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A B S T R A C T

The increasing need for environment-friendly substitutes for rare-earth-based magnets has sparked interest in 
materials such as the L10-ordered FeNi (tetrataenite) phase, which possesses high magnetocrystalline anisotropy 
and saturation magnetization. Despite being a promising candidate, preparation of this ordered phase in the 
laboratory remains a challenge due to the slow diffusion kinetics that prevent atomic ordering under normal 
conditions. From the theoretical estimations and experimental results, Cu is known for accelerating the atomic 
interdiffusion and promoting chemical disorder, which may facilitate the grain boundary diffusion. In the present 
work, chemically homogeneous multilayers of equiatomic FeNi and Cu-doped FeNi (5 at.%) were studied to 
investigate the correlation between self-diffusion and magnetism. Nuclear resonance reflectivity and forward 
scattering measurements on as-deposited and annealed samples showed that Cu doping substantially increases 
self-diffusion, which is in agreement with significant changes in the local magnetic environment, as supported by 
conversion electron Mössbauer spectroscopy. Although the net magnetic moment remained nearly unchanged, 
an enhancement in the coercivity at 573 K was observed in the Cu-doped sample, as quantified by SQUID-VSM. 
These observations highlight the potential of Cu-assisted diffusion channels to facilitate the formation of ordered 
phases in FeNi systems as a strategic approach to the development of rare-earth-free permanent magnets.

1. Introduction

In recent years, constraints in the availability of resources globally 
have created vulnerabilities in the critical element supply chain, and the 
cost of rare-earth elements has been rising. This intensified the search 
for high-performance rare-earth-free permanent magnets and research 
directed toward the materials composed of the less critical elements, 
often referred to as gap magnets [1–3]. Among them, the L10-ordered 
FeNi alloy (also known as tetrataenite) is remarkable due to its excellent 
set of properties, such as high saturation magnetization (MS ≈ 1270 
emu/cc) [4], high uniaxial magnetocrystalline anisotropy (~1 MJ/m3) 
[5,6], low magnetization damping (α) = 0.013 [7], and high Curie 
temperature (Tc) ≈ 800 K [8]. These characteristics, combined with the 
natural abundance and low cost of Fe and Ni, render L10 FeNi a suitable 
alternative to traditional Nd-Fe-B and Sm-Co magnets.

Yet, the laboratory synthesis of L10 FeNi in bulk or thin film form is 
hindered by the extremely low atomic diffusivities of constituent 

elements at moderate temperatures and the thermodynamically unsta
ble nature of its formation under ambient conditions [9]. The ordering 
from the disordered face-centered cubic (fcc) state to the L10 ordered 
state is a diffusion-controlled transformation and is largely restricted by 
the slow atomic mobility of Fe and Ni, especially below the 
order-disorder transition temperature (~600 K) [10,11]. To bypass the 
kinetic barrier, several methods have been utilized, such as ion irradi
ation [12], nitrogen insertion [13], monolayer engineering [14], 
high-pressure torsion technique [15], and elemental doping [16]. 
Among these approaches, which require specialized processing and 
multi-step synthesis routes, elemental doping has been found to be a 
comparatively easier path. Particularly, Cu doping has been found to be 
favorable in enhancing atomic diffusion and inducing chemical disorder 
to ease the ordering process [17–19]. Computational studies using 
Miedema’s model [20] and experimental evidence indicate that Cu 
substitution changes the enthalpy of formation and can induce strain in 
the lattice through the Bain path, conducive to the stabilization of the 
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metastable tetragonal phase [21]. Due to the low volume diffusivities 
around ~600 K [9], self-diffusion measurements in FeNi alloys remain 
challenging. Even grain boundary diffusion is minimal (around 10− 23 

