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Solid-state synthesis in Ni/Fe/MgO(001) bilayer epitaxial thin films has been studied experimentally. The phase
sequence Fe/Ni  (~350°C)Ni3Fe  (~400°C)NiFe  (~550°C)γpar is formed as the annealing temper-
ature increases. The crystal structure in the invar region consists of epitaxially intergrown single-crystal blocks
consisting of the paramagnetic γpar and ferromagnetic NiFe phases, which satisfy the orientation relationship
[100](001)NiFe || [100](001)γpar. It has been shown that the nucleation temperatures of the Ni3Fe, NiFe, and
γpar phases coincide with the temperatures of solid-state transformations in the Ni–Fe system. © 2004 MAIK
“Nauka/Interperiodica”.

PACS numbers: 68.35.Rh; 68.55.Ac; 75.50.Bb
Iron–nickel alloys have been intensively studied for
more than a century. The most striking feature of the Fe–
Ni system with a high Fe concentration (CFe ~ 65 at. %)
is a very low or even negative coefficient of thermal
expansion. However, other physical characteristics,
such as the Grüneisen parameter, elastic moduli, spe-
cific heats, magnetization, and resistivity also behave
anomalously as functions of temperature, pressure, and
magnetic field. These anomalous physical and mag-
netic properties are known as the invar problem [1]. The
invar behavior has been observed for a number of iron
alloys. The invar properties disappear above the Curie
temperature, which indicates that the invar problem is
associated with the existence of magnetic order in
alloys. Most researches believe that the invar anomalies
should be attributed to the existence of two electron
spin states of iron in the γ phase. The first state is a low-
spin γLS state with a small lattice constant (a ~
0.355 nm). The second state is a ferromagnetic (high-
spin γHS) state with a large lattice constant (a ~
0.364 nm) [1]. According to theoretical calculations,
γ iron and invar alloys with various lattice constants
include many spin structures with very close energies
(see [2, 3] and references cited therein) that are trans-
formed to each other under varying temperatures and
which can be responsible for the invar effect in the Fe–
Ni system [3]. However, theoretical models are incon-
sistent with experimental data, where lattices with a >
0.36 nm for equilibrium γ phases of iron–nickel alloys
have not yet been observed. Iron–nickel samples exhib-
iting the invar anomalies are metastable. Their transi-
tion to the equilibrium state is accompanied by the
phase decomposition of the initial single γ-FeNi phase
into a mixture of either γ and α phases in the process of
0021-3640/04/8007- $26.00 © 20487
low-temperature annealing or two γ phases for irradi-
ated samples [1, 4–7]. The ordered (or partially
ordered) ferromagnetic FeNi phase of the equiatomic
composition is one of the γ phases, and the paramag-
netic γpar phase is the second γ phase [1, 4–7]. The para-
magnetic γpar phase is thought to be either the iron-rich
FeNi phase or the Fe3Ni phase [7, 8]. Mössbauer spec-
troscopy of iron–nickel alloys irradiated by fast elec-
trons and invar meteorites (taenite) shows that two epi-
taxially intergrown γ phases with identical or close lat-
tice constants exist at room temperature. These alloys
do not undergo the γ  α martensitic transformation
and have no invar properties [1, 4, 5, 7].

The existence of the paramagnetic phase in iron–
nickel alloys is well established. However, information
is scarce about possible mechanisms of its formation,
and data on the epitaxial relations with the FeNi phase
are absent.

In this work, the formation of phases at the Fe/Ni
interface under increasing annealing temperature and
the conditions of formation of the paramagnetic γpar
phase in epitaxial Ni/Fe/MgO(001) thin films by solid-
state synthesis are investigated.

Initial Ni/Fe/MgO(001) samples were obtained by
the sequential vacuum deposition of iron and nickel
layers on a freshly chipped MgO(001) surface. The
thicknesses of iron and nickel films lay in the ranges
150–160 and 50–60 nm, respectively. This layer ratio
ensured the formation of invar iron–nickel alloys after
solid-state synthesis. To obtain epitaxial layers of iron
and nickel, a substrate temperature of 250°C was kept
during deposition. Figure 1a shows the diffraction pat-
tern (CuKα radiation) of the initial Ni/Fe/MgO(001)
004 MAIK “Nauka/Interperiodica”



 

488

        

MYAGKOV 

 

et al

 

.

                                                                                                 
Fig. 1. Evolution of the (002) x-ray reflection of the γ phase
in the Ni/Fe/MgO(001) sample during solid-state synthesis
for various annealing temperatures: (a) initial sample,
(b) 450, (c) 550, and (d) 800°C.

