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The metastable phases of Fes_,Sn, alloys were stabilized by their epitaxial growth on MgO(100). The Fe4_,Snj alloys with a body-centered-cubic-
based structure were realized in the range of 0 < x < 0.4. For x = 0.25, the B2 structure was observed by transmission electron microscopy and
X-ray diffraction analysis, although the hexagonal D0+g structure was a thermodynamically stable phase. With respect to magnetic properties, all
the compositions show similar hysteresis curves except for x = 0.25. According to ab initio calculations, DO3-Fe3Sn and B2-Fe3Sn have band
structures similar to that of Fe, which results in a large tunnel magnetoresistance by coherent tunneling.

© 2018 The Japan Society of Applied Physics

n spintronics, various alloys and intermetallic compound

films play important roles in devices. For example,

Heusler alloys are used in magnetic tunnel junctions
(MTlIs) as highly spin-polarized electrodes, with which a
tunnel magnetoresistance (TMR) ratio of 1000% has been
realized.!™ L1,-FePt is used in perpendicular MTJs owing to
its large magnetic anisotropy.*® Thus, alloys and interme-
tallic compounds find significant applications in spintronic
devices, and the development of such materials is of great
importance in this research field. Metastable materials have
attracted much attention owing to their useful character-
istics.”® In particular, thin films have the potential to
stabilize the metastable phase through epitaxial growth on
single-crystal substrates. In this study, we explore Fe—Sn
alloys with metastable crystal structures.

Among the material properties of these alloys, the lattice
constant, which can be controlled by epitaxial growth, is the
most fundamental parameter in the fabrication of epitaxial
films or multilayers. It affects not only the crystal structure
but also the physical properties of the films. In MTJs, the
lattice constant is an important factor for realizing a large
TMR effect, because scattering caused by defects at inter-
faces results in the degradation of TMR. A typical MTJ,
Fe/MgO/Fe, has a lattice mismatch of 3.4% between Fe and
MgO. If we resolve the lattice mismatch problem, significant
improvements could be expected for TMR.%'?

A simple solution to the aforementioned issue is to control
the lattice constant of the tunnel barrier layer. Sukegawa
et al. fabricated Fe/MgAl,04/Fe MTJs with a lattice mis-
match of —0.2% and improved the bias dependence of TMR
ratio significantly.'® This study emphasizes the importance
of the suppression of interface defects due to a lattice mis-
match. Unfortunately, it is difficult to fabricate a MgAl,O4
tunnel barrier because it is a complex oxide.

Another approach is to enlarge the lattice constant of Fe
electrodes, which could be easier than using the tunnel barrier
method. Bonell and coworkers succeeded in expanding the
lattice of Fe by alloying it with V.!®!” They reported the
increase in the TMR ratio of Fe—V/MgO/Fe compared with
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that of Fe/MgO/Fe. With respect to intermetallic com-
pounds, Yamada et al. grew Fe;Si films epitaxially with a
DO0; or B2 structure that was based on the body-centered
cubic (bce) structure'® as shown in Figs. 1(b) and 1(c). In the
DOj structure, the Fe and Sn atoms at the body-centered
site were perfectly ordered, while the body-centered sites in
the B2 structure were occupied by Fe and Sn randomly.
The D03/B2 crystal structure is critical to realizing coherent
tunneling because the electrodes must possess a fourfold
symmetry. Unfortunately, the lattice constant of FesSi is
smaller than that of MgO (lattice mismatch is 5.97%), and the
band structure is not suitable for realizing a giant TMR effect
(see Fig. 6).>'9 Fujita et al. observed a TMR of 35% in
Fe;Si/Al,03/FeCo junctions.'”

To expand the lattice constant of the electrodes, we
considered that Sn could be a candidate for alloying with Fe
because Sn is a group IV element and has a larger atomic
radius than Si. Although the hexagonal D09 structure shown
in Fig. 1(a) is stable for Fe;Sn according to the phase
diagram,'*?% there are few studies on DO;3-type alloys.?"* In
this study, we investigated the growth, crystal structure, and
magnetic characteristics of an Fe—Sn alloy on a MgO(100)
substrate.

The films were grown on MgO(100) substrates by a molec-
ular beam epitaxy method with a base pressure of 7 x 1078
Pa. The film structures were MgO(100)/Fe;_,Sn, (30 nm)/
Al,O3. Before the deposition, the MgO(100) single-rystal
substrates were prebaked at 800 °C for 30 min. Fe and Sn
were deposited simultaneously at 100 °C. Their deposition
rates were controlled independently. Subsequently, the films
were annealed at 300 °C in a vacuum to improve crystallinity,
and then an Al,O; layer was deposited at room temperature
(RT) to prevent surface oxidation. The epitaxial growth and
surface morphology were confirmed by reflection high-
energy electron diffraction (RHEED) analysis and atomic
force microscopy (AFM), respectively. Crystal structures
were investigated by X-ray diffraction (XRD) analysis and
scanning transmission electron microscopy (STEM; EFI
Titan G2). Magnetization curves were measured using a

© 2018 The Japan Society of Applied Physics
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Fig. 1.