m2/s at 573 K), necessitating highly sensitive characterization tech
niques [22]. The preparation of thin films and their analysis led to a 
deeper understanding of L10 ordered FeNi formation and its utilization 
in various fields. For instance, molecular beam epitaxy (MBE) and 
sputtering with co-deposition or multilayer deposition of Ni and Fe 
followed by rapid thermal annealing are widely explored [14]. There
fore, the current work focuses on equiatomic undoped and Cu-doped 
FeNi samples grown by multilayer deposition, and this approach aims 
to elucidate the role of Cu in facilitating the Fe self-diffusion and its 
connection to the development of magnetic ordering and local structure. 
In these multilayer thin films of alternating FeNiCu and isotopically 
labeled 57FeNiCu layers, self-diffusion refers to the movement of atoms 
of the same element either within one layer or between interfaces. This 
diffusion occurs mainly via a vacancy-mediated mechanism, where 
atoms hop into neighboring vacant lattice sites [23]. To investigate 
self-diffusion in such systems, isotopic labeling is necessary since it 
provides contrast only between isotopes but ensures chemical homo
geneity throughout the structure. These systems are thus referred to as 
chemically homogeneous multilayers (CHMs) [24]. In nanocrystalline 
multilayers, grain boundaries are fast diffusion pathways, as they 
facilitate atomic mobility due to their high density [25]. Interface 
roughness, lattice strain, and structural defects are some of the other 
factors that also contribute to the enhancement of the intermixing be
tween layers [26]. Isotopic diffusion (e.g., of 57Fe into the FeNiCu layer) 
can be successfully monitored by isotope-sensitive methods like nuclear 
resonance reflectometry (NRR) or Mössbauer spectroscopy, which offer 
the necessary sensitivity to resolve isotopic migration [27]. Neverthe
less, the study of self-diffusion at the sub-nanometer level requires 
high-depth resolution. For instance, secondary ion mass spectrometry 
(SIMS) or radioactive tracer techniques offer direct depth profiling with 
a resolution of a few nanometers, making them unsuitable for CHMs at 
the sub-nm level. Alternatively, x-ray reflectivity or diffraction can 
provide sub-nm resolution but lacks the isotopic contrast required for 
direct observation of self-diffusion. Thus, nuclear methods remain the 
most promising for precisely investigating self-diffusion in such multi
layer structures [22].

In this study, FeNi thin films were prepared by the co-sputtering 
method near equiatomic compositions. During growth, Cu was doped 
into FeNi at a concentration of approximately 5 at.%. The samples were 
fabricated in the form of isotope multilayers [FeNiCu (10 nm)/57FeNiCu 
(3 nm)]10, and NRR and nuclear resonant scattering (NRS) measure
ments were performed after annealing at various temperatures: 573, 
673, 723, 748, and 773 K. Structural, diffusion, Mössbauer, local, and 
bulk magnetization measurements were conducted on these samples. It 
was observed that Cu doping significantly increases the self-diffusion of 
Fe and also affects the evolution of local magnetic environments. These 
findings support the idea of controlled atomic interdiffusion and 

highlight the role of Cu as a facilitator in the low-temperature stabili
zation of FeNi phases with favorable magnetic properties.

2. Sample preparation and experimental techniques

Multilayer samples of undoped and Cu-doped FeNi were prepared by 
depositing them on Si (100) and amorphous SiO2 substrates using a DC- 
magnetron sputtering system (AJA International Inc., ATC Orion-8). Due 
to the residual stresses generated during the sputtering process, thin 
films may delaminate if these stresses exceed the material’s cohesive or 
adhesive strength [28]. To mitigate this, the deposition was carried out 
at an elevated temperature of 473 K. The nominal multilayer structures 
as presented in Fig. 1(a) and (b) are [FeNi (10 nm)/57FeNi (3 nm)]10 for 
undoped samples and [FeNiCu (10 nm)/57FeNiCu (3 nm)]10 for 
Cu-doped samples, where FeNiCu indicates a 5 at.% Cu in FeNi. The 
deposition power of Fe and Ni targets was optimized to achieve an 
equiatomic FeNi ratio, while the 57Fe target was prepared by placing 
57Fe foils in the racetrack of a natural Fe target [29]. A base pressure of 8 
× 10− 6 Pa was achieved before deposition. Both samples were deposited 
under an Ar flow of 50 sccm with a background pressure of 0.4 Pa, while 
all other deposition parameters were maintained as in our earlier study 
[19]. Post-deposition, the samples underwent isochronal annealing at 
temperatures (TA) of 573, 673, 723, 748, 773, and 873 K for 1.5 hours 
under a vacuum of 1.33 × 10− 3 Pa. Different annealing temperatures 
were chosen for each characterization technique based on its specific 
sensitivity for structural and diffusion-induced changes. Characteriza
tion techniques utilized include energy-dispersive x-ray spectroscopy 
(EDS), x-ray diffraction (XRD), X-ray reflectivity (XRR), NRR, and NRS. 
The EDS measurements were carried out using an Axia Chemi SEM 
(Thermo Fisher Scientific), with an accelerating voltage of 15 kV and a 
chamber pressure of approximately 10− 2 Pa. XRD and XRR measure
ments were conducted with Cu Kα radiation (λ = 1.54 Å) using Bruker 
D8 Advance and D8 Discover systems. Conversion electron Mössbauer 
spectroscopy (CEMS) measurements were carried out using a PC-based 
spectrometer with a homemade gas flow counter. For room tempera
ture measurement, a 96% He–4% CH4 gas mixture was used, where He 
reduces the multiple scattering of conversion electrons, and CH4 acts as a 
quenching gas. The spectra were recorded using a 50 mCi 57Co (Rh) 
single-line source.

