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The effect of 0, 0.5, and 1 μm-thick Ag interlayers on the chemical interaction
between Pd and Fe in epitaxial Pd(0 0 1)/Ag(0 0 1)/Fe(0 0 1)/MgO(0 0 1) and
Fe(0 0 1)/Ag(0 0 1)/Pd(0 0 1)/MgO(0 0 1) trilayers has been studied using
X-ray diffraction, 57Fe Mössbauer spectroscopy, X-ray photoelectron spectros-
copy, and magnetic structural measurements. No mixing of Pd and Fe occurs
via the chemically inert Ag layer at annealing temperatures up to 400 °C. As
the annealing temperature is increased above 400 °C, a solid-state synthesis of
an ordered L10-FePd phase begins in the Pd(0 0 1)/Ag(0 0 1)/Fe(0 0 1) and Fe
(0 0 1)/Ag(0 0 1)/Pd(0 0 1) film trilayers regardless of the thickness of the
buffer Ag layer. In all samples, annealing above 500 °C leads to the formation
of a disordered FexPd1−x(0 0 1) phase; however, in samples lacking the Ag
layer, the synthesis of FexPd1−x is preceded by the formation of an ordered
L12-FePd3 phase. An analysis of the X-ray photoelectron spectroscopy results
shows that Pd is the dominant moving species in the reaction between Pd and
Fe. According to the preliminary results, the 2.2 μm-thick Ag film does not
prevent the synthesis of the L10-FePd phase and only slightly increases the
phase’s initiation temperature. Data showing the ultra-fast transport of Pd
atoms via thick inert Ag layers are interpreted as direct evidence of the long-
range character of the chemical interaction between Pd and Fe. Thus, in the
reaction state, Pd and Fe interact chemically even though the distance between
them is about 104 times greater than an ordinary chemical bond length.

Keywords: Fe–Pd system; epitaxial thin film; inert Ag buffer layer; diffusion;
solid-state reactions; L10; long-range chemical interactions

PACS: 68.35.Dv, 68.35.Fx, 66.30.Ny, 66.30.Pa, 81.20

1. Introduction

Diffusion is one of the unique phenomena that control major natural processes. It is a
basic contributor to chemical reactions and structural transformations in solids [1,2].
Solid-state reactions, including those occurring in thin films and multilayers, comprise
three successive stages: (1) breakage of reagent chemical bonds, (2) diffusion transfer
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of reagent atoms via a reaction product, and (3) rearrangement and formation of new
bonds. The reaction rate is determined by step 2, which is the primary stage.

Traditionally, solid-state migration of reacting atoms via a layer of reaction product
is based on defect-mediated diffusion, which leads to their random walk over a crystal
lattice. The mean distance d that an atom moves over time t equals the mean-square
atomic displacement 〈Δx2〉 and satisfies the Einstein equation d = 〈Δx2〉 = 2Dt. In numer-
ous studies on solid-state reactions in thin films and multilayers, the parabolic growth
of the reaction layer thickness d which satisfies the Einstein equation is presented as
experimental proof of the diffusive nature of the reaction. However, at the initial stage,
the thickness of a reaction product layer often grows in proportion to time, and only in
the last stage the reaction kinetic becomes parabolic [3,4].

A unique characteristic of solid-state reactions in thin films is the formation of a
single phase (first phase) on the interface between the reacting layers at the so-called
initiation temperature, T0. As the annealing temperature is increased, other phases can
also occur to form the phase sequence. To date, the formation of the first phase and the
phase sequence has not been explained, although many models have been proposed. As
a rule, these models consider the high-temperature part of the phase diagrams or use
thermodynamic arguments [3–8]. Most thin-film solid-state reactions occur at
100–600 °C, [3–7] when diffusion is minor [9,10]. Some reactions, however, have
already begun at room temperature [11]. It remains to be understood why solid-state
reactions on the nanoscale have low initiation temperatures, while a chemical bond
breaks at a melting temperature. It is now universally accepted that diffusion along
grain boundaries, dislocations, and other structural defects is a few orders more than
bulk diffusion and plays a decisive role in thin-film solid-state reactions [3]. However,
this explanation does not take into account the bulk diffusion into the depth of the
grain. The nature of atomic migration during the low-temperature solid-state reactions
in bilayers and multilayers is as yet unclear. To a large extent, this effect is inconsistent
with the diffusion mechanism. The major inconsistencies are the following:

(1) The threshold character of a thin-film solid-state reaction. According to calorimet-
ric and resistance measurements, intense mixing on the interface begins after the
initiation temperature T0 is exceeded [12–14]. Meanwhile, the diffusion scenario
suggests that the solid-state reactions on the interface between reagents should
occur at any temperature, and that the reaction layer thickness depends only on
the temperature and annealing time.

(2) Above the initiation temperature (T > T0), 100 nm thick layers often react over
the entire depth for a typical annealing time of 1 h. The diffusivity estimated by
the Einstein equation is D ~ 10−17 m2/s, which agrees with the diffusivity along
grain boundaries [3,4]. However, the atomic migration deep in the grains is
insignificant, since the diffusivity in films at temperatures 100–400 °C is
D < 10−22 m2/s [9,10].

(3) In the diffusion reaction mechanism, the break of a chemical bond in the film
reagents comprising the bilayers at T > T0 (stage 1) is not related to the further inter-
diffusion of atoms via a reaction layer (stage 2). However, the layers of the same
film reagents separated by a certain distance do not exhibit a break in the atoms’
chemical bond or their diffusion from the surface. In other words, the breakage of
chemical bonds and mutual atomic migration only occur when reacting layers are
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included in the bilayers and multilayers and the temperature exceeds the initiation
temperature (T > T0).

(4) Ultrafast atomic transport occurs at the initiation of solid-state reactions in Co/
Si [15] and Mo/Si [16] multilayer thin films by femtosecond laser irradiation.
In Co/Si and Mo/Si samples, mixing of the layers with thicknesses of ~10 nm
occurs for an irradiation time of 150 fs. This corresponds to diffusivity D ~
(10−10–10−8) m2/s, which is unrealistic for solid-state diffusion.

It is also difficult to understand the atomic mechanisms for diffusion in other cases,
such as in metal glasses [17] in the reactions in Ni–Al laminates under laser-shock load-
ing [18] upon mixing induced by Ar+ ion irradiation in an Ag–Ge bilayer system [19]
upon anomalously large mixing in aluminum-transition metal bilayers [20] in the
self-sustaining wave reactions in multilayers [21] and at the solid-state transformations
initiated by shock waves [22]. These difficulties are magnified since the existence of
dominant diffusing species in thin-film reactions remains unexplained [5,23–26].

It is well known that the interatomic interaction potentials that describe chemical
bonds have a short range and rapidly decrease at distances greater than the chemical
bond length. Therefore, the placement of thin chemically inert layers (diffusion
barriers) between the reacting films should suppress a reaction. Most of the studies
in this area have attempted to clarify the nature of atomic migration and reactions
via thin (d < 50 nm) diffusion barriers [27–33]. It has been found that often chemi-
cally inert layers do not act as diffusion barriers. Instead, it has been suggested that
structural defects (e.g. grain boundaries and dislocations) that occur with increasing
annealing temperature are the main cause of failure in diffusion barriers [27,28].
Early studies showed that single-crystal films act as more effective diffusion barriers
compared with polycrystalline films [3,27]. A priori, it is accepted that ultra-thick
(d > 50 nm) chemically inert barriers always prevent a solid-state reaction. For this
reason, the effect of such barriers on the kinetics and main characteristics of
solid-state reactions have not been systematically studied.

