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ABSTRACT: This work presents the process of phase trans-
formation and chemical ordering in an FePd alloy thin film. The
study focuses on a multilayered Fe/Pd system undergoing a
postdeposition annealing process. The annealing induces morpho-
logical and structural changes in the samples, which were observed
by using scanning electron microscopy, X-ray reflectivity, and
conversion electron Mössbauer spectroscopy. The microscopic
structural properties were examined at various stages of annealing
to track the progress of the chemical ordering and transformation.
Our findings reveal that the transformation to the L10 phase occurs
through a multiphase process with two distinct paths: first, with
stoichiometric (A1−A6), and second, off-stoichiometric (L12-L1′)
intermediate phases. Both paths start with cubic fcc structures that
undergo tetragonal distortion and successive chemical ordering to the L10 phase. The observed increase in transformation
effectiveness correlates well with the surface diffusion-induced dewetting phenomenon and a change in the kinetic phase growth
process from a low-dimensional to a three-dimensional growth mechanism. These phenomena primarily affect the growth of the L10
phase, which is particularly interesting for material science, spintronics, and sensorics. The use of conversion electron Mössbauer
spectroscopy allows us to study of these effects at an atomic level not accessible by other techniques.

■ INTRODUCTION
FexPd100−x alloys have been the subject of extensive study due
to the wide range of phases they exhibit, each possessing
unique magnetic, magnetotransport, mechanical, and catalytic
properties, offering the possibility of integrating diverse
functionalities into a single material. Their diverse range of
properties and potential applications range for spintronics,1,2

sensing,3−5 magnetostrictive,6,7 and biomedical8 technologies.
These properties are highly influenced by the structure of

the FePd alloy, particularly its crystallographic phase and
chemical order. The FePd system can exhibit various phases,
with the most well-known being the A1 and L10 phases. The
A1 phase has a face-centered cubic (fcc) structure with
randomly distributed atoms of both species, and it is
characterized by soft magnetic properties across a wide range
of iron-to-palladium concentrations.9 When the atomic
concentration of iron and palladium is close to 50 at %, the
FePd alloy can form the L10 phase. This phase is achieved
through chemical ordering, resulting in alternating Fe and Pd
planes and tetragonal distortion.10 The L10-FePd phase is
highly regarded for its hard magnetic properties and giant
uniaxial magnetocrystalline anisotropy.11 In addition to the A1
and L10 phases, other crystalline phases are possible, including
the fcc L12 phase with FePd3 composition,12 the body-centered
tetragonal (bct) A6 phase with a stoichiometry of 50% Fe and
50% Pd,13 and the L1′ phase, which is a hybridized mixture of
L10 and L12 phases.14,15 Table S1 summarizes the variety of

crystal phases in FePd binary alloys, but the possible range of
the FePd alloy family is even more extensive.
The presence of various FePd phases within a similar

concentration range and under specific thermodynamic
conditions suggests that the phase transition between the A1
and L10 phases may not occur through a direct transformation
but rather a cascade-type transformation involving multiple
stages.16−18 This cascade transformation is believed to involve
the following stages: (i) initial decomposition of the cubic
phase into other cubic phases with different atomic
stoichiometries, (ii) a shear transition leading to the trans-
formation into tetragonal structures, and (iii) atomic ordering
of the tetragonal phases, ultimately resulting in the formation
of the L10 phase. This behavior is likely due to the shift of the
congruent point in the FePd phase diagram from the
equiatomic composition to around 58 atom % of Pd and the
appearance of intermediary stages, such as L12, L1′, and A6
phases in this phase transition process. A similar behavior
involving intermediate phase transformations has also been
observed in other L10 alloys, such as FeNi.19
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The Johnson−Mehl−Avrami−Kolmogorov (JMAK) model
is a widely used approach for describing the kinetics of phase
growth in isothermal processes. This model has been
successfully applied to various phenomena, including the
freezing, recrystallization, and amorphization of pure metals
and alloys, as well as the eutectoid decomposition of solid
solutions.20,21 The JMAK model takes into account contribu-
tions from nucleation, growth mechanisms, and the dimen-
sionality of the growth process. For that reason, the solid-state
dewetting processes and the polycrystalline nature of the films
will influence the kinetics of the structural transformation.
Factors such as the mobility of grain boundaries, cluster
nucleation rate, diffusivities of adatoms at the material surface,
grain boundaries, or substrate will play a crucial role.22 For
instance, powered by surface diffusion, the dewetting in the
FePd system can be used to fabricate nanostructures or
nanoparticles with desired shapes and sizes,23,24 particularly
when combined with nanopatterning techniques.25,26