Fig. 2.

vibrating sample magnetometer (VSM) at RT. The all-optical
time-resolved magneto-optical Kerr effect (AO-TRMOKE)
with a maximum applied field of 2T and broadband ferro-
magnetic resonances (FMRs) of 5-15 GHz were measured to
evaluate the magnetic Gilbert damping constant.?>>> To esti-
mate the spin polarization, density functional theory (DFT)
calculations were performed by the projector augmented-
wave method®® using the plane-wave basis set in the Vienna
ab initio simulation package (VASP).?’?® The exchange—
correlation potential was treated by the generalized gradient
approximation proposed by Perdew et al.>® An energy cutoff
of 500eV was used for the plane-wave expansion. A 12 X
12 x 12 Monkhorst—Pack k-point grid was used for the
sampling of the Brillouin zone.’” To discuss the chemical
disorder effect on the electronic structure, we also performed
DFT calculation using the Korringa—Kohn—Rostoker (KKR)
method®" within the coherent potential approximation
(CPA)* developed by Akai.’?

Figure 2 shows the RHEED patterns and AFM images of
the Fe,_,Sn, (x =0, 0.25, and 0.5) films. For x = 0, or a pure
Fe film, an epitaxial film with a flat surface was obtained
as shown in Figs. 2(a) and 2(d). In the case of x =0.25,
which corresponds to Fe;Sn, a clear streak RHEED pattern
with threefold periods was observed in Fig. 2(b), which
indicates epitaxial growth and surface reconstruction. A
similar threefold RHEED pattern was reported for Fe;Si
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(Color online) Schematics of crystal structures of Fe;Sn alloys. (a) D0y structure, (b) D03 structure, and (c) B2 structure.

@ Fe(I)
@ Fe(I)orSn

14,15)

(Color online) RHEED patterns and AFM images of Fe;_,Sn,. (a, d) x=0, (b, ) x=0.25, and (c, f) x=0.5.

Fig. 3.

(a) Cross-sectional STEM image of Fe(75Sn(,5 and (b) electron
diffraction pattern.

films, although the surface structure has not been clarified.!”

From the AFM image in Fig. 2(e), the surface roughness was
estimated to be 0.17 nm. For x = 0.5, as shown in Figs. 2(c)
and 2(f), the RHEED pattern was no longer a streak, and the
surface roughness was estimated to be very large (3.9 nm),
which implies that the structure of x = 0.5 was polycrystalline.

To investigate the crystal structure, a cross-sectional
STEM observation was conducted. In Figs. 3(a) and 3(b), a
STEM image of Fe;_,Sn, (x =0.25)/MgO and the electron
diffraction pattern of the Fe;_,Sn, layer are shown, respec-
tively. The epitaxial growth of the Fe,_,Sn, layer on the MgO

© 2018 The Japan Society of Applied Physics
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Fig. 5.

(Color online) (a) Hysteresis curves for various compositions of Fe;_,Sn, films. The inset shows M,/M; as a function of composition, and

(b) hysteresis curves for Fep75Sng s in the external magnetic field along [100] and [110].

substrate was confirmed. In the electron diffraction results,
we observed (111) and (110) peaks, which are not observed
in the case of Fe. These results implied that we succeeded in
forming an alloy of Sn with Fe while maintaining the bcc
structure. We observed no peculiar peaks for the D05 struc-
ture, i.e., (311). Hence, it was concluded that our Fe;Sn alloy
had a B2 structure.

To investigate the composition dependence of the crystal
structure, we performed XRD measurements for various x
values. In Fig. 4(a), 6-20 profiles are shown for various com-
positions. For x =0, we observed only a (002) peak for the
Fe layer. The lattice constant of Fe was estimated to be 0.284
nm. This is slightly smaller than the bulk value of 0.288 nm,
which could be attributed to the epitaxial growth on the MgO
substrate. The (002) peak positions shifted to a low 26 by
increasing the composition of Sn. There was clear evidence
of the alloy formation of Sn with a larger atomic radius in the
Fe. The lattice parameters estimated from the (002) peaks are
plotted as a function of x in Fig. 4(b). The lattice parameters
increased with increasing Sn composition in accordance with
Vegard’s law in the range of 0 <x <0.3. All the lattice
constants were larger than those of Fe;Si. The lattice constant
of Feg 755125 almost corresponded to ango/ /2. In addition,
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for x =0.25, 0.3, and 0.4, peaks assigned to Fe;_,Sn,(001)
were observed in Fig. 4(a), while no (001) peak was ob-
served for x =0 and 0.1 owing to the extinction rule. From
these XRD measurements, we concluded that the Fe;_,Sn,
(0 <£x<0.3) films fabricated on MgO(001) did not have a
D0,y hexagonal structure. The appearance of (001) peaks
indicated that Sn atoms occupied the body-centered position
selectively in the Fe;_,Sn, lattice. For x = 0.5, the (001) peak
was divided into two peaks, thus indicating that the B2
structure was not maintained, which is consistent with the
RHEED patterns.

