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Transverse field dependence of magnetic properties of the B2-FeAl nanoparticle (B2-FeAl-np) is inves-
tigated by using the effective field theory (or the Kaneyoshi theory) at H = 0 and H = 0.25. It is
found that the magnetization and the Curie temperature of B2-FeAl-np decrease as the transverse field
increases. A similar decrease in the magnetization and the Curie temperature of B2-FeAl is experi-
mentally observed by Plazaola et al. with the increase (27.5%, 30%, 32.5% and 35%) of the Al content
in B2-FeAl. These theoretical and experimental results revealed that the increase of the Al content
in B2-FeAl-np causes an increase in the transverse field of B2-FeAl-np. Thus, the magnetization and
the Curie temperature of B2-FeAl-np decrease. However, the ferromagnetic and antiferromagnetic spin
splitting of paramagnetic Fe and Al atoms is obtained by a non-zero external magnetic field (H = 0.25)
at T > TC.
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1. Introduction

FeAl alloys have been extensively studied because
of their particular mechanical, electrical, and mag-
netic properties. These alloys are potential candi-
dates to replace stainless steels due to their high
strength, excellent corrosion resistance and low den-
sity. Since the FeAl alloys show different mag-
netic and physical properties with their composition
change and heat treatment, FeAl-based magnetic
systems have been extensively investigated [1–3].
The studied issues included the magnetic proper-
ties of the binary Fe90Al10, Fe80Al20 and Fe50Al50
alloys [4], magnetic properties of the FeAl alloys [5],
magnetic hysteresis properties of the Fe, FeAl alloys
and Fe/Al core/shell cluster composite [6], tempera-
ture dependence of magnetization and susceptibility
and magnetic hysteresis loops of the B2-type FeAl
alloys [7], magnetic hysteresis properties of the D03
and B2-types FeAl alloys [8], temperature and ap-
plied magnetic field dependence of magnetization of
the FeAl alloys [9, 10], magnetic hysteresis proper-
ties (saturation magnetization and coercivity) of the
FeAl multilayer samples [11] and magnetic proper-
ties of A2, B2, B32, D03 of FeAl alloys [12–22].

In this paper, we consider the unit cell of B2-FeAl
reported by Plazaola et al. [23] and Yan et al. [24]
for the modeling of the B2-FeAl-np. We focus, how-
ever, on the experimental M–T results of B2-FeAl

obtained with a different Al content (27.5%, 30%,
32.5% and 35%) by Plazaola et al. [23]. They re-
ported that the magnetization and the Curie tem-
perature of B2-FeAl decrease with the increase of
the Al content. On the other hand, in the transverse
Ising model (TIM), a transverse field (Ω) causes
a similar decrease in the magnetization and the
Curie temperature of the magnetic systems. There-
fore, for the modeling and investigation of the ef-
fects of the Al content on magnetic properties of
B2-FeAl, we use the TIM within the effective field
theory developed by Kaneyoshi [25–27].

2. Theoretical method

We use the TIM within the effective field the-
ory developed by Kaneyoshi [25] and focus on the
unit cell of B2-FeAl reported by Plazaola et al. [23]
and Yan et al. [24] for the modeling of the B2-FeAl
nanoparticle (B2-FeAl-np), as shown in Fig. 1.
We assume that the iron and aluminum atoms of
B2-FeAl-np are the spin-1/2 Ising particles. Ac-
cording to the nearest neighbors, B2-FeAl-np has
five different magnetic atoms and they are mFe(1),
mFe(2), mFe(3), mFe(4) and mAl. Note that the
iron atoms have four different magnetizations ac-
cording to their locations on the B2 unit cell of
B2-FeAl-np in Fig. 1.
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According to the Kaneyoshi theory
(EFT) [25–27], the Hamiltonian of B2-FeAl-np is
given as

H = −
3∑
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z
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where J1, J2, J3 and J4 are the exchange inter-
action coefficients between two nearest neighbors,
Fe1–Fe2, Fe2–Fe3, Fe3–Fe4 and Al–Al, respectively.
The exchange interaction between two nearest-
neighbor Fe and Al atoms is denoted by Jint. The
values of Ji, for i = {1, 2, 3, 4, int}, are given by
the expression Ji = const/di, where di = dreal/1 Å