NRS was employed to assess the magnitude and orientation of 
magnetic hyperfine fields at both bulk and interface regions of FeNi 
multilayers. These measurements were performed at the nuclear reso
nance beamline P01 at PETRA III, DESY (Deutsches Elektronen- 
Synchrotron, Hamburg), using 14.4 keV x-rays corresponding to the 
57Fe Mössbauer transition. All samples were mounted in a fixed grazing 
incidence geometry, without any applied magnetic field [30]. The syn
chrotron operated in a 40-bunch mode with a 192 ns bunch separation. 
An avalanche photodiode detector with ~1 ns time resolution was used 
for NRS. Separation of nuclear (NRR) and electronic (XRR) signals was 
based on the delayed nature of nuclear transitions, given the 140 ns 

Fig. 1. Schematic diagram of undoped (a) and Cu-doped (b) FeNi chemically homogeneous multilayers for the pristine state and after annealing at TA = 573, 673, 
723, 748, 773, and 873 K.
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lifetime of the Mössbauer excited state of 57Fe. Electronic scattering 
(XRR) was detected within a few nanoseconds of the X-ray pulse, while 
NRR and NRS patterns were collected between 10-160 ns after the pulse. 
Bulk magnetic properties were investigated through magnetization 
measurements using a Quantum Design superconducting quantum 
interference device vibrating sample magnetometer (MPMS 
SQUID–VSM).

3. Results and discussion

3.1. Structural measurement

The chemical composition of the samples was confirmed by EDS with 
Fe (47.3 ± 0.2) % and Ni (52.7 ± 0.3) % in the undoped FeNi samples. In 
Cu-doped samples, its concentration was about 5 at.%.

Fig. 2 (a) and (b) show the XRD patterns of both undoped and Cu- 
doped FeNi multilayer samples. The undoped samples, including the 
pristine and annealed up to 873 K, exhibit a polycrystalline nature. The 
dominant diffraction peak observed at 2θ = 43.9◦ is attributed to the 
(111) plane of the face-centered cubic (fcc) FeNi structure (space group: 
Fm‾3m) [31], accompanied by weaker reflections at 51.38◦ and 75.38◦. 
The crystallite size (CS), estimated from the dominant (111) peak using 
the Scherrer equation [32], is approximately 20 nm for the pristine 
sample and increases to around 23 nm after annealing, indicating grain 
growth with thermal treatment. The typical error in the estimation of the 
CS is about 1 nm. Similarly, the Cu-doped FeNi samples also exhibit a 
polycrystalline fcc structure, with a major peak at 2θ = 43.9◦ and a 
minor peak at 51.4◦. The CS of the doped sample is smaller, around 16 
nm, and increases to approximately 21 nm after annealing at 873 K. The 
comparatively smaller CS in the Cu-doped films may be attributed to the 
structural disorder introduced by Cu incorporation. This interpretation 
aligns with the following observations from NRS and Mössbauer spec
troscopy, which also suggest increased local disorder in Cu-containing 
samples, as discussed in later sections.

The XRR pattern of both samples, as shown in Figure S1(a) and (b) in 
the supplementary material, essentially yields a pattern analogous to a 
homogeneous thin film deposited on a Si substrate and therefore con
firms the absence of any electronic contrast as expected in CHM. The 
thickness obtained from the fitting of the reflectivity curves using the 
GenX software [33] comes out to be 129 nm.

3.2. Diffusion measurements

Fig. 3(a) and (b) compare NRR patterns of undoped and Cu doped 

samples in the pristine state as well as after annealing at different 
temperatures within the q-range of 0.04 to 0.09 Å− 1, where q is the 
momentum transfer vector related to incident angle θ by q = 4π

λ sinθ.
The complete NRR patterns are provided in the supplementary ma

terial, Figure S2(a) and (b).
When the incident radiation energy is adjusted to match the nuclear 

resonance energy of 57Fe (14.4 keV), a significant scattering contrast 
arises between the natural Fe and 57Fe-enriched layers due to the strong 
nuclear resonance scattering from 57Fe nuclei. Nuclear resonant scat
tering can be measured in two modes: (i) the time-integrated or angle- 
resolved mode, known as NRR, and (ii) the time-differential or time- 
resolved mode, known as NRS [34]. In the time-resolved (NRS) mode, 
the delayed nuclear decay photons are collected as a function of time 
within a fixed time window, whereas in the NRR mode, the delayed 
decayed photons are integrated over time and recorded as a function of 
the incident angle. At resonance energy, the total scattering amplitude 
(f) becomes [22] 

