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A B S T R A C T   

Ferromagnetic thin films were synthesized by implantation of Fe ions with energies between 40 keV and 120 keV 
in 60 nm of polycrystalline Pd. The possibility to engineer magnetic properties in such films through the Fe 
concentration depth profile was demonstrated. In-plane magnetic moments were measured both while varying 
the sample temperature at constant applied magnetic field, and varying the applied field at constant temperature. 
All samples were explicitly shown to exhibit ferromagnetism at sufficiently low temperature, with threshold 
temperatures in the range from 35 K to 140 K. Saturation moments at 5 K were between 3.5 and 4.6 Bohr 
magnetons per implanted Fe atom for implantation fluences between 5 × 1015 and 2.3 × 1016 ions/cm2. Co-
ercivities were between 1 and 3 mT. The samples included in the study were carefully characterized with 
Rutherford backscattering spectrometry, and selected samples with elastic recoil detection analysis and cross- 
sectional transmission electron microscopy, providing information on Fe concentration profiles, impurity frac-
tions, structure as well as sample modification during implantation. A new model was proposed to calculate the 
scaling of the films’ magnetic moments with temperature from the Fe concentration profiles. The model quali-
tatively reproduced the data and quantitative differences were explained. It can thus be applied to predict the 
modification of the magnetic moment at a given temperature for a similar film when the implantation parameters 
are varied.   

1. Introduction 

The magnetic properties of Pd-Co and Pd-Fe binary alloys, with Fe or 
Co atomic fractions down to below 10− 6, have been under investigation 
for more than half a century [1–4]. The introduction of as little as a 
fraction of an atomic percent of Fe in Pd is long since known to produce 
ferromagnetism at low temperature, as Fe atoms interact with sur-
rounding Pd solvent atoms, generating polarization clouds with mag-
netic moments up to more than ten Bohr magnetons (µB) per Fe atom 
[5]. While initial interest was aimed towards a fundamental under-
standing of these alloys and their spin-glass properties at very low Fe 
concentration [6], recent focus has been shifted onto possible applica-
tions in thin films for spintronics and superconducting electronics [7]. 
The applications include superconductor-ferromagnet-superconductor 
Josephson junctions [8] and superconducting magnetic random access 
memories [9]. 

Fe or Co ion implantation have been shown to lead to ferromagne-
tism at various temperatures (including room temperature) in different 

systems such as GaN and TiO2 via formation of Fe precipitates, clusters 
or long-range ordering between substitutionally implanted atoms 
[10,11]. In the case of Pd-Fe alloys, it is established that Fe implantation 
into Pd films and foils leads to ferromagnetism at low temperature due to 
minority Fe atoms polarizing the surrounding Pd matrix, in the same 
manner as for bulk samples, as described above (see also the detailed 
discussion in [3]). This has been demonstrated for temperatures up to 
30 K in samples implanted at temperatures below 20 K to Fe concen-
trations reaching approximately 3 at.% in [12,13]. In those works it was 
further shown that the as-implanted films exhibit hysteresis in the 
temperature dependence of their magnetization when the measurement 
is performed at increasing and decreasing temperature below the 
paramagnetic-ferromagnetic transition temperature, TC. Higher fluence 
implantation at lower energy, leading to larger peak Fe concentration, 
has recently been investigated as a method for tuning the magnetic 
properties of epitaxially grown Pd films of high purity [14]. So far, 
however, the connection between the implanted Fe concentration depth 
profile and the resulting magnetic properties of the film has not been 
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fully elucidated. 
In the present work we demonstrate that magnetic property tuning 

by Fe implantation may be performed in polycrystalline Pd films con-
taining C and O impurities, grown and implanted at room temperature, 
and that a simple model of local magnetization can be employed to 
describe the relationship between the Fe concentration depth profiles 
and the temperature dependence of the films’ magnetic moments. We 
show, thereby, that modification of the Fe concentration profile can be 
used as a method of magnetic property engineering. Implantation, as a 
non-equilibrium tool for addition of Fe to a Pd sample provides the 
possibility for such modification on the nanometer scale. It also opens 
the possibility for a continuation from the laterally homogenous struc-
tures investigated here to mesoscale patterns via use of a mask in front of 
the sample (see e.g. [15]). 

