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INTRODUCTION

Investigation of solid-phase reactions in thin
films showed that when the annealing
temperature is raised, the first phase is initially
formed on the boundary between the films (see,
e.g., [1�10]). As the annealing temperature
increases, other phases can form in  sequence.
Predicting the first phase and revealing the
tendencies underlying the formation of a phase
sequence are the key problems in solid-phase
thin-film synthesis. Variations of first phase
formation are presented elsewhere [3�10], and
new alternatives are being offered,  but they
do not cover the whole diversity of
experimental data.

Previously we showed that solid-phase
reactions in thin metal films can occur in the
autowave mode if heating is performed at high
rates. By analogy with self-propagating high-
temperature synthesis (SHS) on powders this
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Abstract

This paper presents experimental data on solid-phase synthesis in double-layer thin-film systems.
The rule of the first phase formed at the interface of film reagents at elevated temperatures of annealing
is formulated for solid-phase reactions determined by martensite transformations. The temperature at which
synthesis is initiated in Ni�Ti, Cd�Au, and Al�Ni films coincides with the temperature of the back martensite
transition in NiTi, AuCd, and AlNi alloys so that martensite phases are formed in the reaction products.
The first phase rule was also verified for solid-phase synthesis in Cd�Ag, Ni�Mn, FeMn, and Au�Mn
systems. In thin films, low-energy processes initiate solid-phase reactions associated with martensite
transformations, mass transfer of reagents being up to 200 nm. The martensite model of atomic transfer
through the reaction product during solid-phase synthesis in thin films is considered. Martensite shifts can
play the dominant role in mass transfer of  reagents through the reaction product. It is assumed that the
first phase initially formed at the interface of film reagents is formed irrespective of the mode of solid-
phase synthesis initiation.

mode was called thin-film SHS [11, 12]. For
many double-layer films and multilayer
samples, the temperatures T0 of solid-phase
reaction initiation are from 400 to 800 K.
Comparative analysis of  bulky samples with
the help of  binary phase equilibrium diagrams
points to many solid-phase structural
transformations occurring in this temperature
range. This gave us grounds to assume that the
temperatures of solid-phase reaction initiation
coincide with the temperatures of solid-phase
transformations in reaction products. Indeed, we
showed that in the S�Fe binary film system,  solid-
phase reaction starts at a temperature that coincides
with the temperature of the metal�dielectric
transition in FeS {T0(S�Fe) = TK(FeS)}[13]. The
relationship between SHS  in thin metal films
and the order-disorder transition in Au�Cu, Ni�
Zn, Cu�Al, and Cu�Zn systems have been
studied [14, 15]. It was shown that in Cu�Au,
Ni�Zn,  Cu�Al,  and Cu�Zn binary film systems
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the temperatures of SHS initiation are
determined by the Kurnakov temperatures TK

for superstructures formed in the reaction
products [14, 15]. The first phase and its
initiation temperature T0 were redefined based
on these experimental data.

1. The phase with the lowest temperature
TK of a structural phase transition (according
to the phase diagram) is the first phase formed
at the interface between film condensates

2 . The initiation temperature T0 of a solid-
phase reaction in a thin film coincides with the
lowest temperature of the solid-phase structural
transformation of the first phase (T0 = TK).

Martensite transitions are diffusion-free
solid-phase transformations during which the
collective coherent motion of atoms makes the
atoms pass (without bond cleavage) from
austenite to martensite phase. Consequently,
compounds can hardly form at the martensite
transition temperature. Experimental data given
in this work, however, prove that synthesis is
initiated at the temperature of back martensite
transformation and forms martensite phases in
the reaction products.

In NiTi, AuCd, NiAl, AgCd, AuMn, NiMn,
and FeMn alloys, martensite transformations
occur at low temperatures, which are well es-
tablished. These alloys were used for compara-
tive analysis of  the relationship between sol-
id-phase synthesis in Ni�Ti, Au�Cd, Ni�Al,
Ag�Cd,  Au�Mn,  Ni�Mn,  and Fe�Mn binary
film systems with martensite transformations
in reaction products.

