 5 K , again with a coercive field 𝜇𝜇0𝐻𝐻𝐶𝐶 = ±31 mT . The correspondence between 
coercive field and field of maximum resistance proves that the alignment of the clusters’ magnetic 
moments causes the resistivity of the sample to decrease. 

Also saturation fields correspond well to each other for both types of measurement.  
The reduction in saturation magnetization as temperature increases, is thus at least in part 

responsible for the observed reduction in magnetoresistance with increasing temperature. The 
comparatively stronger reduction in magnetoresistance with temperature, can be explained by 
increased conduction through the matrix.  

3.3.3. Percolation in Fe-Ge Nanocomposite Films 

Embedding Fe clusters into an a-Ge matrix at varying concentration made it possible to tune the 
nanocomposites’ resistivity over five orders of magnitude. Plotting resistivity vs. concentration data, 
as shown in Figure 12, exhibits a kink at 𝑐𝑐𝐹𝐹𝐹𝐹 = 30 at. % which we relate to a change between two 
regimes of conduction [50]: On the right hand side of the kink the sample resistivity changes only 
little with further increased Fe concentration from 10−4 Ωm to 10−5 Ωm in accordance with the 
minimum metallic conductivity [51]. 

 

Figure 11. (a) Absolute resistance vs. magnetic field of sample G14 recorded at 7 K. The arrows and
the color coding indicate the sweeping direction of the field. The points of maximum resistance at
µ0H = ±31 mT are passed after zero-crossing. (b) Magnetization vs. magnetic field shows hysteretic
dependence at 5 K, again with a coercive field µ0HC = ±31 mT. The correspondence between coercive
field and field of maximum resistance proves that the alignment of the clusters’ magnetic moments
causes the resistivity of the sample to decrease.

Also saturation fields correspond well to each other for both types of measurement.
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The reduction in saturation magnetization as temperature increases, is thus at least in
part responsible for the observed reduction in magnetoresistance with increasing temperature.
The comparatively stronger reduction in magnetoresistance with temperature, can be explained
by increased conduction through the matrix.

3.3.3. Percolation in Fe-Ge Nanocomposite Films

Embedding Fe clusters into an a-Ge matrix at varying concentration made it possible to tune
the nanocomposites’ resistivity over five orders of magnitude. Plotting resistivity vs. concentration
data, as shown in Figure 12, exhibits a kink at cFe = 30 at.% which we relate to a change between two
regimes of conduction [50]: On the right hand side of the kink the sample resistivity changes only little
with further increased Fe concentration from 10−4 Ωm to 10−5 Ωm in accordance with the minimum
metallic conductivity [51].
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 Figure 12. Resistivity at 100 K vs. Fe concentration of Fe-Ge nanocomposite films. Green triangles
represent nanocomposites containing Fe500, blue circles those containing Fe1000. At concentrations above
30 at.% the resistivity’s order of magnitude is in accordance with minimum metallic conduction [51].
Below, resistivity strongly increases with decreasing concentration since conducting paths break up
into isolated chains of agglomerating clusters between which the charge carriers must travel through
the matrix. The change between these two conduction regimes appears as a kink in the resistivity vs.
concentration plot. At 100 K the resistivity of a-Ge is of the order of 104 Ωm [52].

In this metallic (percolation) regime transport happens through metallic channels [53]. The crossed
symbols indicate that nanocomposites with cFe > 30 at.% did not show any magnetoresistive behavior
within the sensitivity of our equipment. Below the kink resistivity starts to increase strongly with
decreasing Fe concentration and samples start to show magnetoresistive behavior. In this transition
towards the dielectric regime series of agglomerated but isolated chains of clusters rather than connected
pathways define charge carrier transport [53]. This confirms the 3D expansion of the 2D structure
observed in the EFTEM analysis shown in Figure 8.

