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In this work, we investigate the magnetic properties of the Fe/GaAs superlattice for various thick-
nesses of the iron magnetic layer. The study was performed within the framework of the Heisenberg
model. The excitation spectrum and the magnetization per spin were calculated using the retarded
Green function method. We have highlighted that the excitation spectrum splits into two sub-bands of
di�erent characteristics, which we have attributed to surface and bulk magnons. Comparison between
the calculations and the experimental measurements of magnetization per spin allowed us to obtain a
very satisfactory estimation of the exchange integrals. The combined e�ects of surface anisotropy and
dipolar interaction were also investigated through numerical analysis.
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1. Introduction

Interest in quasi-two-dimensional magnetic sys-
tems (QTDMS) is primarily due to the fact that
they possess di�erent magnetic properties than
their three-dimensional (3D) counterparts. This
interest in QTDMS also stems from potential
applications, such as magnetic storage and sen-
sor technologies [1�3]. In particular, ferromagnetic
thin �lms � especially those deposited on semi-
conductor substrates � have received consider-
able attention in recent years because of their
interesting physical properties; these systems pro-
vide new opportunities for combining magnetic
�lms with the properties of semiconductor mate-
rials. Most studies have focused on magnetic 3d
transition metals (such as Fe) deposited on zinc-
blende semiconductors (such as GaAs). This is
because the lattice constants of the two layers
nearly match one another for this structure [4],
and also due to their ready availability either as
a bulk substrate material or as an epitaxial thin
�lm.
It is well known that non-zero magnetic

anisotropy is necessary for the stability of long-
range magnetic order in thin �lms. The magnetic
anisotropy of Fe/GaAs(001) has been intensively

studied [5, 6]; it has been shown that the
ferromagnetism in this system is stabilized by
in-plane uniaxial magnetic anisotropy. In fact,
the origin of uniaxial magnetic anisotropy in
Fe/GaAs(001) is a combination of the anisotropy
of volume and surface/interface [7].
In this work, we present a theoretical study of the

contribution of spin waves to the magnetic proper-
ties of Fe/GaAs thin �lms. The present study was
performed within the framework of linear spin-wave
theory. The Heisenberg Hamiltonian of the system
was constructed taking into account the exchange
interaction, magneto-crystalline anisotropy, dipo-
lar interactions (D), and surface anisotropy (α).
Treating the Hamiltonian using the Green function
method allowed us to calculate the excitation spec-
trum E(k) of the studied system. Analysis of the
dependence of E(k) on the magnetic layer thick-
ness (N) revealed the existence of two populations
of magnons having di�erent dynamic properties
� these two populations were attributed to bulk
and surface magnons. Comparison of our calcu-
lated magnetization with experiments allowed us
to derive exchange integral values, which are con-
sistent with what is generally found for this type
of material. Finally, the combined e�ects of sur-
face anisotropy and dipolar interaction were also
investigated through numerical analysis.
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Fig. 1. Schematic �gure showing the geometry of the studied system.

2. The spin Hamiltonian

The system considered in this study consists of a
single ferromagnetic layer, having a body-centered
cubic (bcc) structure, formed from N iron atomic
planes, and deposited on a GaAs layer with no spa-
tial repetition. The surfaces of the �lm are paral-
lel to the (001) plane, and the easy magnetization
axis is parallel to the �lm plane (x�z), as shown
in Fig. 1.
The Heisenberg Hamiltonian of the system is

given by

H = Hex +Hdip +Hanis +Hchp. (1)

The exchange Hamiltonian is decomposed into two
parts, i.e.,

Hex = Hex
∥ +Hex

⊥ . (2)

The �rst part is written as

Hex
∥ = −

∑
⟨ij⟩

J
∥
ij Si · Sj =

−
∑
⟨ij⟩

J
∥
ij

(
Sx
i S

x
j + Sy

i S
y
j +∆Sz

i S
z
j

)
(3)

and represents the exchange interaction between
nearest neighboring pairs ⟨ij⟩ in the same plane;

J
∥
ij is the corresponding exchange integral, and ∆ is

the magnetocrystalline anisotropy.
The other part represents the exchange interac-

tion between pairs of nearest neighbors ⟨ii′⟩ belong-
ing to adjacent planes,

Hex
⊥ = −

∑
⟨ii′⟩

J⊥
ii′ Si · Si′ =

−
∑
⟨ii′⟩

J⊥
ii′
(
Sx
i S

x
i′ + Sy

i S
y
i′ + Sz

i S
z
i′
)
. (4)