2. Experimental 

A batch of thin film samples were prepared simultaneously by DC 
magnetron sputter deposition on Si substrates at room temperature 
using a Balzers Union MED010 coater. The films consisted of approxi-
mately 4.1 × 1017 at./cm2 Pd (60 nm assuming bulk density 12.023 g/ 
cm3) covered with a capping of 2.2 × 1016 at./cm2 Al, which was 
oxidized upon removal of the samples and exposure to air, forming 4.7 
nm of near-stoichiometric Al2O3. A discharge current of 45 mA was 
employed for the sputter deposition, with 10 cm target-sample distance. 
The working gas was Ar at a pressure of 5 × 10− 2 mbar with the Pd 
target, and 1 × 10− 2 mbar with the Al target. Five pairs of samples, each 
located in adjacent positions in the sputtering chamber, were selected 
and assigned sample numbers 1–5. The paired samples were considered 
identical, and one of the two was used for magnetic measurements 
whereas the other was reserved for compositional and structural anal-
ysis, discussed in detail below. The samples were implanted with Fe ions 
at normal incidence using the 350 kV ion implanter at Uppsala Uni-
versity’s Tandem Laboratory, further described in [16]. Table 1 gives 
the implantation parameters. Since one goal of this work was to show 
that magnetic properties can be engineered via the implanted Fe con-
centration profile, the parameters were selected to yield the following 
relationships between the samples: Samples 1 and 2 feature profiles with 
the same shape (same implantation energy), but a different total number 
of implanted atoms (different fluence). Samples 2 and 4 conversely have 
the same number of implanted atoms, but different profile shapes. 
Sample 3 features an engineered profile that has a similar peak Fe 
concentration as Sample 2, with a lower concentration tail similar to the 
profile in Sample 4. 

Following the Fe implantations, magnetic property measurements 
were carried out using a SQUID based magnetometer (Quantum Design 
MPMS XL) in the temperature range from 390 K to 5 K with a maximum 
applied magnetic field of 5 T. The samples’ in-plane magnetic moments 
were measured as a function of applied field at a temperature of 5 K, and 
as a function of temperature with a constant applied field of 10 mT. The 
latter measurements were performed using the field cooled (FC) proto-
col, where the moment was measured after field application while 

slowly (2 K/min) ramping the temperature down from the paramagnetic 
region to the ferromagnetic region. Additionally, to check for the 
occurrence of significant temperature hysteresis, the zero field cooled 
(ZFC) protocol was applied for one measurement sequence on Sample 3. 
In this case the temperature was first reduced to 5 K without applied 
field, after which the magnetic moment was measured with applied field 
at an increasing temperature ramp of 5 K/min. 