f = fe + fn 

where fe and fn are the electronic and nuclear scattering amplitudes, 
respectively. The refractive index (n) of the sample is given by [24,35] 

n = 1 +
λ2

0
2π

∑

i
σi
(
f e
i + fn

i

)

where λ0 is the wavelength of incident X-rays, and σi is the atomic 
density of the ith species. Since fn is significant only for 57Fe, a strong 
scattering contrast emerges between natural Fe and ⁵⁷Fe-enriched layers, 
giving rise to a distinct Bragg peak (qB) that appears around q = 0.07 Å− 1

, 
corresponding to the multilayer periodicity [36]. In NRR, the critical 
angle near qc ≈ 0.05 Å− 1 appears as a peak resulting from interference 
between the incident and reflected waves, forming a standing wave with 
an antinode at the interface. When this antinode overlaps with the 
57FeNi layers, nuclear excitation is enhanced, giving rise to pronounced 
peaks in the NRR spectra [37,38]. Upon thermal annealing, the 
Bragg-peak intensity decreases due to Fe diffusion across the isotopic 
interfaces. This reduces the isotope contrast, causing a systematic 
decrease in the nuclear Bragg peak intensity. When the diffusion length 
becomes comparable to or greater than the layer thickness, the Bragg 
peak diminishes. Using the as-deposited peak intensity as a reference, 
the change in intensity is fitted using a Gaussian profile (after removing 
the q− 4 Fresnel reflectivity dependence) to extract the diffusion coeffi
cient D at each temperature, following the relation [39]: 

I(T) = I(0)exp
(
− 8n2π2D(T)

d2 t
)

(1) 

The reflected intensities before and after annealing the multilayer 
(ML) at temperature T for a duration of t are represented as I(0) and I(T), 
respectively. The diffusion coefficient at temperature T is denoted as D 
(T), while d represents the bilayer period, and n corresponds to the order 
of the Bragg reflection (with n = 1 in this study). Using Eq. 1, the 
diffusion coefficient D was determined by evaluating I(T) and I(0), 
which were extracted from the Bragg peak intensities. The bilayer period 
d and t is a known experimental parameter.

Based on the calculated values of D, the diffusion length Ld was 
estimated to be [40]: 

Ld =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2D(T)t

√
(2) 

and the resulting values are summarized in Table 1.
In the undoped samples, a gradual reduction in the intensity of the 

first-order Bragg peak was observed with thermal annealing due to the 
diffusion of Fe across the isotopic interfaces. The value of the self- 
diffusion coefficient in the undoped sample at 573 K is 6.38 × 10− 23 

m2/s, which increases to 4.24 × 10− 22 m2/s at 773 K.
In the context of the Cu-doped sample, the Bragg peak remains intact 

Fig. 2. XRD pattern of undoped (a) and Cu-doped (b) FeNi chemically homo
geneous multilayers for pristine and annealed samples at TA = 573, 673, 773, 
and 873 K.
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at 573 K without a notable change in intensity. After annealing at higher 
temperatures of 673 K and 723 K, the suppression of the Bragg peak 
infers an increased self-diffusion in Cu-doped samples, although not 
much increase is seen in the value of self-diffusion compared to the 
undoped sample. Further annealing at 748 K results in a four times 
increment in self-diffusion, and at 773 K, the multilayers are completely 
diffused. Therefore, a significant increment in the self-diffusion was 
observed after Cu doping in FeNi multi-layers. Further, the values of the 
diffusion coefficient obtained at different temperatures are used to 
calculate the activation energy Ea by using [41]: 

D = D0exp
(
− Ea

kBT

)

(3) 

where kB is the Boltzmann constant, and T is the annealing temperature 

in Kelvin. Fig. 4(a) and (b) show the temperature dependence of diffu
sivity (ln D vs. 1000/T) for the undoped and Cu-doped FeNi samples, 
respectively. The Arrhenius behavior describes the temperature depen
dence of diffusion, reaction rates, and many physical processes in solids, 
and the activation energy is obtained from the slope of these plots.

