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We present theoretical study on spin reorientation transition (SRT). A phenomenological model is provided,
which treats magnetic energy as sum of magnetoelasticity, magnetocrystalline anisotropy, and demagnetization
contributions. We show that critical strain exists by analytically solving the phenomenological model, as a con-
sequence of an interplay between aforementioned contributions. For more quantitative understanding, numer-
ical estimate is performed for thin FePt and FeqCoy films, where experimentally accessible critical strain is 2
%. Further, this feasible strain is due to the large magnetoelastic coefficient (5;) and the optimal saturation

magnetization, which is not achievable in thin Fe film.
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1. Introduction

In study of magnetism, magnetic thin films have been
favorite for offering interesting properties distinct from
their bulk counterparts [1]. Due to recent progress in
magnetic devices [2-4], thin films have attracted in many
aspects. The reduced dimensionality as well as modified
local structures alters properties such as magnetic
moments, magnetic anisotropy, and more [5, 6]. While
enormous progress has been made in magnetism, our
understanding of magnetic anisotropy in thin film is far
from completeness. In particular, the presence of substrate
in practical fabrication, the role of magnetoelasticity as an
interplay between magnetism and strain becomes important.

There have been numerous efforts to manipulate mag-
netic anisotropy. One way is the magnetoelastic coupling
via substrate-induced lattice strain (&) [7, 8], which is
expected to have unprecedented impact. Changes in
lattice constant via strain alters the interatomic distances
between magnetic atoms, which subsequently modifies
the interaction energy. The introduction of strain results in
different magnetoelastic anisotropy (ME) [9-12]. As a
result, spin reorientation transition (SRT) can emerge via
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strain, which is switching magnetization from in-plane to
perpendicular direction or vice versa. Another factor is
film thickness. Hence, SRT can be realized by choice of a
substrate or by the variation of film thickness.

In this paper, theoretical investigation on strain driven
SRT is presented. We provide a phenomenological model
including magnetoelasticity and magnetic anisotropy in
thin film limit. The influence of lattice strain on magnetic
energy density is explicitly taken into account. Moreover,
numerical calculations are performed for FePt and FegoCoyg
films in comparison with Fe film. These materials, candi-
dates for magnetic storage devices, possess perpendicular
magnetic anisotropy [13, 14]. We demonstrate that critical
strain (¢.) exists, where SRT emerges as a result of an
interplay of magnetoelasticity and magnetic anisotropy.
We show that ¢ < 2 % is required to achieve perpen-
dicular magnetization in FePt and FegCoy film with
thickness less than 25 A.

2. Results and Discussion

We consider a heterostructure as shown in Fig. 1, which
consists of ultra-thin ferromagnetic (FM) film on top of
thick nonmagnetic substrate. We further assume that the
lateral strain of FM film is controllable by substrate and
zero stress on the film surface [15]. Moreover, the stress
and the strain fields inside the film are assumed homo-
geneous for single-domain FMs without misfit or dis-
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Fig. 1. (Color online) Schematic heterostgcture of FM thin film on nonmagnetic substrate. (a) In-plane magnetization (1\7[ ) with
lattice constant @y and (b) perpendicular M with strain (g), lattice constant becomes (1 + ¢€) ay.

location [15]. For simplicity, without loss of generality,
FM film thickness (#) is regarded less than the material
exchange length (L), 7, <1, = \J2A4/ /zaMf , where 4 is
the exchange coupling constant and M, is the saturation
magnetization [16]. Lateral dimension is assumed of
nanoscale length to assure single-domain ground state.
Strain (¢) is applied up to several percent on the magnetic
layers through the substrate [17]. Temperature is taken
well below the Curie temperature, whose effect is
neglected.

Before we proceed theoretical approach, we remind that
in real film with thickness larger than 100 A or so, there
is a delicate balance between shape and intrinsic MCA,
which determines the preferred orientation of magneti-
zation. The former prefers in-plane magnetization whereas
the latter can be either in-plane or perpendicular one. As
the film thickness reduces to a few A, the interface con-
tribution dominates over the bulk one [18]. This interface
contribution is commonly attributed to the origin of SRT
in thin film [19]. However, the presence of strain intro-
duces another factor, magnetoelasticity. Non-negligible
magnetoelasticity competes with aforementioned aniso-
tropy [20, 21], where even subtle change in films may
introduce SRT. In the following, we present our theore-
tical model.

We present total magnetic anisotropy energy (U) as sum
of magnetoelastic (U, ), magnetocrystalline anisotropic
(Unmca), and demagnetization (Ugenqg) contributions,

U(m) = UMEL(m) + UMCA(m) + Udemag (171)), (])

where each is expressed by polynomial expansion of i,
the unit vector or the directional cosines of magnetization.
More specifically, the magnetoelastic energies (Uyg;) is
expressed as

il bl

+m2),

2
bye,mim, — %m% + [Zii
where &, &, & are lateral strains; b; and b, are the second
order magnetoelastic coupling coefficients [22]; ¢y, ¢22,
c44 are the elastic stiffness [11]. Upgr(i7) is expanded up
to the fourth order of m;. The magnetocrystalline anisotropy
energy, Uyca(i7) 1s expressed as