Fig. 2. 57Fe Mössbauer spectra of the Ni/Fe/MgO(001) film
sample after annealing at various temperatures: (a) initial
sample, (b) 550, and (c) 800°C.
sample. This pattern includes only the Fe(002) and
Ni(002) reflections and shows the epitaxial growth of
the Fe(001) and Ni(001) layers on the MgO(001) sur-
face under these deposition conditions. It is known that
α-Fe and Ni epitaxial films grow on the MgO(001) sur-
face with the maintenance of the orientation relation-
ships [110](001)α-Fe || [100](001)MgO [9, 10] and
[100](001)Ni || [100](001)MgO [10], respectively.
Therefore, it should be expected that the initial
Ni(001)/Fe(001)/MgO(001) samples have the same ori-
entation relationships: [100](001)Ni || [110](001)α-Fe ||
[100](001)MgO. The Mössbauer spectra of the initial
Ni(001)/Fe(001)/MgO(001) samples (Fig. 2a) involve
lines in the ratio 3 : 4 : 1 and corroborate formation of
α-Fe films on the MgO(001) substrate with the easy
magnetization axis in the film plane.

The initial Ni(001)/Fe(001)/MgO(001) samples
were subjected to temperature annealing through 50°C
in the temperature range (300–700)°C during 30 min.
Diffraction data show that the nickel film reacts com-
pletely at an annealing temperature of about 350°C, and
that a new phase with a lattice constant a = 0.3536 nm
is formed. Among stable intermetallic compounds, only
the Ni3Fe phase has a close lattice constant a = 0.3545
(JCPDS card 38-0419). However, epitaxial permalloy
films with certain thicknesses may have a much smaller
lattice constant a = 0.3529 nm [11]. This implies that
Ni3Fe is first formed at the interface of the Ni(001) and
Fe(001) layers. The (002) reflection is single and strong
and implies the epitaxial growth of the Ni3Fe phase.
The lattice constant close to the Ni lattice constant indi-
cates that solid-state synthesis gives rise to the replace-
ment of the Ni layer by the Ni3Fe layer on the Fe(001)
surface with the conservation of the orientation rela-
tionships [100](001)Ni3Fe || [110](001)α-Fe ||
[100](001)MgO. An increase in the annealing tempera-
ture to ~400°C leads to formation of the NiFe phase
with a lattice constant a = 0.3568 nm, which is slightly
less than that in meteorite lamels [12]. The NiFe phase
also grows epitaxially (Fig. 1b) between the Ni3Fe(001)
and Fe(001) layers. This growth of the NiFe phase on
the Fe(001) surface corresponds to the orientation rela-
tionships [100](001)Ni3Fe || [100](001)NiFe ||
[110](001)α-Fe || [100](001)MgO. The Ni3Fe phase
disappears at an annealing temperature of about 500°C.

Formation of the Ni3Fe and NiFe phases in the tem-
perature range up to 550°C due to solid-state synthesis
does not change the magnetization of the sample
(Fig. 3), which is indicated by the additive contribution
of the magnetic moments of iron and nickel atoms to
the magnetization of the sample after the reaction. This
magnetization lies on the Slater–Pauling curve. How-
ever, the magnetization of the sample drops sharply for
a temperature of about 550°C (Fig. 3), which is associ-
ated with formation of a nonferromagnetic phase. The
Mössbauer spectra also change and show that this
phase is paramagnetic at room temperature (Fig. 2b).
Diffraction reflections corroborate the formation of a
JETP LETTERS      Vol. 80      No. 7      2004
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new phase with a lattice constant a = 0.3600 nm (Fig. 1c),
which corresponds to an atomically disordered γpar
phase (taenite phase, JCPDS card 47-1417). The para-
magnetic γpar phase is a product of the solid-state syn-
thesis of the residual iron layer in the NiFe phase. The
γpar phase, as well as the Ni3Fe and NiFe phases, grows
epitaxially (Fig. 1c) at the Fe(001)–NiFe(001) inter-
face, satisfying the orientation relationships
[100](001)NiFe || [100](001)γpar || [100](001)MgO.
Further annealing to a temperature of 800°C does not
lead to formation of new phases, but the residual iron
layer reacts completely, which increases the γpar layer
(Figs. 1d, 2c), and the NiFe(002) and γpar(002) are
clearly separated from each other (Fig. 1d).