In order to obtain as accurate information as possible about the 
sample composition and structure, in particular the implanted Fe con-
centration depth profile, measurements were performed with Ruth-
erford backscattering spectrometry (RBS), time-of-flight elastic recoil 
detection analysis (ToF-ERDA) and cross-sectional transmission electron 
microscopy (XTEM). For additional information on the ion beam anal-
ysis methods RBS and ToF-ERDA, see for example [17,18]. RBS was 
carried out on all samples, using a 2 MeV 4He+ beam and an Ortec 
ULTRA implanted silicon detector for measuring the energy of back-
scattered particles at 170◦ scattering angle. The Fe concentration profile 
was obtained from these measurements by reproducing the recorded 
spectra with SIMNRA [19]. ToF-ERDA was performed on Samples 1, 2 
and 5 with 36 and 44 MeV beams of 127I8+ and 127I10+ respectively, 
primarily to add information on impurity concentrations. The detection 
system described in [20] was employed to detect recoils at 45◦, while the 
sample was angled such that incoming and outgoing particle trajectories 
were inclined 22.5 ± 1.0◦ with respect to its surface. The raw ToF-ERDA 
data was translated to concentration depth profiles using Potku [21]. 
XTEM was performed on a 30–60 nm thick cross-sectional lamella of the 
film from Sample 2, prepared in a focused ion beam system (Zeiss 
Crossbeam 550) with a Ga ion-sculptor gun and in-situ attached to a 
TEM grid. The measurement, carried out with a FEI Titan Themis 200 
TEM system at an electron acceleration voltage of 200 kV, yielded in-
formation on the structure of the film and provided concentration maps 
of the elements of interest via energy dispersive X-ray spectroscopy 
(EDX). The EDX data was acquired with a high-sensitivity SuperX de-
tector. Data analysis, including removal of Bremsstrahlung background, 
deconvolution of overlapping peaks and concentration calculation, was 
conducted with the accompanying Esprit EDX program. In addition to 
these measurements, the Fe concentration profiles were simulated using 
the TRIM code under the software package SRIM2013 [22], with its 
default accompanying stopping power table. 

3. Results 

The RBS spectra obtained on Fe-implanted Samples 1–4 are dis-
played in Fig. 1, along with SIMNRA calculations based on layer struc-
tures generated by adapting the Fe concentration in several sublayers to 
reproduce the shape and total integrated area of the Fe signal. While an 
approximation of single scattering was used for the SIMNRA calculation, 
background tails from the Pd signals due to multiple scattering, indi-
cated in the graphs by dotted lines, were manually added and taken into 
account when adapting the Fe concentrations. 

Apart from the Fe profiles, which were the main point of the RBS 
measurement, some additional information was extracted from the 
SIMNRA processing. The Al signal decreases after ion implantation such 
that the capping material is reduced from the original 5.5 × 1016 at./cm2 

Al2O3 to 4.5, 2.7, 2.5 and 3.2 times 1016 at./cm2 for Samples 1–4 
respectively. This reduction corresponds to sputtering yields for the 
capping of about 1–2 at./ion, slightly lower with 120 keV Fe projectiles 
than with 60 keV, and comparable to the measured yields for Al by Ar 
and Kr projectiles at the same energies in [23]. Importantly for the 
present study, there is still capping material remaining after all im-
plantations on Samples 1–4, and there has thus not occurred any ma-
terial removal from the Pd film during Fe implantation. Furthermore, 
especially for Sample 4, we note a significant modification of the tilt of 
the Pd signal plateau compared to, for example, Sample 1. The same 
effect is measurable also for Sample 3, albeit not as apparent in Fig. 1. It 
is attributed to the fact that a fraction of the Fe projectiles pass through 

Table 1 
Implantation parameters for sample pairs included in the present study. The 
implantations were conducted for a single energy each, except the one on sample 
pair 3 which was implanted first at 120 keV, then at 40 keV in order to produce 
an Fe concentration depth profile consisting of a superposition of the shapes 
associated with those two energies. Pair 5 was kept as unimplanted references.  

Sample Fe ion fluence [cm¡2] Energy [keV] 

1 5.0 × 1015 60 
2 1.7 × 1016 60 
3 1.36 × 1016 120 

9.0 × 1015 40 
4 1.7 × 1016 120 
5 0 –  
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the entire Pd film during implantation and cause mixing of the interface 
between the film and the Si substrate due to displacement of sample 
material. In the case of Sample 4, about 7.5 × 1016 at./cm2 of Si are 
present together with the bottom 2.1 × 1017 at./cm2 Pd, which can also 
be seen as a broadening of the Si signal edge in Fig. 1 in that case. 
Finally, the total amount of Pd in the film varies between a maximum of 
4.3 × 1017 at./cm2 for Sample 3 and a minimum of 3.8 × 1017 at./cm2 

for Sample 1 (cf. the nominal value of 4.1 × 1017 at./cm2) due to the 
placement of the samples within the sputtering chamber during 
preparation. 