K
Kymimé + KymZ(m2+m2) + K,mimim3 + t—smg,
f

)

where K is the fourth-order bulk magnetic anisotropy
coefficient [23] mainly from the magnetoelastic and the
elastic interactions under biaxial strain [20]; K| is the
second order of surface magnetic anisotropy and # is the
thickness of FM film. K, is the sixth-order term of bulk
magneto-anisotropy, which vanishes when i is either
my; =1 or my=1. Hence, K, and higher order terms are
not included. The last term of Eq. (1) is the demagneti-
zation energy, Uomqe(), which reads

Umca (771’) =

1
Ugemag (M) = EHOMsZ (Ny1mf + Npym3 + N3zm3), “4)

where Nyj, Ny, N33 are the demagnetization factor [11].
We notice that U, is linear in strains, & and &, which
can be either positive or negative depending on lattice
mismatch by substrate. For biaxial lateral strain, & = &,
and by taking in-plane and perpendicular magnetization
as my; =1 and ms = 1, respectively, we find that &. = g =
& exists, that is the critical strain when SRT emerges.
Given Ny} <Ny and g =0, and using K; = —b, &, (1 + 2= Gz
the critical strain is obtained by minimizing U w1th
respect to the magnetization,
b

1 Ks
&= Cl—l[glloMsz(N% —Nyjy) + T ?11] %)

by(c11+2¢12)
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Table 1. Parameters used for numerical calculations for FePt, FegCoy,o, and Fe films. b, is the second order magnetoelastic coupling
coefficients; M is the saturation magnetization; K is the second order of surface magnetic anisotropy; K; is the fourth order mag-
netic anisotropy coefficients; ¢;; and ¢y, are the elastic stiffness. All terms in Egs. (2)-(5) describe energetics.

b, M, K, K, cn 2
(10° N/m?) (10° A/m) (10 N/m?) (10° N/m?) (10" N/m?) (10" N/m?)
FePt 31.9° 0.7° -10.0° 5.2¢ 3.0° 224
FegCoso -30.0¢ 1.3 -13.08 -0.01" 2.8 1.4
Fe 3.3 1.7 9.0k 0.05f 2.4 2.4

Ref. 25, °Ref. 26, °Ref. 27, ‘Ref. 28, °Ref. 29, Ref. 30, tRef. 31, "Ref. 32, Ref. 33, Ref. 24, “Ref. 34
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Fig. 2. (Color online) Calculated critical strain (g.) as a func-
tion of film thickness (#): (a) FePt (blue circle) and FeqCoy
(red up-triangle), (b) Fe film (green down-triangle). Note the
different vertical scales in (a) and (b).

The emergence of SRT is a result of interplay between
anisotropy and magnetoelasticity. In thin film limit, as Ny,
<< N33, the first term of Eq. (5) is positive. The last term
can be neglected compared to other terms. Indeed, &
can be either positive or negative depending on the
relative signs of %,u(,MSZ(N33 —Ny;y) and 2. For ¢> &,
magnetization becomes in-plane as b, <0, whereas for ¢
< &, magnetization becomes perpendicular. Moreover, &,
is attributed solely to the interface anisotropy that shows
large variation as film thickness changes [24].

For better quantitative understanding, numerical calcu-
lations are performed for FePt and FegCo4. Here, no
particular substrate is considered. Instead, the role of
substrate is parametrized by strain or lattice constant.
Material parameters are listed in Table 1. The calculated
critical strain (&) as function of film thickness () for
FePt, FegCoyp, and Fe film is plotted in Fig. 2, where Fe
film is shown for comparison purpose.

For FePt film, when #, < 25 A, perpendicular magneti-
zation appears under 2% tensile strain. With increase in
film thickness, the interface anisotropy decreases, and &,
changes sign but remains small in magnitude. On the
other hand, for FegyCoy film, similar to FePt, SRT emerges
when & < 2 % when #; < 15 A. As the film thickness
increases, higher strain is required to switch magneti-
zation from in-plane to perpendicular direction. Notably,
& changes sign at small thickness of a few A, as both

FePt and FegyCoy have huge first-order magnetoelastic
and interface anisotropy coefficients. Furthermore, our
results are compared with Fe film. Although, overall
feature is similar to FePt and FegyCoyg films, strain of &, ~
15 % is necessary to realize SRT owing to small b; with #
~ 15 A. As such, SRT in FePt and FegCos emerges
around ¢ ~ 2 %, as a consequence of rather large b;.
More importantly, the value of 2 % is rather easily
accessible in practical fabrications.

3. Conclusion

In conclusion, SRT is investigated using theoretical
model, where the magnetoelasticity, the magnetocrystalline
anisotropy, and the demagnetization are taken into account
altogether. Our model accounts the heterostructure of thin
FM film on nonmagnetic substrate. We have shown that
SRT emerges at the critical strain (&,). For quantitative
understanding, FePt and FegyCoy4o are numerically studied.
Critical strain is 2 %, which is realistic in practical
fabrication in contrast to Fe film. More specifically, the
accessible critical strain of FePt and FegyCoyg is consequence
of large first-order magnetoelastic coefficient (b;) and
optimal saturation magnetization (M;).
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