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The solid-phase synthesis in epitaxial Mn/Fe(001) bilayer film systems with 24 at % of Mn has been shown
to start at a temperature of 220°C with the formation of a y-austenite lattice and the Mn and Fe films react
completely under annealing to 600°C. In the sample cooling process after annealing below 220°C, the y aus-
tenite undergoes a martensitic transformation to an oriented €(100) martensite. When the annealing temper-
ature is increased above 600°C, Mn atoms migrate from the y-lattice, which becomes unstable, and the film
is partially again transformed to the epitaxial Fe(001) layer. The solid-phase synthesis in Mn/Fe(001) bilayer
nanofilms and multilayers is assumingly determined by the inverse € — y martensitic transformation in the
Mn—Fe system. The existence of a new low-temperature (~220°C) structure transition in the Mn—Fe system

with a high iron content is assumed.

PACS numbers: 66.30.Pa, 81.15.Np, 81.20.Ka, 81.30.Bx
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INTRODUCTION

Experimental and theoretical investigations show
that Mn layers on metal surfaces have unusual struc-
ture and magnetic properties [1, 2]. It is well known
that a-Mn has a complex cubic structure, whereas
high-temperature y- and 8-Mn phases have simple fcc
and bcc lattices, respectively. This implies the stabili-
zation of high-temperature phases by the epitaxial
growth of thin Mn films on a cubic (001) substrate [3].
The deposition of Mn on the Fe(001) surface leads to
the formation of a deformed body-centered tetragonal
structure [4, 5]. Mossbauer data indicate the presence
of the Fe,Mn, _, alloy at the interface in the Mn/Fe
samples, which grows at temperatures above 50°C [5].
The photoemission measurements indicate mixing at
the Mn/Fe interface at 150°C [6]. The alloying of
ultrathin Mn films with FeNi is observed after 20-s
annealing at 280°C [7]. The synthesis of the € and y
phases of the Mn—Fe system was performed in Mn/Fe
bilayer films subjected to irradiation by krypton ions
[8] and to mechanical alloying [9]. The conditions of
the solid-phase alloying Mn with Fe and the formation
of Fe,Mn, _, alloys remain unstudied. These melts
with a high iron content have unique properties
including low-temperature (~200°C) martensitic
transformations [10] and the invar effect [11] and are
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used as antiferromagnetic layers in film structures with
exchange interaction [12].

In this work, the solid-phase transformations of a
polycrystalline Mn film deposited on an epitaxial
Fe(001) layer are investigated. The results show that
the oriented e(100) martensite is formed in the reac-
tion products in a temperature range of 220—600°C.
At annealing temperatures above 600°C, Mn is des-
orbed from the film and the initial Fe(001) layer is
recovered.

SAMPLES AND THE EXPERIMENTAL
PROCEDURE

Mn/Fe(001) film structures were manufactured
using the thermal evaporation method by the elec-
tron bombardment of a Mo crucible in a vacuum of
10-° Torr. The first Fe layer with a thickness of 150 nm
was deposited on a single-crystal MgO(001) substrate
at a temperature of 220—250°C. At these tempera-
tures, o-Fe crystallites grow epitaxially by the (001)
plane on the MgO(001) surface. The subsequent Mn
layer 40—50 nm in thickness was deposited at room
temperature in order to avoid an uncontrolled reaction
with the Fe layer. The thin upper Fe layer with a thick-
ness of about 10 nm was deposited in order to protect
the Mn film against oxidation. At these relations
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Fig. 1. X-ray diffraction patterns of the epitaxial

Mn/Fe(001) film system after annealing at temperatures of
(a) 20, (b) 250, (c) 600, and (d) 800°C.

between the thicknesses, the resulting samples corre-
spond to a nominal Mn content of about 24 at %. The
Mn, Fe, _, melts with these contents exhibit an € ~— vy
martensitic transformation. The initial film samples
were annealed in a vacuum in a temperature range of
100 to 800°C with a step of 50°C for 30 min at each
temperature. The saturation magnetization Mg and