Implanted Fe concentration depth profiles as simulated with TRIM 
are shown in Fig. 2 along with those obtained through the SIMNRA layer 
structure adaptation to the RBS data and, in case of Sample 2, the one 
obtained with Potku from the ToF-ERDA data. The ToF-ERDA profile 
obtained on Sample 1 was excluded from the figure due to poor data 
collection statistics. An original layer structure based on the nominal 
thicknesses (i.e. neglecting sputtering of the capping and Pd film 
thickness variations as measured by RBS) is indicated in the background. 
We see that most of the implanted Fe does indeed end up in the Pd film 
as intended, with a smaller fraction in the capping and substrate. 

The fact that the RBS profiles seem to increase in concentration 
closer to the surface than the TRIM profiles, most notably for Samples 1 
and 2, is an effect of the way the data is presented here. It has to do with 

the sputtering of the capping layer, which continuously moves the 
sample surface closer to the initially implanted Fe atoms. While Fig. 2 
might seem to indicate that the RBS profiles have more Fe in the capping 
layer than the TRIM profiles, this is not actually the case, as the sput-
tering is accounted for in the RBS layer structure adaptation, and the 
first, near-surface step in these profiles indicates the actual thickness of 
the capping after implantation. Further discrepancies between the 
simulated and measured profiles can be attributed to an uncertainty in 
the stopping power (energy loss per traversed unit path length) for Fe in 
Pd used for the simulation and possibly slight differences in the initial 
thickness of the capping layer. 

Fig. 3 gives an example of raw ToF-ERDA data obtained on Sample 2. 
In addition to the expected film and substrate constituents, H, C, N, and 
O impurities are detected. By integrating the composition depth profiles 
from Potku between depths of 1.7 × 1017 and 3.5 × 1017 at./cm2 , i.e. 
over the central part of the Pd film, we get impurity concentrations of 
approximately 3 at.% C, 2 at.% O and less than 0.5 at.% of H and N. 
These impurities were accounted for when reproducing the RBS spectra 
with SIMNRA. 

In-plane areal magnetic moments (i.e. the measured moment divided 
by the surface area) of all samples as functions of applied magnetic field 
are given in Fig. 4. We note that the samples are soft ferromagnetic at 5 
K, with areal moments up to about 8 × 1016 µB/cm2. The inlay in the 

Fig. 1. 2 MeV 4He+ RBS spectra and corresponding SIMNRA calculations for Samples 1–4. The numbers indicated for the Fe signals give the total amount of 
implanted atoms included in the calculation in order to reproduce the area of the peak. These correspond to within 7% with the intended implantation fluences given 
in Table 1. 

Fig. 2. Fe concentration depth profiles as simulated with TRIM and measured with RBS and ToF-ERDA for Samples 1–4. The colored background shows the nominal 
as-prepared layer structure, disregarding sputtering of the Al2O3 capping layer during Fe implantation. 
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lower right corner of the figure shows a magnification of the low-field 
region, where additional points were acquired to accurately measure 
the samples’ coercivities. By dividing the average measured areal 
moment at magnetic saturation with the actual implanted number of Fe 
atoms per unit area, based on the SIMNRA fits to the RBS spectra, the 
moment per implanted Fe atom is obtained. The field range for 
extracting this average was selected as 20 mT ≤ B ≤ 200 mT on the 
positive branch, to be above saturation, but still with low enough field 
that the contribution from the diamagnetic Si substrate is negligible. 
Furthermore, only Fe atoms present in a layer containing Pd in the RBS 
adapted layer structure were considered to contribute to the magnetic 
moment, meaning that Fe atoms implanted in the capping and substrate 
were not counted. Table 2 gives the magnetic properties thus extracted 
from the data on which Fig. 4 is based. We note that all samples exhibit 
similar moments per Fe atom, with a slightly higher value for Sample 2, 
and that the coercivity seems to increase with the total amount of 
implanted Fe. 

