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The phase formation sequences in 95n/91Fe(001) and 255n/75Fe(001) bilayers during thin-film solid-
state reactions up to 800°C were investigated using X-ray diffraction, the torque method, and scanning
electron microscopy. In both samples, FeSn,, FeSn, a-Fe,_,Sn,, Fe;Sn,, a-Fe, and B-Sn were sequentially
formed at the initiation temperatures Tm' ~150°C, ~300°C, ~550°C, ~600°C, and ~ 700°C, respectively.
Low-temperature transformations were predicted at temperatures T,' ~150°C and T, ~ 300°C, which are
absent in the phase equilibrium diagram of the Fe-Sn system. Solid-state dewetting of the 95n/91Fe(001)
and 255n/75Fe(001) bilayers started at temperatures above 550°C. Overall, this work sheds new light on
general chemical mechanisms governing the synthesis of intermetallic phases in Sn/Fe(001) thin films,
the phase transformations, and the evolution of the dewetting process of Fe,Sn, _, films.

In recent years, research into Fe-rich ferromagnetic compounds
Fe,Sn, Fe;Sn;, which have a hexagonal and Fe;Sn, rhombohe-
dral structure, has aroused great interest due to a rich variety
of attractive properties for their fundamental physics and great
potential applications. Fe;Sn was studied as a potential non-rare-
earth-based permanent magnet with a first magetocrystalline
anisotropy constant K, =1.8 M];’m“. However, its c-axis is a hard
magnetic axis and the magnetic easy axis lies in the basal plane,
which is not very desirable for practical applications [1-3]. The
crystal structure of Fe,;Sn, Fe;Sn, and FeSn can be viewed as
layer packaging containing the Fe,Sn and Sn kagome planes,
which generate magnetic frustrations and could result in a giant
topological Hall effect [4] and a large anomalous Hall effect [5]
in Fe;Sn,. A large topological Hall effect [6] and a large anoma-
lous Hall effect [7] were discovered in the non-collinear mag-
net Fe:Sn;. In addition to the above, the Fe-Sn phase diagram
reveals that samples with x> 8 at.% Sn form the solid solution
a-Fe,_,Sn,, in which the lattice parameter expands linearly with
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increasing Sn concentration according to Vegard’s law [3]. A lit-
erature review showed that the structural and magnetic proper-
ties of some phases are refined [1, 8-10]. According to the phase
diagram of the binary Fe-Sn system, the non-ferromagnetic
FeSn, and FeSn are stable compounds at room temperature up
to 773 K. The use of FeSn, as electrodes for lithium-ion batteries
and FeSn as counter electrodes in photovoltaic devices has been
investigated by various researchers [11-14].

Numerous studies on thin-film solid-state reactions showed
the formation of only one phase, which is called the first phase,
with an increase in the annealing temperature at the film inter-
face up to a certain temperature T,  (known as the initiation
temperature) [15-19]. With further increase in the anneal-
ing temperature, other phases could arise to form the phase
sequence. Most solid-state reactions in nanofilms take place at
low (100°C-400°C), room, and even cryogenic temperatures, at
which diffusion is extremely low and cannot explain the atomic
transfer during the reactions [20-24]. At these temperatures,

the diffusion coefficient is extremely small (D< 10 2 cm?¥/s).
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Taking into account the characteristic scale of film reagents,
d~100 nm, it is easy to estimate the reaction time using the
Einstein formula ¢~ d%D=10'" s~ 107 years. However, experi-
mental data show that most solid-state reactions take 10-30 min
(perhaps faster). Therefore, for low-temperature solid-state
reactions to occur, the diffusion coefficient must be more than
12-18 order of magnitude higher. Low values of the diffusion
coefficient, the threshold nature of the reaction, the formation
of the first phase, as well as the migration of only one element
(the dominant diffusing species) form the basis of our assump-
tion that long-range chemical interactions, and not diffusion,
are the main driving force in nanoscale solid-state reactions
[20-24]. It is important to note that the solid-state reactions
arise from long-range chemical interactions between the react-
ing films, separated by chemically inert barrier layers more than
2 microns thick, which are 10 times longer than the length of a
conventional chemical bond [20-24]. Moreover, the first phase
initiation temperatures T, remain extremely low even as the
barrier layer thickness is increased to 2 microns.

Qur previous studies and analysis of solid-state reactions for
many bilayer films showed that the initiation temperatures T}
match or are close to temperatures of the structural phase trans-
formations Ty in the corresponding binary systems (T, = Ty)
[20-26, and the references therein|. Indeed, the initiation tem-
perature T; in Cu/Au bilayers coincides with the temperature
Ty =240°C of the order-disorder phase transition in Cu-Au
systems. The solid-state reactions in the Ni/Fe (T,,=350°C)
and Cu/Fe (T;,=850°C) bilayers coincide with the tempera-
tures of the eutectoid decompositions in Ni-Fe and Cu-Fe
binary systems, respectively. The solid-state reactions in Cu/
Ni (T}, =350°C) and Ge/Mn (T}, = 120°C) thin films are associ-
ated with the existence of the spinodal decomposition in Cu-Ni
and Ge-Mn systems, respectively. It is interesting to note that
reactions also start at temperatures of diffusionless martensitic
transformations. In fact, the low-temperature reactions in Ni/Al,
Ti/Ni, Cd/Au, and Mn/Fe bilayers start at 180°C, ~ 100°C, 67°C,
and 220°C, which are close to or coincide with the tempera-
tures of the reverse martensitic transformations in Ni-Al, Ti-Ni,
Cd-Au, and Mn-Fe binary systems, respectively. Moreover, the
equality T, = Ty was also found for the eutectic reaction (420°C)
in Al/Ge, the superionic transition (150°C) in Se/Cu bilayers,
and other phase transformations [20-26].