Mossbauer parameters of the films after annealing at various
temperatures: isomeric chemical shift (/S) with respect to
o-Fe, hyperfine field H, quadrupole splitting Qg, line width
W, and occupation of nonequivalent sites A

mlrflys kg,e an’Sl’/S ml/rz,/s A4, %

20°C 0.008 331 0 0.30 95
0.129 212 0.01 0.18 5

200°C | —0.089 0 0.61 0.42 77
—0.082 0 0 0.40 23

800°C 0.015 336 0 0.24 10
0.010 325 0 0.29 23

0 309 0 0.40 29

—0.015 299 —0.06 0.19 6

—0.020 281 0.04 0.64 24

—0.090 0 0 0.28 8
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Fig. 2. STFe  Mossbauer spectra of the epitaxial
Mn/Fe(001) film system after annealing at temperatures of
(a) 20, (b) 600, and (c) 800°C.

first crystallographic anisotropy constant K; were
measured using the torsion torque method with a max-
imum magnetic field of 18 kOe. The Mossbauer spec-
tra were measured with a Co>’ (Cr) source in a con-
stant acceleration regime. The phase content and
structure parameters were obtained by X-ray spectros-
copy on a DRON-4 diffractometer. The thicknesses of
the Mn and Fe layers were determined by X-ray fluo-
rescence analysis. All of the measurements were per-
formed at room temperature. The electric resistance
was measured by the four-probe method.

EXPERIMENTAL RESULTS

The X-ray spectrum of the initial Mn/Fe(001)
sample contains only the Fe(002) reflection (see
Fig. 1a), which indicates the epitaxial growth of the Fe
layer deposited on the MgO(001) surface. Owing to
the polycrystalline structure, Mn reflections are absent
in the spectrum. The ratio of the areas of the sextet
lines in the Mossbauer spectrum of the initial
Mn/Fe(001) sample (see Fig. 2a) is 3 : 4 : 1 and the
hyperfine structure parameters (see table) are charac-
teristic of the o.-Fe layer with a magnetization lying in
the film plane. A 5% admixture of the additional phase
with a field of 212 kOe is likely attributed to the inter-
layer iron. The initial Mn/Fe(001) samples had also
biaxial anisotropy with the constant equal to the first
magnetic crystallographic anisotropy constant K; of
bulk iron. The analysis of the orientation of easy axes
shows that the lower Fe(001) layer grows on MgO(001)
according to the orientation relation Fe(001)[110] ||
MgO(001)[100]. The structure features and magnetic
characteristics of the Fe(001) layer deposited on
MgO(001) were described in detail in our previous
publications [13].

Figure 3 shows the (a) normalized saturation mag-
netization Mg and (b) normalized magnetic crystallo-
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graphic anisotropy constant K; as functions of the
annealing temperature 75. Up to a temperature of
200°C, Mg and K, remain unchanged, indicating the
absence of mixing and the formation of compounds
only at the interfaces between the Mn and Fe layers. At
annealing temperatures above 200°C, Mg and K
decrease and vanish at 600°C. The simultaneous
decrease in the saturation magnetization Mg and mag-
netic anisotropy constant K, indicates the formation
of nonferromagnetic phases in the reaction products.
A further increase in the annealing temperature to
800°C leads to an increase in Mg and K, (see Fig. 3).