The JMAK model has been successfully applied to describe
phase transformations in various L10 systems, including FePd,
FePt, CoPt, and FeNi, where different growth mechanisms
have been observed, depending on specific experimental
conditions. The interface-controlled growth mechanism with
heterogeneous nucleation and 1-dimensional growth has been
observed.27−31 In such cases, the transformation proceeds
through vacancy migration at the interface, where the creation
of vacancies is more favorable. In other studies, a diffusion-
controlled one-dimensional inhomogeneous transformation
was reported32 or a two-dimensional growth mechanism with
instantaneous nucleation.33

Through our investigation, we provide insights into the
chemical ordering during transformation and phase growth
mechanisms occurring in the FePd system, shedding light on
the intricate ordering process during the transition from the
initial multilayered structure to the final FePd alloy. The initial
multilayered structure offers precise control over the chemical
composition by adjusting the layer thicknesses. This method is
commonly used to prepare L10 systems due to its simplicity
and better control over the alloy composition compared to
codeposition or direct alloy deposition methods. The trans-
formation to FePd is achieved through postannealing. To
analyze the transformation kinetics, we employ the JMAK
model based on our Mössbauer spectroscopy (MS) results. MS
is a valuable tool for tracking transformations between different
phases, providing local chemical information from well-
crystallized material, small clusters, and not well-crystallized
phases with short-range chemical order. Information obtained
in this manner is element-sensitive and can also be position-
sensitive, depending on the location of probe isotopes within
the studied material. It is particularly valuable for local
investigations of phase transformations, where other methods
may have limited access.
In our research, we observe a sequential phase trans-

formation involving metastable and not well-crystallized phases
including various cubic and tetragonal structures within the
FePd system. We identified two distinct transformation paths.
The first path involves stoichiometric A1 and A6 phases, while
the second path, which appears to be more effective, includes
the nonstoichiometric L12 and L1′ phases. Furthermore, we
uncover different growth mechanisms during the trans-
formation process. These mechanisms include one-dimen-
sional diffusion-controlled growth, one-dimensional interface-
controlled growth, and three-dimensional diffusion-controlled

growth, which correspond to the transformations between
different phases of the FePd system. The one-dimensional
growth process persists as long as the thin film maintains its
continuous nature. However, when surface-induced dewetting
occurs and disrupts the continuity of the film, a three-
dimensional growth mechanism becomes dominant, primarily
involving the L10 phase.

■ EXPERIMENTAL METHODS
The sequential deposition of Fe and Pd layers was carried out
onto the Si/SiOx (100 nm) substrate in an ultrahigh vacuum
with a base pressure of 10−10 mbar using a thermal deposition
method. The high-purity elements of Fe-4N enriched with an
57Fe isotope up to 96% (Trace Science International) and Pd-
5N (Sigma−Aldrich) were used to prepare a Pd1.5 nm/[Fe1 nm/
Pd1 nm]5/Pd1 nm multilayer film with total thicknesses of 12.5
nm. The stoichiometry of Fe to Pd was 45 to 55 at %, which
falls within the stability range for the formation of the L10
phase.34 The film was protected with palladium layers at the
bottom and top of a multilayered stack to prevent iron
oxidation from the substrate or the surrounding environment.
During the deposition process, the thicknesses of the individual
layers were monitored in real time by using a quartz balance.
Additionally, ex situ measurements using X-ray reflectometry
were conducted to verify the thicknesses of the deposited
layers.
Thermal treatment was employed to initiate the diffusion

process and induce the transformation of the multilayered
system into the FePd alloy. Based on the binary alloy phase
diagram of FePd,34 a temperature of 600 °C was chosen for the
annealing process. The annealing process took place in a high
vacuum environment with a pressure lower than 10−5 mbar.
The annealing was conducted for various durations ranging
from 0 to 300 min. During the annealing process, the samples
were subjected to different treatments. For the 0 min annealing
time, the sample was heated up to 600 °C and then the heater
was immediately turned off. In the case of longer annealing
times, the samples were kept at 600 °C for the specified
duration before being cooled down. The heating rate used was
10 °C/min, ensuring a gradual increase in temperature. On the
other hand, the cooling process was faster, with a rate of 50
°C/min immediately after turning off the heater. As the
samples approached room temperature, the cooling rate
gradually slowed down. The annealed samples were labeled
as S_An0, S_An4, S_An15, S_An30, S_An60, and S_An300,
where the number indicates the annealing time in minutes that
the sample was held at 600 °C. The multilayer film used as a
reference in this study is referred to as S_ML in subsequent
sections of the work.
Mössbauer spectroscopy was conducted using the 57Fe