The temperature dependence of the samples’ magnetic moment, 
again per unit surface area, at 10 mT is given in Fig. 5. No distinct phase 
transition is observed, but rather a smooth increase of the moment with 
decreasing temperature below a threshold temperature of about 140 K 
for Samples 2 and 3, 80 K for Sample 4 and 35 K for Sample 1. 

The obtained XTEM images, as exemplified in Fig. 6, verify that the 
films (we take Sample 2 to be representative of all samples in this re-
gard) are polycrystalline. The Al2O3 capping is seen in the top of the 
figure as a bright, i.e. low density, region while the darker region below 
it shows the Fe-implanted Pd film. Below the film, we see the Si sub-
strate, the top of which has been modified due to the interface mixing 
caused by Fe ions implanted through the film, as discussed in relation to 
the RBS data above. Such mixing does occur for Sample 2, even though 
it’s not evident based on the implantation profile in Fig. 2, as the tail of 
the profile starts extending slightly into the substrate when the capping 
is partially removed by sputtering. Also, we may note, even based on the 
limited area shown in Fig. 6, that some regions of the Pd film have local 
grain orientations potentially favoring ion channeling, and/or density 
dips that allow the implanted ions to reach a larger depth in the sub-
strate (e.g. the deeper pocket of interface mixing seen at the figure’s 
rightmost edge). 

TEM-EDX distributions of Fe, Pd, Al, O, C, and Si in Sample 2 are 
shown in Fig. 7 along with a depth profile of the Fe concentration 

Fig. 3. 36 MeV 127I8+ ToF-ERDA raw data from Sample 2, confirming the presence of an Al2O3 capping and Fe-implanted Pd film on a Si substrate, as well as H, C, N 
and O impurities. 

Fig. 4. Measured in-plane magnetic moments per unit area vs. applied mag-
netic field. Inlay: same data with magnification of the low-field region. 

Table 2 
Magnetic properties of Samples 1–4 at a temperature of 5 K.  

Sample Saturation moment [µB/Fe] Coercivity [mT] 

1  3.8 1.0 ± 0.2 
2  4.6 1.8 ± 0.1 
3  3.8 3.0 ± 0.5 
4  3.5 1.8 ± 0.1  

Fig. 5. Temperature dependences of the measured FC, and in the case of 
Sample 3 ZFC, magnetic moments per sample unit area with an applied field of 
10 mT. A few points for Sample 4, indicated by open symbols, were added after 
the FC measurement at increasing field ramp, due to a failure to center the 
sample in the measurement system at the small signal level near the threshold. 
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extracted from the Fe map, which reproduces the profile shape from the 
same sample in Fig. 2. The peak Fe concentration near the surface of the 
Pd film is evident. Pd/Si interface mixing is noticeable in both the Pd 
and Si signals. O is seen primarily in the capping layer and at the Pd/Si 
interface, while C impurities are evenly distributed. 

4. Discussion 

In order to construct a simple model for predicting a sample’s 
magnetic moment at a given temperature from the Fe implantation 
profile, and thus enable us to explain the shape of the curves in Fig. 5, we 
make the following two idealized assumptions:  

(1) As suggested in [14], the films decompose into thin sublayers or 
small subregions which undergo paramagnetic-ferromagnetic 
phase transitions individually as the temperature is decreased 
below the critical temperature, TC, associated with the local Fe 
concentration, ϕ.  

(2) At temperatures below TC, the magnetic moment of a subregion, 
under application of an external field large enough to cause 
saturation, depends linearly on its Fe concentration. 