This work focuses on the long-range chemical interactions (LRCIs) in thin-film
solid-state reactions. We chose to investigate the solid-state reaction between elemen-
tal Fe and Pd film reagents separated by chemically inert Ag layers having thick-
nesses of 0, 0.5, 1, and 2.2 μm. In recent years, film alloys of Fe and Pd have
attracted both fundamental and practical interest. They have unique magnetic and
structural properties [34–42] due to the coexistence of disordered FexPd1−x alloys
that form a complete range of fcc solid solutions, a chemically ordered L10-FePd
phase with large magnetocrystalline anisotropy constants (K1 = (1.7 ± 0.3) × 106 J/m3

and K2 ~ (1.5 ± 0.5) × 105 J/m3), [41] and a magnetically soft L12-FePd3 phase with a
low anisotropy constant (K1 = −2.0 × 102 J/m3) [42]. We present convincing experi-
mental evidence for the formation of the first L10-FePd phase after annealing at
400 °C and the disordered FexPd1−x solution above 550 °C, regardless of the thick-
ness of a chemically inert Ag barrier. The analysis of atomic migration via micron
barriers leads us to the following hypothesis. In contrast to the commonly accepted
view of diffusion in thin-film solid-state reactions, we propose that the moving force
of atomic migration via inert barriers or a reaction product layer is the LRCIs
between reacting atoms.
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2. Experimental section

The experiments used epitaxial Pd(0 0 1)/Ag(0 0 1)/Fe(0 0 1) and Fe(0 0 1)/Ag(0 0 1)/Pd
(0 0 1) films fabricated by the successive deposition of Pd, Ag, Fe, and Fe, Ag, Pd
layers, respectively, onto single-crystal MgO(0 0 1) substrates. The Fe, Ag, and
Pd layers were deposited at a pressure of 10−6 mbar and a temperature of 250 °C to
ensure the correct orientation of their growth. The thicknesses of the diffusion-inert
Ag barrier layers were 0.5 for Fe(0 0 1)/Ag(0 0 1)/Pd(0 0 1)/MgO(0 0 1) and 1 μm for
Pd(0 0 1)/Ag(0 0 1)/Fe(0 0 1)/MgO(0 0 1) (hereafter, Fe/Ag(0.5 μm)/Pd and Pd/Ag
(1 μm)/Fe, respectively). For comparison, we analysed a reference sample of Pd(0 0 1)/
Fe(0 0 1)/MgO(0 0 1) without the interlayer (hereafter, Pd/Fe). The initial samples were
annealed under a vacuum of 10−6 mbar at temperatures from 300 to 700 °C with a
pitch of 50 °C for 30 min. To estimate the maximum radius of the chemical interac-
tion, we obtained epitaxial Pd/Ag(0 0 1)/Fe(0 0 1)/MgO(0 0 1) trilayers with a 2.2 μm
thick Ag barrier layer (hereafter, Pd/Ag(2.2 μm)/Fe) and annealed them at tempera-
tures from 300 to 700 °C. The thicknesses of the reacting Fe and Pd layers were
monitored using a quartz oscillator; in all cases, these thicknesses were 180 and 130
nm, respectively. The forming phases were identified by X-ray diffraction (XRD)
(CuKα radiation). The epitaxial relations between the MgO(0 0 1) substrate, Ag(0 0 1)
buffer layer, and reacting Fe(0 0 1) and Pd(0 0 1) layers were investigated on a
PANalytikal X’Pert PRO diffractometer that was equipped with a PIXctl detector
using CuKα radiation monochromatized by a secondary graphite monochromator. The
chemical composition was determined and the film thicknesses were calibrated using
the X-ray fluorescent method.

The in-plane fourfold anisotropy constant K4 was measured by the torque method
with a maximum magnetic field of 18 kOe. The in-plane torque curve L(φ) was deter-
mined as

2LðuÞ ¼ K4V sin 4uþ 2KuV sinð2uþ cÞ; (1)

where Ku is the uniaxial anisotropy constant, V is the film volume, φ is the angle
between the fourfold anisotropy easy axis and the direction of magnetization, and γ is
the angle between the fourfold anisotropy easy axis and the uniaxial anisotropy. The
uniaxial anisotropy is mainly caused by the roughness of the surface of the MgO(0 0 1)
substrate. The value of K4 was calculated from the torque curve L(φ) at the maximum
fourfold harmonic term 2Lmax = K4 V.

Mossbauer measurements were performed on a MS-1104Em spectrometer with a
Co57(Cr) source. The spectra obtained were identified in two stages. In the first stage,
we determined the probability distributions of hyperfine magnetic fields P(H). The max-
ima and features observed in these P(H) curves indicate the presence of nonequivalent
iron positions. We built model spectra based on these data. Subsequently, in the second
identification stage, we fit the model spectra to the experimental spectra, varying all the
parameters of the hyperfine structure. The chemical isomeric shifts are presented relative
to metal α-Fe.

X-ray photoelectron spectra (XPS) were obtained using a SPECS photoelectron
spectrometer with a PHOIBOS 150 MCD-9 analyser and a Mg Kα X-ray source (SPECS
Surface Nano Analysis GmbH, Germany) at an electron take-off angle of 90°; the pass
energy of the analyser was 20 eV for wide scans and 8 eV for narrow scans. The C 1s
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peak at 285.0 eV from carbonaceous contamination film was used as a charging
reference, and no charging effects were observed. Surface contaminants and oxidized
layers were removed by Ar+ ion bombardment using a SPECS PU-IQE 12/38 scanning
ion source operating at an ion beam energy and ion current of 2.5 keV and 15 μA,
respectively. The relative concentrations of elements were determined by the full-range
spectra recorded at a transmission energy of 20 eV, using a PHOIBOS 150 MCD9
hemispherical energy analyser with empirical sensitivity coefficients. All measurements
were performed at room temperature.

3. Results

3.1. X-ray study

Figures 1–3 show the XRD patterns for the Pd/Fe, Fe/Ag(0.5 μm)/Pd, and Pd/Ag(1 μm)/
Fe samples heated to 700 °C. Apart from the MgO(0 0 2) peaks, the patterns of all as-
grown samples contain strong Pd(0 0 2) and Fe(0 0 2) reflections. The samples of Pd/Ag
(0.5 μm)/Fe (Figure 2) and Fe/Ag(1 μm)/Pd (Figure 3) also yield strong Ag(0 0 2) and
weak Ag(1 1 1) peaks. Using asymmetric scanning of the (1 1 3)Fe, (1 1 3)Pd, and
(1 1 3)Ag reflections, as well as the (1 1 3) reflection of the MgO substrate, we deter-
mined orientation relationships between the substrate, the reacting Fe and Pd layers,

Figure 1. XRD spectra of the Pd/Fe film during the solid-state reaction between Pd and Fe at
different annealing temperatures TS. After annealing at 450 °С, the epitaxial ordered L10-FePd
(0 0 1) and L12-FePd3(0 0 1) phases are synthesized. The reaction completes after annealing at
700 °С with the formation of the disordered FexPd1−x(0 0 1) phase.
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and the inert Ag buffer layers. The Fe(0 0 1), Ag(0 0 1), and Pd(0 0 1) layers epitaxially
grow on the MgO(0 0 1) surface according to the following orientation relationships:

Pdð0 0 1Þ½1 0 0�jjFeð0 0 1Þ½1 1 0�jjMgOð0 0 1Þ½1 0 0� for Pd=Fe;
Feð0 0 1Þ½1 1 0�jjAgð0 0 1Þ½1 0 0�jjPdð0 0 1Þ½100�jjMgOð0 0 1Þ½1 0 0� for
Fe=Agð0:5 lmÞ=Pd; and
Pd ð0 0 1Þ½1 0 0�jjAgð0 0 1Þ½1 0 0�jjFeð0 0 1Þ½1 1 0�jj
MgOð0 0 1Þ½1 0 0� for Pd=Agð1 lmÞ=Fe

(2)

Relationships (2) are consistent with previous data on the epitaxial relationships Fe(0 0 1)
[1 1 0]||MgO(0 0 1)[1 0 0] [43] Fe(0 0 1)[1 1 0]||Pd(0 0 1)[1 0 0]||MgO(0 0 1)[1 0 0] [44]
and Fe(0 0 1)[1 1 0]||Ag (0 0 1)[1 0 0]||MgO(0 0 1) [45,46]. It should be noted that in all
three samples, the Pd(0 0 1) and Ag (0 0 1) layers have a cube-on-cube texture with the
MgO(0 0 1) substrate, and only the Fe(0 0 1) lattice is rotated by 45° relative to the MgO
(0 0 1) lattice. According to the results of the X-ray studies, annealing of the Pd/Fe, Fe/Ag
(0.5 μm)/Pd, and Pd/Ag(1 μm)/Fe samples at temperatures below 400 °C does not lead to
the formation of new phases. In all three samples, the solid-state reaction between Pd and
Fe began above 400 °C. After annealing at 450 °C, the strong Pd(0 0 2) and Fe(0 0 2)