isotope of iron at room temperature with a homemade
proportional counter. The samples were placed inside the
detector, and a constant flow of a gas mixture consisting of
helium and 10% methane was supplied. A 57Co source
embedded in a rhodium matrix was used, and the conversion
electrons emitted during the decay of 57Co were detected in a
backward geometry configuration. This technique, known as
conversion electron Mössbauer spectroscopy (CEMS), is ideal
for thin film studies. The spectra were collected from the
central region of the sample, covering an area with a diameter
of 3 mm. The data analysis was conducted using the
WinNormos 3 software.35 The morphology of the samples
was investigated using a scanning electron microscope Tescan
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Vega3. The measurements were performed in secondary
electron detection mode with an electron beam energy of 3
kV. For the X-ray reflectometry (XRR) studies, a PANalytical
X’Pert Pro diffractometer was used. The measurements were
carried out at an X-ray tube voltage of 40 kV and a current of
30 mA, using the Cu Kα line. The data analysis was performed
based on the Parratt model,36 assuming a divergence of 0.02
degrees and a beam width of 0.4 mm.

■ RESULTS AND DISCUSSION
Figure 1 shows the reflectivity measurements of the Fe/Pd
multilayer and FePd alloy after annealing for 4 min. The

densities, roughnesses, and total thicknesses of the films and
constituent layers are presented in Table 1. The multilayer
system exhibits the expected layered structure. The total
thickness of the Fe/Pd film is 12.8 nm, which is 2.4% above the
nominal value. This small deviation is well within the accuracy
of the measurement method. The measured mean thicknesses
of the Fe and Pd layers deviated slightly from their nominal
values. The Fe layer thickness is slightly larger, while the Pd
layer thickness is slightly smaller than expected. Similarly, the
densities of the Fe and Pd layers differ from their bulk values.
The density of iron is larger, while the density of palladium is
reduced, indicating intermixing of the layers during the
deposition process. This intermixing effect is also pronounced
in the roughness values, which are comparable to the
thicknesses of the individual layers. This confirms that there
is partial intermixing of Fe and Pd atoms at the interfaces
during the deposition process. The tendency of interatomic
diffusion between Fe and Pd is well-known and has been
observed, for example, in epitaxial ultrathin Pd/Fe systems,37

which demonstrated the formation at the interfaces of a
disordered FePd alloy due to the atomic mixing. The presented
reflectivity measurements and analysis indicate that there is
intermixing between the Fe and Pd layers during the
deposition process, resulting in the formation of a partially
disordered FePd alloy.
The X-ray reflectivity analysis for samples annealed for

shorter times (0 and 4 min) and for longer annealing times

(15, 30, 60, and 300 min) are treated separately. Since the
results for S_An0 and S_An4 are identical, only the
representative reflectivity curve for the film annealed for 4
min is shown in Figure 1b. The model used in this case
assumed the formation of an FePd alloy. The obtained layer
thickness was 12.5(1) nm, which matches the nominal value.
The density of the alloy is determined to be 10.2(2) g/cm3.
This value is consistent with an Fe−Pd solid solution having a
stoichiometry of 45:55 and confirms that the annealing process
resulted in the formation of an alloy with the desired
composition.
The changes in film morphology caused by the solid-state

dewetting do not allow reliable XRR data to be obtained for
samples annealed for longer times. The systematic prolonging
of the annealing time leads to a gradual loss of film continuity.
This effect is clearly seen in the SEM scans presented in Figure
2, where a continuous evolution of the thin film morphology is
observed. The S_ML sample has a smooth and flat surface, but
even a short annealing time results in the formation of small
voids. Prolonging the heat treatment induces solid-state
dewetting and the formation of islands. For intermediate
annealing times, there is a progressive increase in the number
and size of the voids. Between 30 and 60 min of annealing, the
voids merge and the continuity of the 12.5 nm thick FePd thin
film is lost. A similar dewetting effect during the annealing of
FePd thin films prepared on various types of substrates has
been previously observed.38−41