Fig. 1. Schematic representation of the B2-FeAl-
np [23, 24].

is the reduced distance between two magnetic
atoms. For example, J1 = const/d1 = 1/2.908
and so on. Next, the Pauli spin operator Sr = ±1
is chosen with respect to the r direction, namely
r = z or r = x, and H denotes the external
magnetic field. In the Kaneyoshi theory [25–27],
the magnetizations of B2-FeAl-np are given by
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where∇ = ∂
∂x is the differential operator. The func-

tion FS−1/2(x) for the spin-1/2 Ising particles is de-
fined as:

FS− 1
2
(x) =

(x+H) tanh
(
β
√

(x+H)2 + Ω2
)

√
(x+H)2 + Ω2

, (3)

where Ω is the transverse field and β = 1/(kBTA),
kB is the Boltzmann constant and TA denotes the
absolute temperature. The units used in the cal-
culation are the reduced temperature kBTA in J,
the reduced transverse field Ω in J and the reduced
applied field H in h/J. The total magnetizations

of the Fe atoms, Al atoms and B2-FeAl-np are ex-
pressed accordingly

MFe
T =

1

27

(
8mFe(1) + 12mFe(2)

+6mFe(3) +mFe(4)

)
,

MAl
T =

1

8
(8mAl) ,

MFeAl
T =

1

35

(
8mFe(1) + 12mFe(2) + 6mFe(3)

+mFe(4) + 8mAl

)
. (4)
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3. Theoretical results and discussion

We have first investigated the effects of the trans-
verse field Ω on the magnetizations MT and the
Curie temperature TC for the ferromagnetic case
(all J > 0). The results obtained for the to-
tal iron atoms, total aluminium atoms and total
B2-FeAl nanoparticle at H = 0 (black solid line)
andH = 0.25 (red solid line) are presented in Fig. 2.
For the lower value of the transverse field Ω = 0.001
(see Fig. 2a), the magnetizations and the Curie tem-
perature at H = 0 are MFe

T =MAl
T =MFeAl

T = 1
and TFe

C = TAl
C = TFeAl

C = 2.95. Importantly, the to-
tal iron atoms (MFe

T ), total aluminium atoms (MAl
T )

and total B2-FeAl nanoparticle (B2-FeAl-np) have
a phase transition at TC from a ferromagnetic to
a paramagnetic state. When the value of Ω in-
creases, MT and TC decrease. As a result, we
obtain the following: MFe

T = 0.86453 for the
total iron atoms, MAl

T = 0.96608 for the to-
tal aluminium atoms, MFeAl

T = 0.887742 for the
total B2-FeAl-np and TFe

C = TAl
C = TFeAl

C = 2.82
for Ω = 1 (see Fig. 2b); MFe

T = 0.86453,
MAl

T = 0.96608, MFeAl
T = 0.887742 and

TFe
C = TAl

C = TFeAl
C = 2.82 for Ω = 2

(see Fig. 2c); MFe
T =MAl

T =MFeAl
T = 0.00 and

TFe
C = TAl

C = TFeAl
C = 0.00 for Ω = 3 (see Fig. 2d).

On the other hand, if an external magnetic field is
applied (H = 0.25, red lines), a paramagnetic state
(M = 0) disappears and it transforms to the ferro-
magnetic state (M 6= 0) at T > TC. However, the
external magnetic field causes that the magnetiza-
tion of the ferromagnetic state at T < TC increases,
as seen in Fig. 2a–c. One can observe in Fig. 2d
that B2-FeAl-np and its components (Fe and Al)
are paramagnetic (MFe

T = MAl
T = MFeAl

T = 0.00)
for a high value of the transverse field Ω = 3
at H = 0 (black solid lines). In the case when
H = 0.25, this paramagnetic state transforms to
the wholly ferromagnetic state MFe

T = 0.350266,
MAl

T = 0.52437, MFeAl
T = 0.390061. These transfor-

mations clearly show the spin splitting in the ferro-
magnetic Fe and Al atoms in the non-zero external
magnetic field (H = 0.25).

