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1. Introduction

Tailoring functional properties of materials 
often requires control over their complex 
microstructure containing several phases. 
Alloys containing metallic precipitates or 
non-metallic dispersions embedded in 
metallic matrices are highly sought-after 
microstructures in structural applications. 
For example superalloys and dispersion-
strengthened alloys, retain their high 
strength and low creep rates even when 
exposed to high temperatures due to their 
engineered microstructure.[1–4] In addi-
tion, a combination of high mechanical 
strength and low electrical resistivity, crit-
ical for advanced electrical conductors, can 
be obtained in a two-phase structure con-
sisting of nanometer-sized precipitates in 
a matrix.[5,6] Similarly, high-performance 
magnetic materials and superconducting 
materials can benefit from two-phase 
structures with one phase being finely 
dispersed nanometer-sized particles.[7–10] 
However, thermodynamic and processing 

Nanocomposite materials, consisting of two or more phases, at least one of 
which has a nanoscale dimension, play a distinctive role in materials science 
because of the multiple possibilities for tailoring their structural properties 
and, consequently, their functionalities. In addition to the challenges of con-
trolling the size, size distribution, and volume fraction of nanometer phases, 
thermodynamic stability conditions limit the choice of constituent materials. 
This study goes beyond this limitation by showing the possibility of achieving 
nanocomposites from a bimetallic system, which exhibits complete misci-
bility under equilibrium conditions. A series of nanocomposite samples with 
different compositions are synthesized by the co-deposition of 2000-atom 
Ni-clusters and a flux of Cu-atoms using a novel cluster ion beam deposi-
tion system. The retention of the metastable nanostructure is ascertained 
from atom probe tomography (APT), magnetometry, and magnetotransport 
studies. APT confirms the presence of nanoscale regions with ≈100 at% Ni. 
Magnetometry and magnetotransport studies reveal superparamagnetic 
behavior and magnetoresistance stemming from the single-domain ferro-
magnetic Ni-clusters embedded in the Cu-matrix. Essentially, the magnetic 
properties of the nanocomposites can be tailored by the precise control of 
the Ni concentration. The initial results offer a promising direction for future 
research on nanocomposites consisting of fully miscible elements.
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constraints typically limit the range of size and distribution of 
precipitates/dispersions and their volume fraction.

In order to achieve metal–metal multiphase nanoparticle-
dispersed structures (nanocomposites) in thin films, advanced 
physical vapor deposition (PVD) methods such as magnetron 
sputtering, pulsed laser deposition, thermal or e-beam evapora-
tion etc., sometimes in combination with each other and other 
materials post-processing techniques have been used.[11] Usu-
ally, in these PVD techniques two or more elements with no or 
limited miscibility, according to the equilibrium phase diagram, 
are co-deposited. This limited miscibility leads to the formation 
of precipitates (clusters) of one element in the matrix of the 
other in the growing film and  depending on the specific pro-
cessing parameters during the deposition.[12–15] Nevertheless, 
controlling the structure of the material, precipitate’s size, their 
distribution, and materials relative composition, still remains a 
difficult task due to the nature of the material system and limi-
tations of synthesis techniques.

A way to overcome these limitations is the simultaneous 
deposition of well-defined nanoparticles/clusters together with 
an atomic flow of another material as a matrix in a controlled 
environment. Commonly, pre-formed clusters in a form of an 
ion beam can be guided from their source toward the deposition 
surface. Several different methods such as gas aggregation, laser 
evaporation, and pulsed arc sources are established and can act 
as a source of clusters.[16–19] Then by controlling the deposition 
energy of the clusters and the flow of the co-deposited materials, 
it is possible to control the structure of the resulting material, 
that is, tune the resulting material properties.[20] Previously, such 
systems already demonstrated the ability to synthesize a wide 
variety of materials suitable for scientific studies but the indus-
trial application is limited by the ion beam intensity that has to 
be increased, or alternative methods need to be developed.[21]