To analyze the details of phase transformation and growth
kinetics, Mössbauer spectroscopy measurements were per-
formed. During the analysis, we identified three main
components in the CEMS spectra. The first component,
labeled as L10-crystal, corresponds to the crystalline FePd L10
phase and exhibits a Lorentzian shape of spectral lines. The
other two components are characterized by the distribution of
magnetic and electric hyperfine fields: the magnetic hyperfine
field distribution (HFD) and the electric quadrupole splitting
distribution (QSD). The QSD component provides informa-
tion about the “nonmagnetic” part of iron in the specimen,
representing the superparamagnetic or paramagnetic regions
that do not exhibit magnetic long- or short-range order at
room temperature. The HFD component includes all short or
long-range magnetically ordered iron atoms within the FePd
film, excluding the well-crystalline L10 phase. Both the QSD
and HFD components display broad Mössbauer spectra with
Gaussian distribution of hyperfine parameters, which is a
consequence of the chemical disorder within the sample. In the
fitting procedure, a linear correlation of the isomer shift with
quadrupole splitting field or magnetic hyperfine field is
imposed into the fitting process for both the QSD and HFD
components in the form:

l
mooo
nooo

is
B HFD

QS QSD
IS is

, for

, for

hf
0= + *

(1)

Figure 1. XRR results for (a) Fe/Pd multilayer and (b) FePd thin
alloy film annealed at 600 °C for 4 min. The red lines are fits of the
Parratt model to the experimental data.

Table 1. XRR Analysis of Fe/Pd Multilayer Stack and FePd Thin Alloy Film Annealed for 4 min

total thickness (nm) mean thickness of the layers (nm) mean roughness (nm) mean density (g/cm3)

S_ML Fe/Pd 12.8/Fe/Pd 1.17/Fe 1.1(2)/Fe 8.7(3)/Fe
0.90/Pd 0.9(3)/Pd 10.6(2)/Pd

S_An4 FePd 12.5(1) 10.2(2)
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The CEMS results for the multilayered Fe/Pd thin film are
shown in Figure 3a. The gray and brown areas represent the

components of the magnetic hyperfine field and electric
quadrupole splitting distributions, respectively. In the case of
the S_ML sample, the L10-crystal component is not present in
the spectrum. The histogram of the magnetic hyperfine field
distribution (P(Bhf)) depicted in Figure 3b illustrates the
probability of finding Fe atoms with specific magnetic
hyperfine field values. Further analysis of the histogram can
be performed by fitting multiple Gaussian distributions
(subcomponents), thereby providing additional information
about the surroundings of different iron atoms. The obtained
parameters and the corresponding contributing phases can be
found in Table S2.
The probability distribution P(Bhf) shown in Figure 3b

exhibits nonzero values for Bhf ranging from 15 to 40 T, and
the histogram shape is reproduced using five Gaussian
subcomponents. The highest probability is observed for Bhf
close to 34.5 T. This subcomponent with an ∼51%
contribution can be attributed to iron atoms with surroundings
corresponding to the α-Fe phase. It confirms that the XRR
observation that the multilayer structure of the Fe/Pd thin film
is preserved in the nonannealed sample. The slight increase in
the average Bhf value compared to the pure α-Fe phase can be
explained by the presence of a large roughness and interatomic
mixing at the interfaces, as the bcc Fe phase doped with
palladium tends to exhibit enhanced magnetic hyperfine field
values.42,43 The remaining 48% of the iron atoms have lower
magnetic hyperfine field values and can be interpreted as iron

atoms mixed with palladium, forming the fcc FePd alloy with
local variations in stoichiometry.18,44 Within this component,
around 31% of the iron atoms have a mean magnetic hyperfine
field value of approximately 31.5 T, corresponding to the value
expected for the A1 FePd alloy with an atomic ratio close to
1:1. Another subcomponent, with a mean <Bhf> value of
around 26.0 T, suggests a disordered alloy with a
Fe20−25Pd80−75 stoichiometry. This subcomponent represents
about 12% of the spectral area. The remaining 4% of iron
atoms, characterized by the lowest Bhf values, can be attributed
to a strongly Pd-enriched fcc FePd alloy. All of these maxima
exhibit broad widths of approximately 3.0 T, indicating a
significant level of chemical disorder in the sample. The
remaining 1.5% of iron atoms contribute to the QSD
component, which represents a paramagnetic or super-
paramagnetic state (brown area in Figure 3a). This component
likely originates from diluted Fe atoms with predominantly
palladium neighbors, exhibiting no magnetic ordering.
The CEMS analysis confirms that the multilayered structure