The measured temperature dependences Mg(7s)
and K,(Ts) of the Mn/Fe(001) film structure are in
agreement with the evolution of the X-ray spectra of
these samples (see Fig. 1). The diffraction patterns
remain unchanged up to a temperature of 200°C, con-
firming the absence of the formation of new com-
pounds in the initial Mn/Fe(001)/MgO(001) samples.
The sharp decrease in the Fe(002) peak at annealing
temperatures above 200°C and the formation of a new
reflection with a parameter of 0.222 nm (see Fig. 1b)
confirm the start of the solid-phase reaction between
the Mn and Fe layers. This peak corresponds to the
(100) reflection of the e-martensite, which increases
with the annealing temperature (see Fig. 1c). The
Mossbauer spectrum confirms the formation of the
paramagnetic e-MnFe phase (see Fig. 2b and table),
which constitutes the main part (77%) of the material.
The remaining part of the alloy (23%) is the y phase.
An increase in the annealing temperature to 600°C
leads to the complete disappearance of the Fe(002)
reflection (see Fig. 1c). These data completely agree
with the magnetic measurements and indicate that the
Fe layer completely reacts with the Mn film at 600°C
(see Fig. 3). The increase in Mg and K, for films
annealed in a range of 600 to 800°C (see Fig. 3) is
associated with the repeated formation of the epitaxial
Fe(001) layer, which is confirmed by the appearance of
a strong (002) reflection in the diffraction patterns (see
Fig. 1d) and a sextet again appears in the Mossbauer
spectrum (see Fig. 2¢). The system is multicomponent
(see table) due to the diffusion of manganese and the
formation of the FeMn alloy with concentration inho-
mogeneity. A small fraction of the alloy (8%) remains
in the vy state. According to the magnetic measure-
ments (see Fig. 3) and Mossbauer data (see table),
40—60% of the initial iron volume are recovered. The
X-ray fluorescence analysis indicates that the amount
of Mn in the films annealed at 800°C is about halved.

DISCUSSION OF THE RESULTS

Taking into account that the epitaxial Fe(001) layer
of the initial sample completely reacts with the Mn
polycrystalline film at 600°C and again appears at
higher annealing temperatures, it is assumed that the
Fe(001) lattice is only slightly modified during anneal-
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Fig. 3. Annealing temperature dependences of the (a) nor-
malized saturation magnetization Mg and (b) normalized

magnetic crystallographic anisotropy constant K of iron

for the Mn/Fe(001) film samples. The vertical dashed lines
mark the initiation temperature 7;, ~ 220°C of the solid-

phase reaction.

ings. This allows for the following topotaxial scenario
of the development of structure phase transitions in
the Mn/Fe(001) samples. The Mn/Fe interface
remains sharp up to the initiation temperature 7, ~
220°C. As the annealing temperature increases above
220°C up to T5 ~ 600°C, Mn atoms migrate along the
film normal to the epitaxial Fe(001) layer, partially
replacing iron atoms. The formed tetragonal fcc lattice
with the parameters a = [110]ag, = 0.403 nm and ¢ =
[100]ag, = 0.286 nm after the Bain deformation is
transformed to a y-austenite lattice with a parameter
of 0.354 nm. As the temperature decreases below
220°C, the y austenite undergoes a martensitic trans-
formation to the e-phase. Such a scenario of the syn-
thesis of the e-phase ensures its epitaxial €(100) ||
MgO(001) growth. At the temperature of the inverse
martensitic transformation Ag ~ 220°C, the y-phase
appears from the e-martensite through the martensitic
mechanism. With a further increase in the annealing
temperature above 600°C, the desorption of Mn
atoms from the film begins. As a result, the chemical
bonds of the Mn atoms with Fe atoms break and Mn
atoms migrate from the y-phase lattice. This gives rise
to the instability of the y-phase and its inverse transi-
tion to the stable o.-Fe phase with the conservation of
the initial Fe(001)[110] || MgO(001)[100] orientation
relations. Similar phase transitions were revealed in
epitaxial Mn/Si(111) films with an increase in the
annealing temperature. The mixing of Mn with Si
begins at about 100°C and finishes at about 400°C by
the formation of the MnSi(111) phase through the
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Fig. 4. Annealing temperature dependence of the electric
resistance R(7Tg) of the Mn/Fe(001) film sample for two

successive heating cycles up to 600°C. In the first cycle
shown in panel (a), R(7s) increases sharply at the initia-

tion temperature 7 ~ 220°C of the solid-phase reaction
between the Mn and Fe layers. In the second cycle shown
in panel (b), similar changes in R(7) occur at the temper-
ature Ag of the inverse martensitic transformation, which
coincides with the temperature 7} (7, = Ag ~ 220°C).

solid-phase synthesis. The further heating above
600°C leads to the complete desorption of Mn from
the MnSi(111) film [14].