We further introduce an Fe concentration density function, f(ϕ), 
based on the concentration depth profiles ϕ(x). This function is con-
structed such that the combined thickness, λ, of the parts of the film with 
Fe concentration between ϕ1 and ϕ2 is 

λ(ϕ1,ϕ2) =

∫ ϕ2

ϕ1

f (ϕ)dϕ. (1) 

As explicitly shown in [4], the relationship between Fe concentration 
and critical temperature is bijective. For a given temperature, T, there 
thus exists a critical Fe concentration ϕC(T) above which a subregion 
will have undergone a paramagnetic-ferromagnetic transition. By our 
first assumption, each subregion with concentration exceeding ϕC(T)
contributes to the magnetic moment of the film at temperature T. By the 
second assumption of linear dependence on ϕ, the total moment of the 
film scales as 

M(T)∝A
∫ ϕmax

ϕc(T)
ϕf (ϕ)dϕ ≈ A

∑imax

i=i0(ϕc(T))

ϕiD(ϕi)F(ϕi,Δϕ), (2)  

where A is the sample area and ϕmax is the Fe concentration in the most 
Fe-rich subregion. The product D(ϕi)F(ϕi,Δϕ) constitutes a discretized 
version of f(ϕ) with step width Δϕ, for which F(ϕi,Δϕ) is the number of 
depth bins in the TRIM implantation profiles of Fig. 2 that have Fe 
concentration falling in the interval [ϕi − Δϕ/2,ϕi + Δϕ/2). D(ϕi) is the 
thickness of a depth bin implanted to Fe concentration ϕi, and imax is the 
total number of concentration bins. 

When extracting F(ϕi,Δϕ) from the TRIM profiles, only depth bins 
which lie within the depth range occupied by the Pd film are taken into 
account, as it is assumed that only Fe present in the Pd layer significantly 
contributes to the sample’s magnetic moment. To calculate an expected 
temperature dependence of that magnetic moment via Eq. (2), we also 
need an expression for D(ϕi). The simplest assumption would be that the 
thickness of a layer does not depend on the implanted Fe fraction, 
however it is not quite that simple in practice. The TRIM profiles are 
generated by simulating the trajectories and final depths of ions 
impinging on an unmodified target. As the target is enriched with the 
implanted species, the atomic fraction of Fe in a layer originally con-
taining N0 atoms per unit area, implanted with an additional Ni becomes 

ϕi =
Ni

N0 + Ni
, (3)  

and the layer thickness (counted, for simplicity, in total number of atoms 
per unit area) increases to 

Fig. 6. Cross-sectional TEM image obtained on Sample 2.  

Fig. 7. TEM-EDX elemental distributions of Fe, Pd, Al, O, C and Si in a cross 
section of Sample 2. The Fe concentration depth profile shown in the bottom 
panel was obtained by taking the row average atomic fractions from the Fe map 
and rescaling by a factor that forces the maximum value to be equal to the 
maximum concentration from the corresponding RBS profile in Fig. 2. This 
rescaling was necessary to produce accurate values, as the EDX quantification 
was performed without a calibration standard. The finely dashed vertical lines 
indicate the extent of the Pd film. 
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D(ϕi) = N0 + Ni = N0
1

1 − ϕi
. (4) 

Inserting (4) in (2), we note that the constant N0 may be moved 
outside the sum. It compensates for the fact that a finer depth binning 
yields a larger number of bins, F(ϕi,Δϕ), associated with each concen-
tration interval. In this work, the number of considered depth bins was 
the same for all samples, and as such N0 may be omitted when the 
samples are compared. The scaling with 1/(1 − ϕi), however needs to be 
included in (2). The lower limit for the sum, i0(ϕC(T)), is set such that the 
calculation at a given temperature, T, includes all concentration bins 
with ϕ larger than ϕC(T), which in turn is found by re-fitting the data on 
Fe concentrations and associated critical temperatures provided in 
Table 1 of [4], as well as that at higher Fe concentrations in [24,25]. 
Note that the data provided in [25] was obtained with approximately 50 
nm thick films, and Fe concentrations relevant for the present work, 
while [4] concerns bulk alloy pieces of mass 2 g. The used curve for 
TC(ϕ) is shown in Fig. 8, and plots of the rightmost expression in Eq. (2) 
for each sample, divided by A to be comparable to Fig. 5, are given in 
Fig. 9. 