Figure 2. XRD spectra of the Fe/Ag(0.5 μm)/Pd film at different annealing temperatures TS. After
annealing at 450 °С, the epitaxial ordered L10-FePd(0 0 1) phase forms. This result, together with
the formation of the disordered FexPd1−x(0 0 1) phase, shows that the inert Ag(0.5 μm) buffer
layer does not prevent the solid-state reaction between Pd and Fe.
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reflections start to weaken and the new superstructural (0 0 1) and basic (0 0 2) peaks and
the (2 0 0) reflection of the ordered L10-FePd phase occur. For Pd/Fe (without the inert
Ag layer), the (0 0 1) and (0 0 2) peaks from the ordered L12-FePd3 phase also occur, and
they persist after annealing at 500 °C (Figure 1). For the samples of Fe/Ag(0.5 μm)/Pd
(Figure 2) and Pd/Ag(1 μm)/Fe (Figure 3), no L12-FePd3 phase was observed at any
annealing temperature. Note that the (0 0 2) peak of the unreacted Pd masks the (2 0 0)
reflections from the L10-FePd and L12-FePd3 phases. Above 500 °C, all samples begin
forming the disordered FexPd1−x phase; after annealing at 700 °C, this phase becomes
dominant. The (0 0 2)Fe peaks vanish after annealing at 700 °C which indicates a
completion of alloying. For all samples, the results of asymmetrical scanning show the
only epitaxial relationship

ð0 0 1Þ; ½1 0 0�FexPd1�xjjð0 0 1Þ; ½1 0 0�Mgo: (3)

Using pulsed laser deposition, relationship (3) was observed at the epitaxial growth of
FexPd1−x films (19–37 at% Pd) formed on MgO(1 0 0) at room temperature [47].

As shown in [41], in epitaxial film systems of the Fe(0 0 1)/Pd(0 0 1) 1Fe:1Pd
atomic composition, the formation of the L10-FePd local structure is very sensitive to
annealing temperature and time. Even at the first synthesis stage of the L10-FePd phase
at 450 °C, the occurrence of the (2 0 0) reflection indicates that the structure of the

Figure 3. XRD spectra of the Pd/Ag(1 μm)/Fe film at different annealing temperatures TS. The
start of the formation of the epitaxial ordered L10-FePd(0 0 1) phase after annealing at 450 °С and
the further synthesis of the disordered FexPd1−x(0 0 1) phase after annealing at 700 °С indicate that
the inert Ag(1 μm) buffer layer does not suppress the reaction between Pd and Fe.
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reaction product layer contains three types of L10-FePd crystallites, with the c axes par-
allel to the three main 〈1 0 0〉 axes of the MgO substrate. Such a structure is often
observed in FePd, CoPt, and FePt alloys [48,49], thin films [50,51], and nanoparticles
[52]. As the annealing temperature is increased to 500 °C, the structure is rearranged;
from the three types of crystallites, only (0 0 1) L10 crystallites remain and their fraction
becomes dominant after annealing for 10 h. This drastically changes the torque curves:
the fourfold in-plane magnetic anisotropy changes for the eightfold in-plane magnetic
anisotropy; this is extraordinary for the (0 0 1) L10 films [41].

The (2 0 0) reflection of the L10-FePd phase occurs only for Pd/Ag(0.5 μm)/Fe
(Figure 2) and Fe/Ag(1 μm)/Pd (Figure 3). The (2 0 0) reflection is not observed for the
Pd/Fe sample (Figure 1). This means that in Fe/Ag(0.5 μm)/Pd and Pd/Ag(1 μm)/Fe, a
structure with three types of crystallites is formed, while in Pd/Fe there is a preferred
texture with the [0 0 1]L10-FePd direction parallel to the [0 0 1] MgO.

An analysis of the XRD patterns for these samples shows that, regardless of the
thickness of the inert Ag buffer layer at a temperature of ~400 °C, the solid-state reac-
tion between Fe and Pd begins with a synthesis of the ordered L10-FePd phase, which
then gradually transforms to the disordered FexPd1−x phase above 500 °C. After anneal-
ing at 700 °C, the samples contain no iron or palladium; only the disordered epitaxial
FexPd1−x phase remains. Thus, in Fe/Ag(0.5 μm)/Pd and Pd/Ag(1 μm)/Fe, as the anneal-
ing temperature increases the phase sequence (~400 °C) L10-FePd→ (~500 °C)
FexPd1−x is formed. A feature of the Pd/Fe sample is the presence of L12-FePd3 in the
phase sequence (~400 °C)L10-FePd, L12-FePd3→ (~500 °C) FexPd1−x. However, the
formation of the L12-FePd3 phase is also present in the Fe/Ag(0.5 μm)/Pd and Pd/Ag
(1 μm)/Fe samples.

(a) (b)

Figure 4. (a) Evolution of the in-plane torque curves L||(φ) (bulk Fe layer) obtained by rotation
of a magnetic field from the 〈 1 �1 0〉 to 〈1 �1 0〉 MgO(0 0 1) direction for the Pd/Fe film as a result
of the solid-state reaction between Pd and Fe at different annealing temperatures TS. The mag-
netocrystalline anisotropy constant K1 = 5.0 × 104 J/m3 for the Fe(0 0 1) layer was determined from
the torque curves of the as-deposited sample. The formation of the eightfold torque curve at
500 °C is characteristic of the L10(0 0 1) phase [41]. (b) Relative in-plane fourfold magnetic con-
stant K4/K1 as a function of annealing temperature TS. The sharp drop of the in-plane fourfold
magnetic constant K4 at 700 °C is related to the formation of the disordered magnetically soft
FexPd1−x phase [42].
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3.2. Anisotropy study

All the as-grown samples, Pd/Fe (Figure 4(a)), Fe/Ag(0.5 μm)/Pd (Figure 5(a)), and
Pd/Ag(1 μm)/Fe (Figure 6(a)), are characterized by a fourfold in-plane anisotropy.
The torque curves show that the Pd/Ag(1 μm)/Fe and Pd/Fe samples with the
Fe(0 0 1) layer have easy axes that coincide with the [1 1 0] and [1 �1 0] directions of
the MgO(0 0 1). The value of the fourfold anisotropy constant K4 = 5.0 × 104 J/m3 is
typical of Fe(0 0 1)/MgO(0 0 1) films fabricated by different methods [43,53–55], and
it coincides with the first magnetocrystalline anisotropy constant for bulk iron [56].
In the Fe/Ag(0.5 μm)/Pd sample with the Fe(0 0 1) layer deposited onto the Ag(0 0 1)
surface, the anisotropy constant is somewhat smaller, with K4 = 4.7 × 104 J/m3. We
conclude that the epitaxial Fe(0 0 1) layer on the MgO(0 0 1) surface has higher
structural quality compared with the case of Ag(0 0 1). This is because Ag grown on
Pd(0 0 1) contains, along with preferred Ag(0 0 1), small amount of Ag(1 1 1) crystal-
lites (Figure 2). These do not contribute to constant K4 since there is no epitaxial
growth of Fe(0 0 1) on the Ag(1 1 1) surface. The easy axes of the Fe/Ag(0.5 μm)/Pd
sample also coincided with the [1 1 0] and [1 �1 0] directions of the MgO(0 0 1)
substrate. The orientation of the easy axes for all three samples corresponds to the
epitaxial relationships (2).