The magnetic characteristics of the alloy depend on its
elemental composition and crystal structure. We investigated
the magnetic hysteresis curves of Fe;_,Sn, alloys using a
VSM for various x values, as shown in Fig. 5. All the
coercive fields were similar except that at x = 0.5, and it was
confirmed that the alloy did not show a bcc-type structure.
The magnetization decreased with increasing in x linearly for
0 < x < 0.3. With respect to the ratio of remnant magnetiza-
tion (M,) to saturate magnetization (M), i.e., M,/M;, all the
films exhibited good squareness, i.e., M,/M;=1 except at
x =0.25, which corresponds to Fe;Sn. This indicates that
there is a possibility for an intermetallic compound, such as

© 2018 The Japan Society of Applied Physics
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(Color online) Electronic states of D0s-Fe;Si and DO5-Fes;Sn. The top panels show spin-resolved DOS (a), (b) and the bottom panels show band

dispersion in the I'-H direction of (c) FesSi and (d) Fe;Sn. The red lines are A; bands.

FesSi or Fes;Al, to exist at this composition. Figure 5(b)
shows the hysteresis loops of Fe755n( ;5 in the applied fields
along the [100] and [110] directions. The hysteresis loops
clearly altered their shapes between the magnetic fields in
the [100] and [110] direction. For MgO(100)/Fe;Si, cubic
in-plane magnetic anisotropy was observed.*® We also per-
formed AO-TRMOKE and FMR measurements to estimate
the Gilbert damping factor a. The values of @ were estimated
to be 0.003-0.004. These values are much smaller than that
of permalloy 80NiFe (approximately 0.008)*> and are similar
to those of FesSi (0.003-0.004).337 Such a small « value
could be an advantage for spin-transfer-torque magnetization
switching.3®

In the application of such materials in spintronic devices
such as MTJs, spin polarization is the most important property
to be considered. In the case of FesSn with a D03 (or B2)
structure, a high spin polarization is expected because the
crystal structure is similar to that of Heuslar alloys.'® We
conducted an ab initio calculation of D03-Fe;Sn to explore the
possibility of a large spin polarization. We use the ab initio
calculation package VASP to calculate the electronic states
in Fe;Sn. Figures 6(a) and 6(b) show the density of states
(DOS) in Fe;Si and Fe;Sn, respectively. Unfortunately, the
spin polarization of Fe;Sn is estimated to have a rather small
value of —23%. The characteristic feature of Fig. 6(b) was
that the DOS has a negative spin polarization, which enables
us to control the sign of the tunnel magnetoresistance effect in
diffusive tunneling with an amorphous Al,O3 tunnel barrier.
Figures 6(c) and 6(d) show the band dispersions of Fe;Si
and FesSn in the ['-H direction, which resembles the band
dispersion of Fe. The red lines represent the A; band. Note
that the A band of Fe;Sn crosses the Fermi level whereas the
A band of Fe;Si is above Eg. Such band features of Fe;Sn are
appropriate for exhibiting coherent tunneling similar to that of
Fe/MgO/Fe;*"'? therefore, a large TMR ratio is expected for
Fe;Sn/MgO/Fe;Sn MTJs. As the crystal structure of Fe;Sn
films was estimated as B2, we calculated the band structure,
assuming a B2 structure based on the KKR-CPA method. The
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obtained results were almost the same as those obtained for
the D05 structure except for the band broadening due to the
random positions of the body-centered Fe and Sn atoms.

We fabricated epitaxial films of metastable Fe;Sn on
MgO(001) substrates. From XRD and STEM analyses, the
crystal structure of the film was found to be B2, and the lattice
constant was found to increase to 2.98 nm. From ab initio
calculations, the spin polarization was estimated at —23%, and
the A band maintains the feature of the A band dispersion in
Fe. The lattice constant, which is close to ayeo/ V2, and the
Fe-like band structure indicate the potential of Fe;Sn a highly
functional spintronic material. This alloy introduces a new
class of Heusler alloys containing Sn.
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