Numerous investigations indicate that a unique
feature of the solid-phase synthesis in thin films is that
an increase in the annealing temperature is accompa-
nied by the formation of only one (first) phase at the
interface of film reagents at a certain temperature (ini-
tiation temperature 7;), although several phases are
present in the phase diagram (see [15] and references
therein). As shown in [16—20], the first phase appears
at the minimum temperature 7% of a solid-phase
structural transformation in a given binary system and
the initiation temperature 7} of the first phase coin-
cides with the temperature Ty (T, = Tx). This first-
phase rule is valid for many diffusion structure trans-
formations [16]. The martensitic transformations
belong to diffusion-free transformations. However,
low-temperature solid-phase reactions in Ni/Ti,
Au/Cd, and Al/Ni bilayer films start at the tempera-
tures Ag of the inverse martensitic transformation in
the NiTi (45~ 100°C) [17, 18], AuCd (45 ~ 67°C) [17,
19], and AINi (Ag ~ 220°C) [17, 20] phases (T}, = Ay),
respectively. In all of the above systems, the B2 auste-
nite phase first appears; it transforms to martensite
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phases below the temperature Ag. Under different
cooling conditions, the reaction products can include
both the austenite and martensite phases. The Fe—Mn
phase diagram has no solid-phase transformations
except for the € <— y martensitic transformation.
According to the above first-phase rule, atomic mixing
at the Mn/Fe interface should start at the tempera-
tures Ag of the inverse martensitic transformation and
the reaction products should include both the e-mar-
tensite and y-austenite phases. Figure 4 shows the
annealing temperature dependence of the electric
resistance R(7g) of the Mn/Fe(001) samples after two
successive heating cycles up to 600°C. In the first
cycle, the sharp increase in the resistance at the tem-
perature 7;, ~ 220°C is associated with the synthesis of
the y-phase, which has larger resistivity than the initial
Mn/Fe(001) film (see Fig. 4a). The repeated heating
of the sample is also accompanied by a sharp increase
in the electric resistance at a temperature of about
220°C. However, the temperature ~220°C in this case
is associated with the e — y martensitic transforma-
tion and is the temperature Ag of the inverse martensi-
tic transformation. The experimental values of the
synthesis initiation temperature 7,, and the tempera-
ture Ag of the inverse martensitic transformation coin-
cide with each other (7, = As ~ 220°C). This result
and the formation of the € martensite phase in the
samples after the reaction clearly indicate that the
phase formation in Mn/Fe film structures follows the
above first-phase rule. For this reason, we assume that
the Mn—Fe phase diagram in the region of high iron
contents includes a solid-phase transformation with a
temperature of about 220°C. This conclusion is in
good agreement with new thermodynamic calcula-
tions, which imply the existence of the solid-phase
transformation with a temperature of about 200°C in
the Mn—Fe phase diagram [21].

CONCLUSIONS

Phase transformations in epitaxial Mn/Fe(001)
thin films with 24 at % of Mn have been analyzed with
an increase of the annealing temperature up to 800°C.
The formation of the € martensite phase begins at a
temperature of about 220°C at the Mn/Fe interface
with the prevailing €(100) || MgO(001) orientation. An
increase in the annealing temperature above 600°C
leads to the desorption of Mn atoms from the €(100)
phase and the repeated formation of the epitaxial
Fe(001) layer. The analysis of solid-phase reactions in
thin films allows for the assumption that the solid-
phase synthesis of the e-phase is attributed to the e —
v martensitic transformation in the Mn—Fe system. In
this case, the temperature Ag of the inverse martensitic
transformation coincides with the initiation tempera-
ture T, (T, = Ag ~ 220°C). According to the analysis of
the solid-phase synthesis in Mn/Fe(001) thin films, a
new low-temperature (~220°C) structural transfor-

JETP LETTERS Vol. 89

No. 12 2009



PHASE TRANSFORMATIONS IN Mn/Fe(001) FILMS

mation assumingly exists in the Mn—Fe system with a
high iron content.
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