All these facts prove that the same chemical interactions
control both the chemical reactions and the corresponding
solid-state structural transformations, with the consequence
being the equality of the reaction initiation temperatures
T,,(A/B) in the A/B bilayers and the temperatures of the phase
transformations T} in the A-B binary systems. In summary, the
equality T =T\ indicates that solid-state thin-film reactions in
A/B bilayers occur in A-B binary systems, with correspond-
ing solid-state transformations. Generally speaking, there is a
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one-to-one correspondence, T, = T\/, between the initiation
temperatures of compounds T;,! in the phase sequence and the
temperatures of phase transformations T, in a given binary sys-
tem. Therefore, the study of reactions with increasing annealing
temperature in A/B bilayers made up of different layer ratios,
which determine the composition of the alloys, is a study of the
A-B phase diagram.

There have only been a few studies of phase formations at
the solid-Fe/solid-Sn interface [27] in solid-Fe/liquid-Sn dif-
fusion couples [28-30], Sn/Fe-Ni systems [31, 32] and Fe/Sn
bilayers after ion irradiation [33]. In all cases, the FeSn, phase
is formed at low temperatures, and this implies that FeSn, is the
first phase formed at the Sn/Fe interface. However, there have
been few investigations of the chemical reactions between the
Fe and Sn layers and the sequential formation of the Fe,_Sn,
phases at the Sn/Fe interface when the annealing temperature
increases from room temperature to 800°C. In this work, we
have described the solid-state reactions between polycrystal-
line Sn and epitaxial Fe(001) films and identified the phase
sequences in 7Sn/93Fe(001) and 25Sn/75Fe(001) bilayers. Using
X-ray diffraction, magnetic torque curve studies and scanning
electron microscopy, we found that for both samples the non-
magnetic first phase, FeSn,, and the second phase, FeSn, were
formed at ~ 150°C and ~ 300°C, respectively at the Sn/Fe inter-
face. Above 550°C, the ferromagnetic phases a-Fe,_ Sn,, Fe.Sn,
and Fe;Sn, appeared in the reaction products, and there was no
hard magnetic Fe;Sn in the bulk samples.

Results

Structural evolution and magnetic transformations
in the 95n/91Fe(001) bilayer during annealing
at temperatures up to 800°C

Figure 1a shows a schematic diagram of the phase formation
sequence that successively occurred in the 9Sn/91Fe(001) bilay-
ers on a MgO(001) substrate during annealing at temperatures
from room temperature to 800°C. Figure 1b shows the XRD pro-
files of the as-deposited 95n/91Fe(001) film and of the film after
annealing at temperatures from room temperature to 800°C.
The as-deposited samples show a strong Fe(002) peak, proving
the epitaxial Fe(001) film growth on the MgO(001) substrate,
and low diffraction peaks from the polycrystalline Sn, which
are a signature of 95n/91Fe(001) bilayer formation and the lack
of mixing and reaction between the Sn and Fe(001) layers. In
all XRD patterns, there was a peak with an interplanar distance
of 0.151 nm, which belongs to the (220) reflection of the solid
Mg,_,Fe O, solution. This clearly indicates that the Mg,_ Fe O,
interlayer is required for epitaxial growth of Fe(001) on the
MgO(001). After annealing at temperatures above 150°C, the
Sn peaks decreased significantly and reflections from the FeSn,
occurred. This implies that FeSn, was the first phase formed
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above the initial temperature T, ~ 150°C at the Sn/Fe interface,

and only the Fe(002) and FeSn, peaks were present in the dif-
fraction patterns at temperatures up to 300°C. After annealing at

temperature, which means an increase in the concentration of
x of Sn in the a-Fe,_.Sn, solid solution. According to Vegard’s
law [3]:

300°C the peaks of the FeSn phase occurred, in addition to the
FeSn,, following the solid-state reaction FeSn, + Fe— (~ 300°C)
2FeSn. Above 300°C and up to 550°C, there were FeSn and
Fe(001) reflections in the diffraction patterns. After anneal-

o = (14 0.258(2) x x) x ope
where ag, =0. 2867 nm, after annealing at 600°C, 700°C, 800°C,
the Sn concentrations in the a-Fe,_ Sn, solid solution were 3.9,
4.1, 4.5 at.% Sn, respectively. Above 600°C, the FeSn reflec-

ing at 550°C, the Fe (002) peak disappeared completely and a
tions disappear and new reflections with interplanar spacing

new epitaxial peak (002) of the a-Fe,_,Sn, solid solution was

formed, which remained up to 800°C. The interplanar spacing 0.299 nm and 0.1495 nm begin to grow with increasing anneal-

of the peak (002) increased with an increase in the annealing ing temperature, implying epitaxial growth of the new phases.