is preserved in the nonannealed sample, with approximately
half of the iron atoms residing in the α-Fe(Pd) layers. The
remaining iron atoms are intermixed with palladium, forming
an FePd alloy with varying stoichiometry. As a result, the local
stoichiometry modulation is expected in the S_ML sample,
ranging from an almost pure iron phase to single iron atoms
diluted in palladium.
Upon annealing, significant structural changes occur, leading

to the decay of the multilayered structure and the formation of
an FePd alloy thin film. Figure 4a displays the CEMS spectra of
the samples annealed at various times along with the
corresponding fits. In all annealed samples, the presence of
the crystalline and well-ordered FePd L10 phase (the L10-
crystal component) is observed, as well as the HFD and QSD
components with distributions of magnetic hyperfine field
(Bhf) or electric quadrupole splitting (QS) hyperfine
parameters. The analysis reveals a gradual increase in the
L10-crystal component with longer annealing times, while the
contributions of the other two components to the total CEMS
spectra decrease. This effect is clearly observed in the
histograms of the hyperfine field distributions shown in Figure
4b,c for the L10-crystal and HFD components, respectively.
The HFD component of the annealed systems was further

analyzed, resulting in the identification of several subcompo-
nents corresponding to different local surroundings and
stoichiometry of Fe atoms. Figure 4c shows the distribution
of magnetic hyperfine fields, which can be attributed to various
phases within the FePd system. The results of the fitting
procedure are provided in Table S2. The different chemical
compositions within the HFD component can be interpreted

Figure 2. SEM images of Fe/Pd ML and FePd alloy after annealing for different times.

Figure 3. (a) CEMS spectrum; the data points are represented by
dots, the red line represents the fit to the spectrum, and the gray and
brown areas are the HFD and QSD components, respectively. (b)
Histogram of magnetic hyperfine field distribution for the Fe/Pd
multilayered film. The blue lines in the histogram indicate the
expected values of Bhf for bulk iron in the bcc structure and for the
FexPd100−x alloy in a disordered A1 phase with different stoichiometry.
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as small clusters of different FePd phases and local variations in
the iron concentrations. The formation of such clusters was
previously identified by Petkov et al. where structural
coherence length varied on nanocrystal size and composition.45

The average magnetic hyperfine field values <Bhf> for the gray,
red, and blue subcomponents correspond to the L1′, A6, and
L12 phases of the FePd family, respectively. The yellow
subcomponent represents the A1 phase with a FexPd100−x
composition, where x is approximately 50. Additionally, the
gray, red, and blue subcomponents could also represent the A1
phase with Fe concentrations of approximately 15, 25, and 40,
respectively, while the green subcomponent represents clusters
enriched with iron (x > 50). For more information, please refer
to Mössbauer spectroscopy references of bulk FePd alloy.18,44

The circles shown on the back panels of Figure 4b,c
represent the mean values of <Bhf> for each (sub)component,
and their sizes are proportional to the percentage contribution
of that component. The colored strips indicate the full width at
half-maximum ( fwhm) of the distribution. The top scale on
the back panels provides information about the composition of
the FexPd100−x alloy for the L10 and A1 phases, based on the
research of Vlasova et al.18 and Tsurin et al.46 In this way, the
back panel shows how the local surroundings of Fe atoms for
specific (sub)components change with the duration of the
annealing time. By utilizing the findings of Vlasova and Tsurin,
it has been concluded that a change in the composition of one
iron atom in the first (or second) coordination zone leads to a
corresponding change in Bhf of 1.5 T (or 0.8 T) for the L10
phase and 1.6 T for the A1 phase. Using this information, we
can estimate the expected values of Bhf for the Fe0.45Pd0.55
stoichiometry to be 25.7 T for the L10 phase or 31.1 T for the