The critical volume percentages required to form closed paths through randomly occupied sites in
sc, bcc, fcc, hcp and diamond lattices of hard spheres were found to be quite similar and 15.4 vol.% on
average [54]. This value holds for any 3D system, i.e., also amorphous ones, because any arrangement of
atoms can be approximated to one of the mentioned lattices [55]. With bulk densities (see Appendix A)
this threshold corresponds to 27 at.% for Fe-Ge nanocomposites. This is in good agreement with the
observed value of 30 at.%.
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4. Discussion

4.1. Tunneling in Fe-Ge Nanocomposites

The discussion is started by investigating the conduction mechanism by comparing the temperature
dependence of resistivity to theoretical models. We find evidence that tunneling tends to dominate
below a temperature of about 100 K as the conductivity of the semiconducting matrix via variable
range hopping becomes less important.

Between isolated conducting clusters, transport is generally by tunneling [56]. In case of a-Ge
barriers conduction via variable range hopping (VRH) is also possible [57,58]. VRH is the dominant
process of transport in a-Ge at room temperature and below [52,59,60] and exhibits a characteristic
log

(
ρ/T1/2

)
∝ T−1/4 resistivity vs. temperature dependence. The base units of a-Ge are distorted

tetrahedrons [61]. These form a covalent network in which not all the valence electrons of the Ge atoms
have another one near enough, to form a covalent bond. These remain unbound corresponding to
a dangling bond. These dangling bond states have their energy close to the Fermi level [45,62] and
it is these valences which promote VRH conduction. We confirmed the temperature dependence of
resistance in a pure a-Ge sample. The characteristic T−1/4 dependence was observed only in restricted
intervals at temperatures approximately above 100 K. This indicates that closer to room temperature
other thermally activated mechanisms contribute to conduction.

Treating the a-Ge as an insulator, no conduction via the matrix is possible. Then, conduction
between non-touching conductive inclusions can only happen via tunneling [55]. With its pure
resistivity much higher than when interspersed with Fe clusters, a-Ge can be seen as an insulator to
first approximation.

A major difference between classic tunneling, from one metallic bulk electrode across a thin
tunneling barrier to another electrode, and tunneling transport in an ensemble of isolated metallic
grains is that charge neutrality is broken in the latter case. This is because the tunneling of an electron
turns a pair of neutral grains into a pair of oppositely singly charged grains [63]. Therefore, clusters
can become Coulomb blocked. In the case of a classic tunneling barrier of width s and height φ this
situation can be modelled by an energy EC = e2/4πε0εrd required to charge a sphere of diameter
d in a dielectric with relative permittivity εr. e and ε0 are the elementary charge and the dielectric
constant, respectively. For a-Ge we have εr = 16 [58], so the charging energies are 40 meV and 32 meV
for Fe500 and Fe1000 clusters, respectively, which is larger than the thermal energy at room temperature
kBT = 26 meV. Finding the optimal conduction path through a sample becomes an optimization
problem. Carriers are less likely to tunnel to smaller grains because of the higher charging energy.
Similarly, they avoid larger grains with lower charging energies but located at larger tunneling distance.
We assume that sEC = const. since variations in cluster size are mostly due to agglomeration [51,64]:
Agglomerates leave behind larger gaps in their surroundings. The carriers will therefore follow paths
via grains with similar charging energies, which is the path of highest mobility. This results in a
resistivity given by

ρ(T) = ρ0 exp
(
2
( C

kBT

)1/2)
, (1)

where C = χsEC with χ =
√

2m∗φ/}2 and effective carrier mass m∗ [51,64]. Corresponding resistivity
data appear as a straight line in a log(ρ) vs.T−1/2 scaled plot (‘tunneling scaling’) when this process is
dominating.

Figure 13 is a revision of the Fe-Ge nanocomposite resistivity vs. temperature plot in Figure 7,
but now showing the relative resistivity (RR) ρ(T)/ρ(300 K) with the axes scaled according to the
‘tunneling scaling’ introduced above.
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Figure 13. Log-scaled relative resistivity RR vs. temperature scaled as T−1/2. Straight line appearance
in this scaling is characteristic for tunneling between isolated metallic grains (see text). RR increases
slower with decreasing temperature for samples with a smaller amount of Fe clusters embedded. RR is
generally smaller for samples containing the smaller clusters.