EXPERIMENTAL

To obtain bin ary f i lm systems for
investigating solid-phase synthesis in them we
employed vacuum and ion plasma deposition
methods. Polycrystalline films were obtained
by deposition on amorphous cover glass; single
crystal samples were prepared by deposition
on the freshly cleaved (001) surface of MgO
and NaCl ionic crystals. Single crystal films
grow on the (001) surface of MgO and NaCl
only at temperatures above the epitaxial
temperature. For most films, the epitaxial
temperature varied from 420 to 520 K. To check

the single crystal character of the films we
employed transmission electron microscopy and
X-ray diffraction; saturation magnetization and
the first constant of magnetic anisotropy for
film samples were compared with the literature
values of these characteristics for bulk samples.
To obtain a double-layer film system avoiding
solid-phase synthesis during deposition, the
second upper layer was deposited at room
temperature. To reduce heat losses, the support
was as thin as possible, its thickness being 0.10�
0.18 mm for glass and mica supports and 0.35�
0.40 mm for MgO supports.

To measure the conversion η (if one of the
fi lms of  the bin ary f i lm system is
ferromagnetic) we employed the torque
method. The conversion was defined as the
ratio of the magnetic volume of the changed
ferromagnetic layer to the initial magnetic
volume. The mechanical torque was measured
on a rotating anisometer. The torque technique
was also used to evaluate magneto-
crystallographic anisotropy and saturation
magnetization [16]. The chemical composition
and thickness of the films were determined
by X-ray fluorescence analysis without sample
decomposition. Measurements were performed
on a Spark-1 spectrometer. The relative error
in thickness measurements was 5 %.

The phase composition of the films was
analyzed and the interplanar distances were
determined by X-ray diffraction analysis on a
DRON-4M instrument (CuKα radiation,
λ = 0.154 nm).

For solid-phase synthesis, the samples were
placed on a tungsten heater in a vacuum of
~10 10�15 Torr and heated at a rate of at least
20 K/s to the reaction initiation temperature
T0. For reactions in the autowave mode, the
samples were cooled at a rate of ~10 K/s after
the visually observed reaction front had passed
through the sample. When the reaction front
moved too slowly (if at all � in the reaction
diffusion mode), the samples were subjected
to fast thermal annealing (FTA). Fast thermal
annealing included heating of two-layer sam-
ples to the required temperature at a rate of
at least 20 K/s and storage at that tempera-
ture for 15 s with subsequent cooling at a rate
of ~10 K/s.
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Fig. 1. Diffractograms of  the Ti(90 nm)/Ni(75 nm) binary
film sample after sequential deposition of a titanium layer
on a nickel layer at support temperatures: a � TS = 300 K
(before reaction), b � TS = 420 K (after reaction).

Fig. 2. Dependence of the relative electric resistance R of
the Ti(90 nm)/Ni(75 nm) binary film sample,  where 40 nm
of nickel reacted, on the support temperature TS.

RESULTS AND DISCUSSION

Solid-phase synthesis and martensite
transformations in Ni�Ti film systems

It is known, that NiTi intermetallide (nitinol)
has a shape memory effect due to the martensite
transformation, which has the lowest transition
temperature among solid-phase transformations
(temperature of the start of direct martensite
transformation MS is 340 K, AS is 360 K) [17].

The Ni/Ti double-layer films deposited on
glass supports were experimentally investigat-
ed by ion plasma, spraying at support temper-
atures TS of 300 K (series 1) and 420 K (series
2). According to the phase diagram, in the tem-
perature range 300�420 K, the Ni�Ti system
has no structural phase transformations other
than martensite transformations.

The diffractograms obtained for samples
from series 1 (Fig. 1, a) contain reflections only
from nickel and titanium layers. This confirms
the assumption that deposition forms only a two-
layer film system of nickel and titanium layers.
In samples from series 2, however, the
compound form at the boundary between nickel
and titanium (see Fig. 1, b). X-ray diffractograms
for series 2 indicate that the reaction products
show reflections from unchanged nickel and
reflections that may be assigned to the β2(NiTi)
austenite phase, 19β  and 19

′β  martensite phases,
and the Ni3Ti4 metastable phase.

