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Using the many-body Green function theory, we caculate the magnetic reorientation temperature and
the anisotropic parallel susceptibility of ferromagnetic Heisenberg thin films with the exchange and
single-ion anisotropy. Particularly, we compare the effect of these anisotropies on the above mentioned
observables. On the basis of our results, one cannot generally claim that these anisotropies are equivalent
in the whole rangle of their parameters.
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1. Introduction

Among the different experimental methods the measurement
of the magnetic susceptibility is a very powerful method for the
analysis of thin film systems. The parallel and transverse sus-
ceptibilities of ferromagnetic ultrathin cobalt films with in-plane
exchange anisotropy were measured in [1]. The isotropic exchange
interaction and the exchange anisotropy were determined by
comparison with a theoretical analysis of the susceptibilities. In
[2], the Green function theory was employed to calculate sus-
ceptibilities of ferromagnetic thin films with the exchange and
single-ion anisotropy, respectively. We note, only one value of the
strength of the exchange and single-ion anisotropy, respectively,
was used in the calculation. The calculated values of these ob-
servables were, in this case, quantitatively so similar that it was
unlikely that experimental measurements could decide on which
type of anisotropy was acting in a real ferromagnetic film. This
may appear somewhat surprising, since these anisotropies origi-
nate from very different physical mechanisms. The aim of our
work is the investigation within the Green function theory of the
magnetic reorientation temperature and the parallel susceptibility
in the ferromagnetic thin films with the exchange and single-ion
anisotropy in a wide range of their parameters.
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2. Theory and fundamental equations

We consider a ferromagnetic thin film consisting of a super-
position of L atomic planes (layers) of a square lattice (L is the
thickness of the film). We start with following Hamiltonian:

H= =2 X J(Sist+5i5%) - oD X Sjsi -l X 77

<jk> <jk> j
- gugH* X S¥ - gugh* 3. 7.

j j M
Here the notation S¥, =S¥, +iS), is introduced and <jk>
indicates summation over the nearest neighboring lattice sites.
The Hamiltonian consists of Heisenberg exchange interaction with
strength J > 0 between the nearest neighboring lattice sites, an
uniaxial in-plane exchange anisotropy in the z-direction with
strength D > 0, a second-order in-plane single-ion anisotropy with
strength K, > 0, an external transverse H* and longitudinal H*
magnetic fields.

The applied Green function method in this work is based on
transformation of the fixed coordinate system (x, y, z) into a local
coordinate system (X, Y, Z). The Z-axis is set to be parallel to the
z-component of the magnetization. Note that the new coordinate
system is rotated by ¢, in layer u, where g, is the angle between
the z-axis and the magnetization in the layer u. This theory was
described in detail elsewhere [3] and [4]. A remarkable result of
this theory is that the effective field aligned parallel to the Z-axis
can be written as a sum of the external magnetic field and a single-
ion effective anisotropy field:
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gugHes = gugH™ sin 6, + gugH* cos 6,
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2K, (S%QS)| cos? g, — — 29],
+ 2I6(59)Q! [cos ) 2sm ) o)
where Q® =1 - [S(S + 1) — ((§%)%)]/28?. The rotation angle 6, is
determined from the condition that the commutator of S with the
Hamiltonian vanishes in the rotated frame. In [3] and [4], the ex-
pression for the equilibrium angle ¢, was derived:

—gugH* + 216,(59)Q® sin g, = 0 3)

Combining expression (2) with condition (3), we can write the
components of the effective field in the fixed coordinate system as

gugHYy = gugH* - Ko(S)Qsin’ 4, -

SugHY = gugH* + 21(2(SZ)Q<5)(1 - % sin? Gﬂ)cos 0, @

The orientation angle 6, of the magnetization is determined by
the components of the effective field tan ¢, = gugH}|gugHz.