It can be seen that for most samples the curves adopt a straight line behavior at lower temperatures.
The absolute resistance of G10 was too high to be measured at sufficiently low temperature. We note
that for samples G1, G10 and G13 the RR saturates as temperature decreases. As discussed before,
this is most likely because of a shunt resistance that is large, but starts to dominate as the resistance
of the nanocomposite increases. The shunt resistance is more or less temperature independent and
is not affected by the magnetic field. This is in perfect agreement with the reducing tunneling
magnetoresistance for decreasing temperature seen only for these three samples.

A more thorough analysis of the slopes of the straight-line ranges shows that the tunneling
parameter C varies from 0.1 meV to 20 meV. For samples G11 and G12 it most accurately followed the
temperature scaling related to tunneling.

Assuming m∗ = me and with the charging energies EC given in the text above, average tunneling
barrier heights can be calculated from parameters C when the tunneling barrier width is chosen
as s = MPS. For samples G12 and G11 this results in tunneling barrier heights φ = 1.2 meV and
φ = 2.5 meV, respectively. This is one order of magnitude lower than experiments on a-Ge tunneling
barriers revealed (φGe = 20 meV), [58] and two orders of magnitude lower than half the band gap
of Ge (Eg/2 ≈ 0.35 eV, [65]). That the latter does not apply is not surprising and merely indicates
that dangling bond states cannot be neglected. The still lower barriers may be in part due to the
uncertainty associated with the value of the effective mass. The value best compatible with the data in
Reference [58] was found to exceed the free electron mass. Effective mass derived from heat capacity
measurements point at an abnormally large effective electron mass of 8.0 me for Fe [66]. However,
according to Equation (1) an effective electron mass m∗ > me yields even smaller barrier heights. Finally,
it is likely that a small amount of alloying of cluster atoms with the matrix atoms leads to a reduction
in barrier height.

Holdenried et al. [38] deposited and analyzed samples of well-defined nanometer sized Co
clusters embedded in frozen Kr and Xe noble gas matrices of a structure comparable to our
nanocomposite samples. They found a perfect straight line dependence in tunneling scaled resistivity
vs. temperature plots up to the matrix elements’ melting points. However, in agreement to our
observation, they deduced unphysically low tunneling distances or reduced barrier heights when
using the same model. The average diameter of 4.5 nm of the Co clusters used there and concentrations
between 13 vol.% and 29 vol.% result in a corresponding range of values for MPS of 2.7 nm to 1.0 nm.
The MPS of the present Fe-Ge samples is in the same range.
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4.1.1. Approximation as Single Barrier Junction

Just below the percolation limit it is valid to assume that conduction occurs only through a small
number of tunnel barriers. Therefore, as an alternative approach addressing this limit, we model the
temperature dependence of resistivity with a single barrier model. There is a clear correlation between
the maximum barrier widths, derived in this way, and MPS. It is compatible with the idea that as
MPS increases connected islands of clusters decrease in size. The connected islands form shunting
resistances that reduce the measured tunneling magnetoresistance (see Section 4.2).

The largest gaps within a network of connected or close-by clusters, agglomerates and chains may
form the bottlenecks for carrier transport and which therefore may largely influence the resistivity
of a nanocomposite film. Interpreting each sample as dominated by these bottlenecks with a width
smax and assuming only one such gap along each path of highest mobility through a sample film
we can try to apply Simmons’s theory [67,68] for tunneling between ferromagnetic electrodes to the
present nanocomposite samples. To calculate either a barrier’s width s or its height φ from another, a
rearranged version of the low-voltage limit with a Stratton-like [69] temperature dependence γ(T) [70]
is used. This is justified by the linear I-V characteristics we found for our nanocomposites.

R(T) = (α γ(T) S)−1, (2)

with α = e2A
√
φ/4πhs2 exp

(
−A

√
φ
)
, γ(T) = πBkBT/ sin(πBkBT), A = (4πs/h)

√
2m∗ and B =

A/2
√
φ, m∗ the effective electron mass and R(T) a sample film’s resistance at a temperature T within

the range where tunneling is dominating. S is the area fraction of a nanocomposite layer’s cross-sectional
area that is taken up by the cross-sections of the clusters πd2

Cl/4.
For the two samples showing the plateau in tunneling scaling, G12 and G11, we observe bottleneck

barrier widths smax of 8 nm and 9 nm, respectively, when φGe = 20 meV [58] is used. A summary of all
samples’ bottleneck widths is shown in Figure 14.
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Figure 14. Estimated bottleneck tunneling barrier widths in case conduction along each path is
dominated by one single gap.