The expression of dipolar interaction is also com-
posed of two parts, i.e.,

Hdip = Hdip
∥ +Hdip

⊥ . (5)

The termHdip
∥ arises from the �rst neighbors within

the same plane, while Hdip
⊥ comes from the �rst

neighbors belonging to two adjacent planes, such
that

Hdip
∥ =

∑
⟨ij⟩

(gµB)
2

2 r3ij

[
Si·Sj − 3

(Si·rij)(Sj ·rij)
r2ij

]
=

∑
⟨ij⟩

(gµB)
2

2 r3ij

[
Sx
i S

x
j + Sy

i S
y
j + Sz

i S
z
j

− 3
Sx
i S

x
j

(
rxij
)2

+ Sy
i S

y
j

(
ryij
)2

+ Sz
i S

z
j

(
rzij
)2

r2ij

]
,

(6)

Hdip
⊥ =

∑
⟨ii′⟩

(gµB)
2

2 r3ii′

[
Si·Si′−3

(Si·rii′)(Si′ ·rii′)
r2ii′

]
=

∑
⟨ii′⟩

(gµB)
2

2 r3ii′

[
Sx
i S

x
i′ + Sy

i S
y
i′ + Sz

i S
z
i′

− 3
Sx
i S

x
i′ (r

x
ii′)

2
+ Sy

i S
y
i′ (r

y
ii′)

2
+ Sz

i S
z
i′ (r

z
ii′)

2

r2ii′

]
.

(7)

The mixed terms rβijr
γ
ij (where β, γ ≡ (x, y, z),

and β ̸= γ) are neglected. We adopted an ap-
proximation in which the system is considered to
be two-dimensional, which is acceptable for very
thin �lms. This approximation leads to ryij = 0 [8],

and consequently, the terms containing ryijr
x
ij and

ryijr
z
ij are both zero. Due to the inversion symme-

try of the crystal, the term containing rxijr
z
ij is also

zero.

The term of the surface anisotropy Hamiltonian
is written as

Hanis = −α
∑′

i
(Sy

i )
2
. (8)
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The symbol
∑′

i is restricted to the sites of the
surface planes. The last term of the Hamiltonian
is given by

Hchp = −gµB H
∑
i

Sz
i = −h

∑
i

Sz
i (9)

and represents the e�ect of the applied external
magnetic �eld H along the (Oz) axis.
In order to calculate the excitation spectrum, it is

more convenient to carry out two transformations.
The �rst is the linear Holstein�Primako� transfor-
mation [9], which transforms S spin operators into
â and â+ boson operators, i.e.,

S−
i =

√
2S â+i , S+

i =
√
2S âi, Sz

i = S − â+i âi.

(10)

The second is the Fourier transformation given by

â+i =
1√
N∥

∑
k

â+k,l exp(ik · i∥),

âi =
1√
N∥

∑
k

âk,l exp(− ik · i∥).
(11)

Here, N∥ is the total number of spins in a single
plane, k is the two-dimensional in-plane wave vector
(k = (kx, kz)), while l and i∥ describe, respectively,

the atomic plane index and lattice site in this par-
ticular plane, i.e., i∥ is the in-plane component of
the position vector.
Regarding the ky component of the wave vector,

translation symmetry breaking in the direction per-
pendicular to the surface of the �lm prevents waves
from propagating in this direction; the plane wave
approximation is not acceptable in this direction
(i.e., the Fourier transformation is not applicable
in this direction). The stationary waves that may
occur in this direction can be found by examining
the eigenvectors of the Hamiltonian, which can give
the intensity of the stationary wave in each atomic
plane.
After applying these two transformations to (1),

the total Hamiltonian takes the following reduced
form

H =

N∑
l,m

∑
k

[
Alm(k) â+k,lâk,m +

1

2
Blm(k)

×
(
â+k,lâ

+
−k,m + âk,lâ−k,m

) ]
, (12)

where k = (kx, kz) and Alm and Blm are ob-
tained for the atomic planes l and m (1 ≤ l ≤ N
and 1 ≤ m ≤ N). They are de�ned as

Alm(k) = S

{[
4J∥(∆− Σ (k)