Figures 4(b), 5(b), and 6(b) show the dependences of the fourfold anisotropy con-
stant K4 on the annealing temperature for the Pd/Fe, Fe/Ag(0.5 μm)/Pd, and Pd/Ag
(1 μm)/Fe samples, respectively. With all samples, the values of K4 remain invariable
up to 400 °C, then drastically change after annealing at 450 °C. This fact confirms that
the solid-state reaction is initiated between the Fe and Pd layers. For Pd/Fe, the fourfold
in-plane anisotropy constant begins to sharply decrease after 400 °C and approaches

(a) (b)

Figure 5. (a) Evolution of the in-plane fourfold torque curves L||(φ) (bulk Fe layer) for Fe/
Ag(0.5 μm)/Pd as a result of the solid-state reaction between Pd with Fe via the inert Ag
(0.5 μm) layer at different annealing temperatures TS. The magnetocrystalline anisotropy con-
stant K1 = 4.7 × 104 J/m3 for the Fe (0 0 1) layer was determined from the torque curves for
the as-deposited sample. (b) Relative in-plane fourfold magnetic constant K4/K1 for Pd/Ag
(0.5 μm)/Fe as a function of annealing temperature TS. The growth of the in-plane fourfold
magnetic constant K4 in the temperature range 450–500 °C is related to the formation of three
types of crystallites of the magnetically hard L10-FePd phase [41]. The sharp drop of K4 at
700 °C is related to the formation of the disordered magnetically soft FexPd1−x phase [42].
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zero after annealing at 700 °C (Figure 2(b)). After annealing at 500 °C, the torque
curves L(φ) change the fourfold anisotropy to eightfold anisotropy atypical for the (0 0
1)L10 crystal plane (Figure 4(a)).

The magnetocrystalline anisotropy energy EK for the tetragonal crystal (L10 phase)
per unit volume is [56]

EK ¼ E0 þ K1 � sin2 uþ K2 � sin4 uþ K3 � cos2 a cos2 bþ . . .; (4)

where φ is the angle between the magnetization MS and the c axis [0 0 1], and α and β
are the angles between the magnetization MS and the [1 0 0] and [0 1 0] axes,
respectively.

According to Equation (4), the torque curve in the (0 0 1)L10 crystal plane is
described by the fourth-order curve L(φ) = 1/2 × K3 × sin4φ. It was shown in [41], how-
ever that eightfold anisotropy is characteristic of the (0 0 1)L10-FePd. This is probably
caused by the value K3 ~ 0 for the L10-FePd phase; therefore, in expression (4) the
higher order terms in the expansion of energy EK over the direction cosines should be
taken into account. The dependences of the fourfold anisotropy constant K4 on the
annealing temperature for samples of Fe/Ag(0.5 μm)/Pd (Figure 5(b)) and Pd/Ag(1 μm)/
Fe (Figure 6(b)) are identical. Unlike for the case of Pd/Fe (Figure 4(b)), above 400 °C
the fourfold anisotropy constant starts growing and drops only after annealing at 500°C.
According to the X-ray data, the highly anisotropic L10-FePd phase forms in this tem-
perature range. The occurrence of the (2 0 0)L10-FePd reflection for samples of Fe/Ag
(0.5 μm)/Pd (Figure 2) and Pd/Ag(1 μm)/Fe (Figure 3) suggests that the structure of the
reaction product layer contains three types of L10-FePd crystallites, with three
orthogonal axes parallel to the three main 〈1 0 0〉 axes of the MgO substrate.

(a) (b)

Figure 6. (a) Evolution of the in-plane fourfold torque curves L||(φ) (bulk Fe layer) for Pd/Ag
(1 μm)/Fe as a result of the solid-state reaction between Pd and Fe via the inert Ag(1 μm) layer
at different annealing temperatures TS. The magnetocrystalline anisotropy constant K1 = 5.0 × 104

J/m3 for the Fe (0 0 1) layer was determined from the torque curves for the as-deposited sample.
(b) Relative in-plane fourfold magnetic constant K4/K1 for Pd/Ag(1 μm)/Fe as a function of
annealing temperature TS. The growth of the in-plane fourfold magnetic constant K4 in the
temperature range 450–500 °C is related to the formation of three types of crystallites of the
magnetically hard L10-FePd phase [41]. The sharp drop of K4 at 700 °C is caused by the forma-
tion of the disordered magnetically soft FexPd1−x phase [42].
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Crystallites with the c axes coinciding with the [1 0 0] and [0 1 0] MgO(0 0 1) direc-
tions, along with the relative volumes f1 and f2, induce the fourfold in-plane anisotropy
with the constant K4 || = (f1 + f2)K2. This constant is determined by the second magneto-
crystalline anisotropy constant K2 = (1.5 ± 0.5) × 105 J/m3 of the L10-FePd phase [41].

The results of magnetic measurements confirm a structural difference in the forma-
tion of L10-FePd between the Pd/Fe with the Fe/Ag(0.5 μm)/Pd and Pd/Ag(1 μm)/Fe
samples. For the Fe/Ag(0.5 μm)/Pd and Pd/Ag(1 μm)/Fe samples, crystallites of the
L10-FePd phase are arranged such that the c axes are parallel to the 〈1 0 0〉 axes of
the MgO substrate; the Pd/Fe samples only have the (0 0 1) orientation. Therefore, the
contribution of K4 || to the constant K4 defines the increment K4/K1 in a temperature
interval of 400–500 °C for samples of Fe/Ag(0.5 μm)/Pd (Figure 5(b)), and Pd/Ag
(1 μm)/Fe (Figure 6(b)).

After annealing at 700 °C, only the uniaxial anisotropy remains in the plane of the
Pd/Fe, Fe/Ag(0.5 μm)/Pd, and Pd/Ag(1 μm)/Fe samples. The absence of fourfold
in-plane anisotropy indicates that the disordered fcc FexPd1−x phase that is epitaxially
grown at this temperature has a small first magnetocrystalline anisotropy constant K1.
This constant, estimated in the fcc Fe50Pd50 single crystals determined from the magne-
tization curves at 4.2 K, is K1 ~ 10

4 J/m3 [57]. Our results show that K1 in fcc Fe50Pd50
at room temperature is negative and has an absolute value smaller than the measure-
ment error of the torque method (−1.0 × 103 J/m3). The exact value of the magnetic
anisotropy constant of the disordered FePd3 phase determined by the ferromagnetic res-
onance measurements is K1 = −2.0 × 102 J/m3 [42].

Since magnetocrystalline anisotropy is a fundamental characteristic of a substance,
any change in its constant results in structural changes in a sample. The variation in the
constant K4 above ~400 °C for all three types of samples confirms the X-ray data at the
beginning of the solid-state reaction between Fe and Pd. The increment of K4/K1 for
samples of Fe/Ag(0.5 μm)/Pd (Figure 5(b)) and Pd/Ag(1 μm)/Fe (Figure 6(b)) and the
formation of the eightfold anisotropy in Pd/Fe (Figure 4(a)) in the temperature range
400–500 °C are related to the existence of the L10-FePd phase. The decrease in the
absolute value of K4 down to zero after annealing at 700 °C is consistent with the for-
mation of the magnetically soft FexPd1−x phase.

3.3. Mössbauer study

Figures 7–9 show (a) the Mössbauer spectra, and (b) the corresponding hyperfine
magnetic field distributions P(H) for the Pd/Fe, Fe/Ag(0.5 μm)/Pd, and Pd/Ag(1 μm)/
Fe samples, respectively, as-grown and annealed at temperatures up to 700 °C. All
the as-grown samples contain the only phase with Mössbauer parameters close to
those of the α-Fe phase. However, the hyperfine field H = 320 kOe appeared lower
than 330 kOe for bulk α-Fe. This is probably caused by structural defects forming
in the α-Fe layer during its epitaxial growth on MgO(0 0 1). As the annealing tem-
perature increases to 400 °C, the structural quality of the α-Fe layer grows for all the
samples, and the Mössbauer parameters approach those of bulk α-Fe. The ratio
between the sextet line squares is close to 3:4:1:1:4:3; i.e. the magnetic moments of
the iron atoms lie in the film plane. The absence of mixing of the layers in the
as-grown Pd/Fe, Fe/Ag(0.5 μm)/Pd, and Pd/Ag(1 μm)/Pd samples up to an annealing
temperature of 400 °C, as well as the absence of contributions from other phases to
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the Mössbauer spectra, is consistent with the X-ray data and anisotropy studies. The
Mössbauer spectra of all the samples begin to change after annealing at 450 °C.