The undoped FeNi sample (Fig. 4(a)) follows a linear Arrhenius 
trend; fitted data yield an Fe self-diffusion activation energy of 0.32 eV. 
The Cu-doped FeNi sample (Fig. 4(b)), however, shows deviation from 
simple Arrhenius behavior. Such deviations can arise when the domi
nant diffusion mechanism changes with temperature, possibly due to the 
activation of short-circuit diffusion paths associated with grain bound
aries or internal interfaces. At low temperatures, these boundaries pro
vide shorter pathways for atomic diffusion [24,42]. The high difference 
in the interfacial enthalpies of Cu with Fe and Ni and atomic size 
mismatch played a key role in short-to medium-range chemical segre
gation [21]. Additionally, Cu can alter vacancy formation and migration 
energies, leading to a distribution of diffusion barriers rather than a 
single activation energy [43]. This behavior can be studied by molecular 
dynamics simulations as well because this could validate with the 
experimental findings where Cu exhibits high atomic mobility and 
perturbs the surrounding Fe/Ni lattice, enhancing vacancy formation 
and promoting substitutional jumps without disrupting crystallinity 
[23].

Fig. 3. Comparison of the intensity of the first-order Bragg peak of undoped (a) and Cu-doped (b) FeNi chemically homogeneous multilayers for pristine and 
annealed samples at TA = 573, 673, 723, 748, and 773 K. The qc and qB represent the critical momentum transfer (corresponding to the critical angle) and Bragg 
momentum transfer (corresponding to multilayer periodicity), respectively.

Table 1 
Diffusivity (D) and diffusion length (Ld) obtained from NRR measurements of 
undoped and Cu-doped multilayers at different annealing temperatures (TA).

TA (K) FeNi FeNiCu

D (m2/s) Ld (nm) D (m2/s) Ld (nm)

573 6.38 × 10− 23 0.8 - -
673 1.57 × 10− 22 1.3 2.01 × 10− 22 1.4
723 1.78 × 10− 22 1.3 2.27× 10− 22 1.5
748 2.73× 10− 22 1.7 8.98 × 10− 22 3.1
773 4.24 × 10− 22 2.1 Diffused -

Fig. 4. Temperature dependence of diffusivity in undoped (a) and Cu-doped (b) FeNi chemically homogeneous multilayers. The straight-line fit in (a) is obtained 
using the relation D = D0 exp (− Ea/kBT).
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3.3. Magnetization measurements

The magnetic hyperfine interactions from the 57FeNi layers were 
investigated using CEMS combined with NRS techniques. Fig. 5(a) and 
(c) depict the CEMS spectra for the pristine and annealed (748 K) 
undoped FeNi samples, while Fig. 5(b) and (d) present the pristine and 
annealed (748 K) spectra for the Cu-doped FeNi samples. Each observed 
CEMS spectrum was fitted by using the NORMOS SITE and DIST fitting 
programs, where the SITE function (a, b, c, d) gives the relative area of 
different hyperfine components, and the DIST function (a′, b′, c′, d′) 
provides the probability distribution of distinct components [44]. The 
normalized χ2 values for the spectra 5(a), (b), (c), and (d) are 1.23, 0.68, 
1.04, and 1.08, respectively.

The obtained values are shown in Table 2. For both the as-deposited 
and annealed samples, the Mössbauer spectra exhibit a well-defined 
sextet, confirming that the films are magnetically ordered at room 
temperature, and as shown in the Fig. 5 (a′, b′, c′, d′), the hyperfine field 
spectral profile of all samples were characterized by a broad, intense 
peak centered around 30 T, typical of the disordered taenite (FeNi) 
phase. To extract more detailed information about the magnetic envi
ronments, all spectra were deconvoluted into three distinct sub-spectral 
components: 2 high-field components (S1 and S3) and a low-field 
component (S2). For the pristine undoped FeNi sample, hyperfine 
fields of approximately 32.2 T (S3), 29.9 T (S1), and 4.2 T (S2) were 
obtained, where S1 and S3 components occur from the probe Fe atoms 
located in different nearest neighbor configurations with varying Ni 
content in the first coordination shell, consistent with recent Mössbauer 
studies on FeNi alloys [15,45]. The low-field component S2 is attributed 
to a weak magnetic component, possibly arising from Fe atoms in 
defect-rich or low-coordination environments, such as grain boundaries 
or interfaces [46,47]. After annealing at 748 K, a few noticeable changes 
in hyperfine parameters and the relative intensity of the spectral com
ponents are observed in Fig. 5(c). The increased intensity of the main 
sextet indicates a higher volume fraction of the FeNi alloy phase, sug
gesting enhanced atomic ordering. The stability of the S1 and S3 
component contributions and a slight reduction in the weak magnetic 
component further point towards the improved local magnetic ordering 
upon thermal treatment.