These reflections may belong to the hexagonal Fe;Sn,, the

Figure1: (a) Schematic

of the phase sequence
95n/91Fe(001) — (~150°C)
FeSn,— (~300°C) FeSn — (~550°C)
a-Fe,_Sn,— (~600°C) a-Fe,_,Sn,
+FegSn; +FeySn, — (~700°C) a-F
e,_,5n,+Fe;Sny+a-Fe+B-Sn and
(b) X-ray diffraction patterns in the
epitaxial 9Rh/91Fe(001) bilayer
during annealing at temperatures
from room temperature up to
800°C.
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rhombohedral Fe;Sn, or a new metastable B2-Fe,Sn alloy [36].
However, the symmetric and asymmetric XRD scans showed the
formation of the cubic a-Fe,_,Sn, and hexagonal Fe,Sn, phases.
The XRD patterns contained only the Fe.Sn;(011), Fe;Sn;(022)
and a-Fe,_ Sn, (002) peaks, which indicates the parallel ori-
entation of the Fe;Sn,(011) and a-Fe,_,Sn, (001) planes to the
MgO(001) substrate. Asymmetric XRD scans for MgO, Fe.Sn,,
and a-Fe, ,Sn, were carried out using the (042), (030), and
(032) reflections, respectively, and the orientation relationships
(1) and (2) were identified. The schematic is presented in Fig. 2.

a-Fe;_ySncFe;_xSny(001)[100] || MgO(001)[110] (1)
FesSn3(011)[100] || MgO(001)[100]
FesSn3(011)[100] || MgO(001)[010]

The formation of a mixture of a-Fe,_ Sn, and Fe,Sn, phases
was also observed in bulk Fey Sng samples after annealing at
750°C for 24 h [37]. In addition to a-Fe,_,Sn, and Fe;Sn,, the
Fe;Sn,(110) phase epitaxially grew at temperatures between
600°C and 700°C, forming Fe,Sn,(110) and Fe,;Sn,(220) reflec-
tions (Fig. 1b). Above 700°C, the peaks of Fe;Sn, disappeared
and, in addition to the peaks of a-Fe,_,Sn, and Fe;Sn,, there
was the formation of the peaks of (002)Sn and (002)a-Fe, which
persisted up to 800°C. The presence of only the (002) p-Sn and
(002) Fe reflections in the diffraction patterns indicates the epi-
taxial growth of f-Sn and a-Fe on the MgO(001) surface as a
result of the partial decomposition of a-Fe,_,Sn, or Fe,;Sn, into
a-Fe + p-Sn above 700°C. To summarize, the chemical reaction
between Fe and Sn began in the solid state at a low annealing
temperature (~ 150°C), and with an increase in the annealing
temperature up to 800°C the phase sequence (3) was formed.

98n/91Fe(001) — (~ 150°C) FeSny — (~ 300°C) FeSn
— (~ 550°C)a-Fe; _xSny — (~ 600 °C)a-Fe; _xSny
+ FesSn3 + Fe3Sny — (~ 700°C)a-Fe; xSny + FesSns
+ a-Fe + 8 — Sn
3)
Figure 3a shows the dependence of the in-plane relative
fourfold magnetic anisotropy constant K4(T'ﬂ)lK40 and of the
relative magnetization MS(T;)IMSO as a function of the anneal-
» Where for the 9Sn/91Fe(001) samples
K,’=4.25.10° erg cm® and M= 1450 emu/cm®, The K,(T,)/K,°
and the M¢(T,)/M" remained equal to one after annealing up to

ing temperature T

150°C, confirming the absence of mixing and the formation of
compounds at the Sn/Fe interface. Within experimental error,
the relative anisotropy constant K, ,;(Ta)fo and the relative mag-
netization My(T,)/M" decreased identically as the annealing
temperature increased for both the 150-300°C and 300-550°C
temperature intervals. This is in good agreement with the
XRD analysis, which showed the successive formation of the

© The Author(s), under exclusive licence to The Materials Research Society 2021
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Figure 2: Schematic view of the four variants of the decagonal
Fe;Sn,(011) and cubic a-Fe,_,Sn, (001) growing on the (001) surface of
MgO, with their corresponding epitaxial relations (1) and (2). A set of four
crystallite variants of the hexagonal Fe;Sn;(011), like those of the cubic
a-Fe,_,5n, (001), have in-plane fourfold anisotropy with an easy axis
lying along the [110] and [110] directions of MgO (001).

non-ferromagnetic FeSn, and FeSn phases in these temperature
ranges. However, after annealing at temperatures above 550°C,
the magnetization Mg decreased and the anisotropy constant
K, sharply increased, with the final reaction products (a-Fe,_,
Sn,+ Fe;Sn; + a-Fe + -Sn), occurring in the temperature range
700-800°C, taking values of Mg~ 810 emu/cm® (Mg/ M’ ~ 0.55)
and K;=6x10° erg/em® (K,(T,)/K,’~ 1.4) (Fig. 3a). Accord-
ing to the X-ray diffraction patterns (Fig. 1b), the formation
of ferromagnetic phases began at 550°C with the synthesis of
the phase a-Feg ,Sn 4, which at 600°C had a magnetization
Mg=1130 emu/cm® (My/M{"=0.75) and first magnetocrystal-
lographic anisotropy constant K, (Fe 4451, 0,) = K, = 5.6 x 10°
erg/em’ (K,(T,)/K,"~ 1.2) (Fig. 3a). At a temperature of 650°C,
the Fe;Sn; and Fe|o,Sn, o, phases coexisted, and they had
a total magnetization of 930 emu/ cm® (My/M"=0.64) and
fourfold constant K,(FesSn; , FeygeSng o) =6 % 10° erg/cm?
(K,(T,)/ K"~ 1.4). Taking the magnetization of Fe;Sn; to be
equal to 750 emu/cm’ [1 ], it was easy to obtain a rough esti-
mate of the fractions for Fe;Sn; and Fe;4.Sn , crystallites,
which were ~0.5. This made it possible to determine the con-
tribution K,(Fe;Sn;) = 6.4 x 10° erg/cm® of the four variants of
Fe;Sn; (011) nanocrystals to the fourfold anisotropy constant
K, (FesSny+ Fey g6Sng 4). Figure 3b shows the in-plane hyster-
esis loop after annealing at 800°C, where the magnetic field was
applied along the easy axis, which coincided with either the
[110] or [110] direction of the MgO(001) substrate. The hys-
teresis loops had low coercivity ~ 40 Oe, which means that the
final reaction product (FesSn,+ Fejo4Sn o4+ a-Fe) and hence
each of the phases Fe Sn,, Fe;o,Sn, , and a-Fe were ordinary
soft magnetic materials.