3.3.1. Pd/Fe samples

After annealing of the Pd/Fe bilayer at 450 °C, peaks at 200 and 260 kOe appear in the
P(H) distribution in addition to the peak at 330 kOe corresponding to α-Fe (Figure 7(b)).
This indicates the start of the effect of large mixing on the Pd/Fe interface and the
formation of compounds. Approximating the general spectrum by three sextets and fit-
ting the model spectrum to the experimental spectrum yield the Mössbauer parameters
given in Table 1. The magnetic moments of 72% of the iron atoms in the α-Fe layer lie
in the film plane; 11% of iron atoms have parameters IS = 0.22 mm/s, H = 259 kOe, and
QS = 0.17 mm/s. The Mössbauer parameters are close to those of the L10-FePd phase
for bulk and film samples [58–62]. The large projection of the average magnetic
moment onto the gamma radiation direction indicates that the moment of the L10-FePd
phase is perpendicular to the film plane. This is consistent with X-ray data and
magnetic measurements that show that the ordered L10-FePd(0 0 1) phase epitaxially
grows such that the c axis is normal to MgO(0 0 1). The parameters for 17% of the Fe
atoms are IS = 0.19 mm/s, H = 204 kOe, and QS = 0; these correspond to the Fe21Pd79
alloy close to the ordered L12-FePd3 phase [61].

(a) (b)

Figure 7. (a) Room-temperature 57Fe Mössbauer spectra, and (b) corresponding hyperfine distri-
butions for the Pd/Fe film vs. annealing temperature TS.
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After annealing at 500 °C, the α-Fe hyperfine field somewhat decreases due to the
structural defects occurring when the L10-FePd phase is formed. The α-Fe fraction
drops to 41%. The L10-FePd phase is found to be inhomogeneous in the local charac-
teristics of iron positions. Three iron positions are identified to be different in the hyper-
fine fields (278, 261, and 246 kOe), quadrupole splittings (0, 0.22, and 0.50 mm/s), and
fractions (9, 10, and 18%) (see Figure 7(b) and Table 1). The spread of the Mössbauer
parameters for the L10-FePd phase is probably caused by the features of the disordering
L10→A1 that start above 500 °C. The population and characteristics of the L12-FePd3
phase remain invariable.

After annealing at 600 °C, the α-Fe fraction drops to 10%. The small hyperfine
field (315 kOe), large quadrupole splitting (−0.18 mm/s), and large chemical shift
(0.036 mm/s) indicate the presence of structural defects in the α-Fe phase. The
observed iron-rich disordered Fe1−xPdx alloys with hyperfine fields of 339 and 309 kOe
correspond to compositions of about Fe68Pd32 and Fe50Pd50, respectively. The phase
with a characteristic hyperfine field of 200 kOe is Fe25Pd75, formed due to the
disordering of the L12-FePd3 phase.

After annealing at 700 °C, a wide distribution of hyperfine fields (250–370 kOe) is
observed. This is related to the formation of disordered FexPd1−x phases over a wide
composition range (Figure 7(b)). Approximating the spectrum by one sextet yields aver-
age parameters characteristic of the disordered phase of the Fe60Pd40 composition.

3.3.2. Fe/Ag(0.5 μm)/Pd sample

After annealing at 450 °C, the Mössbauer spectrum of the Fe/Ag(0.5 μm)/Pd sample
contains the α-Fe phase (74%), with the magnetic moments of iron atoms lying in the
film plane (Figure 8).

Table 1. Mössbauer parameters for the Pd/Fe film at different annealing temperatures TS.

IS, mm/s H, kG QS, mm/s A Position
±0.005 ±5 ±0.02 ±0.03

As prepared 0.008 320 0.01 1 α-Fe
450 °C −0.002 327 0 0.72 α-Fe

0.225 259 0.17 0.11 L10
0.188 204 0 0.17 L12

500 °C 0.005 322 0 0.42 α-Fe
0.176 278 0 0.09 L10
0.189 261 0.22 0.11 L10
0.186 246 0.50 0.19 L10
0.183 202 0.05 0.19 L12

600 °C 0.163 339 −0.25 0.18 Fe68Pd32
0.036 315 −0.18 0.10 α-Fe
0.206 309 0.11 0.11 Fe50Pd50
0.192 277 0.37 0.09 L10
0.200 260 0.60 0.15 L10
0.202 248 0.83 0.21 L10
0.192 201 0 0.16 Fe25Pd75

700 °C 0.178 318 −0.09 1 Fe60Pd40

Note: Here IS is the isomer chemical shift relative to α-Fe; H is the hyperfine magnetic field on Fe nuclei; QS
is quadrupole splitting; A is the relative spectral area.
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The other component (26%) is the L10-FePd phase, in which the magnetic moments
of the iron atoms have no preferred direction (Table 2). This is consistent with X-ray
data and magnetic measurements that show three types of crystallites of the ordered

(a) (b)

Figure 8. (a) Room-temperature 57Fe Mössbauer spectra, and (b) corresponding hyperfine
distributions for the Pd/Ag(0.5 μm)/Fe film vs. annealing temperature TS.

Table 2. Mössbauer parameters for the Pd/Ag(0.5 μm)/Fe film at different annealing temperatures
TS.

IS, mm/s H, kOe QS, mm/s A Position
±0.005 ±5 ±0.02 ±0.03

As prepared 0.008 320 0.01 1 α-Fe
450 °C 0 328 0 0.74 α-Fe

0.206 260 0.63 0.26 L10
500 °C 0.167 345 −0.26 0.29 Fe75Pd25

0 330 0 0.55 α-Fe
0.305 320 0.07 0.10 Fe50Pd50
0.187 287 0.29 0.06 L10

600 °C 0.152 349 −0.10 0.15 Fe75Pd25
0.182 332 −0.23 0.27 Fe60Pd40
0.014 326 −0.01 0.49 Fe55Pd45
0.307 317 0.24 0.09 Fe50Pd50

700 °C 0.108 331 −0.02 1 Fe60Pd40
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L10 phase, growing such that the c axes are parallel to the three main 〈1 0 0〉 axes of
the MgO substrate.

After annealing at 500 °C, the solid-state reaction between Fe and Pd continues, and
as a result, the α-Fe and L10-FePd fractions drop to 55 and 6%, respectively (Table 2).
The L10-FePd phase transforms to the disordered Fe50Pd50 phase, and disordered high-
iron alloys are formed that have an approximate composition Fe75Pd25 (29%) (Table 2).

Annealing at 600 °C leads to further dilution of the Fe layer and the disappearance
of positions that have parameters typical of α-Fe. The iron positions with Mössbauer
parameters characteristic of disordered Fe1−xPdx alloys arise; the Fe content in these
positions is 50–75% (Table 2).

After annealing at 700 °C, the Mössbauer spectrum becomes typical of an amor-
phous substance (Figure 8(a)). Similar to that of the Pd/Fe sample, the hyperfine field
distribution is wide, between 300 and 370 kOe (Figure 6(b)). The one-sextet approxima-
tion of the spectrum yields average parameters that are characteristic of the disordered
layer of an approximate composition Fe60Pd40 (Table 2).

3.3.3. Pd/Ag(1 μm)/Fe sample

After annealing at 450 °C, the Mössbauer spectrum of the Pd/Ag(1 μm)/Fe sample
(Figure 9) and the parameters of its hyperfine structure (Table 3) show only the
contribution of α-Fe.

(a) (b)

Figure 9. (a) Room-temperature 57Fe Mössbauer spectra, and (b) corresponding hyperfine
distributions for the Pd/Ag(1 μm)/Fe film vs. annealing temperature TS.
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After annealing at 550 °C, the fraction of the α-Fe layer decreases to 62% and the
disordered phases of approximate compositions Fe75Pd25 and Fe50Pd50 begin to form
(Table 3). This is caused by mixing of the Fe and Pd layers, which is not inhibited even
by the Ag(1 μm) buffer layer. After annealing at 500 °C, the Mössbauer spectrum
(Figure 9) does not show the component of the L10-FePd phase, although according to
X-ray and magnetic studies, this phase occurs in the Pd/Ag(1 μm)/Fe sample at this
temperature. Perhaps, this is because the amount of the L10-FePd phase is small (below
5%). The disordered phase of a Fe50Pd50 composition forms, likely due to disordering
of the L10-FePd phase.

After annealing at 700 °C, the Mössbauer spectrum shows no α-Fe contribution;
instead, a continuous series of disordered FexPd1−x solid solutions forms. The hyperfine
field distribution has a broad peak within 280–360 kOe (Figure 9(b)) with the maximum
about 333 kOe. According to [58], this corresponds to a disordered phase of approxi-
mate composition Fe70Pd30 (Table 3).