There is an approximately linear relation of smax with MPS. Values of up to 10 nm are reasonable,
since this is larger than the average cluster separations, as expected. Furthermore, it corresponds to the
barrier width above which VRH was found to become the leading transport process in other studies
on tunneling through a-Ge barriers [58]. Since Gibson et al. [58] found their data are fitted best when
an effective electron mass m∗ = 2.8 me is used we also used this value to calculate the results shown.
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4.2. Correlation between Resistivity, Tunneling Magnetoresistance and Mean Particle Separation

In this section the dependence of resistance and tunneling magnetoresistance on the average
distance between the surfaces of two neighboring clusters MPS is investigated. As defined above,
the latter is calculated by finding the distance between cluster surfaces if the clusters were arranged in
a simple cubic lattice at the same concentration (see Appendix A). In Section 4.1.1 we showed that
even if we assume that the conduction in the nanocomposite films is dominated by one largest gap,
the derived gaps are not unreasonably large and correlate as expected with MPS. We expect there to be
a continuous transition between the latter picture of dominating bottlenecks and that of conduction via
well separated single clusters, but MPS remains a good scaling parameter in both regimes.

Accordingly, we find that both resistivity and tunneling magnetoresistance scale with MPS, too,
as is to be expected for temperatures at which tunneling dominates. In Figure 15a we show resistivity
data at 100 K as a function of MPS.
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Figure 15. (a) Resistivity at 100 K and (b) relative resistivity at 100 K and 40 K vs. mean particle
separation MPS. Both physical quantities exhibit an exponential dependence on MPS. Crossed symbols
represent samples not showing magnetoresistive behavior at 100 K.

We find that nanocomposites resistivity increases with MPS. This is not the case, for example, if
plotted against the mean distance between cluster centers. Within the limits of uncertainty we therefore
find no dependence on clusters size. Resistivity increases exponentially with MPS. We interpret this as
a clear sign of increasing average tunneling barrier widths as well as an increase in number of barriers.

If conduction in the matrix dominated, the increase would be less significant. It also agrees with
the literature, where VRH was found to dominate in a-Ge tunneling junctions with barriers wider
than 10 nm [58]—much larger than the MPS in the present experiment. However, because of the
random distribution of clusters and the associated variation in present barrier widths, we assume
both VRH and tunneling to occur in the present samples. Moreover, VRH as the intrinsic process of
carrier transport of a-Ge, therefore, is the low concentration, that is, large barrier width limit of the
nanocomposite. With increasing Fe content distances between conducting inclusions decrease and
tunneling becomes more probable.

We find no clear dependence on cluster size for RR, too, which is shown at 100 K (solid symbols)
and 40 K (open symbols) in Figure 15b. Representing a cross-section through Figure 13 at these
very temperatures, Figure 15b again evidences the resistivity’s increasingly stronger low temperature
rise with increasing MPS. We attribute this to a progressively rising fraction of Coulomb blocked
clusters [71].

Plotting the nanocomposites’ tunneling magnetoresistance components versus MPS in Figure 16a
depicts the effect’s dependence on the spacing between cluster surfaces.
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Here, 𝜌𝜌0 and Δ𝜌𝜌 are the resistivity of the shunted nanocomposite at zero field and its change 
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Figure 16. (a) Tunneling magnetoresistance vs. mean particle separation and (b) vs.
resistivity. The shown data were recorded at 100 K. Crosses symbolize samples not showing
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It suggests that only cluster surface states participate in tunneling processes. The correlation of a
nanocomposite’s resistivity and its tunneling magnetoresistance is shown in Figure 16b.

On the lower MPS side in Figure 16a it is clear that a minimum separation of about 0.8 nm is
required for tunneling magnetoresistance to appear, which corresponds to the percolation threshold
discussed above. The visible increase in tunneling magnetoresistance with increasing MPS and its
rather small overall value can be understood using the following simple parallel resistor model.