We next discuss how the magnetic anisotropy behavior of
the four variants of the Fe;Sn,(011) nanocrystals relates to the
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microstructure revealed by the orientation relationships (2). The
magnetocrystalline anisotropy energy density for a hexagonal
crystal Ey, excluding the basal plane anisotropy, is Ey =E;+ K,
sin’a + K, sin‘a, where K, and K, are the first- and second-order
anisotropy constants, respectively, and a is the angle between the
magnetization Mg and the c-axis. For exchange-coupled Fe;Sn,
nanocrystallites with the c-axis projection coinciding with the
[100] and [010] directions of the substrate MgO(001) and with
equal-volume fractions f, = f, = 0.5, the anisotropy energy Ey in
the spherical polar coordinates 8 and ¢ (Fig. 2) is given by:

Ex = (Kysin®aq + Kysintay) - fi
+ (K1 sin @y + K, sin? ag) -
= Eo(6) —1/4K> cos @ - sin® 2¢ (4)
For the hexagonal lattice Fe;Sn,, the angle 8 = 35° is the

angle of inclination of the c-axis to the (001) MgO plane. The
in-plane anisotropy energy density EK”, determined by 8 = 35°

a-Fe, Sn, +
FegSny +
__ SnFe(001) FeSn, FeSn a-ieuSn. |aFe+8.5n
= ! KoK o
5 14
ﬁ 12 } : a-Fey,Sn,
c-.:: "T*Fe,Sn,
e i
X 08 !
©. i MJMS’
= 06
“» H
= 04 1 :
0 200 400 600 800
(a) T. (C)
1.0 }
- ((/
S 00
=
05
1.0 |
300 200 -100 0 100 200 300

(b)

Figure 3: (a) Relevant evolution of the magnetization MSHMS" and
anisotropy constants K,,{Ta)fo as a function of the annealing
temperature, showing the low-temperature formation of the
polycrystalline non-magnetic FeSn (~ 150°C) and FeSn, (~300°C) and
their transformation into the epitaxial a-Fe,_,Sn, (001), FesSn,(011),
Fe(001), and a-Fe(001) above 550°C. (b) In-plane hysteresis loops of
95n/91Fe(001) bilayer films annealed at 800°C, showing that a-Fe,_,Sn,,
Fe;Sn;, and a-Fe are soft magnetic phases.

H (Oe)
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(Fig. 2) in expression (1) and therefore K,, is easy to find using
an in-plane torque curve L”(rp) (4).

Ly(p) = dEg/dp = —1/2K; cos* 35°sindp = — 0.225K; sin 4¢
(5)

In expression (5), the in-plane anisotropy energy has a
“minus” sign, indicating that for K, > 0 the easy axes of the in-
plane anisotropy should coincide with the [110] and [110] direc-
tions of MgO(001) (Fig. 2). It follows from this that the four var-
iants of the hexagonal lattice Fe.Sn, (011) (Fig. 2) had a fourfold
anisotropy constant K,(Fe-Sn;)=- 0.225 K,(Fe.Sn;)=6.4 x 10°
erg/cm’, Hence, it follows that the second constant of the mag-
netic anisotropy K, (FesSn,) was equal to 2.8 x 10° erg/cm”. The
perpendicular anisotropy constant K| =2nMs*+AK | is com-
prised of the shape anisotropy and the AK contribution, which
is a function of the first magnetocrystalline constant K,(Fe;Sn,).
In particular, the calculation showed that AK, = K,(Fe;Sn,) for
exchange-bound hexagonal Fe.Sn,(110) nanocrystals with the
c-axis lying along the [100] and [010] directions in the (001)
plane of the MgO substrate. In contrast, for the four variants of
the Fe;Sn,(011) nanocrystals, it was difficult to obtain an analyt-
ical expression of AK | as a function of the constant K,(Fe;Sn,).
This is because above 600°C the films contained a mixture of
Fe.Sn, and Fe,_ Sn_ phases, the c-axes of Fe.Sn;(011) crystallites
did not lie in the film plane, and the films did not remain con-
tinuous, breaking up into magnetic isolated islands (Fig. 6) by
solid-state dewetting. However, these films had in-plane anisot-
ropy, and rough estimates showed that AK, > 0, which suggests
that the easy axis is the c-axis (K, (Fe;Sn;) > 0) and did not lie in
the basal plane (K, (Fe;Sn;) < 0). Our data do not agree with the
results of [1, 8], in which K,(Fe.Sn,) <0 and the values of the
constant K,(Fe;Sn,) were close to zero [8].