)
+D∥

(
1

2
−3

2

(rxδ∥
rδ∥

)2)
Σ (k)−

(
1

2
−3

(rzδ∥
rδ∥

)2)]
+ h− α

(
δl,1+δl,N

)
+

[
4J⊥+D⊥

(
3

(
rzδ⊥
rδ⊥

)2
−2

)](
2−δl,1−δl,N

)}
δl,m − S

[
4J⊥−D⊥

(
1−3

8

(rxδ⊥)
2 + (ryδ⊥)

2

r2δ⊥

)]
Λ(k)

×
(
δl,m−1+δl,m+1

)
,

(13)

Blm(k) = S

(
−3

2
D∥

(rxδ∥
rδ∥

)2
Σ (k) + α

(
δl,1+δl,N

))
δl,m − 3

4
SD⊥

(
(rxδ⊥)

2 − (ryδ⊥)
2

r2δ⊥

)2
Λ(k)

(
δl,m−1+δl,m+1

)
,

(14)

where rδ∥ = (rxδ∥ , r
y
δ∥
, rzδ∥) denotes the dis-

tances between �rst neighbors in the same
plane, while rδ⊥ = (rxδ⊥ , r

y
δ⊥

, rzδ⊥) denotes the
distances between �rst neighbors belonging
to two di�erent planes. The dipolar interac-
tion constants are D∥ = (gµB)

2/||rδ∥ ||3 and

D⊥ = (gµB)
2/||rδ⊥ ||3, and δi,j represents the

Kronecker delta. The variable Σ is de�ned as
Σ (k) = [cos(akx) + cos(akz)]/2, and Λ is given
by Λ(k) = cos(akx/2) cos(akz/2), where a is the
lattice parameter.
The excitation spectrum is obtained by diago-

nalizing (12) using the Green functions de�ned by

Gl,m = ⟨⟨âk,l, â+k,m⟩⟩, G
′

l,m = ⟨⟨â+−k,l, â
+
k,m⟩⟩,

(15)

for l and m ∈ {1, . . . , N}.

The dynamics of Gl,m and G
′

l,m are governed by
the equations of motion leading to the following two
expressions

E⟨⟨âk,l
∣∣â+k,m⟩⟩ =

1
2π ⟨[âk,l, â

+
k,m]⟩+⟨⟨[âk,l,H]

∣∣â+k,m⟩⟩,

E⟨⟨â+−k,l

∣∣â+k,m⟩⟩ =
1
2π ⟨[â−k,l, â

+
k,m]⟩+ ⟨⟨[â−k,l,H]

∣∣â+k,m⟩⟩.
(16)

Note that on the right-hand side, a higher-order
Green function appears, which leads to another
equation of motion of even higher-order Green func-
tion, and so forth. In this way, an exact, in�nite
hierarchy of equations of motion is generated. In
our work, we limited ourselves to the �rst-order
approximation.
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Fig. 2. Excitation spectra of the superlattices Fe/GaAs for: (a) N = 3, (b) N = 5, (c) N = 10, (d) N = 30,
where J⊥ = 10J∥ = 10 K, S = 1, h = 0.05 K, and ∆ = 1.3.

These equations of motion lead to a system of 2N
coupled equations, which can be represented in the
following matrix form(

A− E B
−B −A− E

)(
G 0

G′ 0

)
= − 1

2π

(
1 0

0 0

)
.

(17)

Here, A and B are the matrices of N×N order given
by (13) and (14).

3. Exchange interaction

Since the e�ect of the exchange interaction is
more important than that of the surface anisotropy
and dipolar interactions in 3d transition metals like
iron, in this section we have con�ned ourselves to
the study of this e�ect exclusively (D = α = 0).
The Hamiltonian (12) then takes the reduced
form

H =

N∑
lm

∑
k

Alm(k) â+k,l âk,m. (18)

3.1. Excitation spectrum

The spin wave energies E(k) are obtained in
the same way as those of previously studied sys-
tems [10, 11], namely by solving (17), which leads
to

Det
[
A− E I

]
= 0. (19)

By solving numerically (19), we obtained the exci-
tation spectrum presented in Fig. 2.