The dependence of electric resistance R on
the support temperature TS is nonmonotonous
(Fig. 2) and is typical for bulky titanium nickelide
and for multilayer film samples [17, 18]. The
nonmonotonous character of R(TS) confirms that
the reaction products mainly have martensite
phases.

The Ni/Ti double-layer film samples obtained
at a temperature TS equal to 300 K were
subjected to FTA. After each FTA cycle, the
thickness of the unchanged nickel layer was
measured. Figure 3 shows the dependence of
the thickness of a layer of changed nickel d(Ni)
on the support temperature TS. The thickness
d(Ni) being proportional to the reaction rate,
the activation energy Ea was determined from
the dependence of d(Ni) on TS (20 kJ/mol). From
this dependence it follows that formation of
compounds at the interface between nickel and
titanium starts at TS ~ 400 K.

Fig. 3. Dependence of the thickness d(Ni) of changed nickel
in the Ti(110 nm)/Ni(50 nm) binary film sample on the
support temperature TS in the fast thermal annealing mode.
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The diffusion coefficient D was calculated
from the dependence of d(Ni) on the annealing
time for TS = 420 K (Fig. 4), which is close to
the parabolic law d2(Ni) ~ Dt. The coefficient
was found to be ~0.5 10�18 m2/s, which is close
to the diffusion coefficient at the boundaries
of grains.

The low activation energy Ea and the
similarity between the diffusion coefficient D
and the grain boundary diffusion coefficient
indicate that nickel and titanium atoms are
highly mobile during synthesis.

It follows from experiments that the
temperature T0 of initiation of a solid-phase
reaction between the nickel and titanium layers
approaches the temperature of the back
martensite transformation AS in titanium
nickelide, with martensite phases found among
the reaction products.

Solid-phase synthesis and martensite
transformations in Cd�Au and Cd�Ag
double-layer film systems

Over the last 70 years, martensite phases
of the AuCd alloy have attracted the attention
of researchers since they possess the shape
memory effect and are characterized by
deformation to a rubbery state. The nature of
the rubbery state in the AuCd alloy is associated
with short-range atomic ordering of martensite
phases during aging at room temperature [19].
As is known, the b2 austenite phase experiences
two martensite transitions depending on the
composition: β2→ 2

′γ  and β2→ 2
′ζ , where 2

′γ  is
the orthorhombic phase for Au�Cd alloy with

47.5 %  cadmium and 2
′ζ  is a trigonal phase with

49�52 % cadmium. 2
′γ -Martensite has an

orthorhombic lattice, but the atomic positions
were corrected more than once, so that now
its crystal structure is well established [20]. The
structure of 2

′ζ -martensite was studied to a less
extent. The refined data given in [21] show that
the 2

′ζ  phase has a trigonal unit cell.
The β2 austenite phase in an Au�Cd alloy

with cooling was subjected to a martensite
transformation at ~340 K. On the phase
equilibrium diagram of the Au�Cd system, this
martensite transition has the lowest temperature
relative to the temperatures of other solid-
phase transformations.

In experiments we used Au�Cd double-layer
film samples obtained by vacuum deposition on
glass supports and on the freshly cleaved MgO
(001) surface. To prevent reaction between the
Au and Cd films, the deposition was conducted
at room temperature. The typical thickness of
the Cd layer was ~100�250 nm, and the
thickness of the Au layer was ~50�100 nm. The
X-ray diffractogram of the initial sample
contained reflections only from gold and
cadmium layers (Fig. 5, a) and did not change
during annealing at 315 K for 150 h.

A solid-phase reaction between the Au and
Cd layers was initiated at a temperature T0 (Au/

Fig. 4. Dependence of the thickness d(Ni) of changed nickel
in the Ti(110 nm)/Ni(50 nm) binary film sample on the
annealing time. TS = 400 K.