Thus, magnetic measurements of the 9Sn/91Fe (001)/MgO
(001) thin films showed the formation of a mixture of fer-
romagnetic epitaxial Fe.Sn;(011) and a-Fey,Sn,(001) phases
in the temperature range of 600-700°C, which had a com-
mon magnetization of 930 emu/cm® and fourfold constant
K,=6x10° erg/cm®, with the easy axes coinciding with the
[110] and [110] directions of the MgO (001) substrate.

Structural and magnetic transformations
in the 255n/75Fe(001) bilayer during annealing
at temperatures up to 800°C

Figure 4a shows a schematic diagram of the phase formation
sequence that successively occurred in the 255n/75Fe(001)
bilayers on a MgO(001) substrate during annealing at tem-
peratures from room temperature to 800°C. Like the 7Sn/93Fe
(001) bilayers, the X-ray diffraction patterns of the 25Sn/75Fe
(001) bilayers showed that FeSn, started at 150°C, which
reacted with the residual Fe (001) layer above 300°C to form
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the FeSn phase (Fig. 4b). After annealing at 550°C, only FeSn
and a-Fe were present in the reaction products. After anneal-
ing at 550°C, the (002)Fe peak was replaced by the epitaxial
(002) peak of the a-Fe,_,Sn, solid solution, which completely
disappeared at 600°C. Above 600°C low reflections of Fe;Sn,
and Fe,Sn, appeared in addition to the FeSn peaks, slightly
increasing up to 800°C. Weak reflections of p-Sn appeared
after annealing at 700°C, and thus the reaction products
after annealing at 800°C contained a mixture of phases,
FeSn + Fe,Sn, + Fe,Sn, + B-Sn. It is important to emphasize
that there were no reflections of the Fe,Sn phase, which was
expected in the 9Sn/91Fe (001) and 258n/75Fe (001) bilayers.

Figure 4: (a) Schematic of the
phase transformations in the
25Rh/75Fe(001) bilayer showing
the polycrystalline FeSn, and FeSn
and the epitaxial a-Fe,_,Sn,(001)
phase formation at 150°C, 300°C,
and 550°C, respectively. (b)
Temperature-dependent X-ray
diffraction patterns in the epitaxial
25Rh/75Fe(001) bilayer during
annealing at temperatures from
room temperature up to 800°C.

Overall, the phase sequence (6) formed after annealing the
255n/75Fe(001) bilayers at temperatures up to 800°C was:

258n/75Fe(001) — (~ 150°C) FeSny — (~ 300°C)
FeSn — (~ 550°C) FeSn + a-Fe;_.Sny — (~ 600°C)
FeSn + FesSn, + FesSns — (700°C)FeSn + Fe3Sns

+ FesSni 4+ B — Sn
(6)

Figure 5a shows the dependence of the in-plane relative
magnetic anisotropy constant K,(T,)/K,” and of the rela-
tive magnetization MS(TE)J’MSO as a function of the anneal-

ing temperature T,, where for the 255n/75Fe(001) samples,

X-Sn = -Fe;Sn, a-Fe,, Sn,(002)
| 0-FeSn, o -Fe;Sn, 5 a-Fe(002)
| ®-FeSn
r MgFe,,04(220)
as I \
prepered
)
c
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[
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K,"=2.8:10° erg/cm® and M"= 960 emu/cm®. These depend-
ences are in good agreement with the results of the XRD anal-
ysis. The values of K,(T,)/K,” and My(T,)/ M’ remained equal
to one after annealing at temperatures up to 150°C, confirm-
ing the absence of mixing and the formation of compounds
at the Sn/Fe interface. Within experimental error, the relative
anisotropy constant K,(T,)/K,” and the relative magnetiza-
tion My(T,)/Ms" decreased identically as the annealing tem-
perature increased for both the 150-300°C and 300-600°C
temperature intervals. This was in good agreement with the
successive formation of the non-ferromagnetic FeSn, and
FeSn phases in these temperature ranges. However, after
annealing at temperatures above 600°C, the magnetization
Mg slightly increased, reaching ~ 125 emu/cm’ (Mg/Mg,~0.13)
at 800°C, with a corresponding anisotropy constant of K, =0
(Fig. 5a). Figure 5b shows the hysteresis loops had low coer-
civity ~ 20 Oe, which means that the final reaction products
(FeSn + Fe,Sn, + Fe Sn, + p-Sn) were soft magnetic materials.
The X-ray diffraction patterns, low values of the magnetiza-
tion and the absence of anisotropy indicate the formation of
small amounts of the polycrystalline ferromagnetic Fe:Sn,,
Fe,Sn, and Sn phases in the final reaction products, in addi-
tion to the basic FeSn.