Figure 2 shows that for weak values of N (3, 5,
and 10), the number of obtained modes is equal to
the number of atomic planes of the magnetic layer;
this is in agreement with what we have found in pre-
vious works [12�17]. In contrast, for higher values
of N , the number of modes di�ers from the num-
ber of magnetic planes; in fact, for N = 30, there
are only 29 modes, as shown in Fig. 2d. This is due
to the lower modes becoming degenerate for a wide
range of the �rst Brillouin zone.

We also note that a non-zero lower energy level
exists in the spectrum near k = (0, 0), for all values
of N . This allows us to de�ne a threshold or gap
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energy (Eg) that represents the lowest energy nec-
essary for the creation of a spin wave in the studied
system. The study of Eg is relevant because it pro-
vides information about the degree of magnetic sta-
bility of a given system; for example, when Eg = 0,
the long-range magnetic order vanishes [18, 19].

We notice as well that the energy modes in the ex-
citation spectrum can be classi�ed into two groups
or bands. The �rst one is constituted by the two
modes corresponding to the lowest energy values,
and the second is constituted by the remaining
(N−2) modes. We also remark that when the num-
ber N of magnetic planes increases, the width of the
�rst band (BW )S remains almost invariant, while
the bandwidth of the second (BW )B grows increas-
ingly. This suggests that the �rst group is due to
surface e�ects, while the higher-energy band is due
to volume.

It can also be noted that the obtained shape of
the excitation spectrum di�ers from that found in
our earlier study [20]. In fact, in this previous study,
the shape of the excitation spectrum was such that
each mode was just a translation of another along
the energy axis. This may be due to the crystallo-
graphic structure being a simple cube. In this par-
ticular geometry, each site in a given atomic plane
has its out-of-plane neighbors perpendicular to the
plane; this results in the non-diagonal elements of
the Hamiltonian matrix becoming independent of
the wave vector k.

In contrast, in the present work, we study a more
realistic bcc structure. This speci�c geometry struc-
ture leads to o�-diagonal elements of the Hamilto-
nian that depend on the value of the wave vector k,
which translates into the emergence of two distinct
sub-bands, where the modes of each sub-band be-
come completely degenerate at the edge of the Bril-
louin zone; a similar e�ect is observed in a previous
study [21].

The quantitative properties, such as the exact
position of the modes in the spectrum, can de-
pend on the type of substrate since the latter can
impact the anisotropy and exchange in the mag-
netic layer. In fact, in our speci�c case, it is well
known that when a thin iron layer is deposited on
GaAs, the system usually presents an in-plane easy
axis of magnetization [22�24] with a strong uniax-
ial anisotropy [25�27]. This strong anisotropy a�ects
the magnon spectrum since it strengthens the gap
of magnon creation; this is shown with more clarity
through the following formula [11] (which is valid as
a �rst approximation if we consider only the domi-
nant e�ect of the exchange interaction)

Eg = 8SJ∥
(
∆−1

)
− 2SJ⊥. (20)

From (20), it can be seen that ∆ and Eg have
the same sign, which indicates that when the
anisotropy increases, the gap energy increases too,
leading to a stronger magnetic order, i.e., the cre-
ation of spin waves becomes increasingly di�cult,

Fig. 3. Excitation spectra of the superlattices
Fe/GaAs for: (a) α = 5 K, (b) α = −50 K, where
N = 7, J⊥ = 10J∥ = 10 K, S = 1, h = 0.05 K, and
∆ = 1.3.

and this tendency is accentuated when the Fe
layer is deposited on GaAs since this deposition
usually strengthens the anisotropy ∆ of the iron
layer.
On the other hand, some qualitative properties

(such as the splitting of the spectrum into two sub-
bands) do not necessarily depend on the type of
substrate. A multitude of studies of magnetic lay-
ers deposited on diverse non-magnetic substrates re-
port splitting of the excitation spectrum into two
distinct sub-bands attributed to surface and bulk
magnons [28�31]. The splitting of the spectrum
is most likely an intrinsic property of the mag-
netic layer that results from its crystallographic
structure.
Figure 3 represents the excitation spectrum of a

magnetic thin �lm made of (N = 7) atomic planes
for two values of the surface anisotropy. The spec-
tra E(k, α) is obtained by adding its corresponding
term

E(k, α) = E(k)− α
(
δl,1 + δl,N

)
. (21)

173



H. El Moussaoui et al.

TABLE I

Values of the energy gaps ES
g and EB

g as a function
of N .