In the as-deposited Cu-doped FeNi sample, the spectrum exhibited a 
broad peak near 30 T, alongside a weak contribution around 4 T, which 
is depicted in Fig. 5(b). The spectral fitting yields three hyperfine field 
components: 31.09 T (S3), 28.58 T (S1), and 4.5 T (S2). The S3 and S1 
components correspond to FeNi alloy phases with slightly different local 
environments or compositions [48]. The enhanced intensity of the S2 
component, compared to the undoped sample, suggests that Cu doping 
introduces additional weak magnetic sites. This might be the result of 

the increased local disorder, strain, or the disruption occurring in the 
magnetic coupling among Fe atoms due to Cu atoms [49]. Following 
annealing at 748 K, as illustrated in Fig. 5(d), there is a slight increase in 
the hyperfine field values, consistent with enhanced magnetic exchange 
interactions due to improved alloying and reduced structural disorder. 
More significantly, the relative area of the low-field component de
creases sharply, becoming nearly negligible (~1%). This declination 
indicates that annealing promotes the formation of a more magnetically 
homogeneous phase, alleviating the disorder introduced by Cu doping.

Overall, the Mössbauer data confirm that both undoped and Cu- 
doped FeNi multilayers retain their magnetic ordering post-deposition 
and improve further upon thermal treatment. The observed shifts in 
hyperfine field distributions, particularly the increase in average mag
netic field strength and reduction in the contribution of weak magnetic 
components, provide strong evidence of enhanced alloying and 
diffusion-assisted short-range magnetic homogenization after anneal
ing. Furthermore, the influence of Cu doping is clearly reflected in the 
initial increase of weak magnetic component signal intensity, likely due 
to lattice strain and compositional fluctuations, which are effectively 
suppressed after annealing. These results promote the controlled atomic 

Fig. 5. CEMS spectra and corresponding fits using the SITE (a, c) and DIST (a′, c′) functions for undoped FeNi multilayers, and SITE (b, d) and DIST (b′, d′) functions 
for Cu-doped FeNi multilayers, shown in the pristine state (a, b) and after annealing at TA = 748 K (c, d).

Table 2 
Mössbauer hyperfine parameters of FeNi and FeNiCu multilayer samples.

Sample Site H 
(T)

I.S. 
(mm/s)

Q.S. 
(mm/s)

Relative 
Area (%)

FeNi 
(pristine)

Sextet 
1 
Sextet 
2 
Sextet 
3

29.92 ±
0.12 
4.28 ±
0.28 
32.23 ±
0.13

0.03 ±
0.005 
0.22 ±
0.037 
0.05 ±
0.007

0.05 ±
0.015 
0.44 ±
0.037 
0.06 ±
0.007

47.97 ± 6 
4.62 ± 0.5 
47.41 ± 6

FeNi 
(Annealed 
748 K)

Sextet 
1 
Sextet 
2 
Sextet 
3

30.17 ±
0.07 
2.26 ±
0.5 
32.45 ±
0.08

0.032 ±
0.004 
0.33 ±
0.062 
0.04 ±
0.005

0.04 ±
0.008 
0.21 ±
0.09 
0.05 ±
0.009

50.11 ± 4 
1.89 ± .5 
48.01 ± 3

FeNiCu 
(Pristine)

Sextet 
1 
Sextet 
2 
Sextet 
3

28.58 ±
0.20 
4.51 ±
0.71 
31.09 ±
0.15

0.023 ±
0.01 
0.24 ±
0.09 
0.034 ±
0.15

0.062 ±
0.035 
0.30 ±
0.209 
0.028 ±
0.023

29.81 ± 7 
11.63 ± 2 
58.56 ± 8

FeNiCu 
(Annealed 
748 K)

Sextet 
1 
Sextet 
2 
Sextet 
3

29.89 ±
0.03 
4.68 ±
0.04 
32.37 ±
0.02

0.04 ±
0.002 
0.03 ±
0.12 
0.04 ±
0.003

0.04 ±
0.004 
0.12 ±
0.097 
0.08 ±
0.003

60.35 ± 1 
1.09 ± .1 
38.56 ± 2
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diffusion as well as support the role of Cu as a catalyst for accelerating 
the atomic mobility and promoting the short-range intermixing at 
moderate annealing temperatures.

