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THEORY FOR TEMPERATURE INDUCED
MAGNETIC REORIENTATION
IN THIN FILMS AND MULTILAYERS

P.J. JENSEN

Haln—Meitner-Institut, Glienicker Str. 100, 14 109 Berlin, Germany

The temperature driven reorientation of the magnetization observed
in thin ferromagnetic films and multilayer systems is studied theoretically.
We take into account layer dependent magnetic anisotropies. The free en-
ergy and the direction of magnetization are calculated by using a perturba-
tional approach as well as a nonperturbational treatment. It is shown that
in most cases a continuous magnetic reorientation is obtained. An increas-
ing anisotropy energy as compared to the exchange interaction leads to an
increasing width of the magnetic reorientation.

PACS numbers: 75.10.11k, 75.30.Gw, 75.70.Ak

The reorientation of the magnetization of thin films and multilayers between
perpendicular (M) ) and in-plane direction (M) has been studied intensively both
experimentally [1-3] and theoretically [4-6]. With increasing temperature a re-
versible perpendicular to in-plane rotation M1 — M) as well as the reversed
reorientation My — M was observed. In addition some systems show an in-plane
~ (azimuthal) magnetic reorientation.

The magnetic reorientation is caused by the interplay of the dipolar interac-
tion, the surface (or interface) anisotropy Kgurr, and the anisotropy contributions
of the film interior (“volume”) Ky (bulk and strain anisotropies [3, 7]). The
diminished relative magnetization m(7") causes effective, temperature dependent
anisotropies, since with increasing temperatures their ability to align the mag-
netization decreases. Thus, the anisotropies are temperature dependent mainly
through the magnetization [8]. Most interestingly, these effective anisotropies will
be layer dependent, since for thin films the magnetization itself is layer depen-
dent [9]. In general, with increasing temperature the magnetization decreases faster
at the film surface than in the interior of the film. This leads to a faster decrease of
the surface anisotropy as compared to the anisotropic contributions located in the
film interior, resulting in a magnetic reorientation [10]. Consequently, the magnetic
reorientation can be driven thermodynamically.

Dependent on the effective anisotropies (“anisotropy flow” [11]), the mag-
netic reorientation may occur discontinuously (step-like) as well as continuously.
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Whereas both orders of transitions are expected to occur, experimentally mainly
smooth magnetic reorientations are observed [1, 2]. In this study we investigate
theoretically the existence, the location, and in particular the order of the reorien-
tation transition in thin films with several atomic layers, dependent on the relative
sign and strength of the anisotropies.

Consider a thin (001)-film with N uniformly ordered atomic layers and clas-
sical vector spins S; (|S;| = 1) located on each lattice site . In addition to the
isotropic exchange coupling we consider the anisotropic lfamiltonian
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K2,; is the second order uniaxial lattice anisotropy, varying for different film layers.
In the following we put K2 sy for the two surface/interface layers, and K3 vol for
all interior film layers. Higher order lattice anisotropies are neglected. The long
range dipole interaction couples spins on lattice sites i and j, r» = r; —rj, g is the
Landé factor, and ptp the Bohr magneton. The quantization axis is determined by
the angle 0 betwcen the magnetization and the film normal (¢ = 0 perpendicular,
0 = 7 /2 in-plane magnetization). Due to the strong exchange coupling J a collinear
ordering is assumed, therefore 0 is equal for all film layers.
The relative magnetization m;(T) = mqy(T) of film layer o at temperature
T is calculated within the molecular field approximation, which is given by the
Langevin function for an isotropic system [9]

Mo (T) = coth(HM /kpT) — kpT/H™, (2)

H"lf J(zomg + 21Map1 + 21Mg-1). (3)

H™ is the molecular field, zp and z; are the numbers of nearest neighbors in the
same layer and between adjacent layers, and mg = my41 = 0.

First, a thermodynamic perturbational expansion of the free energy (cumu-
lant expansion) to lincar order of the anisotropy couplings is applied (8], yielding
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Here, m; = m;(sin0, 0, cos 0), and Fy(T') is the free energy of the isotropic Hamil-
tonian. The second term denotes the effective, temperature dependent anisotropy
K2i = Kg,a of film layer a. Ka o(T') is temperature dependent mainly through
the magnetization mq(7T), therefore Ko,o(T) — 0 for T — T..t. Since only second
order anisotropies and the linear perturbational expansion are taken into account

D =

+

tWe emphasize that only the effective anisotropy K2,o(T) vanishes for T — T.. We assume
that the underlying spin—orbit coupling and the resulting lattice anisotropy K2 o stay constant
in the considered temperature range.
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here, only the two solutions ¢ = 0 and § = /2 are stable. Thus, within this
approximation one obtains a discontinuous magnetic reorientation only.