In order to treat the magnetic properties of ferromagnetic thin
films with spin S =1, we need the following Green function in
energy space CJ(,T (@) = ((SF3 (SE)"S¢)). defined in the local re-
ference frame:

Gic (@) = ((St: SEY"Si0)n Sy = SKiy £ 1S ®)

where m =0, 1. The equation of motion for the Green function
G () is

oG (@) = UPsi + (1S3, HI; SE"S0))an ©)

with the inhomogeneity
Ui = (IS}, (SP"Sj1)
= 2((S7 = D"S?) + ([(S? = )™ = (SH™[2 = SF = SH°1).  (7)

For a ferromagnetic film because of the translation symmetry,

the Green function C](,T () and the inhomogeneity U}]'.")will depend

only on the position x of layers involved, so that Gj;" () = G, (@)

and U§™ = UGP. The higher-order Green functions in the set of
equations of motion have to be decoupled to obtain a closed set of
equations of motion. We combine the usual random phase ap-
proximation for the Green function that appearing in the nonlocal
exchange term and a generalized Anderson-Callen approximation,
developed in [3], in the local anisotropy term.

After a two-dimensional Fourier transform to momentum
space one obtains the resulting equations of motion for the Green
function G’ (@2, q) =]C;T)(Q, q) (where Q = w/[J), which can be
written for the film with thickness L=3u@)=1,2,3) in the
matrix form

AQGMQ, @ =U™ ®)
with

G @, q) U™ 51,
CGMQ @ =G @ U™ =|UDs,|

GéT,)(Q- q9 U;(J,T,)fslu )

Q-A B 0
AQ)=| B, Q@-A B |
0 B3 Q-4 (10)

We assume that both surfaces of the thin layers are

symmetrical, i.e. valid A; = Ay, B; = By and A,, B, (for x =1, 2) are
given as follows:

Ay = (SF)[4 — 1, + 4d] + h* sin 01 + h* cos 6,

+ ko (S)Q P (cos? 6, — % sin? 61) + (S£)(1 + d)

an

Ay = (S§)[4 — y, + 4d] + h* sin 6, + h? cos 0,
+ ky(S4)04" (cos? 6, — % sin? 6y) + 2(S£)(1 + d), (12)
B, =(S), 13)

and
Tq = 21 €OS (qy) + €05 (q,)], h* = gugH*[], h* = gugH?|], (S§) = (S), -
ky = I6[], d = D|].

The spin-wave spectrum Q; is obtained by solving the secular
equation: det A(Q) = 0. From (8) one obtains

> R;ly (£2;, q)

GI(@, q) = U
HH HH = .Q _ Qi (]4)

where R, (Q;, @) = A, (Q)/ H#,. (Qi — &) and A,,(Q) is obtained
from determinant A(Q;) by omitting the first row and first column
(u = 1) or second row and second column (x = 2). After using the
spectral theorem we finally obtain the correlation function for the
layers p=1and u = 2:

(SD"SSh) = Ul a, 15
where
1 = p= S A, 1
D, =— dq.d o ,
M ]_[2 A A qx qy E Hj#i (Qi _ Qj) eQ,‘/kT -1 (16)
((Sf)mSQSD = 2((Sf)m> - ((Sf)m”) - <(5,,Z)m+2> a7

We obtain from (8), (15) and (17) with m =0 and m =1 the
equations for magnetization (Sf) and second moment ((Sf Y):

1+ 29,
1430, +307

1+ 20, + 2¢?

7y = — £
) 1 +3<I>,,+3<D”2 (18)

(SH? =

Eq. (18) have to be solved numerically in order to obtain (Sf)
and ((Sf ¥?). Since <Sf y depends on the magnetizations of the other
layers via Q;, we have to solve self-consistently the set of Eq. (18)
written for all layers, to obtain magnetizations of all layer mag-
netizations at the temperature T. The components of the magne-
tization in the fixed system (x, y, z) can be calculated from the
following equations:

(SZ) = (SZ) cos §,, (S¥)=(SF)sing, 19)

The susceptibility ;(f along the easy axis will be determined
numerically as differential quotient

77 = ((S2) - (SEOD) /K. 20)

3. Results

The reorientation temperature Ty, of the layer x is defined as
the temperature where the longitudinal magnetization M = (S})
vanishes; the transverse magnetization Mj = (S)) is not zero and
the equilibrium orientation angle ¢, =90°. By performing nu-
merical integrations in (18) and using (19) we can estimate the
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