As mentioned above, the remaining connected islands below the percolation threshold form
shunting resistances that are not field dependent. Their effect can be accumulated into a single parallel
resistor with an increasing resistivity ρS as MPS increases. With the presence of this shunting resistance
the measured tunneling magnetoresistance (∆ρ/ρ0)shunted can be expressed by(

∆ρ
ρ0

)
shunted

=
1

1 +
ρ′0
ρS

(
1 +

(
∆ρ′

ρ′0

)
no shunt

) (
∆ρ′

ρ′0

)
no shunt

. (3)

Here, ρ0 and ∆ρ are the resistivity of the shunted nanocomposite at zero field and its change due
to an applied magnetic field. ρ′0 and ∆ρ′ are the corresponding quantities for the pure nanocomposite

with magnetoresistance
(
∆ρ′/ρ′0

)
no shunt

. For the case ρS � ρ′0 the measured magnetoresistance
corresponds well to the magnetoresistance measured without the effect of the shunt. For ρS � ρ′0
the observed magnetoresistance approaches zero, as is the case above the percolation threshold.
At zero temperature tunneling magnetoresistance is determined by the spin polarization P and can be
calculated using the relation TMR0 = −P2/

(
1 + P2

)
[22,38,72]. For Fe, a spin polarization of 43% is

observed in superconducting tunneling experiments. Similar values of spin polarization are observed
from various superconductor/Fe point contact spectroscopy experiments [73]. Hence, values as large
as TMR0 = −15.6% are possible. Considering this and the here observed maximal values of tunneling
magnetoresistance of about −0.5% at the lowest temperatures, we can deduce the relative shunting
resistivity to be ρS/ρ′0 ≈ 0.028. This means only about 3% of the excitation current contributes to the
tunneling magnetoresistance.

Thus, the low value observed here can be associated with conduction through connected networks
of clusters that is field independent. At high temperatures we expect that the matrix increasingly
contributes to lowering the shunting resistance. At the low temperature end we expect that the
resistance on the nanocomposite has increased so much, that other shunting resistances due to
contamination between contact lines start to dominate. Additionally, as MPS increases VRH through
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the a-Ge matrix becomes non-negligible as well [58]. The result is that simply increasing MPS cannot
yield larger values for tunneling magnetoresistance in the present system, too. Evidence for this is
the negligible tunneling magnetoresistance found in sample G9. Furthermore, increased MPS implies
larger resistivity, the measurement of which was limited by the available instruments.

A possible way out of this dilemma could be a different approach of depositing the nanocomposite:
Instead of continuous co-deposition, clusters and matrix can also be deposited in alternating order.
This way a monolayer of clusters could be fully coated with matrix material before the next layer is
deposited. Clearly, choosing a matrix material that wets the cluster surface would be beneficial in
either of the two approaches.

Venugopal et al. [74,75] produced Fe-Ge cluster–matrix films by implanting Fe ions into a crystalline
Ge wafer. There, the process of implantation damaged their matrix, turning it partially amorphous.
This makes it relevant to the present study to a certain extent. In their samples, Fe clusters with an
average diameter of 4 nm formed from the precipitation of Fe. Applying a parallel resistor model they
extracted a magnetoresistance of −19% at 180 K for their film containing an average concentration
of 23 at.%. Within a field range of ±800 mT the shape of their magnetoresistance curves is similar
to the one shown here in Figure 11a. However, Venugopal et al. [74,75] prepared films with mainly
crystalline p-type doped matrix and, therefore, attribute the observed negative magnetoresistance to
spin-dependent scattering of charge carriers by magnetic iron clusters, i.e., the granular GMR effect.
We do not expect the saturating granular GMR effect in the presented nanocomposites. This is because
we observed the resistivity to strongly depend on the mean particle separation of a film and because
there is no transport via carriers thermally excited into a conduction band.

4.3. Influence of the A-Ge Matrix on Tunneling and Field-Dependent Magnetoresistance Components

4.3.1. The Dampening Effect of Transport via Matrix States

There is a sudden change in the slope of the high field magnetoresistance for the Fe1000-Ge
nanocomposite, as can be seen in Figure 6b. Together with the elsewise steady increase toward larger
positive slope, this suggests that more than one effect determines the high field magnetoresistance of
the Fe-Ge nanocomposites.