Dewetting of 95n/91Fe(001) and 255n/75Fe(001) thin
films

The 95n/91Fe(001) and 255n/75Fe(001) thin films on the
MgO(001) substrate remained continuous until annealing
at 550°C (Fig. 6a, Fig. 7a). Nevertheless, above 550°C, the
film structure became unstable and, by solid-state dewet-
ting [38-40], was rearranged into interconnected structures
(Fig. 6b, Fig. 7b), finally breaking up into isolated islands at
800°C (Fig. 6c, Fig. 7c). Scanning electron microscopy showed
that the sample morphology depended on the composition:
after annealing the dewetting 9Sn/91Fe(001) bilayer at 800°C,
the islands became semi-spherical (Fig. 6d); at the same
annealing temperature, they became close to spherical for
the 255n/75Fe(001) bilayer (Fig. 7d). It is important to note
that in the 95n/91Fe(001) films, the atomic transport during
solid-state dewetting and formation of micron-sized islands
from the 300 nm films did not lead to structural disorder but
preserved the orientation of the epitaxial a-Fe,_ Sn, (001),
Fe:Sn;(011) and Fe(001) phases. This implies that the atomic
transport by dewetting was not due to a random diffusion
process, but was rather associated with chemical interactions
that occurred during solid-phase transformation. Dewetting
started in the 9Sn/91Fe(001) and 255n/75Fe(001) bilayers at
temperatures above 550°C and finished at 800°C. In the tem-
perature range 550-800°C, the phase sequences (1) and (2)
showed consistent formation of the a-Fe,_,Sn,, Fe;Sn,, Fe;Sn,,

© The Author(s), under exclusive licence to The Materials Research Society 2021

a-Fe, and B-Sn phases. This strongly suggests that the same
chemical mechanisms controlled both the synthesis of these
phases and the solid-state dewetting process. This hypothesis
is consistent with the effects of alloying on solid-state dewet-
ting of Au/Ni bilayers [41]. A rough estimation of the radius
r of the film surface required to form one island, as shown in
Fig. 6¢c and Fig. 7c, gave r ~ 2p. This suggests that the atoms
migrated in typical annealing time t=4 x 10% s over a distance
of at least 2 x 107" cm, which corresponded to the effective
diffusion coefficient D= r?/t ~ 107" cm?/s. The actual value
of D could be several orders of magnitude higher and closer
to the value of the diffusion coefficient at the melting thresh-
old, which was~10"* cm?/s. In addition, the EDS spectra
showed a change in the composition of the initial 9Sn/91Fe
films to Sn,;Feg, and 25Sn/75Fe films to Sns Fes, with increas-
ing temperatures up to 800°C. This might be due to partial
Fe sublimation. Recently, S. Kunwar et al. reported that Ag
atom sublimation played a significant role in the solid-state
dewetting process of Ag/Au/Pt trilayers [42]. It is important
to note that after annealing at 800°C, the 95n/91Fe (001) and
255n/75Fe (001) bilayers showed typical in-plane hysteresis
loops (Fig. 3b, Fig. 5b) whose shapes were close to the shape

FeSn + Fe,Sn;

SniFe(001 ‘ FeSn; FeSn f Fe:Sn; + -Sn
7] | i
5 10 i
o | FeSn+ i [Fesn+
& 08 ! a-Fe,,Sn, [T .:_Fo,Sm+
- 06 | i |FesSm
¥ ! !
X 04 i :
© i | 0
s 02 i : My/M,
> I [}
= 00 i . » hlld
0 200 400 600 800
(a) Ts (°C)
10 t
05 r
= 0
5 )
05
1.0
300 -200 -100 0 100 200 300
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Figure 5: (a) Relevant evolution of the magnetization MS;'MSO and
anisotropy constants K,(T,)/K," confirming the sequential formation
255n/75Fe(001) — (~150°C) FeSn, — (~ 300°C) FeSn— (~ 550°C)
FeSn+a-Fe;_,5n,— (~600°C) FeSn + Fe;5n, + Fe;Sn;— (700°C)

FeSn+ Fe,Sn, + Fe,Sny+B-5n. (b) In-plane hysteresis loops of
25Rh/75Fe(001) bilayer films annealed at 800°C, confirming that Fe;Sn,
and Fe;Sn; are soft magnetic phases.
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Figure 6: SEM images showing the morphological evolution: (a) as-deposited compact 75n/93Fe(001) bilayer film completely covering the substrate
MgQ(001), (b) during solid-state dewetting after annealing at 600°C into interconnected structures, (c) isolated islands at 800°C, (d) the final reaction
products after annealing at 800°C are micrometer-sized semi-spherical epitaxial (a-Fe,_,Sn, (001) +FesSn,(011) +a-Fe(001) + B-Sn(001)) islands

possessing common magnetization 940 emu/cm® and fourfold constant K, =6x 10° erg/cm’.

of the hysteresis loop ensemble of single-domain particles
described by the Stoner-Wohlfartht theory. This result con-
firms that the final reaction products of both samples con-
tained separate non-interacting islands.

Based on the data presented, the following hypotheti-
cal model of the dewetting process of the samples was pro-
posed. There were chemical interactions in 9Sn/91Fe (001)
and 25Sn/75Fe (001) samples at temperatures above 550°C
that increased the atomic mobility, converting the film from
a solid to a quasi-liquid state and controlling not only the
phase transformations but also the overall dewetting process.
In particular, these interactions broke the bonds between the
film and the substrate, collected the film material by coherent

© The Author(s), under exclusive licence to The Materials Research Society 2021

atomic transfer without disturbing the epitaxy into islands,
and created the partial Fe sublimation.