Fig. 5. Diffraction pattern in the Au(80 nm)/Cd(200 nm) film
sample: a � before reaction; b � after SHS wave propagation
through the starting sample; c � after second initiation of
an SHS wave in the changed sample with an Au(80 nm)
layer deposited on the upper layer of the sample.
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Cd) = 340 K and proceeded in the autowave
mode; the motion of the reaction front was
easily visualized (Fig. 6). The pattern of reaction
front propagation is typical for double-layer film
samples on which SHS occurs.

After the SHS wave had traveled through
the Au/Cd sample, the diffraction pattern
changed radically (see Fig. 5, b). The intensity
of reflections from Au and Cd decreased, which
suggested that the reaction occurred between
the cadmium and gold layers. Analysis of  the
diffraction reflections shown in Fig. 5, b indicates
that the reaction products contain a mixture
of  2

′γ  and 2
′ζ  martensite phases (dominant

products) and an unchanged cadmium layer. The
end product is a ( 2

′γ + 2
′ζ )/Cd double-layer

system consisting of a cadmium film adjacent
to the support and a ( 2

′γ + 2
′ζ ) martensite film.

Unexpectedly, it appeared that the reaction
may be continued if the upper surface of the
( 2

′γ + 2
′ζ )/Cd sample is covered with an Au (80

nm) layer. In this Au/( 2
′γ + 2

′ζ )/Cd layer
system, the reaction is initiated at the same
temperature T0 = 340 K and also occurs as an
autowave reaction. After the second SHS front,
the diffraction pattern does not change except
that the cadmium reflections vanish completely
(see Fig. 5, c). This suggests that the reaction
between the Au and Cd films occurs via the
( 2

′γ + 2
′ζ ) martensite layer, which serves as a

diffusion barrier for the reaction to proceed until
the cadmium layer has completely vanished.
Indeed, next Au layers applied to the changed
samples did not show an SHS wave.

The rate of the SHS front around the
initiation temperature is Vf ~ 1 10�2 m/s. If the

reaction is assumed to start at the interface
between the film reagents, propagating in the
bulk of the sample and along its surface at the
same rate,  then the diffusion coefficient is D ~
dVf = 2 10�9 m2/s, where d = 200 nm is the
layer thickness of the reaction products. This
value of the diffusion coefficient is typical for
the liquid state. The ti pical value of  the
diffusion coefficient at the boundary of grains
in thin films is D ~ 10�17 m2/s.

It is natural to assume that reagents pass
into the liquid phase because of significant heat
evolution during the reaction. To measure the
heat released during reaction front propagation,
it was necessary to preliminarily deposit a
chromel-copel thermocouple and then an
Au(80 nm)/Cd(200 nm) film pair on a glass
support. The thermocouple, however, did not
show a increase in the temperature of the
Au(80 nm)/Cd(200 nm) sample during reaction
wave propagation (Fig. 7). This suggests that in
the Au/( 2

′γ + 2
′ζ )/Cd sample the reaction occurs

in the solid phase, since the temperature of
the ( 2

′γ + 2
′ζ ) martensite layer does not differ

from the initiation temperature T0 = 340 K.
The maximal temperature of the reaction

front was calculated to be only 600 K (heat loss
into environment was neglected). Therefore, this
is a solid-phase reaction; this temperature
cannot be realized because of heat release into
support, as indicated by experiment (see Fig. 7).

Fig. 6. Photograph of the SHS front propagating in a
gradient temperature field in the Au(80 nm)/Cd(200 nm)
binary film sample. The ceased motion temperature of
the front coincides with the SHS initiation temperature
T0 in the Au(80 nm)/Cd(200 nm) film sample.

Fig. 7. Film temperature of Au(80 nm)/Cd(200 nm) versus
support temperature TS. At TS = 340 K during SHS wave
propagation the film temperature does not increase.
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The threshold character of reaction initiation
and the extremely high diffusion coefficient
during the low-temperature reaction at the
front suggest that grain boundary diffusion is
not the major mechanism of mass transfer
during reaction wave propagation.