N

3 5 10 30

EB
g /J⊥ 12.39 6.02 1.93 0.45

ES
g /J

⊥ 0.54 0.41 0.3 0.24

TABLE II
Values of τS , τB , and (τB/τS) versus N .

N τB [s] τS [s] τB/τS

3 2.24 × 10−13 1.18 × 10−10 1.9× 10−3

5 9.5 × 10−13 2× 10−10 4.75× 10−3

10 9.24× 10−12 3.8 × 10−10 2.43× 10−2

30 1.7× 10−10 6× 10−10 2.8× 10−1

We notice that the variation of α a�ects more the
sub-band constituted of 2 modes (sbs) in compari-
son with the one containing N−2 modes (sbb). This
remark is in agreement with the analysis above,
attributing these two sub-bands to surface and vol-
ume magnons, respectively.
We also note that for high values of |α| (in our

case α = −50 K), the surface modes appear above
the bulk ones (Fig. 3b), which suggests that, in this
case, the creation of magnons has a higher energy
cost at the surface of the system.
In fact, this is consistent with �ndings of a previ-

ous study by M. Mehdioui et al. [10], which empha-
sizes the existence of two populations of magnons
possessing distinct dynamic characteristics. In this
cited study, the surface sub-band appears only
above the bulk sub-band, whereas the present work
gives a more complete physical picture by show-
ing that the surface modes can also appear un-
der the bulk ones for small values of |α| (Fig. 3a)
and that the relative position of these two sub-
bands depends, in general, on the surface physical
properties of the surface, particularly the surface
anisotropy.
To better understand the creation and dynam-

ics of the two magnon populations corresponding
to the two sub-bands, we will study two character-
istic factors of these sub-bands, namely the magnon
creation gaps (ES

g and EB
g ) of the surface and

bulk, respectively, and their associated lifetimes τS
and τB .

3.2. Energy gap and lifetime of created magnons

3.2.1. Energy gaps ES
g and EB

g

We directly measured the gap energies ES
g and

EB
g presented by the excitation spectrum (Fig. 2).

The obtained values are gathered in Table I.

We observe that both EB
g and ES

g decrease as the
number of magnetic layers (N) increases. We also
remark that the decrement in EB

g is greater than

that in ES
g ; this di�erence in the sensitivity of the

two gaps to the thickness of the magnetic layer may
be due to the di�erence in coordination between an
atom belonging to the surface and another situated
in the internal atomic planes. In fact, in the �rst
case, every atom is surrounded by 8 �rst neighbors,
while in the second, an atom is surrounded by 12
�rst neighbors.
At the limit of large N , EB

g tends towards val-

ues very close to ES
g , suggesting that the bulk and

surface sub-bands can overlap for large values of N .
The spacing ∆Eg = |EB

g − ES
g | can serve as an in-

dication of whether the system belongs to the thin
�lm category or to the bulk one; the value of ∆Eg

is important for thin layers, while it is negligible (or
zero) for thick layers.

3.2.2. Magnon lifetimes τS and τB

In order to further investigate the characteristics
of these two populations of magnons, we attempted
to track their dynamics through the study of their
lifetimes τS and τB .
Following a reasoning similar to what we have

done in previous studies [32], we estimated the life-
time of magnons as follows

τ−1 =
2π

ℏ
E2

g Dd (EF ) , (22)

where Dd(EF) ≃ 4.16 eV−1 is the iron density
of states at the Fermi level. If we assume, as a
�rst approximation, that the densities of states
|Dd(EF)|S,B remain very close, we can express the
ratio of lifetimes τS and τB in the following form

τB
τS

≃
∣∣ES

g

∣∣2∣∣EB
g

∣∣2 . (23)

Based on (22) and (23) and the values of the gap
energies in Table I, we created Table II, bringing to-
gether the values of τS , τB , and τB/τS for di�erent
values of N .
Table II shows that as the thickness of the

magnetic layer increases, the lifetime of the bulk
magnons (τB) also increases, while the lifetime of
the surface magnons remains almost unchanged.
This suggests that the contribution of bulk magnons
to the magnetic properties of the studied system
is more signi�cant for the thicker magnetic layers.
Table II also shows that the ratio τB/τS increases
when N increases; this ratio is of the order of about
1/1000 for a layer of N = 3 atomic planes, which
means that a spin wave created in the bulk disap-
pears a thousand times faster than another created
at the surface of the magnetic layer. This allows us
to conclude that for thin magnetic layers, the cre-
ation of surface magnons is favored. In contrast, for
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thick magnetic layers, the values of τS and τB be-
come relatively comparable (for N = 30, the ratio
τB/τS reaches a value of 0.28). This clearly high-
lights the di�erence in terms of dynamics between
the two populations of magnons.
Our results agree with those obtained by