Secondly, as was shown previously by Moschel and Usadel [6], the applica-
tion of a nonperturbative approach results in a continuous transition, despite only
second order anisotropies are taken into account. Then a canted thm film magne-
tization occurs in a finite temperature range. This can be seen already from the
quadratic perturbational expansion term of F(T,0), leading to the appearance of
higher order anisotropy contributions at finite temperatures, and thus to the pos-
sibility of a smooth transition. Therefore, we analyze the behavior of the magnetic
reorientation also with a nonperturbative calculation of the free energy F(T,0).
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Fig. 1. Perpendicular to in-plane magnetic reorientation as a function of temperature
for different ratios of Kzsurt and Kayol. A fcc (001) film with N = 5 atomic layers
is assumed. The temperature and the anisotropies are given in units of the exchange
coupling J. The curves are calculated by the nonperturbative treatment and refer to
different values of K2 surt and Kavor: (1) Kasurt/J = 0.2, Kava/J = 0.7; (2) 0.5, 0.5;
(3) 0.8, 0.3; (4) 1.1, 0.1; (5) 1.25, 0.0; (6) 1.70, -0.3. A step-like reorientation is ob-
tained for K2 surt = Kz,vol, otherwise the transition is continuous. The arrows indicate
the respective reorientation temperatures Tg as calculated by the linear perturbational
expansion, Eq. (4).

We have calculated the magnetic reorientation for different thin film systems.
In Fig. 1 the behavior of the equilibrium angle 0(T) is shown for different values
of Ka,surt, Ka2,vol, and a constant total lattice anisotropy 2Kz surr + (N — 2) K3 vol.

In Fig. 2 the magnetic reorientation is shown for varying ratios of the ex-
change coupling and the anisotropies, whereas the ratios between the different
anisotropic contributions stay constant. The results may be summarized as fol-
lows:

(i) In almost all investigated cases the obtained reorientation is smooth,
i.e. a canted magnetization occurs in an finite temperature range. A step-like
reorientation is obtained only for K surr & Ka,vol, i.€. for a uniform distribution of
the lattice anisotropy, as has been pointed out already by Moschel et al. [6]. The
resulting reorientation temperature TR increases for increasing K3 vor, cf. Fig. 1.
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Fig. 2. Perpendicular to in-plane magnetic reorientation as a function of temper-
ature for different ratios of the exchange coupling and the anisotropy interactions.
Iere the mutual ratios of the anisotropy contributions are assumed to be the same:
Kz surt /K2,y = 11, [(9u8)?/ad]/K2,vol = 2. The curves as calculated nonperturbatively
refer to: (1) J/Kz,vel = 100; (2) 75; (3) 50; (4) 25; (5) 10. All five curves for 6(T) merge
into a single point, whose temperature is given by the reorientation temperature Tk as
obtained from Eq. (4). For the other notations we refer to Fig. 1.

(ii) For constant mutual ratios of the anisotropies, cf. Fig. 2, the range of the
reorientation decreases strongly upon decreasing the strength of the anisotropies
relative to the exchange coupling J, whereas Tr does not change significantly.

(iii) The reorientation temperature TR, as obtained from the first order per-
turbation theory is located within the range of transition as calculated nonpertur-
batively. Thus, the former calculation allows for a fast determination of 7}, which
can then be used to analyze the magnetic reorientation in greater detail with the
much more elaborate nonperturbative treatment.

Furthermore, the cases investigated here refer to a perpendicular to in-plane
magnetic reorientation with increasing temperature. For Kasurf < 0and Kz vo1 > 0
also the reversed transition may occur. For strongly differing surface and volume
anisotropies a noncollinear thin film magnetization is expected [6], characterized
by a layer depending angle 6, (7"). The inclusion of higher order uniaxial lattice
anisotropies should also influence the location and order of the magnetic reorien-

tation. A nonvanishing in-plane anisotropy IC,LI’ o With different signs of K!ll surr and

Kﬂ}vol may induce an in-plane (azimuthal) continuous magnetic reorientation.
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