To examine possible routes of ass transfer
through the reaction product we studied SHS
between the crystalline Cd film and the single
crystal Au layer. The gold film grew epitaxially
by its Au(111) plane parallel to the MgO(001)
plane of the support. The diffractogram of the
starting Cd/Au(111)/Mg(001) film sample is
shown in Fig. 8, a. After SHS wave propagation,
the diffraction pattern contained only reflections
with interplane distances d1 = 0.229 nm and d2

= 0.145 nm (see Fig. 8, b). These reflections may
be assigned to the peaks of 2

′γ (111) ( 1d′ =
0.2314 nm) and 2

′γ (222) ( 2d′ = 0.1562 nm)
martensite. The formation of an epitaxial layer
of 2

′γ  martensite on the Mg(001) surface points
to directed and ordered atomic transfer via the
reaction product ( 2

′γ -martensite) during
synthesis. This deterministic atomic motion leads
to oriented growth that forms orientational
relations between reagents and reaction
products.

Figure 9, a shows the dependence of specific
electric conductivity ρ on the support

temperature TS for the Au(80 nm)/Cd (200 nm)
binary sample (heating rate η = 1 K/s).

The temperature dependence ρ(TS) has two
terms:
ρ(TS) = ρ0(TS) + ρ*(TS)
where ρ0(TS) (linear term with the temperature
coefficient α) and ρ*(TS) (see Fig. 9, b) are the
temperature dependences of the film material and
synthesis, respectively. The specific resistance of
the film material ρ0(TS) may be recorded as
ρ0(TS) = ρ(290 K) + α(Ò � 290 K) where α is the
temperature coefficient of resistance.

Figure 10 presents the plot of the Arrhenius
dependence of martensite formation during
SHS in the Au(80 nm)/Cd(200 nm) film sample,
where κ(TS) is the reaction rate. The reaction
activation energies E1 and E2 were calculated

Fig. 8. Diffraction pattern of the Au(80 nm)/Cd(200 nm)/
MgO(001) film sample: a � before reaction; b � after SHS
wave propagation through the starting sample.

Fig. 9. Dependence of specific electric resistance r on the
support temperature TS for an Au(80 nm)/Cd(200 nm)
binary film sample expanded into the temperature
dependences of the film material (linear term with the
temperature coefficient α (a) and synthesis (b). Heating
rate η = 1 K/s.

Fig. 10. Plot of the Arrhenius dependence of martensite
formation during SHS  in an Au(80 nm)/Cd(200 nm) binary
film sample.
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from the dependence ln κ(1/TS). The wide
difference between the experimental values of
E1 and E2 suggests that solid-phase synthesis in
Au/Cd film samples follows different
mechanisms. For the temperature range 340�
355 K where E1 = (2.2 ± 0.2) eV, one can assume
that SHS starts with diffusion processes such
as recrystallization with increasing size of grains
and diffusion along grain boundaries. As the
temperature increases to 355�370 K, mass
transfer of reagents through reaction products
changes radically. The slow diffusion character
shifts into a fast avalanche-like collective
mechanism of atomic transfer, creating extremely
low activation energy E2 = (0.19 ± 0.02) eV.

It follows from experiments that the
temperature of solid-phase synthesis initiated
in Au/Cd binary film samples coincides with
the temperature of the back martensite
transition, and that the reaction products
contain martensite phases [22].

Experiments for Ni/Ti and Au/Cd film
systems permit us to formulate the rule of first
phase formation in binary film condensates for
the case of martensite transitions with the
lowest temperature among solid-phase
transformations:

a) the phase with the lowest (according to
phase equilibrium diagram) temperature of
structural phase transformation is the first
phase formed at the interface between two film
condensates;

b) if this structural phase transformation is
a martensite transformation, the starting
temperature T0 of a solid-phase reaction in thin
films coincides with the temperature of the
start of the reverse martensite transformation
AS (T0 = AS), and the reaction products contain
the austenite and martensite phases.