An increase in the annealing time at a temperature
of 700°C does not change the ratio of the intensities of
the NiFe(002) and γpar(002) diffraction peaks. Quench-
ing from room temperature to liquid-nitrogen tempera-
ture is not accompanied by the martensitic transforma-
tion. The absence of rearrangements implies that
[100](001)NiFe || [100](001)γpar epitaxially intergrown
single-crystal blocks, which consist of the paramag-
netic γpar and ferromagnetic NiFe phases, are structur-
ally stable in thin films over a wide temperature range.
These samples are characterized by magnetocrystalline
anisotropy with the constant K1 = –2.2 × 104 erg/cm3 in
the plane, which corroborates the epitaxial growth of
the Ni3Fe, NiFe, and γpar phases in the process of solid-
state synthesis. All Mössbauer spectra of these samples
contain a sextet from the NiFe ferromagnetic phase and
a paramagnetic singlet from the γpar phase. Thus, the
mechanism of the solid-state synthesis of intermetal-
lides at the interface of the Fe(001) and Ni(001) single-
crystal films may be as follows. Above 350°C, iron
atoms begin to diffuse and discretely expand the nickel
lattice with the sequential formation of the Ni3Fe and
NiFe phases. The further migration of iron atoms into
the NiFe lattice at a temperature of about 550°C leads
to the further expansion of the lattice, destruction of the
ferromagnetic order in it, and formation of the γpar
phase. The above experimental data show that the two
coherently intergrown γ phases obtained in this work
are identical to the structure of irradiated iron–nickel
alloys and invar meteorites [1, 4–8].

Numerous investigations have shown that a phase of
reaction products, called the first phase, is formed in
bilayer and multilayer films at a certain temperature
upon heating. With a further increase in the annealing
temperature, new phases, called phase sequences, are
sequentially formed [13]. As was shown in [14–17], the
initiation temperatures of solid-state reactions coincide
with the temperatures of solid-state transformations of
the reaction products. Indeed, solid-state synthesis in
S/Fe bilayer films is initiated at the temperature of the
metal–dielectric phase transition in iron monosulphide
(FeS) [14]. The connection of solid-state synthesis with
the order–disorder phase transition was investigated for
JETP LETTERS      Vol. 80      No. 7      2004
the Cu–Au system, which is classical for the ordering
phenomenon. Solid-state reactions in Cu/Au bilayer
films proceed at the Kurnakov temperature of the CuAu
superstructure formed in the reaction products [15]. It
was shown in [16] that solid-state synthesis in Se/Cu
bilayer films is associated with the superionic transition
in copper selenide. Martensitic transformations are dif-
fusionless solid-state transformations, wherein atoms
pass from the austenite phase to the martensite phase by
collective coherent motion without the rupture of
chemical bonds. For this reason, it was surprising that
compounds were formed at the temperature AS of the
reverse martensitic transformation [17].

According to the above analysis, solid-state synthe-
sis in Fe/Ni bilayer films leads to formation of the phase
sequence Fe/Ni  (~350°C)Ni3Fe 
(~400°C)NiFe  (~550°C) γpar. Therefore, the nucle-
ation temperatures of the Ni3Fe, NiFe, and γpar phases
must coincide with the temperatures of solid-state
transformations of these phases. At present, reliable
phase-transformation diagrams are absent for the Ni–
Fe system. In the last variant of the state diagram for the
Ni–Fe system, the temperature T0(Ni3Fe) = 350°C cor-
responds to the temperature (345°C) of eutectoid
decomposition into a mixture of α-Fe and Ni3Fe phases
[18]. The temperature T0(NiFe) = 400°C is close to the
temperature (389°C) of the monotectic horizontal cor-
responding to decomposition into the paramagnetic and
ferromagnetic phases [18]. The temperature T0(γpar) =
550°C must correspond to the temperature AS of the
inverse martensitic transformation. Experimental AS
values are absent for iron–nickel films and vary within
the range (300–700)°C for bulk samples. The above
comparison of the phase-nucleation temperatures with
the temperatures of solid phase transformations in the
Fe–Ni system is preliminary and requires further
refinement.

Thus, it was shown that the phases Ni3Fe (a =
0.3536 nm), NiFe (a = 0.3568 nm), and γpar (a =

Fig. 3. Relative saturation magnetization of the
Ni/Fe/MgO(001) film sample vs. annealing temperature.



490 MYAGKOV et al.
0.3600 nm) are sequentially formed at the interface of
the Ni(001) and Fe(001) epitaxial layers as the anneal-
ing temperature increases. These phases are presum-
edly formed due to the migration of iron atoms into the
nickel lattice with the conservation of the orientation
relationships. The final products of solid-state synthesis
are single-crystal blocks of the ferromagnetic NiFe and
paramagnetic γpar phases that are coherently intergrown
and that have different lattice constants. An important
conclusion is that the crystal structures of two γ phases
intergrown due to solid-state synthesis in thin films,
irradiated bulkiron–nickel alloys, and invar meteorites
are identical.
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