The first, and for this work most central, observation we can make 
from Fig. 9 is that the curves qualitatively resemble the measured 
temperature dependences of the samples’ magnetic moments from 
Fig. 5. In particular for Sample 3, we measure a similar behavior as that 
of Sample 2 at high temperatures, with a further increase of the mag-
netic moment in the temperature range where Sample 4 is ferromag-
netic. This mirrors the similarity of the Fe concentration peaks in 
Samples 2 and 3, and the lower concentration tails in Samples 3 and 4, as 
well as being qualitatively in line with the predicted behavior based on 
our model. The model thus holds merit in terms of describing the actual 
data obtained from the studied films. There are, however, a few notable 
differences, one being that we expect higher threshold temperatures 
than we actually measure; for example around 200 K in the case of 
Samples 2 and 3 where the measured value is 140 K. We also expect a 
rather step-like appearance below the threshold temperature, compared 
to the measured smooth ramps. These deviations are readily explained 
by accounting for a few experimental circumstances. 

One important point to consider is that the energy deposited on the 
samples by the projectile Fe ions during implantation gives rise to de-
fects, reducing local order within grains and hampering the 
paramagnetic-ferromagnetic transition as discussed in detail in [13]. 
The fact that no defect annealing has been performed in this case is thus 
expected to lead to the observed reductions of threshold temperatures 

and deviations from step-like behavior. In [14], we see that annealing at 
770 K for 20 min increases threshold temperatures and yields temper-
ature dependences more similar to those obtained in Pd-Fe alloy films 
grown by molecular-beam epitaxy, for which defects are less abundant 
to begin with. Annealing of Fe-implanted Pd foils between 350 and 800 
K in [13] yields an increase of the measured TC by approximately 35%, 
approaching the values obtained in bulk alloys. Due to the use of Si 
substrates in this study, attempted defect annealing unfortunately led to 
formation of palladium silicide throughout the film, invalidating further 
magnetic measurements. Moreover, the interface mixing which is 
particularly prominent for Samples 3 and 4 makes the films less easily 
described by our idealized model, which only takes a clean Pd-Fe alloy 
into account. The presence of a few at.% of H, C, N and O impurities 
affects the model’s accuracy in a similar manner. As already discussed, 
the sputtering of the Al2O3 capping also continuously modifies the range 
of implanted ions in the Pd layer, leading to a slight smearing of the real 
profiles as compared to the simulated ones, and the uncertainty 
regarding stopping of Fe in Pd yields a further discrepancy. 

When it comes to the magnetic properties in Table 2, we note that 
our measured saturation moments of 3.5–4.6 µB/Fe are similar to those 
obtained before annealing in [14], although we manage to maintain an 
almost constant value even at the relatively low fluence of 5 × 1015 Fe/ 
cm2. Sample 2 shows a larger magnetic moment per implanted atom 
compared to Samples 3 and 4 since the latter two are affected to a larger 
degree by interface mixing, diluting the Pd in the deeper parts of the film 
and making the polarization due to the presence of Fe less effective. In 
relation to this, it can be noted when comparing the temperature de-
pendences of the moments in Samples 2 and 3 that while they behave 
similarly at temperatures near the threshold as expected, the relative 
increase of the moment of Sample 3 at lower temperatures is less pro-
nounced than our model predicts. This is explained by the fact that 
interface mixing in Sample 3 primarily affects the region of the film in 
which the low concentration tail of the Fe profile is located, and thus 
reduces moments primarily of regions with low values of TC. In the case 
of Sample 1, the lower moment per Fe atom compared to Sample 2 is 
caused by the fact that a larger portion of the low-concentration tail in 
the Fe depth profile is below ϕC(5K) ≈ 0.3 at.% for Sample 1, and a 
larger fraction of the Fe atoms thus do not contribute to the net moment. 
Our measured increase of coercivity with implanted ion fluence is not 
reproduced in [14], and since we observe it only for four samples we do 
not elaborate on the generality of that observation here. 