Since martensite transformations can deter-
mine solid-phase reactions, the chemical and
structural mechanisms of these transformations
are expected to be identical. The mechanism of
atomic transfer during martensite type reactions
is anticipated to be as follows. As a result of
chemisorption, the initial boundary between film
reagents is a 2D reaction product (martensite).
As is known, numerous metals and alloys liable
to undergo martensite transformations and hav-
ing a β2 bcc lattice lose structure stability with
respect to the {110} 110〈 〉  shift at martensite

transformation temperatures [23, 24], which is
associated with a decrease in the shift module
G′ = (C11� C12)/2 → 0. When the sample tem-
perature increases to the back martensite trans-
formation temperature, martensite is convert-
ed into austenite. The intense strains arising
during the transformation make reagent atoms
approach each other and decrease the activa-
tion energy, initiating the reaction. Thin film
reactions initiated by martensite transformations
are believed to be directed cooperative reac-
tions with reagent atoms moving through the
reaction product (austenite) in a direction per-
pendicular to the plane of the film and coin-
ciding with the nearest {110} 110〈 〉  type direc-
tion of the martensite shift. Figure 11 shows
an approximate scheme of atomic motion dur-
ing the reaction associated with the martensite
transformation.

A distinction of the Cd�Ag system lies in
the fact that the martensite transition temper-
ature of an AgCd alloy is below room temper-
ature [25]. Consequently, according to the sug-
gested first phase formation rule, solid-phase
synthesis in Cd�Ag binary film systems is ex-

Fig. 11. Hypothetical scheme of atomic motion during solid-
phase reaction associated with the martensite
transformation. The atoms move in the 〈110〉 direction in
the (110) plane.
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pected to occur during deposition. Indeed, as
shown by experimental data, solid-phase syn-
thesis in Cd/Ag films occurs at room tempera-
ture during deposition, forming an AgCd alloy
(austenite), as confirmed by the diffraction pat-
tern of Cd/Ag samples (Fig. 12).

Self-propagating high-temperature synthesis
and martensite transformations in Al�Ni film systems

A number of publications deal with solid-
phase synthesis in multilayers and Al/Ni binary
thin films [26�32]. The phase diagram of the
Al�Ni system shows that there are five
intermetallic phases: Al3Ni, Al3Ni2, AlNi,
Al3Ni5, AlNi3. The majority of studies indicate
that Al3Ni is the first phase formed at the Al/Ni
interface at elevated temperatures (~573 K).
However, this may be preceded by a metastable
phase η-Al9Ni2. Some authors admit that the
AlNi phase can form in the temperature range
in which the Al3Ni phase can exist. In Al/Ni
films subjected to ion irradiation and
mechanochemical treatment, amorphization can
take place. Cold rolling of Al/Ni multilayer foil
with varying composition results in a complete
transformation of the samples into Al3Ni and
AlNi phases. Previously, we showed that at high

heating rates, solid-phase synthesis in Al/Ni
thin films occurs in the SHS mode [12, 13].

In experiments we used double-layer films
samples of Al/Ni  prepared by vacuum
evaporation o glass supports and on freshly cut-
off MgO(001) surface. The dependence of
conversion η(TS) during SHS in Ni/Al films
shows that the reaction starts at T0 ~ 450 K
(Fig. 13). This temperature lies within the range
of the reverse martensite transition of the AlNi
phase (~410�460 K).

The diffractograms of the Al(100 nm)/
Ni(100 nm)/MgO sample recorded in an
accumulation mode after SHS front propagation
(η = 1) indicated that the β2-NiAl phase possibly
formed along with martensite phases and their
modifications (LI0 structure, which can have
either ABC (3R) or ABCABAC 7R  (14 M)
packing) [33]. The shape memory effect in the
product samples is strong evidence in favor of
martensite phases formed during SHS in Ni/
Al double-layer thin films (Fig. 14).