An in-house ultrahigh vacuum (UHV) cluster ion beam dep-
osition (CIBD) system was purposely designed and built at the 
Institute of Nanotechnology.[22] The CIBD system overcomes 
the limitations of other synthesis techniques, especially in the 
ability to control the size and size distribution of the clusters, 
choose the materials combinations, and deposit size-selected 
clusters containing tens to a few thousand atoms per cluster. 
The clusters can be either embedded at any targeted volume 
fraction in a matrix of another element, or solely be synthesized 
as cluster-based thin films. The material combinations that 
have so far been prepared, using the CIBD deposition system, 
typically consist of elements with a rather low solubility, such as 
Fe-clusters in Ag-, Ge-, or Cr-matrix.[23–25] The structure and the 
physical properties of these clusters–matrix combinations have 
been characterized using advanced techniques such as trans-
mission electron microscopy (TEM), atom probe tomography 
(APT), superconducting quantum interference device (SQUID) 
measurement, and physical property measurement system 
(PPMS) measurement. The flexibility and ability of the CIBD 
system to synthesize complex cluster-assembled materials with 
high precision allows their integration into more sophisticated 
magnetic Fe–Ge–Nb-based Josephson junctions. Such junc-
tions have been studied in an advanced application in neuro-
morphic computing.[26]

The preparation of the metal–metal multiphase nano-
composites made of a fully miscible material system is less 

straightforward. So, in order to expand the materials combi-
nations to include fully miscible elements and to establish the 
potential of such systems for functional properties, the Ni–Cu 
system was chosen for the present study. Ni–Cu system is one 
of the most intensively studied binary metallic systems dem-
onstrating a complete miscibility. Consequently, Ni–Cu alloys 
find applications in various fields of science and technology, for 
example in magnetic devices, as catalysts, corrosion resistant 
structural materials, etc.[27,28] Here, the choice of Ni as a ferro-
magnetic metal for the clusters facilitates additional magnetic 
measurements allowing to obtain valuable information on the 
cluster state and their distribution within the matrix.[29,30] Here, 
Ni-clusters were embedded in a Cu-matrix, which is simultane-
ously co-deposited from a separate thermal evaporation source. 
Full control of the size and volume fraction of the Ni-clusters in 
the Cu-matrix is possible by adjusting the respective cluster size 
and the ratio of the flux of the cluster beam (Ni) and/or of the 
atomic flux (Cu). In thermodynamic equilibrium, any combina-
tion of Ni-clusters in a Cu-matrix is not stable, thus, the clusters 
are deposited on a liquid N2 cooled substrate to reduce interdif-
fusion during the preparation. In order to evaluate the evolution 
of the structural and physical properties, a stepwise annealing 
procedure at elevated temperatures was performed.

2. Results and Discussion

The CIBD system, shown schematically in Figure 1, is a state-of-
the-art in-house designed and built UHV system for the depo-
sition of clusters onto a substrate simultaneously with a matrix 
material. Thy system allows for precise control of cluster size, 
size distribution, and their impact energy. Detailed information 
on the CIBD system and the possible morphologies of depos-
ited cluster-based thin films has been previously reported.[22,24] 
For cluster-based nanocomposite systems, such as the Ni-
clusters embedded in a Cu-matrix presented in this work, the 
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Figure 1. a) Schematic drawing of the CIBD system and the deposition 
stage, consisting of the cluster source (SRC), and the mass separation 
unit (MS). The deposition stage used in this work is enlarged in the 
inset to show the incoming Ni-cluster beam and the Cu-atom flux from 
a separate effusion cell evaporation source. The deposition stage allows 
the deposition of a wide concentration range of Ni-clusters within the 
Cu-matrix, by correspondingly adjusting the cluster and the atom fluxes.  
b) The sequence of layers with the Ni2000 clusters embedded in the Cu-
matrix grown on an Si-substrate is shown schematically.
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nanocomposite composition, that is, Ni atomic concentration 
(at%), within the matrix can be varied over a wide composition 
range, irrespective of the corresponding equilibrium Ni–Cu 
phase diagram.[31] Of course, the thermal stability of the resulting 
metastable structure, especially at elevated temperatures, is an 
important feature that needs to be studied by simulation and/or 
experiment for each selected nanocomposite system.

The clusters exit the source with a single negative charge 
(Figure 1a, SRC), and have a lognormal size distribution and an 
energy distribution of a few eV. Therefore, prior to the deposi-
tion onto the substrate, the clusters are mass-separated (with a 
final mass distribution ±10%) by means of a 90° sector magnet 
(Figure  1a, MS (Danfysik, Denmark, custom design, nominal 
radius 500 mm, maximum magnetic flux density 1.4 T)).