Finally, the X-ray diffractions, torque measurements
and SEM images showed that the dewetted 9Sn/91Fe(001)
bilayers were epitaxial Fe;Sn; (011) + a-Fe,_.Sn,
(001) + Fe(001) + Sn(001) semi-spherical island films of satu-
ration magnetization ~ 930 emu/cm® and fourfold magnetic
anisotropy K,=6x 10° erg/cm’. In contrast to the 9Sn/91Fe
(001) bilayers, the dewetted 255n/75Fe (001) bilayers were
spherical island films of low magnetization ~ 125 emu/cm?
and contained the main FeSn and a mixture of polycrys-
talline Fe;Sn, + Fe;Sny + p-Sn phases. Both samples had
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Figure7: SEM images showing the morphological evolution: (a) as-deposited 255n/75Fe(001) bilayer film, (b) solid-state dewetting after annealing at
600°C, (c) 800°C, (d) the final reaction products after annealing at 800°C are micrometer-sized spherical polycrystaliine (FeSn +Fe;5n, + FesSny + 3-5n)
isolated magnetically soft islands, having a low value of magnetization ~ 125 emu/cm?,

high electrical resistivity ~10° -m and optical transmit-
tance ~ 70-80% in the visible spectrum.

Discussion

Phase sequences in Sn/Fe(001) bilayers and the phase
diagram of Fe-Sn

At present the equilibrium phase diagram of binary metallic sys-
tems is built by cooling the melt to room temperature (top-down
approach). As a result of extremely low diffusion coefficients, the
low-temperature part of many phase diagrams is often either

© The Author(s), under exclusive licence to The Materials Research Society 2021

unknown or poorly established. In contrast, the phase sequence
in thin-film solid-state reactions is obtained by heating bilay-
ers from room temperature to high temperatures (bottom-up
approach). Therefore, the interfacial reaction technique can be
a powerful tool for research and clarification, especially for the
low-temperature part of the phase diagrams. As shown above,
the phase sequences (1) and (2) had initiation temperatures
T,,' = ~150°C, T, ;> = ~300°C, T,,* = ~ 550°C, T;,*= ~600°C,
'."]-n?= ~700°C. Following the equality T},'= TKi, the tempera-
tures '1"-mi are associated with the structural transformation tem-

peratures 'I'Ki that should be indicated in the phase equilibrium
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diagram of Fe-Sn. However, the T,

. temperatures have not been

precisely established, and some of them may coincide with the
established temperatures of phase transformations in the Fe-Sn
system. For the phase equilibrium diagram of Fe-Sn, the struc-
tural and magnetic properties of phases obtained by top-down
approaches are constantly being refined [8, 9]. Recently, reac-
tive crucible melting has been used to search for new phases in
the Fe-Sn system [9]. This method consists of the fact that the
original pure elements are annealed for a long time at high tem-
peratures to carry out a reactive diffusion process and are then
subsequently furnace-cooled at 5 K/min to room temperature or
quenched to stabilize the high-temperature phases. Unexpect-
edly, it turned out that in the samples of Fe,,Sny;, the FesSn,
phase was absent in the diffusion zone of the reactive crucible,
although it existed in the conventionally prepared homogenous
samples (still of Fe,,Sn,,) above 800°C [9]. In contrast to this,
we observed Fe.Sn, formation at temperatures above 600°C, but
did not detect the Fe,Sn phase by magnetic and X-ray studies
even after annealing at above 800°C, which was expected for
these compositions. Therefore, further studies of solid-phase
reactions in Sn/Fe films that are based on the composition and
precise determination of the initiation temperatures are required
for deep understanding of the phase formation in the high-tem-
perature part of the Sn-Fe system.

Prediction of the phase transition at 150 °C and 300 °C

Below we will only discuss the possibility of phase transforma-
tions at the initiation temperatures T;,' ~ 150°C, of the synthesis
of the FeSn, phase, and T,,” ~ 300°C, of the synthesis of the FeSn
phase, which correspond to reactions (7) and (8) and are absent

in the Fe-Sn phase diagram.

Fe + 25n — (~ 150°C) FeSn, (7)

Fe + FeSn; — (~ 300°C) 2FeSn (8)

L

=T, ! assumed the following scenario for

The equality T’
FeSn, synthesis and phase transformation at~ 150°C. When the
temperature rose above T;,' ~ 150°C, strong chemical interac-
tions occurred between the reacting atoms at the Sn/Fe inter-
face, leading to the breaking of chemical bonds in one of the
layers (Sn or Fe), the transfer of one type of atom, which was
the dominant diffusing species to the other layer (Fe or Sn), and
the synthesis of FeSn,, following reaction (7). From the equality
T,,' = T, it follows that T},' ~ 150°C was also the temperature of
the phase transformation, which was associated with the struc-
tural features of the FeSn, phase. With a decrease in tempera-
ture below T},' ~ 150°C, following the reverse reaction (7), the

FeSn, phase tended to nano-separate into the original Fe and

© The Author(s), under exclusive licence to The Materials Research Society 2021

Sn components. However, the formed chemical bonds did not
allow for the destruction of the FeSn, lattice, and therefore the
chemical interactions tended to form Fe and Sn nanoclusters
within the FeSn, lattice. This could lead to a change of the order
parameter, as in the order-disorder phase transformation, or to
a slight distortion of the lattice, as in the martensitic transfor-
mation. Moreover, we have presented a possible scenario where
chemical interactions can induce phase separation by spinodal
nanodecomposition of FeSn, to Fe-rich FeSn, and Sn-rich FeSn,
nanoclusters. The equality T,,>= Ty” predicts a phase transfor-
mation at T;,? ~ 300°C, which was associated with the structural
features of the FeSn formation. Such a transformation could be
the order-disorder phase transition in FeSn or the eutectoid
transformation where the FeSn was synthesized by a reverse
eutectoid reaction (8).