Thus, the data from the Mössbauer study are consistent with the results of the X-ray
investigations and magnetic measurements, showing that solid-state reactions in samples
of Pd/Fe, Fe/Ag(0.5 μm)/Pd, and Pd/Ag(1 μm)/Fe begin above 400°C. The data also
confirm the successive formation of the L10-FePd and disordered FexPd1−x phases with
an increase in the annealing temperature to 700°C.

3.4. XPS study

We performed XPS measurements of the surface chemical composition at different
annealing temperatures to clarify the features of atomic migration during the thin-film
solid-state reaction between Pd and Fe in the Fe/Ag(0.5 μm)/Pd and Pd/Ag(1 μm)/Fe sam-
ples. After annealing, the sample’s surface is noticeably oxidized; however, Ar+ ion sput-
tering of the surface layer with a thickness of 2–5 nm completely removes the carbon and
reduces the oxygen concentration to 10–15%. In the Fe/Ag(0.5 μm)/Pd sample, the contri-
bution of the oxide component to the Fe 2p spectra significantly decreases and Fe(0) (pure
metallic Fe) becomes the main component. Since no iron oxides or carbides are observed
in the Mössbauer spectra, we conclude that the upper layer consists mainly of Fe(0).

3.4.1. Evolution of the surface composition in the Fe/Ag(0.5 μm)/Pd sample

It is seen in Figure 10 that in the Fe/Ag(0.5 μm)/Pd samples, beginning from an
annealing temperature of 400 °C, the relative concentration of iron decreases and that of

Table 3. Mössbauer parameters for the Pd/Ag(1 μm)/Fe film at different annealing temperatures
TS.

IS, mm/s H, kOe QS, mm/s A
Position±0.005 ±5 ±0.02 ±0.03

As prepared 0.008 320 0.01 1 α-Fe
450 −0.007 330 0.01 1 α-Fe
550 °C 0.134 349 −0.08 0.26 Fe75Pd25

0.031 329 0 0.62 α-Fe
0.181 308 0.15 0.12 Fe50Pd50

700 0.065 333 0.03 1 Fe70Pd30
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palladium increases. The Ag signal also appears; however, the Ag concentration on the
surface remains insignificant. Figure 11 shows that for the Fe/Ag(0.5 μm)/Pd samples,
the binding energies of the Pd 3d5/2 peak increase after annealing at temperatures above
400 °C, and the displacement attains 0.85 eV at 700 °C.

The occurrence of the signal from palladium and the change in its binding energy
can be explained by the formation of FexPd1−x alloys due to the migration of Pd atoms
via the inert Ag layer to the top Fe layer, as well as the structural rearrangement Fe/Ag
(0.5 μm)/Pd→ FexPd1−x/Ag(0.5 μm). As was previously shown for FexPd1−x alloys, as
the iron concentration increases, the Fe 2p line shifts to lower binding energies and the
Pd 3d line shifts to higher binding energies [62,63]. The iron concentration in FexPd1−x
is related to the binding energy as x = ΔE/1.6 [62]. Substituting the value ΔE = 0.85 эB,
we obtain the alloy composition Fe53Pd47; however, the composition determined from
the photoelectron line intensity is Fe65Pd35 at an annealing temperature of 700 °C.
These data are consistent with the results of the Mössbauer and X-ray studies indicating
the formation of the ordered Ll0-FePd phase of the equiatomic composition at 500 °C,
and of the iron-rich disordered FexPd1−x alloys (x ~ 60–70%) above 600 °C. We there-
fore believe that the more exact composition for 700 °C is Fe65Pd35.

3.4.2. Evolution of the surface composition in the Pd/Ag(1 μm)/Fe sample

The photoelectron spectra of the Pd/Ag(1 μm)/Fe/MgO sample also change starting
from 400 °C, but in a different way (Figure 12). The Fe line intensity is nearly invari-
able and very low. This means that there is small amount of Fe on the surface, with no
noticeable migration of Fe atoms via the Ag barrier and the top palladium layer to the
sample’s surface. At the same time, after annealing at 400 °C, the Pd 3d peak intensity
decreases and the Ag 3d peak intensity sharply increases. One can see visually that
there is no Pd on the sample’s surface after annealing at temperatures above 550 °C.
The surface of the as-grown Pd/Ag(1 μm)/Fe sample changes the dark-grey colour of

Figure 10. Atomic concentrations of Fe(♦), Pd(●), and Ag(Δ) vs. annealing temperature TS for
the Fe/Ag(0.5 μm)/Pd sample. After annealing at 700 °C, the Fe67Pd33 surface alloy forms as a
result of the migration of Pd to the top Fe layer via the inert Ag(0.5 μm) barrier.
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Figure 11. Pd 3d XPS spectra of the FexPd1−x film grown in the reaction between Fe and Pd on
the Fe/Ag(0.5 μm)/Pd sample after annealing at 400, 450, 550, and 700 °C. The vertical lines
mark the positions of the Pd 3d5/2 photoelectronic lines for bulk Pd 3d and the FexPd1−x alloys.

Figure 12. Atomic concentrations of Fe(♦), Pd(●), and Ag(Δ) vs. annealing temperature TS for
the Pd/Ag(1 μm)/Fe sample. After annealing at 700 °C, the top Pd layer almost completely van-
ishes from the surface of the Pd/Ag(1 μm)/Fe sample. Analysis of XRD, Mössbauer spectroscopy,
and magnetic data shows the migration of Pd to the lower Fe layer via the inert Ag(1 μm) barrier.
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the Pd film to a mirror image of the Ag layer. These changes can be caused by
adsorption of Pd from the Ag surface and/or migration of Pd to the inert Ag barrier.
Along with the magnetic, Mössbauer, and X-ray measurements, these results indicate
the preferred migration of Pd atoms via the inert Ag barrier for the solid-state reaction
between Pd and Fe. This means that Pd is the dominant moving species in the succes-
sive formation of the L10 phase and the disordered FexPd1−x alloy. In other words, after
annealing at 700 °C, the solid-state reaction leads to the structural transformation Pd/Ag
(1 μm)/Fe→Ag(1 μm)/FexPd1−x. The dominant moving species in thin-film solid-state
reactions have been determined in a number of studies [23–26]. It was shown, in partic-
ular, that Pd atoms are the dominant moving species in the formation of Pd2Si [23].

Assuming that the forming FexPd1−x alloy is homogeneous over its volume for both
Pd/Ag(1 μm)/Fe and Fe/Ag(0.5 μm)/Pd, and knowing its concentration, we can calculate
the fraction of the initial Pd layer migrated to the Fe layer with a thickness of 180 nm.
After annealing at 700 °C, the alloy composition is Fe65Pd35, i.e. 115 nm of the initial
130 nm of the Pd layer participated in the formation of the alloy. It would be impossible
if atoms transferred only by diffusion, because in this case a considerable proportion of
the Pd atoms should remain in the initial layer or stick in the Ag barrier.

4. Discussion

4.1. Comparison of XRD, magnetic anisotropy, Mössbauer spectroscopy, and XPS
data

Figure 13 summarizes the phase transformations occurring in samples of Pd/Fe, Fe/Ag
(0.5 μm)/Pd, and Pd/Ag(1 μm)/Fe with increasing annealing temperature, as revealed by
X-ray, magnetic anisotropy, Mössbauer spectroscopy, and XPS studies. For all samples,
regardless of the thickness of the inert Ag layer, the reaction between Pd and Fe begins
at temperatures above 400 °C with the formation of the first L10-FePd phase. For Pd/
Fe, the ordered L12-FePd3 phase also forms above 400 °C. This implies similar initia-
tion temperatures for the L10-FePd and L12-FePd3 phases. However, no L12-FePd3
phase is observed in the Fe/Ag(0.5 μm)/Pd and Pd/Ag(1 μm)/Fe samples at any anneal-
ing temperature. As the annealing temperature is increased above 500 °C, the disordered
FexPd1−x phase arises in all samples and dominates after 700 °C. Palladium atoms
become the dominant moving species in the solid-state reactions in the Fe/Ag(0.5 μm)/
Pd and Fe/Ag(0.5 μm)/Pd samples. It should be noted that the migration of Pd atoms in
Fe(0 0 1) does not break the epitaxial Ag(0 0 1) barrier layer even at a thickness of
1 μm. This indicates that the atomic transport, without significant embedding in a grain,
moves along the grain boundaries, dislocations, or pinholes which frequently form dur-
ing solid-state reactions [64,65]. Regardless of the Ag buffer layer thickness, embedding
Pd atoms in the epitaxial Fe(0 0 1) layer leads to the successive epitaxial growth of the
ordered L10-FePd (0 0 1) and L12-FePd3(0 0 1) and the disordered FexPd1−x(0 0 1)
phases.