A solid-phase reaction between the Al and
Ni layers may be initiated by two methods. In
the first case, the samples were obtained by
deposition of Ni and Al layers on the (001) NaCl
surface at 520 K (i.e., above the initiation
temperature T0). I the second method, the Ni
film was deposited on the (001) NaCl surface at
520 K, while the Al film was applied at room
temperature with further heating of  the binary
film system to a temperature above T0. In this
case, the reaction occurred in the SHS mode
(heating rates were higher than 20 K/s). The
resulting sample 2�3 mm in width and 8�12 mm
in length were freed from the NaCl support in
distilled water and placed on the preliminarily
oxidized surface of copper foil. After moisture

Fig. 12. Diffraction pattern of sequential deposition of
Ag(100 nm) and Cd(100 nm) layers on a glass support at
room temperature.

Fig. 13. Dependence of conversion η on the support
temperature TS during SHS  in Ni/Al binary films.
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had been removed at room temperature, one
edge of the film was cautiously lifted with a
razor blade and deformed in a direction
perpendicular to that of the foil plane (see
Fig. 14, a). When the sample was heated to a
temperature above the initiation point (i.e.,
T = 520 K > T0; see Fig. 14, b) and further cooled
to room temperature (see Fig. 14, c), the
reversed shape memory effect was observed.
After aging for 1 h at room temperature, the
sample completely recovered its shape (see Fig.
14, a). The reversible shape memory effect was
observed in samples where synthesis was

initiated by co-deposition and in binary films
after SHS. This was found to be a recurrent
effect, which does not vanish after aging for
1 month at room temperature [34].

Our studies showed that the initiation
temperature of solid-phase synthesis in Ni/Al
film samples coincides with the reverse
martensite transition temperature of the AlNi
phase with martensite phases found among the
reaction products. Therefore,  unambiguous
identification of the first phase after solid-phase
synthesis in Al/Ni layers is apparently due to
the presence of martensite phases and their
forms whose identification presents difficulties.
Solid-phase synthesis in Al/Ni thin film systems
completely supports the suggested first phase
formation rule.

Solid-phase synthesis and martensite
transformations in Ni�Mn, Fe�Mn, and Au�Mn
binary film systems

Below we give a comparative analysis of
the reverse martensite transformation
temperatures AS in FeMn, NiMn, and AuMn
alloys and solid-phase synthesis initiation
temperatures in Fe�Mn, Ni�Mn, and Au�Mn
binary film systems.

In the Ni�Mn binary system, a martensite
transformation with AS ~520 K has been found [35].

Our experiments employed Ni/Mn double-
layer film samples prepared by vacuum
deposition on glass supports. During fast thermal
annealing, the reaction starts at ~550 K.
Analysis of  the diffraction reflections of  the
changed samples shows that martensite phases
possibly formed. Our study revealed a
relationship between solid-phase synthesis in
Mn/Ni binary film samples and martensite
transformations in the Ni�Mn system.

Au�Mn system. As is known for AuMn
alloys, the β→ 1

′β  martensite transformation
temperature is 505 K [36]. The first phase rule
suggests that solid-phase synthesis in Mn/Au
films is initiated by film deposition if the
support temperature is above the temperature
TK of the β→ 1

′β  martensite transition (above
505 K).

Solid-phase synthesis occurred during the
deposition of a manganese layer (~100 nm
thick)on an Au(111)/MgO(001) single crystal film

Fig. 14. Reversible shape memory effect in thin Al/Ni films:
a � starting Al/Ni film sample after solid-phase synthesis
deformed at room temperature ~295 K; b � after heating
to ~520 K; c � the same, with subsequent cooling to room
temperature.
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heated to ~570 K. The diffraction pattern off
the Mn/Au (111)/MgO(001) binary film sample
recorded after synthesis showed that martensite
phases were present among the reaction
products.

The presence of martensite phases among
the reaction products and the fact that T0

(<570 K) approximated AS ~500 K (the lowest
temperature of solid-phase transformations in
Mn�Au systems) imply that martensite
transformations domin ate in solid-phase
synthesis in Mn/Au binary films. These data
are consistent with the proposed first phase rule.