A comparison of our measurements under FC and ZFC protocols on 
Sample 3 shows, in contrast to the results in [13], no temperature hys-
teresis below TC. The occurrence of such hysteresis is hypothesized to be 
related to defects in [13]. Given the low coercivity of 1–3 mT for the 

Fig. 8. Critical temperature for paramagnetic-ferromagnetic transition as a 
function of Fe concentration in a Pd-Fe alloy, re-fit to data from [4,24,25]. 
Below 0.009 at.%: TC[K] = 0.757× ϕat.%; between 0.009 and 0.9 at.%: TC[K] =
52.2× ϕ1.9

at.%; 0.9 to 20 at.%: TC[K] = 20.1× ϕat.% + 22.8. Red dots: data points, 
dashed line: fit. 

Fig. 9. Expected scaling of sample magnetic moment per unit area with tem-
perature by Eq. (2). 
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present samples, we do not exclude that temperature hysteresis might be 
observed if performing the experiments with a lower applied field than 
the 10mT employed here. However, a deeper investigation on the sub-
ject falls outside the scope of this work. When approaching applications, 
defect annealing is recommended both to improve the predictability of 
the magnetization’s temperature dependence and to reduce potential 
unwanted temperature hysteresis. 

In conclusion, the present work constitutes a foundation from which 
further applications may be conceived. With the possibility to create 
ferromagnetic structures by ion-implantation established, a plethora of 
continuations open up. We may implant different structures both 
laterally using masks, and at different depths using different energies, 
creating separate magnetic domains. Repeating patterns with domains 
containing different ions can be produced with a mask that is laterally 
shifted between subsequent implantations and the matrix material can 
be implanted at a lower fluence to enhance or modify interactions be-
tween the domains. The model proposed here may be used to predict the 
temperature dependence of the magnetic moments of the generated 
structures with an accuracy that depends on the level of detail to which 
the concentration depth profiles of implanted elements are known. Since 
we are able to control these depth profiles on a nanometer level via the 
implantation parameters, we have explicitly demonstrated that mag-
netic properties may be engineered on a similar scale. 
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A. Bashir, R. Khaibullin, L. Tagirov, High-temperature ferromagnetism in Co- 
implanted TiO2 rutile, J. Phys. D: Appl. Phys. 42 (11) (2009) 115005, https://doi. 
org/10.1088/0022-3727/42/11/115005. 

[12] M. Hitzfeld, P. Ziemann, W. Buckel, H. Claus, Ferromagnetism of alloys: a new 
probe in ion implantation, Solid State Commun. 47 (7) (1983) 541–544. 

[13] M. Hitzfeld, P. Ziemann, W. Buckel, H. Claus, Ferromagnetism in Pd-Fe alloys 
produced by low-temperature ion implantation, Phys. Rev. B 29 (1984) 
5023–5030. 

[14] A.I. Gumarov, I.V. Yanilkin, R.V. Yusupov, A.G. Kiiamov, L.R. Tagirov, and R.I. 
Khaibullin, Ferromagnetic Composite Self-Arrangement in Iron-Implanted 
Epitaxial Palladium Thin Films, arXiv preprint: 2103.03562 (2021). 

[15] G. Muscas, R. Brucas, P.E. Jönsson, Bringing nanomagnetism to the mesoscale with 
artificial amorphous structures, Phys. Rev. B 97 (17) (2018), https://doi.org/ 
10.1103/PhysRevB.97.174409. 

[16] M.K. Linnarsson, A. Hallén, J. Åström, D. Primetzhofer, S. Legendre, G. Possnert, 
New beam line for time-of-flight medium energy ion scattering with large area 
position sensitive detector, Rev. Sci. Instrum. 83 (9) (2012) 095107, https://doi. 
org/10.1063/1.4750195. 
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