The deposition stage (Figure 1a, inset deposition) allows for 
the precise control of the impact energy of the charged cluster 
ions onto the substrate. In the present study, the clusters were 
deposited in the soft-landing mode (with an energy of 57  eV 
per cluster) in order to reduce or prevent their deformation 
or even destruction. For the co-deposition of the Cu-matrix, a 
high-temperature effusion cell (CreaTec Fischer & Co., HTC) 
is used. In order to reduce the cluster mobility on the surface 
and to prevent or minimize the formation of cluster aggregates, 
as well as reduce the atomic diffusion during the formation of 
the nanocomposite, the substrate is cooled to ≈140 K by using 
a liquid-nitrogen-cooled substrate holder. For the present study, 
an initial series of experiments was performed in order to cali-
brate the CIBD system and determine the specific deposition 
parameters. The parameters of the clusters source were cali-
brated in order to achieve the maximum flux of the ion beam 
for the selected cluster size. The cluster size was selected based 
on considerations of detectability of the clusters using APT and 
magnetometry. Additionally, the deposition parameters were 
optimized to reduce the intermixing of the clusters with the 
matrix during the deposition process and to avoid the deforma-
tion of the clusters during the landing on the sample surface.

Here, the CIBD system was adjusted to prepare Ni-clusters 
consisting of 2000 atoms (±10%, Ni2000). A schematic drawing 
of the cross-section of the sample prepared by CIBD is shown 
in Figure  1b. The active nanocomposite layer, containing the 
Ni-clusters, was protected from coming in contact with the Si-
substrate (buffer) and from being exposed to the environment 

(protection) by Cu-layers on both sides. The protection and the 
buffer layers had thicknesses of 50 and 20  nm, respectively. 
Assuming the bulk density the size of a single Ni2000 cluster is 
calculated to be ≈3.5 nm in diameter with approximately 38% 
of Ni atoms residing on the cluster surface. A series of cluster-
assembled nanocomposite samples with different concentra-
tions of Ni within the Cu-matrix (between ≈2 and ≈22 at%) 
were prepared.

Two representative samples were analyzed using APT. The 
distribution of Ni and Cu atoms for both samples is shown in 
Figures 2 and 3 for 21 at% and 2.6 at% Ni in Cu, respectively. 
For both samples, a granular-like morphology is observed in the 
as-prepared condition with well-defined regions of high Ni and/
or Cu concentration. In certain regions, the Ni-concentration 
reaches up to ≈100 at%. For the 21 at% sample, a composition 
profile is presented in Figure 2c as a proximity histogram. The 
analysis was performed for several clusters within the analyzed 
region and subsequently averaged. From this analysis, it is con-
cluded that the analyzed clusters reach ≈100 at% concentration 
of Ni, clearly confirming the presence of clusters with high Ni-
concentration. Clearly, the Ni-clusters remain intact during the 
preparation at low temperature and the subsequent treatment, 
that is, storage and preparation of the APT-tip, performed at 
room temperature. Also, APT reveals that the average concen-
tration of Ni remains at ≈20 at% within several nm around the 
clusters, that is, indicative of the formation of an NiCu solid solu-
tion at the cluster–matrix interfaces. Regions reaching ≈100 at%  
of Cu content within the analyzed volume as well as clusters 
formed a solid solution of various compositions also were 
observed and more information can be found in the Supporting 
Information (Figure S2, Supporting Information).

Furthermore, the APT data demonstrated that the oxygen and 
carbon content in the as-prepared samples was low (<0.1 at%  
for O and C for both samples, Figures  2a and  3a) despite the 
relatively large distance of ≈4 m traveled by the individual 
cluster ions in the beamline. After preparation, the samples 
were removed from the CIBD system and transported under 
normal atmospheric conditions for further processing. During 
transport, the samples were exposed to a maximum tempera-
ture of 25 °C. The purity of the samples shows the cleanliness 
of the CIBD system and the effectiveness of the capping Cu 
layer in protecting the Ni-clusters against oxidation.