Pure a-Ge is characterized by an anomalous negative magnetoresistance, which first increases
in magnitude with decreasing temperature, then starts to decrease again, reaches zero at about 80 K
and remains positive at lower temperatures [76,77]. In contrast to tunneling magnetoresistance
between ferromagnetic particles, a-Ge does not get its magnetoresistance from the degree of alignment
of the charge carriers’ spins, but from the change of spin relaxation times. These determine the
ratio of hops requiring a spin-flip to hops which do not. The jump in the magnetoresistance
slope of our samples appears at roughly the same temperature where a-Ge changes its sign of
magnetoresistance. This suggests that the magnetoresistance of the a-Ge matrix at least partially
influences the nanocomposite’s one.

4.3.2. Field-Dependent Magnetoresistance Effects

The positive magnetoresistance observed at temperatures below 90 K, as depicted in Figure 17a
for sample G3 at 20 K, can have several reasons.

Non-saturating linear positive magnetoresistance (LPMR) due to microscopic conductance
fluctuations can appear [14] which in our nanocomposites may be related to cluster agglomerates and
the clusters’ random deposition.

Another possible effect is due to metallic conduction within clusters and agglomerations of these.
In a ferromagnet the 4s sub-bands are spin-split because of the net moment of 3d electrons [78]. The gap
∆(0) by which these sub-bands are generically split is further increased by a Zeeman term that adds
when an external magnetic field ∆(H) = ∆(0) + gµBH, where ∆(0) > 0.1 eV [79], gµBH � ∆(0) and
kBT � ∆(H), is applied. This adds a contribution δρ to the resistivity of a film, which is linear in H both
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in 2D and 3D films. Gerber et al. [78], who examined Fe and Ni thin films between 3 nm and 300 nm in
fields up to 60 T, explicitly mention they also observed LPMR in granular ferromagnet-semiconductor
composites. To their knowledge, this is the only effect that provides a linear positive field dependence.
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Figure 17. Absolute resistance vs. applied magnetic field at constant temperature. (a) At 20 K sample
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most samples.

The effective distribution in size of magnetic moments and large variations in the clusters’
separations affect the clusters to change between ferromagnetic and superparamagnetic state at
different temperatures within the same sample. Interaction between these results in a negative
field-dependent magnetoresistance [80–84]. This may explain the negative field-dependent component
adding at 10 K for most samples, one of which is shown in Figure 17b.

Our nanocomposite films did not show any magnetoresistance above percolation limit, when
in the granular metal regime. Therefore, the field-dependent magnetoresistances is not caused by a
wide-spread 3D arrangement of touching metallic grains.

5. Conclusions

We have combined semiconducting and ferromagnetic properties in a nanocomposite by applying
size-selective cluster ion beam deposition. The precise control over the nanocomposites’ composition
allowed us to control concentration and cluster size independently. In this case study, we co-deposited
Fe clusters containing either 500± 10% or 1000± 10% atoms per cluster and amorphous Ge from an
effusion cell. We measured temperature-dependent resistivity and magnetoresistance of the resulting
nanocomposite films in a temperature range from room temperature down to 40 K (and lower in some
cases) and in magnetic fields up to 6 T.

The samples showed a saturating negative magnetoresistance, which we identified as tunneling
magnetoresistance. It is superimposed by at least one field-dependent contribution. Resistivity and
tunneling magnetoresistance were found to correlate with cluster concentration, and thus the average
distance between the surfaces of neighboring clusters. No dependence on the cluster size was found
after separating out the associated change in the latter surface-to-surface distances.

To better characterize the tunneling conduction we applied a model for tunneling via isolated
metallic grains and also approximated paths of conduction through the nanocomposite as being
dominated by the largest bottleneck gaps. In both cases we find reasonable agreement with related
reports in literature.

The observed magnetoresistance effects in the prepared nanocomposite films are less than 0.5%
in magnitude. We argue that this is mainly due to a low shunting resistance of the remaining
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islands of connected clusters, which effectively reduces the measured tunneling magnetoresistance.
At cluster concentrations close to the percolation threshold, the formation of these islands cannot
be fully avoided. This is the case even when surface diffusion of both clusters and matrix atoms is
completely suppressed. A reduction of the cluster concentration is not an option, due to the expected
increased contribution of conduction through the matrix, which is equally expected to reduce the
measured tunneling magnetoresistance.