4.2. The LRCI effect in thin-film solid-state reactions

According to the phase equilibrium diagrams, Ag does not mix with either Fe or Pd up
to 960 °C. The experimental data reported above confirms an absence of mixing on the
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Ag/Pd and Ag/Fe interfaces up to 700 °C. This is consistent with data at the start of sig-
nificant interdiffusion of Ag and Fe atoms on the Ag/Fe(0 0 1) interface, only above
900 °C [66,67]. Furthermore, the surface alloy on the interface in Ag/Pd(1 1 1) is stable
in the temperature range 250–500 °C, and the pure Pd(1 1 1) surface recovers at high
annealing temperatures (up to ~930 °C) [68]. A combination of XRD and energy disper-
sive X-ray analyses reveals that co-deposited Pd and Ag are in separate phases [69].

The absence of diffusion in the Ag/Pd and Ag/Fe bilayers up to 700 °C, as well as
the fast migration of Pd via the inert Ag layer with the formation of L10-FePd in the
Fe/Ag(0.5 μm)/Pd and Pd/Ag(1 μm)/Fe trilayers above 400 °C clearly demonstrate that
during the solid-state reaction, a moving force of atomic migration is not diffusion. This
leads us to suggest a new mechanism for atomic transport via a diffusion barrier or a

Figure 13. Schematic diagram showing the absence of the effect of the inert Ag (0 0 1) buffer
layer placed between the reacting Fe(0 0 1) and Pd(0 0 1) films on the synthesis of the L10-FePd
(0 0 1), L12-FePd3(0 0 1), and FexPd1−x(0 0 1) phases. The arrow points the dominant migration of
Pd atoms to the Fe layer during the solid-state reaction between Fe and Pd. Regardless of the
thickness of the inert Ag (0 0 1) buffer layer, the reaction between Pd and Fe starts at 450 °C with
the formation of the ordered L10-FePd phase and finishes at 700 °C with the formation of the
disordered FexPd1−x phase.
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reaction product layer during solid-state reactions. The moving force of atomic migra-
tion is not a random diffusion walk, but instead is a strong chemical interaction between
Fe and Pd atoms via the inert Ag layer that results in the synthesis of the L10-FePd
phase. In the reacting state (above the initiation temperature), a strong chemical interac-
tion between Pd and Fe atoms occurs that cannot be suppressed by the inert Ag buffer
layer.

This proposed a sequential scenario of fast Pd atomic migration via an inert Ag(0 0 1)
layer and synthesis of L10-FePd. Below 400 °C, Fe and Pd are chemically inert atoms.
Above 400 °C, strong chemical interactions arise between Fe and Pd. Under these interac-
tions, chemical bonds in the Pd layer break and the Pd atoms directionally migrate via the
inert Ag(0 0 1) barrier to the Fe layer to initiate the synthesis of L10-FePd. The Pd propa-
gates through the interior of the Ag(0 0 1) grain boundaries, dislocations and others struc-
tural defects or pinholes which frequently form during solid-state reactions [64,65]. Since
the Fe and Pd atoms do not chemically interact with the Ag atoms, it is reasonable to sug-
gest that the chemical interaction between Fe and Pd atoms works at a distance over
1 μm. In other words, the radius of this chemical interaction exceeds the ordinary
chemical bond length in metals by a factor of ~104.

The effect of LRCIs in the thin-film solid-state reactions is experimentally con-
firmed in the following thin-film systems.

(1) Fe/Ag/Ni
The solid-state reaction between Fe and Ni atoms begins at a temperature of 350 °C,
which coincides with the temperature of the eutectoid decomposition in the Fe–Ni sys-
tem [66,67,70]. However, a 0.9 μm-thick inert silver layer placed between the Fe and
Ni films does not suppress the reaction between the Fe and Ni atoms, and only some-
what increases the initiation temperature [66].

(2) Au/Co/Cu
Previous investigations showed that interdiffusion in bimetallic Au/Cu films already
occurs at a low temperature (160–220 °C) with the formation of the CuAu3 and Cu3Au
phases [71,72]. Madakson [73–75] observed interdiffusion of Au and Cu at 250 °C in
Au/Cu bilayers and at 450 °C in Au/Co/Cu trilayers with the formation of CuAu,
Cu3Au, and Cu3Au2 compounds. Furthermore, this author demonstrated for the first
time that the chemically inert Co layer with a thickness up to 320 nm does not change
the formation of the CuAu, Cu3Au, and Cu3Au2 phases but only increases their initia-
tion temperatures. An analysis of these data shows that interdiffusion Cu and Au are
consequent to the formation of intermetallic Cu–Au compounds.

In an earlier work [76], we reported thin-film solid-state reactions in Au/Cu bilayers
and showed that at heating rates above 20 K/s in these bilayers deposited on glass
substrates, the reaction occurs in an autowave mode (combustion wave). In epitaxial
Au/Cu(0 0 1)/MgO(0 0 1), the reaction between Au and Cu leads to the formation of
epitaxial CuAu I, CuAu II, and Cu3Au ordered phases [76]. Within experimental error,
the temperature of the start of the reaction coincides with the minimum temperature
(240 °C) of the order–disorder transition in the Cu–Au system [77].

The reaction is not suppressed if an epitaxial layer of cubic Co(0 0 1) with thick-
nesses of 210 and 480 nm is deposited between Au and Cu(0 0 1). An unprecedented
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result is obtained on a Au/Co(0 0 1)/Cu(0 0 1) trilayer system where Au and Cu atoms
react via an inert Co(0 0 1) layer with a thickness of 2.5 μm [78]. This suggests fast
atomic transport and a large effective diffusivity of the reacting Au and Cu atoms in Co
(over 10−15 m2/s).

(3) Au/Fe/Cd
As shown previously, the solid-state synthesis of martensitic phases in Cd/Au bilayers
starts at the temperature of martensitic transformation (67 °C) in the Au–Cd system
[79,80]. However, spatially separating the Cd and Au films using a 0.42 μm-thick inert
epitaxial Fe(1 1 0) layer does not suppress the reaction in the Cd/Fe(1 1 0)/Au(1 1 1) film
systems [81]. The reaction also occurs upon deposition of Cd onto polycrystalline Fe/Au
films above the martensitic transformation temperature. The photoelectron study shows
that Cd is the dominant moving species in the Cd/Fe thin-film reaction [81].

(4) Cu/Fe/β-CuZn
The diffusion of Cu in beta brass was investigated in classic Kirkendall experiments.
After long-term annealing, the interdiffusion of Cu and Zn initiated a solid-state reac-
tion in which an α-CuZn layer grew and reduced the thickness of an initial β-CuZn
layer. This effect was interpreted as direct experimental proof of the vacancy diffusion
mechanism instead of the direct atomic exchange suggested earlier. The current explana-
tion of the Kirkendall effect is based on a primary diffusion of Zn from β-CuZn to the
Cu layer and a secondary synthesis of α-CuZn [82–84]. Myagkov et al.[85] studied the
reaction between Cu and the β-CuZn layer via inert Fe barrier layers with a thickness
up to 0.85 μm in Cu/Fe/β-CuZn film systems. It was shown that Zn is the dominant dif-
fusing species. The formation of α-CuZn regardless of the Fe barrier thickness strongly
suggests that with the Kirkendall effect, the moving force of migration of Zn atoms
from β-CuZn to the Cu layer is the strong LRCI between Zn and Cu atoms, and is not
diffusion flow caused by a concentration gradient, as was generally agreed.

The literature review shows that long-range atomic transfer via inert buffer layers
has also been observed for the mass transport of Au and Pb atoms through an Ag(300
nm) interlayer [86], outdiffusion of Au through Pt(1 μm) [87], outdiffusion of Si
through Au(230 nm) [88], and diffusion of Fe, Ni, and Co through an Au(300 nm) film
[89].