A1 phase. These estimates serve as a reference for under-
standing the changes in Bhf values observed for different
(sub)components as a function of the annealing time.
It is evident from the graph that the contribution of the

crystalline L10 phase increases systematically with longer
annealing times, while the mean values of <Bhf> and the fwhm
remain nearly unchanged. The variation of <Bhf> between
25.92 and 25.52 T for samples annealed at different times
corresponds to less than a 1% deviation from the expected
value of 25.7 T for the L10 Fe45Pd55 alloy. The obtained values
of fwhm for the crystalline L10 phase, around 1.0 T, are smaller
than the expected change caused by the alteration of the
composition of one iron atom in the first coordination zone.
This indicates a high level of chemical order and well-
crystalline structure for the L10-crystal component with only
minimal homogenization occurring during the initial stages of
annealing. A similar behavior can also be observed in the
changes in QS values.
The changes observed in the HFD component exhibit more

pronounced variations among the samples. In the case of
S_An0, the distribution is broad and maintains a relatively
constant probability P(Bhf) within the magnetic hyperfine field
range of 25.0−33.0 T. This corresponds to a variation in the
number of Fe atoms between 1 and 8 in the first coordination
zone of the A1 phase, indicating a significant chemical
disorder. As the annealing time is extended, the distribution
narrows, and the peak in P(Bhf) around <Bhf> = 27.0 T
becomes more prominent. This value corresponds to three
iron atoms in the first coordination zone of the A1 FePd phase,
suggesting a shift toward a palladium-enriched alloy in the
HFD component. Since such a shift would result in a
deficiency of iron atoms, the narrowing of the P(Bhf)
distribution suggests the gradual formation of different FePd
phases, including A6, L12, and L1′. These phases exhibit lower
magnetic hyperfine fields compared to the A1 phase with
similar local Fe-to-Pd compositions.13,17,18,44

Additionally, it is expected that the ordering process
proceeds through several intermediate steps rather than a
direct transition between the A1 and L10 phases. Previous
studies have reported sequential transformations in FePd alloy
between the disordered A1 phase and ordered L10 phase,
involving various intermediate phases.16−18 In our case,
starting from the multilayered sample, the transformation
occurs initially to a disordered A1 phase with locally varying
Fe-to-Pd stoichiometry or to the L12 phase of the FePd3 alloy.
With the further prolongation of the annealing time, the
transition progresses from cubic A1 and L12 phases to phases
with tetragonal structures, such as A6, L1′, and finally to the
L10 phase. This transformation process is also indicated by a
slight increase in the average <QS> values for the HFD
component as the annealing time is prolonged, reflecting the
emergence of local atomic configurations characteristic of L10,
A6, and L12 or L1′ phases.
The annealing time of approximately 30 min appears to be a

critical point where significant changes between samples are
observed. Below this time, the contribution of the crystallized
L10 phase is around 40%, with disordered phases dominating.
However, at an annealing time of 30 min, both contributions
become similar. Further prolongation of the annealing time
leads to a significant increase in the L10-crystal phase content,
reaching up to 60%. The transition from HFD-dominated to
L10-crystal-dominated spectra at the 30 min annealing time is
depicted in Figure 5a, which illustrates the percentage

Figure 4. (a) CEMS spectra of the annealed FePd samples: the dots
represent the measurement data, while the lines and shaded areas
represent the fitted curves, (b, c) distribution of Bhf for samples
annealed at various times at 600 °C. Figure (b) presents the L10-
crystal component, while (c) represents the HFD component of the
FePd system. The numbers on the left side are the components’
contributions. The colors in (c) correspond to different phases: gray,
L1′; red, A6; blue, L12; yellow and green, FePd and Pd-rich A1 alloy,
respectively. The top panels in (b) and (c) visualize the changes of
the mean <Bhf> and fwhm values for (sub)components obtained for
different annealing times. For more details, refer to the text.
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composition of phases in the samples. The dots represent the
percentages of specific components (the L10-crystal, HFD, and
QSD), while the bars indicate the participation of HFD
subcomponents. By observing the lengths of the individual bars
(phases) within the HFD component, it is noticeable that the
Fe-rich fcc phase (green color) gradually decreases, while the
subcomponents with Bhf values around 26−30 T increase,
indicating an enhancement of the A6 and L1′ phases.
The kinetics of phase composition can be analyzed using the

Johnson-Mehl-Avrami−Kolmogorov (JMAK) model, which is
described by the equation C(t) = 1 − exp (−ktnA).47 In this
equation, C(t) represents the fraction of phase content at a
given time t, k is the overall transformation rate, and nA is the
Avrami exponent. However, in the studied case, where the
transformation is not complete and involves multiple phases,
the equation needs to be modified to take into account the
initial and final concentrations. The modified equation can be
expressed as follows:

C C ktAmp exp( )t
n

0min
A= × [ ]= (2)

where Amp = Ct=0 min − Ct=300 min represents the amplitude,
Ct=300 min and Ct=0 min are the percentage contributions of
specific phases at the initial and final stages of annealing,
respectively. The results for the L10-crystal phase (dashed black
line) and the values of k and nA are presented in Figure 5a.
Interestingly, similar results for k and nA were obtained when
fitting the JMAK model to the HFD component (dashed red
line), indicating that a transformation is occurring between
different phases within the HFD component and the L10 phase.
The Avrami exponent nA = 2.76 suggests a diffusion-

controlled growth with the increasing nucleation rate, which is
typical for bulk materials with a three-dimensional growth
mechanism. It is worth noting that the increase in the L10-
crystal phase around 30 min of annealing time correlates well
with the changes in film morphology and the transition from a
thin film with voids to separated and randomly distributed
particles of FePd alloy, as observed in Figure 2. This indicates
the significance of the solid-state dewetting process in the
phase transformation. In our previous work, we investigated
the effect of solid-state dewetting on grain growth using SEM
imaging and XRD Scherrer crystallites.41 We observed that the
growth of the L10 phase is a slow process following the normal
growth model but with a notable acceleration occurring around
the annealing time of 30 min, which coincides with the
observed increase in the L10-crystal phase and its three-
dimensional growth characteristics.

In the study by Bahamida et al.,32 the transition mechanism
was identified as a diffusion-controlled one-dimensional
process with decreasing nucleation rate (nA = 0.39 and k =
0.555 min−nA). Similar low-dimensional growth mechanisms
governed by interfacial nucleation at grain boundaries have
been observed in studies on FePt or FeNi L10.

27−31,33

However, our findings suggest that dewetting plays a crucial
role in transitioning from a one-dimensional to a three-
dimensional growth mechanism. The initial formation of 40%
of the L10 phase observed within an annealing time shorter
than 15 min could be associated with a similar process
described in refs 27−33 occurring within the thin film volume
or at the edges of voids. The anisotropic growth of low-
dimensional grains normal to the substrate, limited by stress, is
a well-known phenomenon in thin films and has been
previously observed in FePd alloy thin films.48,49 However,
when solid-state dewetting promotes diffusion, a further
increase in L10 phase composition can be achieved as a result
of three-dimensional grain growth and an increased number of
nucleation sites. This is facilitated by the availability of more
grain boundaries and structural defects as the dewetting
progresses. This behavior is consistent with the findings of
Merkel et al., where the diffusion coefficients for the L10 phase
were found to be smaller than those for the disordered A1
phase.50,51

The transformation from the disordered fcc phase to the L10
phase involves intermediate steps, and therefore, a similar
analysis of the time-dependent phase composition for the HFD
component was conducted. The results and fits using the
JMAK model for L1′, A6, L12, and A1 phases are presented in
Figure 5b. It can be observed that the fractions of the L12 and
A1 phases decrease with increasing annealing time, while the
fractions of the L1′ and A6 phases increase. The L12 FePd3
phase is known to preferentially form at the Fe/Pd interface
during annealing.52,53 Additionally, the diffusion coefficients of
the fcc FePd system are highest for Pd concentration around
60−70%,54 indicating the shift of the congruent point and
preferential formation of an alloy with FePd3 stoichiometry at
the early stages of annealing. Indeed, the CEMS results for
S_ML demonstrated the presence of a palladium-rich A1
phase, while the L12 phase shows the highest contribution to
the spectra for the shortest annealing times, followed by a rapid
decrease in concentration with longer annealing times.
A similar behavior is observed for the A1 phase, the

formation of which was also observed during the deposition
process. Both phases have a cubic fcc structure that
successively transforms into tetragonally distorted phases like
A6, L1′, and finally L10. The calculated values of the Avrami
exponents are below 0.5 for the L1′ and A6 phases and close to
1 for the L12 and A1 phases, indicating different growth
mechanisms compared to the L10 phase. For Avrami exponents
between 0.5 and 1.5, the growth mechanism could involve one-
dimensional diffusion-controlled growth with decreasing
nucleation or one-dimensional interface-controlled growth
with nucleation at grain boundaries. Since the Fe/Pd
multilayer is composed of different cubic phases, such as bcc
α-Fe(Pd) and A1 FexPd100−x, the transformation to A1 FePd
and L12 FePd3 phases could proceed through the one-
dimensional diffusion-controlled growth by decomposing the
initial phases.
On the other hand, the formation of tetragonally distorted