Adv. Mater. 2023, 35, 2208774

Figure 2. APT data for the cluster nanocomposite containing 21 at% Ni. a) Sample composition data, b) 3D reconstructions of APT volumes, left: 
representation of Ni atoms only, right: representation with colored Ni and Cu atoms, c) proximity histogram averaged over several clusters in the 
analyzed volume.
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Figure 3 presents the APT analysis of the sample with 2.6 at%  
Ni concentration. As shown in Figure  3a the composition of 
Ni and Cu match well with the aimed cluster compositions 
during synthesis. The detector event histogram as shown in 
Figure  3b presents a threefold symmetry consistent with the  
(111) crystallographic direction of an fcc material, indicating that 
the analyzed volume in APT had only one Cu grain. Using the 
crystallographic information from the detector event histogram 
we were able to reconstruct sub-volumes of the APT data with 
resolved (111) lattice planes. Along with the Cu lattice planes, 
two Ni-clusters can be seen coherently embedded in the Cu-
matrix, in Figure  3d. The 1D composition profiles, plotted in 
Figure  3e, for these two clusters demonstrate the partial dis-
solution of Ni-clusters. The Cu content between the clusters 
reaches ≈100 at%, demonstrating that the clusters are indeed 
well separated by the matrix. Figure 3c shows a reconstructed 
Ni map of the sample, where Ni-clusters are observed within 
the entire thickness (≈500 nm) of the nanocomposite.

The APT analysis (Figures 2 and 3) and the derived overall 
elemental composition illustrates the precision and reproduc-
ibility of the CIBD system for attaining the desired Ni compo-
sition in the nanocomposite. The composition is controlled by 
the flux of the single-charged clusters, that is, the ion current, 
and the deposition rate of the Cu-matrix from the effusion cell. 
For example, the deposition parameters for the samples shown 
in Figures  2 and  3 were respectively set to yield 20 at% and  
2.5 at% of Ni-clusters, respectively, well confirmed by APT.

Besides determining the overall composition of the nano-
composite, APT was crucial to yield information regarding the 
metastability of the obtained structures and the presence of 
regions with ≈100 at% Ni within the Cu-matrix in both samples.

Magnetic property measurements of the Ni/Cu nanocompos-
ites show their magnetic behavior and provide further evidence 
for the presence of the Ni-clusters at different concentrations. 
Like for other ferromagnetic materials, Ni-clusters are single-
domain magnets below a critical cluster (nanoparticle) size. For 
pure Ni, the critical size has been reported to be 21.2  nm.[32] 
Below the ferromagnetic transition temperature (Curie tem-
perature, TC) down to the blocking temperature (TB), a single-
domain cluster can be considered as a superparamagnet with 
all its magnetic moments collectively fluctuating under thermal 
excitations. Further cooling below TB results in slowing down 
the fluctuations of the magnetization. In this temperature 
range, during the measurement time, the magnetic moment 
appears to be frozen in one direction and the cluster ensemble 
behaves again as a ferromagnet. It is known that the blocking 
temperature of cluster assemblies is influenced by many fac-
tors such as magnetic anisotropy of the clusters, their size, or 
intracluster dipole–dipole interactions (distance dependent). 
Thus, the variation of the cluster size and/or concentration is 
expected to be associated with a respective change of TB. Conse-
quently, using VSM-SQUID magnetometry, the blocking tem-
peratures TB were determined by applying the field-cooled (FC) 
and the zero-field-cooled (ZFC) protocols to the nanocomposite 
samples. The blocking temperature TB is defined as a peak of 
the ZFC curve, that is, where the system undergoes the super-
paramagnetic-ferromagnetic transition. Generally, not only the 
value of TB but also the shape of the FC/ZFC curves depends 
on several factors such as particle size, size distribution, inter-
particle distances, interaction with the matrix material, etc.

To find a relationship between the different concentrations 
of Ni-clusters and the magnetic characteristics of the Ni/Cu 
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Figure 3. APT results for a 2.6 at% sample. a) Sample composition data, b) detector event histogram allowing the precise scale calibration, c) Ni 
map d) reconstruction of a local Cu phase with embedded Ni2000 clusters. e) Proximity histograms on the right demonstrate the composition of the 
located Ni-clusters.
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cluster/matrix nanocomposites, a series of SQUID magnetom-
etry measurements were carried out. Some representative ZFC/
FC curves are shown in Figure 4a, for samples with Ni concen-
trations of 1.9, 11.7, 17, and 22.2 at%, respectively. The ZFC/FC 
curves of all samples are presented in the Supporting Informa-
tion (Figure S1, Supporting Information). All measurements 
were performed with an applied external field (H) of 100 Oe. As 
mentioned previously, the shape of the ZFC/FC curves as well 
as their divergence is a clear indication of the presence of single-
domain magnetic clusters in the as-prepared samples, providing 
independent evidence for the presence of Ni-clusters in the fully 
miscible Ni-Cu nanocomposite system. As seen in Figure 4a, the 
blocking temperatures TB for the samples with compositions 
from 1.9 to 22.2 at% range from 2.7 K to nearly 11 K.