Although the phase transformations at ~ 150°C and ~ 300°C
have been predicted, the structural origin of the phase transfor-
mations remains unknown. Despite the great scientific and prac-
tical importance, the proof and investigations of the spinodal
decomposition and other phase transformations at low tem-

peratures is known to be a complex experimental problem [43].

Conclusions

We have reported on phase sequences formed by solid-state
synthesis in 9Sn/91Fe (001) and 25Sn/75Fe (001) bilayers
upon annealing at temperatures up to 800°C. Above 600°C,
both sequences were found to contain magnetic a-Fe,_ Sn,
and Fe;Sn, phases, but did not contain the hard magnetic
Fe;Sn phase, which was expected for these samples. Above
550°C, the process of dewetting began in both samples, and at
800°C the 95n/91Fe (001) bilayers formed islands containing
the epitaxial a-Fe,_ Sn (001) + Fe;Sn,(011) + a-Fe(001) + B-S
n(001) phases, whereas the islands of 255n/75Fe (001) bilay-
ers contained the basic polycrystalline FeSn and additional
Fe3Sn2 + Fe55n3 + B-Sn phases. The constant of magnetic ani-
sotropy K, and the saturation magnetization of the a-Fey 445n, 4
alloys were determined and the constants K, and K, of the
Fe,Sn, phase were estimated. Phase sequences in 9Sn/91Fe(001)
and 255n/75Fe(001) bilayers began with the formation of the
FeSn, and FeSn phases at temperatures of ~ 150°C and ~ 300°C,
respectively. The analysis of many thin-film solid-state reactions
suggested the existence of solid-state transformations at tem-
peratures of ~ 150°C and ~ 300°C in the Sn-Fe system, which are
absent in the phase equilibrium diagram. Finally, our approach
was versatile and can be used for research and refinement of the
phase equilibrium diagram (especially of the low-temperature
part), not only of the Fe-Sn system, but of any binary system.
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Experimental procedures

In the first step, the Fe(001) layers were epitaxially grown on a
MgO(001) substrate at a pressure of 10~® Torr and a temperature
of 250°C, leading to the formation of the orientation relationship
Fe(001)[100] || MgO(001)[110]. The Fe(001)/MgO(001) films
had a saturation magnetization of ~ 1710 emu/cm? and the first
magnetocrystalline anisotropy constant was K, ¥=5.1-10° erg/
cm” for the bulk samples. In the second step, the top Sn layer was
deposited at room temperature to prevent a reaction between
Sn and Fe during the deposition. In the experiments, 2 sam-
ples, 7Sn/93Fe(001)/MgO(001) and 25Sn/75Fe(001)/MgO(001),
with stoichiometries of Sn;Feq; and Sn,sFe,s respectively, deter-
mined by energy-dispersive X-ray spectroscopy (EDS) microa-
nalysis and with total thickness up to 300 nm, were used. Ini-
tial samples were annealed for 1 h from 50°C to 800°C with a
step size of 50°C. The magnetic in-plane fourfold anisotropy
constants, K,”, and the saturation magnetizations, M, were
determined for the total volume of the bilayers, which turned
out to be K4°= 4.25.10° erg;‘cm“, M,io: 1450 emu/cm?® for the
7Sn/93Fe(001) bilayers and K,”=2.8:10° erg/cm?®, M"=960
emu/cm? for the 255n/75Fe(001) bilayers. The formed phases
were identified with a DRON-4-07 diffractometer (CuK, radia-
tion). The epitaxial film orientations were analyzed by means of
asymmetrical XRD scans performed on a PANalytical X Pert
PRO diffractometer (Almelo, The Netherlands) with a PIXcel
detector. The saturation magnetization, Mg, and the perpen-
dicular anisotropy constant, K| =2nM+ AK |, were measured
on a torque magnetometer with a sensitivity of 3.76.10~ Nm
in the applied field range of 0-16 kOe using the method pre-
sented in [34]. The value of AK; has been associated with the
presence of in-plane strains and grain growth textures in thin
films [34, 35]. If AK, >0, then this indicates the existence of
factors that, together with the shape anisotropy, place the easy
axis in the film plane. In contrast, if AK| <0, then these factors
reduce the shape anisotropy, and when K| =27M>—AK <0,
the easy axis is aligned perpendicularly to the film plane. The
fourfold anisotropy constant K; was determined from an in-
plane torque curves L”((p) obtained in a magnetic field of 10
kOe. Scanning electron microscopy (SEM) and EDS analysis
were performed to investigate the morphology and chemical
composition of the deposited films. Top-view SEM images of the
samples were obtained using a Hitachi TM4000Plus instrument
(Tokyo, Japan) operated at an acceleration voltage of 20 kV and a
high vacuum BSE (backscattered-electron) regime. Tilted-view
SEM images of the samples were obtained using a UVD (ultra-
variable-pressure) detector and a Hitachi SU3500 instrument
(Tokyo, Japan) operated at an acceleration voltage of 5kV and a
low vacuum regime. No metal films were coated on the sample
surface prior to taking the SEM measurement since all the sam-
ples were sufficiently electrically conductive.

© The Author(s), under exclusive licence to The Materials Research Society 2021
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