To determine the maximum length of the chemical interaction, we investigated the
solid-state reaction of the epitaxial Fe(0 0 1) layer with a polycrystalline Pd film via the
Ag barrier with a thickness of 2.2 μm in Pd/Ag(2.2 μm)/Fe samples (these results are
not presented here). X-ray diffraction and anisotropy studies clearly demonstrate that
the Ag(2.2 μm) layer does not suppress Pd migration in the Fe layer. Weak reflections
from L10-FePd and a strong Fe(2 0 0) peak occur after annealing at 550 °C; these phe-
nomena show that only a minor portion of the Pd atoms migrates via the Ag(2.2 μm)
barrier, reaches the Fe layer, and participates in the formation of the L10-FePd phase.
After annealing at 650 °C, X-ray diffraction patterns contain a weak reflection from the
disordered FexPd1−x(0 0 2) phase. This formation of the FexPd1−x(0 0 2) phase decreases
the fourfold in-plane anisotropy constant K4. As follows from the analysis of the migra-
tion of Pd atoms via thick Ag barriers, the maximum length of the chemical interaction
between Pd and Fe at temperatures up to 700 °C is more than 2.2 μm.
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For the Pd/Ag(2.2 μm)/Fe sample, the effective Pd diffusivity in Ag during the reac-
tion is estimated by the Einstein formula to be Dreaction ~ d

2/t = 10−14 m2/s. This value
exceeds the interdiffusivity Ddiffusion ~ 7 × 10−21 m2/s in epitaxial thin films of Ag(1 1 1)–
Pd(1 1 1) annealed at 500 °C by more than six orders of magnitude [90]. Dreaction is con-
sistent with interdiffusivity values in metal–metal and metal–Si multilayers [9]. The
inequality Dreaction�Ddiffusion confirms the key role of chemical interactions in the
atomic migration during thin-film solid-state reactions. The micrometer radius of
the interaction ensures the large effective touch area of reacting particles and leads to
their fast approach with the formation of a chemical bond. As soon as the reaction
product layer exceeds the chemical interaction radius, it begins to grow further via very
slow diffusion processes.

It has been shown that the initiation temperature T0 of the solid-state reaction in
bilayers and multilayers coincides with the minimum temperature of the structural solid-
state transformation in the system [76,91–95]. In particular, the solid-state reaction
between Au and Cu starts at the minimum temperature of the order–disorder transition
(240 °C) in the Au–Cu system, with the formation of CuAuI and CuAuII superstruc-
tures [76]. The solid-state reactions in Co/Pt [91], Se/Cu [92], Ni/Fe, Cu/Fe [93,94],
and Al/Ni [95] begin at the temperatures of the order–disorder transition, superionic
transition, eutectoid decomposition, and reverse martensitic transition, which have the
minimum temperature of structural phase transformations in Co–Pt, Se–Cu, Ni–Fe,
Cu–Fe, and Al–Ni systems, respectively. We can therefore expect that low-temperature
reactions occur only in bilayers and multilayers in which the reagents have a phase
equilibrium diagram with low-temperature structural transformations.

Similar to the temperatures of solid-state transformations, the initiation temperatures
of the first phase and phase sequence are universal characteristics of a reacting pair.
They do not depend on the deposition method and morphology of film reagents, and
they weakly depend on interface contamination. In our recent study [42], we suggested
that the temperatures 400 and 450 °C at which the L10-FePd and L12-FePd3 phases
begin to form in Pd/Fe bilayers are the phase transition temperatures of these phases.
The coincidence of the initiation temperatures T0 with the structural transformation tem-
peratures TK leads us to consider common mechanisms controlling the reactions and
transformations in solids. In particular, the LRCIs should participate in solid-state trans-
formations during the formation of long-period superstructures, eutectoid transforma-
tions, and spinodal decomposition.

The long-range effects are sufficiently studied and widely discussed in various fields
of solid-state chemistry and the physics of condensed matter. These effects primarily
include, for example, oriented growth through an amorphous buffer layer [96], the
long-range effect of ionic implantation on the structure and properties of semiconduc-
tors and metals [97,98], long-range capillary interactions in liquid films [99], long-range
atomic interactions in the melting of metal surfaces [100] and the long-range interaction
between adsorbates on metal surfaces [101,102]. Recent advances in the theory, compu-
tation, and measurement of the long-range interactions in nanoscale science were
reviewed in [103]. A novel direction in atomic physics is the experimental and theoreti-
cal study of the formation of purely long-range ultracold molecules by photoassociation
(e.g. [104]). Giant helium dimers with the internuclear distances 1150 α0 (α0≈ 0.053 nm
is the Bohr radius) have been obtained [105]. A review [106] emphasizes the
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importance of the long-range interactions in the theoretical description of chemical reac-
tions at cold and ultracold temperatures.

The above arguments demonstrate that there is incomplete knowledge not only
about atomic migration processes but also about the mechanisms of chemical interac-
tions in solids. The occurrence of long-range interactions in different science fields sup-
ports that some of them are LRCIs.

4.3. LRCIs and chemical bonds

It is well known that all fundamental interactions in solids are described by short-range
potentials. However, the nature of the chemical bonds which underlie these interactions
remains a subject for discussion [107–111]. We believe that the chemical interaction
between reacting atoms is not limited by a chemical bond length. The LRCI between
reacting atoms is a fundamental characteristic of the initial stage of chemical reactions
that precede the formation of a stable chemical bond.

At present, long-range intermolecular and interatomic interactions are often attrib-
uted to long-range attractive dispersion forces of electrodynamic origin, as they arise
from the zero-point fluctuations of an electromagnetic vacuum [112–119]. In the nano-
scale, these forces are van der Waals forces and for macroscopic bodies, they are known
as Casimir forces. At distances about or larger than the characteristic absorption wave-
length, the dispersion forces between atoms and between an atom and a wall are usually
called Casimir–Polder forces. Although measurement of the dispersion forces is a chal-
lenging experimental problem, recent investigations using precise techniques have dem-
onstrated that the Casimir forces for different geometries are measurable at distances
from 0.1 to 3.0 μm [112–115], and the Casimir–Polder forces are measurable from
0.1 μm to over 7.0 μm [116–119]. The distances at which the dispersion forces work
coincide with the radii of the chemical interactions during the solid-state reaction
between Pd and Fe. Thus, we can suggest a common nature to these interactions. How-
ever, there are serious arguments against this suggestion. The dispersion forces are weak
and rapidly decrease with increasing distance between macroscopic bodies. On the con-
trary, strong LRCIs can break chemical bonds on the microscale and they weakly
depend on the distance between reacting layers.

Although the LRCIs originate from the study of solid-state reactions, they undoubt-
edly underlie any chemical reaction. We believe that the LRCIs broaden one’s outlook
regarding the nature of the chemical bonds and demonstrate that the notion of the
chemical bond is many-sided and more completed than what is typically presented in
science. The discovered feature of a chemical bond – the long-range character of chemi-
cal interactions – should underlie the formation of supramolecular structures, self-
assembly mechanisms, self-organization phenomena, and the construction of a great
number of biological objects.

5. Conclusions

We investigated the effect of a chemically inert Ag buffer layer on the solid-state
reaction between epitaxial Pd(0 0 1) and Fe(0 0 1) films. To suppress the reaction, we
chose two thicknesses of the chemically inert Ag film: 0.5 and 1 μm. For comparison,
we used samples without a buffer layer in the experiments. At an annealing temperature
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of 400 °C, in all samples the ordered L10-FePd(0 0 1) phase was the first to form.
Regardless of the buffer layer thickness, above 500 °C the disordered FexPd1−x(0 0 1)
phase begins to form and becomes the only phase at annealing temperatures above
600 °C. The absence of mixing on the Ag/Pd and Ag/Fe interfaces and the fast migra-
tion of Pd atoms via a thick inert Ag buffer in the Fe film in the Pd/Ag/Fe trilayers
prove the occurrence of LRCIs between Pd and Fe during the solid-state reaction. Our
study takes an unprecedented look at the common nature of the LRCIs and chemical
bonds.
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