M. Karam et al. [21], also showing that the lifetime
of surface magnons is generally (exchange alone)
greater than that of bulk magnons and that the
bulk magnon lifetime increases with magnetic layer
thickness. In comparison to that study, which con-
centrates on the e�ect of the surface anisotropy,
our study, although following similar reasoning, also
hints at the important role of the reduction in co-
ordination at the surfaces of the ferromagnetic �lm
(see Sect. 3.2.1); in fact, this factor can cause the
emergence of surface modes even if the value of the
surface anisotropy is weak. In addition, the present
work provides direct and explicit values of the ratio
of lifetimes of the two populations of magnons �
this allows for an easier and more intuitive eval-
uation of the relative dynamics of each magnon
population.

3.3. Comparison between the calculated and
measured magnetization

The total magnetization of a solid at a tempera-
ture T is given by

MZ(T ) = gµB ⟨Sz⟩T = gµB

[
⟨S⟩ −

∑
k
⟨â+k âk⟩

]
.

(24)

For a superlattice made ofN atomic planes, we have

⟨â+k,lâk,l⟩ =
[
exp

(
El(k)

kBT

)
− 1

]−1

, (25)

with l = 1, . . . , N .
The expression of the magnetization per spin of

the superlattice can then be expressed as

mz(T ) =
⟨Sz⟩
S

=

1− 1

S N

s

(2π)2

N∑
l=1

�

BZ

dkxdkz ⟨â+k,l âk,l⟩ =

1− 1

S N

N∑
l=1

s

(2π)2

�
dkxdkz

exp
(

El(k)
kBT

)
− 1

,

(26)

where s is the surface of an elementary cell, and kB
is the Boltzmann constant.
Using (26) allowed us to compare our calculated

magnetization mz(H)cal with the experimental
measurements mz(H)exp, as shown in Fig. 4.
Figure 4 presents the variation of the magneti-

zation of the studied thin �lm versus the applied
magnetic �eld. We note that when the value of
the magnetic �eld rises, the magnetization in-
creases rapidly, and then the increment of the

Fig. 4. Variation of the magnetization of the su-
perlattice Fe/GaAs as a function of the applied
magnetic �eld for: (a) N = 3, (b) N = 4, (c) N = 5.

magnetization as a function ofH becomes gradually
smaller until the magnetization stagnates (reaches
a saturation value). In fact, when the magnetic
�eld strengthens, it aligns more and more mag-
netic moments in its direction until all the mo-
ments of the system become aligned. The agree-
ment reached between our calculated magnetization
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mz(H)cal from (26) (solid lines in Fig. 4) and the
experimental magnetization mz(H)exp at T = 10 K
(symbols) [33] is very good; this allowed us to de-
duce the exchange integrals values (Table III) of the
system, and these deduced exchange values are co-
herent with what is usually found for this type of
materials [34, 35].
Although the GaAs substrate has a signi�cant

e�ect on the properties of the system, this e�ect
was not directly addressed in the present model,
i.e., there is no parameter in the Hamiltonian that
is attributed to the exclusive e�ect of the GaAs sub-
strate, since the approach of this study is a semi-
empirical one. In fact, the GaAs substrate e�ect
was implicitly captured by adjusting theoretical and
experimental magnetization, which allowed us to
deduce parameters such as J∥ and∆, which carry in
their values the contribution of the GaAs substrate
indirectly. Even though the present work did not fo-
cus on quantifying this contribution, it still con�rms
that the model used can describe the spin-wave be-
havior in magnetic layers (such as Fe) deposited on
the GaAs substrate. A precise determination of the
contribution of the substrate interface to the mag-
netic properties of the system necessitates using so-
phisticated electronic structure calculations based
on ab initiomethods, such as density functional the-
ory (DFT). However, this is beyond the scope of the
present study and will be addressed in future work.