In Figure  4b (solid dots) the dependence of TB on the con-
centration of Ni-clusters in the Cu-matrix is shown together 
with the average distances between cluster centers, which were  
calculated by assuming a cubic cluster arrangement. This way, as 
a first approximation, one introduces a cluster–cluster distance 
as a parameter for the characterization of the nanocomposites. 
It should be pointed out here that in reality, the Ni-clusters  
land randomly onto the substrate and then they become 
embedded within the Cu-matrix. Consequently, the probability 
of the clusters forming agglomerates, increases with increasing 
Ni-clusters concentration. Moreover, from the APT data, it was 
evident that some clusters in the as-prepared state start to form 
a local NiCu solid solution of various concentrations.

For the dilute samples, that is from ≈2 up to ≈7 at% Ni con-
centration, a plateau in the TB dependence versus Ni-concen-
tration is observed (Figure  4b). In this compositional range, 
the clusters are sufficiently far apart (i.e., ≈11–6.5  nm average 
distance between the centers of the particles) and, thus, the 
effect of magnetic dipole–dipole interactions between the clus-
ters can be neglected. In the region between ≈12 and ≈18 at% 
(i.e., ≈6.5–5.5 nm average distance between the centers of the 
particles), TB rises steeply with decreasing intercluster dis-
tances. The steep increase of TB is most likely due to the sig-
nificant contribution by the dipole–dipole interactions, which 
are strongly distance-dependent. The trend of increasing TB 
continues even at the highest concentration (up to 22 at%) of 

Ni-clusters, with an average cluster–cluster distance of 4.2 nm 
for an average cluster size of 3.5  nm, that is, when the clus-
ters almost touch each other. In addition, the shapes of the ZFC 
curves also provide some indication of the cluster arrangement 
in the matrix. The relatively narrow cusps in the ZFC curves 
of the low concentration samples indicate well-spaced clusters 
with a narrow size distribution. On the other hand, the broad-
ening of the ZFC cusps, observed with increasing Ni-clusters 
concentration, suggests the presence of strong dipole–dipole 
interactions and/or formation of cluster agglomerates during 
the cluster deposition process.

In conclusion, the results of the elemental mapping using 
APT and of the magnetic studies of the as-prepared nanocom-
posite samples provide convincing evidence for the presence of 
Ni-clusters distributed within the Cu-matrix. The Ni-clusters are 
well-preserved, with some dissolution of Ni into the Cu-matrix, 
as observed in the proximity histograms (Figures  2c and  3e). 
Considering the complete miscibility of the constituents, the 
nanocomposites are in a highly metastable state. However, at 
room temperature, the metastable state is preserved due to 
the limited diffusion between the constituents. The remaining 
important question of the temperature/time range over which 
the metastable state can be stabilized is addressed in the fol-
lowing section.

The stability range of Ni-clusters in a Cu-matrix at elevated 
temperatures was studied in gradual annealing experiments. 
The resulting structural changes of the clusters were exam-
ined using complementary techniques: in addition to the APT 
analysis and the characterization of the magnetic properties 
(saturation magnetization, and superparamagnetic blocking 
temperature, TB), the magnetoresistivity of the samples was 
measured to obtain additional insight regarding the structural 
changes occurring during the temperature treatment. Based on 
the evidence of separated single-domain superparamagnetic Ni-
clusters within the conducting Cu-matrix, it is anticipated that 
magnetoresistance (MR) should be observed,[33] due to the spin-
dependent scattering of the electrons at the superparamagnetic 
clusters. For such cluster-based Ni–Cu nanocomposites, no MR 
response has been previously reported due to the complexity of 
the synthesis of such systems. However, MR effects in Ni–Cu 
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Figure 4. Results of the VSM SQUID magnetometry: a) ZFC/FC measurements for Ni/Cu cluster/matrix nanocomposites for different compositions 
of 1.9, 11.7, 17.0, and 22.2 at% Ni. b) Dependence of the blocking temperature TB for all Ni-concentrations (see Figure S1, Supporting Information), as 
determined from ZFC/FC magnetic measurements in (a), as a function of the Ni-concentration CNi. In addition, the calculated average interparticle 
distance is plotted as a function of CNi, with values ranging from ≈4 nm to 11.5 nm.
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multilayers have been already been studied by Bird et al.[34] and 
by Vikram et al.[35]