The Fe�Mn system does not form
compounds; consequently, manganese and iron
should not react with each other. For the Fe�
24Mn alloy, however, martensite transitions
(MTs) have been reported [37, 38]. As is known,
γ → ε MTs underlie the shape memory effect
for alloys based on the Fe�M system, and the
temperature of the reverse martensite
transformation AS is ~490 K. No data are
available on solid-phase synthesis in Fe/Mn
binary films.

In experiment we used Mn/Fe double-layer
film samples prepared by sequential vacuum
deposition of iron and manganese on glass and
mica supports and on a freshly cut-off
MgO(001) surface.

During fast thermal annealing, solid-phase
synthesis started at T0 ~ 550 K. It follows from
magnetometric measurements that at T0~550 K
12.5 nm of iron reacts within 1 min. This
corresponds to the diffusion coefficient
D ~ 2 10�18 m2/s, indicating that Fe and Mn atoms
are highly mobile during synthesis at ~550 K.

After a manganese layer had been deposited
on the Fe(001)/MgO(001) surface at ~570 K,
the diffractogram of the sample (Fig. 15)
contained a reflection from residual Fe(002) and
a new reflection with an interplanar distance
d = 0.221 nm. Because the Fe�Mn binary system
contains no intermetallic compounds, this
reflection may belong to ε-martensite alone. The
presence of only one ε(110) reflection points to
orientated growth of ε-martensite on the
Fe(001) surface in accordance with the epitaxial
relations ε(110)||Fe(001).

The presence of ε-martensite among the
reaction products and the similarity between
the temperature of initiation T0 (<570 K) and

reverse martensite transformation ε → γ (AS

~450 K) indicate that martensite transformations
in the Fe�24Mn alloy determine solid-phase
synthesis in Fe/Mn binary films.

The Ni, Mn, and Au metals have very high
melting temperatures (Tm > 1500 K) at which
the chemical bonds are broken and diffusion
becomes sufficiently fast (~10�9 m2/s) for
reagents to be mixed. However, we showed that
a reaction between these elements is initiated
and subsequently occurs at low temperatures
(T0 = 500�600 K). Cleavage of chemical bonds
and solid-phase synthesis at low temperatures
are associated with the mechanisms of
martensite transformations of intermetallic
compounds formed as reaction products.

CONCLUSIONS

Our studies of Ni�Ti, Au�Cd, Ni�Al, Ag�Cd,
Au�Mn, Ni�Mn, and Fe�Mn double-layer film
systems allowed us

1) to formulate the first phase formation rule
for solid-phase synthesis in bin ary film
condensates in cases of martensite
transformations with the lowest temperature
among other structural solid-phase
transformations;

Fig. 15. Diffractogram of the Mn/Fe(001)/MgO(001) sample
after an Mn layer has been deposited on the Fe(001)/
MgO(001) surface at ~570 K.
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2) to propose a martensite type atomic
transfer mechanism for the reactions.

A martensite type atomic mechanism is
understood as directed atomic motion of
reagents through a reaction product (austenite),
namely,  motion in a direction perpendicular to
the plane of the film. The direction of the
atomic motion of reagents coincides with the
nearest {110} 110〈 〉  type direction of the
martensite shift. This results in a fast transfer
of reagent atoms through the reaction product,
forming orientation relations between reagents
and reaction products.

The martensite mechanism suggests that
shear deformations play an extremely impor-
tant role for initiating solid-phase reactions on
the interface between reagents. Therefore, for-
mation of austenite and martensite phases is
also expected at the initial stage of impact-wave
and mechanical synthesis. Indeed, mechanical
aluminum-nickel alloying forms β2-NiAl [37, 38]
and L10 [39, 40] phases.

It is well known that martensite is formed
by mechanical strains. Mechanical load strong-
ly affects the kinetics and temperature of mar-
tensite transformations. Consequently, solid-
phase reactions with dominant martensite trans-
formations may also be initiated by impact or
pressure, leading to the explosive mode of syn-
thesis.
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