A6 and L1′ phases at fcc interfaces is attributed to shear
transformation or cooperative displacement. The intermediate

Figure 5. (a) Phase fraction of FePd thin films obtained from CEMS
spectra for L10-crystal, HFD, and QSD components with marked
HFD’s subcomponents as the bars. (b) L1′, A6, L12, and A1
subcomponents of HFD. Dashed lines are the results of fitting the
model with the JMAK kinetic phase growth model.
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phases ultimately transform into the crystallites of tetragonal
structures, with the L10 phase being the final product. The
ordering process from these intermediate phases to the L10-
FePd phase is enhanced by solid-state dewetting, which leads
to three-dimensional growth. It is interesting to note that solid-
state dewetting specifically boosts the transformation process
for the L10 phase, while the other phases appear to be
unaffected by it.
Based on our findings, we have identified two distinct

transformation paths from the multilayered Fe/Pd system to
the ordered L10 phase. The first path involves the A1 and A6
phases, while the second path involves the L12 and L1′ phases.
These transformation paths are illustrated schematically in
Figure 6. It is important to note that the transformation of the

Pd-rich L12 phase into L1′ and eventually to L10 must also
involve the Fe-rich A1 FePd alloy in order to maintain the
overall stoichiometry.
Both transformation paths involve the initial formation of

cubic A1 or L12 phases, which subsequently transform into the
tetragonally distorted A6 or L1′ phases, respectively, and finally
into the L10 phase. However, it is important to note that these
processes do not exclude the possibility of a direct trans-
formation from A1 to L10, which might also occur in parallel.
From the progress of phase composition shown in Figure 5b,

we can infer that the transformation through the L12-L1′ path
is more effective than the one through the A1−A6 path. It is
evident from the fast accumulation of the A6 phase, reaching
around 20%, which does not show a significant reduction over
time. This suggests that the transformation of the A6 phase
into the L10 phase proceeds very slowly, at least at the
annealing temperature of 600 °C.
On the other hand, the behavior of the L12 and L1′ phases is

different. The concentration of the L12 phase systematically
declines over time, while the L1′ slowly increases during
annealing. After long annealing times, they both show similar
concentrations of 6−7%. This indicates that the majority of the
L12 phase eventually transforms into the L10 phase, while only
a small percentage of the material maintains the L1′ structure
(as shown in Figure 5b and Table S2).

■ CONCLUSIONS
The primary objective of this research is to investigate the
formation of the L10 FePd phase during the annealing at 600
°C of a multilayered Fe/Pd system. Our study reveals that the
Fe/Pd thin film undergoes a process of dewetting during
annealing when a 2D thin film changes into a 3D material;
concurrently, there are changes in the phase composition and

growth kinetics, leading to the emergence of the L10 phase.
The L10 phase exhibits a high degree of chemical order and
possesses a well-crystallized structure, with only a limited
number of defects observed at the initial stage of annealing.
The transformation from the Fe/Pd multilayer to the L10
phase involves intermediate steps following two distinct paths.
The first path includes the formation of the cubic A1 phase and
its subsequent transformation into the tetragonal A6 phase.
The second path involves the formation of the cubic L12 phase,
followed by its transformation into the tetragonally distorted
L1′ phase, which is a hybridized mixture of the L10 and L12
phases. In the final step, both the A6 and L1′ phases undergo
transformation to the L10 phase. However, it is observed that
the transformation through the L1′ phase is more efficient, as
the A6 phase accumulates with increasing annealing time and
reaches approximately 20% in samples annealed for longer
durations. The sequential transition between phases is
accompanied by a change of the growth kinetics from a one-
dimensional process to a three-dimensional process. This
transition is facilitated by the solid-state dewetting phenom-
enon. It is noteworthy that solid-state dewetting specifically
influences the final step of transformation to the L10 phase,
while the growth of other phases appears to be unaffected. This
behavior demonstrates the ability to manipulate the growth
kinetics of specific phases through solid-state dewetting, an
effect interesting in electronics, spintronics, and sensorics
fields.
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