Fig. 6(a) and (b) illustrate NRS spectra of undoped and Cu-doped 
samples following isochronal annealing at different temperatures, 
measured at the qc. The NRS pattern is utilized in modeling magnetic 
and spin alignment in the 57FeNi layers. The time-domain oscillations in 
the NRS spectra arise from the splitting of the nuclear hyperfine levels of 
57Fe due to the interaction of the nuclear quadrupole moment with the 
surrounding electronic charges [50]. The spectra were analyzed using 
the REFTIM software package, which simulates time-resolved nuclear 
forward scattering based on dynamical theory [51]. The NRS fitting was 
initiated with roughly estimated hyperfine field values obtained from 
the fitting of CEMS data, and the final values were obtained through 
iterative refinement until the simulated time spectra reproduced the 
experimental oscillations. The fitting yields quantitative information 
about the magnitude and the orientation of the local magnetic moment 
[52]. The main fitting parameters include the hyperfine magnetic field 
(Bhf), its distribution width (ΔBhf), and the orientation of the magnetic 
hyperfine field. The field orientation is defined by two angles: β, the 
angle with respect to the surface normal, and γ, the azimuthal angle with 
respect to the direction of x-ray polarization [37,53]. ΔBhf represents the 
distribution of hyperfine fields around the mean value Bhf. Additionally, 
the NRS fitting yields other hyperfine parameters, such as the isomer 
shift (IS) and the electric field gradient (EFG). The isomer shift quantifies 
changes in the electron density at the Fe nucleus due to variations in 
local bonding or composition, whereas the EFG describes the magnitude 
of the electric field asymmetry of the charge distribution around the Fe 
nuclei [50].

Both pristine, undoped, and Cu-doped samples show well-defined 
quantum beats up to 65 ns, indicating magnetic ordering at room tem
perature. The quantum beat pattern exhibits signs of disorder at 573 K 
and 673 K; however, it becomes progressively sharper from 723 K on
ward, indicating better magnetic ordering and the development of a 
more uniform hyperfine field. This trend is also supported by the fitting 
results, which show narrower ΔBhf distributions at elevated tempera
tures. The fitting of these spectra yielded three hyperfine components: a 
major fraction around ~30 T corresponding to the disordered FeNi 
(taenite) phase, a minor high-field component near ~32 T attributed to 
Fe-rich regions, and a low-field component around ~4.5 T associated 
with weakly magnetic environments also observed in the CEMS mea
surements. In Cu-doped samples, the beat pattern is slightly more 
damped, possibly due to increased disorder or a higher fraction of weak 

magnetic component. These samples show a similar beat pattern but 
with more evident changes at lower temperatures. The dominant hy
perfine field remains centered near 30 T, consistent with the disordered 
FeNi matrix, while the persistent ~4.5 T component in early annealed 
samples suggests that Cu doping initially promotes weak magnetic en
vironments due to the static local disorder introduced by Cu atoms. With 
further annealing at higher temperatures (748 K and 773 K), the beat 
amplitude becomes sharper, suggesting that Cu doping may assist in 
faster atomic rearrangement and enhance FeNi ordering. From 723 to 
773 K, both undoped and Cu-doped samples exhibit more coherent 
quantum beats and less contribution of the weak magnetic component, 
as seen by the reduced intensity of the ~4.5 T component. Notably, in 
the sample annealed at 573 K, the spectrum shows a slight splitting in 
the beat pattern. Since the detailed shape of the beat pattern depends on 
both the magnitude and the direction of the internal hyperfine field 
relative to the x-ray propagation vector [54], this indicates a change in 
the direction of the internal field, suggesting the emergence of locally 
distinct magnetic environments due to heterogeneous Cu distribution. 
The broader ΔBhf values observed in the Cu-doped sample suggest that 
Cu incorporation leads to increased local magnetic field fluctuations, 
likely arising from structural disorder induced by diffusion or from 
variations in the local atomic environment (such as Fe–Fe, Fe–Ni, or 
Fe–Cu configurations). In undoped samples, the isomer shift (IS) values 
vary between ~ 0.08–0.34 mm/s, with slightly increasing trends upon 
annealing. These minor shifts hint at subtle electronic structure changes. 
In contrast, the Cu-doped samples exhibit a greater variation in IS 
values, reflecting more significant changes in the electronic surround
ings [55]. Both systems show very low EFG values. However, in the 
Cu-doped samples, some of the less prominent Fe environ
ments—referred to as minor components—exhibit slightly higher EFG, 
suggesting local asymmetries likely caused by the addition of Cu atoms. 
Angular distribution parameters (β, γ) confirm predominantly in-plane 
magnetic moments in the undoped sample, whereas the Cu-doped sys
tem shows slight angular reorientations, suggesting higher incoherent 
magnetic fractions or phase-separated domains, consistent with 
SQUID-VSM results. This trend supports thermally activated atomic 
diffusion and ordering. Thus, the hyperfine fields obtained from both 
CEMS and NRS match well, giving a clear and consistent view of the 
magnetic changes and structural transformation in both undoped and 
Cu-doped FeNi thin films during annealing.