Here, it is worth noting that the samples for the MR studies 
required a different design than those used for both the APT 
and magnetic measurements. The modification was needed to 
ensure that the applied current only flows across the nanocom-
posite in the MR measurement, making sure that only negli-
gible amounts of shunt current flow through the protective 
and buffer layers (composed of pure Cu). For this reason, these 
two Cu-layers were significantly reduced in thickness. Conse-
quently, the thickness of the buffer layer was chosen to be only 
2.5  nm and that of the protective layer to be 4  nm. The total 
thickness of the nanocomposite layer was about 80  nm, that 
is, 90% of the total thickness, with the Ni-concentration in this 
region being ≈17 at%. All samples were annealed in a vacuum 
furnace (base vacuum < 8 × 10−8 mbar) first at 175 °C (448 K), 
then at 275 °C (548 K), and finally at 450 °C (723 K) for 2 h each 
sequentially.

The results of the MR measurements carried out at 10 K 
with an applied magnetic field, Happ, up to 6 T, are shown in 
Figure  5. The as-prepared sample exhibits a negative mag-
netoresistance at low temperatures (Figure  5a). The magni-
tude of the MR effect decreases significantly upon successive 
annealing steps at elevated temperatures and vanishes com-
pletely after annealing at 450 °C for 2 h. These results confirm 
the expected disappearance of the magnetic Ni-clusters by inter-
diffusion of Ni and Cu. At the highest annealing temperature, 
spin-dependent electron-scattering entities are absent and, con-
sequently, no MR effect is observed.

Additionally, the annealing effects on the saturation mag-
netization and blocking temperature (Figure 5b) were measured 
using a sample with a Ni-concentration of 17 at%. The M(H) 
curves, shown in the inset of Figure 5b, were also measured at 
10 K. At this temperature, no coercivity was observed, even on 
the as-prepared sample, because the Ni-clusters remain in the 
superparamagnetic state (TB is lower than 10 K). As can be seen 
from Figure  5b, the magnetization and blocking temperature 
decrease with increasing annealing temperatures. This trend is 
the result of the decreasing magnetization caused by the gradual 
dissolution of the Ni-clusters by the intermixing of Ni and Cu. 
At the intermediate annealing temperatures of 175 and 275 °C, 
the Ni and Cu interdiffusion results in the partial dissolution of 

the Ni-clusters and thus in a decrease of the magnetic moments 
of the clusters. The continued interdiffusion results in a weak-
ening of the ferromagnetic order, eventually leading to a para-
magnetic state. Ultimately, after annealing at 450 °C the ZFC/
FC curves the M(H) loops show the distinctive characteristics of 
a material in a paramagnetic state.

Direct evidence for the dissolution of the Ni-clusters and 
for the formation of an NiCu solid solution during annealing 
is also obtained from the APT characterization on a sample 
with 21 at% Ni-concentration. The changes of the Ni- and Cu-
distribution in the as-prepared sample in comparison with 
those after annealing at 275 and 450  °C for 2 h are shown in 
Figure 6. From the data presented in Figure 2b for the as-pre-
pared sample with 21 at% Ni, the distribution of the Ni–Ni pair 
distances was calculated as shown in Figure 6a. The Ni–Ni pair 
distribution is distinctly different from that obtained assuming 
a randomized distribution of the Ni-atoms in the Cu-matrix as 
theoretically calculated. It is evident that the Ni–Ni pair distri-
bution is significantly narrower than the random distribution. 
Furthermore, the Ni–Ni pair distances are shifted to lower 
values (compared to the randomized counts). These observa-
tions are in agreement with the presence of pristine Ni-clusters 
and regions of substantial Ni-enrichment as expected for dis-
tinct clusters. Figure 6a represents the data obtained from the 
sample annealed at 275 °C for 2 h. The peak of the experimental 
Ni–Ni-pair distribution shifts toward the randomized distribu-
tion as a result of the beginning mixing of the Ni- and Cu-atoms 
by interdiffusion, yet still not fully overlapping with the ran-
domized counts. It can be concluded from this analysis that 
even after annealing at 275 °C, regions with relatively high Ni-
concentrations and correspondingly closer Ni–Ni-distances do 
persist. This observation is corroborated by the magnetic prop-
erties for the sample with the same Ni-concentration, namely a 
relatively low TB around 3.1 K (Figure 5b). The APT elemental 
maps for the samples annealed at 275  °C is presented in the 
Supporting Information (Figure S3, Supporting Information).