4. Combined e�ects of surface anisotropy

and dipolar interaction

The combined e�ects of dipolar interactions (D)
and surface anisotropy (α) play an important role
in the stability of the long-range magnetic order
of quasi-two-dimensional systems [36�39]. However,
the analytical expressions of the excitation spec-
trum E(k) and consequently of the magnetization
per spin mz(T ) of the system become too di�cult
to obtain directly when the two factors above (D
and α) are introduced, especially for large numbers
of magnetic planes (N ≫ 1). To address the gen-
eral case of a superlattice containing any number of
atomic planes, we will proceed numerically starting
from (26).
In Fig. 5, we present the thermal variation of the

magnetization ratio,

ρN (T,R) =
mz(T,R ̸= 1)

mz(T,R = 1)
, (27)

where R = D/α. Thus, ρN represents the magne-
tization for the case D ̸= α relative to that of the
reference case D = α, in which the dipolar inter-
action and surface anisotropy have equal strength.
We note that, for temperatures below a threshold
value T < Ts(N), these two parameters, i.e., α and
D, have no e�ect, since the curves representing the
magnetization ratio for (D ≫ α) and (D ≪ α) are

Fig. 5. Thermal variation of the magnetization ra-
tio ρN (T,R), with D = (D∥ +D⊥)/2.

TABLE III

Deduced values of the exchange integrals for di�erent
N , with J⊥ = 10J∥ and S = 1.

N J∥ [K] ∆

3 17 1.008

4 19 1.03

5 20 1.05

identical, which indicates that the e�ects of sur-
face anisotropy and dipolar interaction are mutually
compensated in this temperature range.

Furthermore, we observe that the threshold tem-
perature Ts(N) increases when the number of
atomic planes N constituting the studied magnetic
layer rises; this indicates that the e�ects of these
interactions are more important for the �nest mag-
netic layers. We also note that when the contribu-
tion of the surface anisotropy is most signi�cant
(R < 1), the magnetization decreases, while in the
case where the contribution of the dipolar interac-
tions is dominant (R > 1), the magnetization in-
creases. In fact, dipolar interactions tend to align
the magnetic moments parallel to the plane of the
�lm, while surface anisotropy orients them in a per-
pendicular direction. This may be the cause of the
antagonistic character of these two interactions.

We also notice that the e�ect of the R = α/D
ratio on the magnetization ratio seems more pro-
nounced when R > 1 than in the reverse case �
this is revealed by the asymmetry, relative to the
axis ρ = 1, of any two ρN (T,R) curves with (R > 1
and R < 1). This asymmetry shows that the sur-
face anisotropy α has a more signi�cant e�ect
in these ultrathin �lms. This fact can be related
to the surface-to-volume ratio in these quasi-two-
dimensional systems (the surface-to-volume ratio
becomes greater for thinner layers, which favors α
over D). We remark that this asymmetry itself is
not independent of the magnetic layer thickness; it
becomes more accentuated for thinner �lms (small
N values). This remark will be further analyzed in
upcoming studies.
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5. Conclusions

In this work, we studied the spin wave contribu-
tion to the magnetic properties of the Fe/GaAs thin
�lms for various thicknesses of the (Fe) layer. We
established the corresponding Heisenberg Hamilto-
nian, taking into account the direct exchange inter-
action, the anisotropy, and the dipolar interactions.
The Hamiltonian was diagonalized using the tech-
nique of Green functions.
We found that, for the very thin �lms, the num-

ber of modes in the excitation spectrum E(k) is
equal to the number N of atomic planes of the
magnetic layer. We have also demonstrated the ex-
istence of an energy gap for magnon creation that
depends on the thickness of the studied magnetic
layer. We have also highlighted that E(k) presents
two sub-bands of di�erent characteristics, which we
have attributed to bulk and surface magnons. We
have shown as well that these two populations of
magnons exhibit very di�erent dynamic properties,
which is particularly prominent when the studied
magnetic �lm becomes thinner. The agreement be-
tween calculated and measured magnetization is
very satisfactory, which allowed us to determine the
values of the exchange integrals of the studied sys-
tem. The obtained values are in agreement with
those usually found for this type of material. The
study of the combined e�ects of surface anisotropy
and dipolar interaction, reported at the end, empha-
sized the important role that the dipolar interaction
plays in the stabilization of the magnetic order in
this type of quasi-two-dimensional systems.
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