Fig. 7 shows the room temperature M –H loops of undoped (a, c) and 
Cu-doped (b, d) chemically homogeneous multilayer FeNi samples, 
measured by applying the magnetic field in parallel (in-plane) and 

Fig. 6. NRS time spectra of undoped (a) and Cu-doped (b) FeNi chemically 
homogeneous multilayers as a function of annealing temperature TA = 573, 
673, 723, 748, and 773K. The best fit to experimental data is represented by a 
continuous curve.

Fig. 7. Room temperature magnetization curves for undoped and Cu-doped 
FeNi samples in the pristine state (a, b) and after annealing at TA = 573 K (c, 
d). In-plane and out-of-plane curves are represented by solid red and solid black 
circles, respectively. The inset panels represent the enlarged hysteresis curves.
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perpendicular (out-of-plane) to the sample surface. M –H loops of all the 
samples exhibited clear ferromagnetic hysteresis at room temperature, 
consistent with the sextet structures observed in Mössbauer spectra and 
the magnetic time oscillations from NRS. The values of saturation 
magnetization (Ms) and out-of-plane coercivity (H⊥

c ) for all samples 
(pristine and annealed at 573 K) are summarised in Table 3. The in-plane 
coercivity is very small and falls within the experimental error; there
fore, only the out-of-plane coercivity was reported.

The pristine, undoped FeNi samples demonstrated strong in-plane 
anisotropy with sharp hysteresis loops, which further improved upon 
annealing. This behavior is in agreement with the increased hyperfine 
fields and magnetic volume fractions observed at 748 K in CEMS. In the 
Cu-doped FeNi series, the magnetic loops initially showed a relatively 
soft hysteresis loop followed by increased coercivity after annealing at 
573 K in the perpendicular direction. This coercivity enhancement was 
likely arising from enhanced domain-wall pinning due to diffusion- 
induced microstructural modifications, such as defect redistribution, 
compositional fluctuations, and possibly due to a small fraction of L10- 
ordered FeNi phase promoted by Cu incorporation [56–58]. This change 
aligns with the observed bifurcation in the NRS beating pattern at 573 K 
in the Cu-doped sample, which shows changes in the local magnetic 
environment. Also, the value of saturation magnetization (Ms) did not 
change significantly after Cu doping [59]. Furthermore, the Ms in both 
samples remained relatively unchanged after annealing at elevated 
temperatures. This behavior is also observed in various experimental 
studies on Fe-Ni alloys, where it is reported that Ms strongly depends on 
the temperature at low Ni concentrations, while at higher Ni concen
trations (x ~ 0.50), Ms is temperature independent [60,61]. The 
out-of-plane hysteresis loops for both undoped and Cu-doped FeNi 
samples, in the pristine and annealed states, exhibit increased shearing, 
reduced symmetry, and incomplete saturation at applied low fields, 
which are consistent with previous studies in FeNi. This indicates the 
distribution of anisotropic axes because different regions of the film 
have slightly different preferred magnetization directions, and the 
magnetization reversal occurs over a range of fields consistent with the 
spatially varying local environments inferred from NRS and CEMS [14,
62–64].

4. Conclusion

In this work, the effect of Cu doping on the structural, self-diffusion, 
local, and bulk magnetization of the chemically homogeneous FeNi 
multilayers has been studied comprehensively. The undoped and Cu- 
doped FeNi multilayers were deposited in the same deposition condi
tions and were simultaneously annealed at different temperatures. The 
self-diffusion measurements performed using NRR suggested that Cu 
doping significantly enhanced the self-diffusion process, which 
augmented the local magnetic properties measured by NRS. The 
reduction in the weak magnetic component observed from the CEMS 
measurement validated improved crystallinity and local atomic ordering 
with annealing. The appearance of enhanced coercivity at 573 K may 
arise due to an L10 hard phase, which may be present along with the soft 
fcc FeNi phase. The insights gained from this study provide a deeper 
understanding of diffusion-assisted short-range ordering in FeNi-based 
systems, but do not provide the direct structural evidence for long- 
range L10 ordering. Therefore, future studies will explore time- 
dependent annealing strategies, annealing under an applied magnetic 
field, and advanced structural characterization using TEM/EDS and 
resonant X-ray diffraction. These investigations are beneficial for guid
ing the development of rare-earth-free magnetic materials with opti
mized performance.
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[35] K. Schlage, R. Röhlsberger, Nuclear resonant scattering of synchrotron radiation: 
Applications in magnetism of layered structures, J. Electron Spectrosc. Relat. 
Phenom. 189 (2013) 187–195.

[36] A. Gupta, X-ray and neutron studies of nanoscale atomic diffusion in thin films and 
multilayers, Appl. Surf. Sci. 256 (2) (2009) 552–557.
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