As seen in the elemental distribution map shown in Figure 6b 
and from the complete overlap of the Ni–Ni pair distances 
(Figure  6a) with the distribution for a randomized sample, 
Ni is evenly distributed over the entire analyzed volume after 
annealing at 450 °C for 2 h. Small fluctuations of the composi-
tion with lower Ni content are observed at both ends of the ana-

Adv. Mater. 2023, 35, 2208774

Figure 5. Magnetoresistance and magnetic properties of the samples with Ni-concentration of 17 at% in the as-prepared and the annealed state.  
a) MR (Happ) measured at 10 K; b) M(T) and Ms(Happ) measured at 10 K.
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lyzed region, most likely caused by the buffer and capping layers 
of the sample (Figure S4, Supporting Information). The oxygen 
level in the entire sample remains negligible (less than 0.1 at%), 
even after the high-temperature annealing, demonstrating the 
overall cleanliness of all the steps including the sample prepara-
tion, its subsequent annealing, and APT measurements.

The annealing at 450 °C results in the complete dissolution 
of the Ni-clusters, as expected from the fully miscible phase 
diagram. A homogeneous NiCu solid solution with ≈20–21 at% 
Ni composition is obtained. The complete disappearance of 
the ferromagnetic order and the transition to a paramagnetic 
state as expected for an Ni20Cu80 alloy further confirms the APT 
results.[36]

The observation of the partial and then complete dissolution 
of Ni-clusters in the Cu-matrix after annealing at 275 and at 
450  °C, respectively, is consistent with the temperature range 
estimated from the interdiffusion coefficients for the Ni–Cu 
system.[37] The values of diffusional length (Dt)1/2 for t = 7200 s 
at 275 °C (548 K) and 450 °C (723 K) are 60 nm and 380 nm, 
respectively. In particular, the value at 450 °C is large enough to 
allow complete homogenization of the sample, as experimen-
tally observed in this study.

3. Conclusions

The present work demonstrates the possibility of preparing a 
metastable nanocomposite material consisting of size-selected 
Ni-clusters embedded in a Cu-matrix, which under equilib-
rium conditions is a fully miscible system , using an in-house 
designed state-of-the-art CIBD system.

The versatility and adaptability of the CIBD system opens 
the possibility to prepare nanocomposites composed of clus-
ters made of ≈2000 Ni atoms (with a diameter of ≈3.5  nm) 
with overall Ni concentrations ranging from ≈2 to ≈22 at%. The 
presence of the Ni-clusters and their stability in the as-prepared 
state and under moderate annealing conditions are demon-
strated by mapping the elemental distribution using the APT 

and measuring magnetic and magnetoresistive properties. In 
particular, APT shows the presence of well-defined local zones 
with Ni concentrations reaching ≈100% for both low (2.6 at%) 
and high (21 at%) Ni concentrations.

The magnetic properties of the as-deposited samples are 
found to be related to the concentration of Ni-clusters. For 
relatively small concentrations up to ≈8 at% the Ni-clusters 
behave as well-separated single-domain ferromagnetic/super-
paramagnetic entities. At higher concentrations, that is, as the 
distance between clusters decreases, there is evidence of strong 
magnetic dipole–dipole interactions that strongly influence the 
superparamagnetic properties.

Furthermore, the gradual Ni–Cu intermixing and the sta-
bility limits of Ni-clusters are probed using APT, as well as 
magnetic and magnetotransport measurements in samples 
annealed under UHV conditions. It is found that stepwise 
annealing of the 21 at% nanocomposite at 175  °C, 275  °C for 
2 h successively leads to gradual dissolution of Ni-clusters in 
the Cu-matrix. Even after annealing at 275 °C regions of high 
Ni concentration remain, as confirmed by magnetic and APT 
measurements. Finally, after subsequent annealing at 450  °C 
for 2 h, the formation of a homogeneous NiCu solid solution of 
20–21 at% composition is observed.

In the present study, using the advantages of the CIBD 
technique, the potential combinations of materials in nano-
composites have been greatly expanded to include fully mis-
cible systems such as Ni–Cu. Such systems based on meta-
stable nanocomposites can find applications, especially at low 
temperatures, in magnetic, sensing, and quantum devices. It 
is envisioned that the CIBD technique can be integrated into 
more complex fabrication processes requiring a precise control 
over the synthesis parameters.