However, both a further reduction of the substrate temperature and an increase of the cluster
deposition energy (to achieve pinning of the clusters), could help to further reduce the formation of the
shunting cluster assemblies. A different promising approach would be to alternately deposit clusters
and matrix instead of continuous co-deposition. Once the problem of low tunneling magnetoresistance
is solved, perhaps also by choosing a different semiconductor as matrix, it will be possible to confirm
the absence of a cluster size effect.

Author Contributions: Samples design, N.G. and T.R.; sample preparation, N.G., assisted by T.R., G.I., and C.B.;
experiments, data acquisition, processing and visualization, N.G.; data evaluation, N.G., with T.R., R.K., and G.I.;
TEM studies by D.W.; original draft preparation, N.G. and T.R.; original draft reviewed and edited by all authors;
project administration and supervision H.H. and T.R. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by the Helmholtz Association. H.H. acknowledges the funding provided
by the State of Hessen for the cluster ion deposition system. H.H. and T.R. are grateful for the funding in the
project “Quantum Science and Technologiesat the European Campus” (QUSTEC, Horizon 2020 grant agreement
number 847471). Finally, we acknowledge support by the KIT-Publication Fund of the Karlsruhe Institute
of Technology.

Acknowledgments: The authors are thankful to Vanessa Trouillet and Leonardo Velasco Estrada for XPS studies
at the beginning of this project that helped to optimize the deposition process of the nanocomposite.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Calculation of the Mean Particle Separation

The 20 keV beam used for EDX mapping is assumed to deeply enter the substrate so that a linear
response independent from deposition depth is assumed for the deposited film layers. With the crystal
balance recorded thicknesses of Ge tB, tM and tP for buffer, matrix and protection layer, respectively,
and the EDX determined atom concentration ratio x the atom concentration in the nanocomposite
film is

cFe = 1−
(1− x) tM

x (tB + tP) + tM
(A1)

and the film thickness is

t = tM

1 +
cFe

1− cFe
×

mFe
at

mGe
at

×
ρGe

ρFe

. (A2)

From the volume concentration

cvol =

1 +
1− cFe

cFe
×

mGe
at

mFe
at

×
ρFe

ρGe

−1

(A3)

the mean particle separation MPS (average distance between the surfaces of neighboring clusters) can
be calculated by assuming packing density of a simple cubic arrangement of the clusters of π/6 ≈ 0.524:

MPS =

( π
6 cvol

) 1
3

− 1

 dCl (A4)

where mFe,Ge
at are the atomic masses of Fe and Ge, respectively. The mass density of Fe was assumed to

be equal to bulk value ρFe = 7.9 g/cm3 and that of a-Ge was determined to be ρGe = 5.1 g/cm3 by
means of XRR measurements. With the mass density of bulk Fe, the cluster diameters dCl are estimated
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to be 2.2 nm and 2.8 nm for Fe500 and Fe1000 clusters, respectively. Possible denser random packing
does not change MPS by too much.

Appendix B. Magnetoresistance for Different Orientations of the Magnetic Field

The granular tunneling magnetoresistance effect is isotropic, that is, its magnitude does not
depend on the relative alignment between magnetic field and current. This is evidenced in Figure A1
at three different temperatures (red 200 K, blue 100 K, and yellow 40 K).
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Figure A1. Magnetoresistance curves of sample G12 at three different temperatures in
longitudinal (lines), transverse (circles) and perpendicular orientation (crosses). Evidently, the
underlying magnetoresistance effects are isotropic.

The magnetoresistance curves recorded in longitudinal (solid line, magnetic field parallel
to current), transverse (circle, magnetic field perpendicular to current but in film plane) and
perpendicular orientation (crosses, magnetic field perpendicular to film plane) match within the
limits of uncertainty. To change the orientation the sample had to be fully removed from and reinstalled
to the PPMS sample holder, in particular, the wire bonding connections had to be renewed.
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