4. Experimental Section
In the CIBD system, a Haberland type[21,38,39] cluster source, based 
on the combination of the magnetron sputtering and inert gas 
aggregation (Figure  1a, SRC), was employed for the synthesis of pure 

Adv. Mater. 2023, 35, 2208774

Figure 6. Results of APT measurements. a) The evolution of the Ni–Ni-pair distances calculated for an as-prepared sample and for the sample after 
annealing at 275 and 450 °C for 2 h with an Ni-concentration of 21 at%. b) Elemental distribution reconstruction of Ni and Cu after annealing at 450 °C 
for 2 h from APT.
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Ni-clusters under a controlled atmosphere in the source section 
and ultrahigh vacuum (UHV) conditions in the remaining part of the 
system. As a sputtering target, a 99.99% pure Ni target was used 
(Kurt J. Lesker Company Ltd.) and sputtering power was fixed to 70 W. 
The base pressure in the aggregation chamber (Figure  1a, SRC) was 
≈2 × 10−8  mbar, and backfilled during cluster synthesis with a mixture 
of Ar and He gas to ≈2 mbar (Ar gas flow of 110 sccm, He gas flow of  
110 sccm). In the deposition chamber the base pressure was 2 × 10−10 mbar  
range and remained in 5 × 10−9 mbar range during the entire deposition 
process. Most importantly, the present research clearly showed that the 
UHV-conditions prevented the oxidation of the clusters and protected 
them effectively against other types of contamination.

The advanced deposition stage (Figure 1a, Deposition) was designed 
in such a way that the area for the deposition of the clusters is smaller 
than the area for the deposition of the matrix material. The angle 
between the cluster ion beam and the atomic flow originating from 
the effusion cell was 70° (Figure  1a, Deposition), so the deposition of 
clusters and matrix material occurred at equal angles of 35° each.

The cluster ion current was measured with a help of a pico-
amperemeter (Keithley, 6400 series). Based on the desired cluster 
concentration (at% of Ni in Cu), the temperature of the effusion cell was 
adjusted to obtain the necessary Cu-flux. Cu pellets (99.99% pure Kurt 
J. Lesker Company Ltd.) were used as a source of the matrix material. 
The Cu-flux was continuously measured using a calibrated quartz crystal 
monitor.

The nanocomposite films were deposited on silicon substrates 
(Figure  1b, (100, p-type)), with a size by 5 × 5  mm and a thickness of 
0.3 mm with a native oxide layer. Prior to the sample deposition, each 
silicon substrate was subjected to a two-step cleaning process, first with 
snow-jet cleaning (Tectra GmbH) and then in oxygen plasma (Oxford 
Plasma 80 RIE system) processed for 2  min at 30  W and 15 sccm of 
O2 at a pressure of 0.1 mbar. The samples were mounted on Omicron-
type sample holders together with a custom-designed mask and loaded 
through a sample loading chamber (base pressure <5 × 10−8 mbar), from 
where they were transferred in situ to the deposition chamber using an 
UHV manipulator.

The samples for the APT were prepared in the form of sharp needles, 
using Focused Ion Beam (FIB) Strata 400 instrument (FEI).[40] The 
radius for all APT tips was less than 50  nm. APT was performed on a 
Local Electrode Atom Probe (LEAP) 4000 HR instrument (Cameca). The 
measurements were carried out using a pulsed laser of energy 50 pJ, 
repeated at 120 kHz. The base temperature of the tips during the APT 
measurements was kept at 50 K. A virtual 3D reconstruction and further 
compositional analysis were made using the IVAS 3.8.2 software package 
and graphs were plotted using MATLAB 2019b.

The study of the magnetic properties for the determination of 
the superparamagnetic blocking temperature (TB) and saturation 
magnetization (MS) of the nanocomposite films was performed using a 
vibrating sample magnetometer superconducting quantum interference 
device (VSM-SQUID, MPMS3, Quantum Design). TB was measured 
using zero-field-cooled/field-cooled (ZFC/FC) curves as a function 
of temperature with an applied magnetic field of H  = 100  Oe. The 
measurements of MS were carried out at different temperatures (300 K, 
100 K, 10 K, 5 K, 2.5 K, and 2 K) with an applied magnetic field up to 6 T.

The magnetotransport properties were studied using a Physical 
Properties Measurement System (PPMS, Quantum Design) using 
the 4-points measurement technique at 10 K and maximum applied 
magnetic field of 6 T. Measured samples were post-processed using the 
Nd–YAG laser with a laser beam diameter of 20  µm and frequency of 
800 kHz (TRUMPF Gmbh. TruMicro 5000) in order to cut out the specific 
region of the deposited nanocomposite film to which the conduction 
wires were bonded to.
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