The effects of the transverse field Ω on the mag-
netizations MT and the Curie temperature TC are
shown in Fig. 3 for the total iron atoms, total alu-
minium atoms and total B2-FeAl-np. The results
refer to the antiferromagnetic case (i.e., Jint < 0),
i.e., antiferromagnetism between the Fe (shell) and
Al (core) atoms at H = 0 (black solid line) and
H = 0.25 (red solid line). In fact, all magnetiza-
tion curves of the total iron atoms MFe

T , total alu-
minium atoms MAl

T and total B2-FeAl-np MFeAl
T

differ much more from each other than in the fer-
romagnetic case (see Fig. 2). At a lower value of
Ω = 0.001, as presented in Fig. 3a, the magne-
tization values are: MFe

T = 1 for the total iron
atoms, MAl

T = −1 for the total aluminium atoms
and MFeAl

T = 0.542857 for the total B2-FeAl-np.
When the value of Ω increases, the magnetization

Fig. 2. M–T curves of the B2-FeAl-np in the fer-
romagnetic case for Ω = 0.001, 1, 2 and 3 at H = 0
(black lines) and H = 0.25 (red lines).

Fig. 3. M–T curves of the B2-FeAl-np in the an-
tiferromagnetic case for Ω = 0.001, 1, 2 and 3 at
H = 0 (black lines) and H = 0.25 (red lines).

values become as follows: MFe
T = −0.86453,

MAl
T = 0.96608, MFeAl

T = −0.44611 for Ω = 1
(see Fig. 3b); MFe

T = −0.523692, MAl
T = 0.765827,

MFeAl
T = −0.228945 for Ω = 2 (see Fig. 3c);

and MFe
T = 0.00, MAl

T = 0.00, MFeAl
T = 0.00

for Ω = 3 (see Fig. 3d).
It is worth to note that the MT value of the

iron atoms as well as of B2-FeAl-np for the lower
value of the transverse field (Ω = 0.001) is posi-
tive whereas the magnetization of the aluminium
atoms is negative (see Fig. 3a). The situation, how-
ever, is inverse at the higher values of the trans-
verse field (Ω = 1, 2 and 3, see Fig. 3b–d, re-
spectively) and the external magnetic field H = 0.
Further, if one applies the external magnetic field
H = 0.25 (red lines), then the paramagnetic state
(M = 0) disappears and it transforms to the an-
tiferromagnetic state (M 6= 0) at T > TC. Also
note that the B2-FeAl-np (see Fig. 3b) and its
counter-components (Fe and Al, see Fig. 3c) expe-
rience a first-order phase transition at Tf = 2.31
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Fig. 4. TC–Ω and MT –Ω curves of the FM and
AFM B2-FeAl-np.

and 1.58, respectively. The magnetization MT cor-
responds to the iron atoms and B2-FeAl-np trans-
forms from positive to negative, whereas MT of
the aluminium atoms transforms from a negative
to a positive value for Ω = 1 and 2 at H = 0.25.
In Fig. 3d, however, one can see that the para-
magnetic state transforms completely to the anti-
ferromagnetic state for Ω = 3 (MFe

T = 0.22759,
MAl

T = −0.221962,MFeAl
T = 0.124835. These trans-

formations clearly show that the spin splitting of the
antiferromagnetic Fe and Al atoms is entirely differ-
ent from this of the ferromagnetic case (see Fig. 2d)
for the non-zero external magnetic field H = 0.25.

Figure 4 shows the transverse field dependence
of the magnetizations and the Curie temperature
of the total B2-FeAl-np for the ferromagnetic and
antiferromagnetic case. As it can be observed,
the magnetization and the Curie temperature de-
crease as the value of Ω increases. Let us focus
now on this point. The experimental M–T results
of B2-FeAl-np [23] were obtained for different Al
contents (27.5%, 30%, 32.5% and 35%). It was
found that the magnetization and the Curie tem-
perature of B2-FeAl-np decrease as the Al content
increases. The qualitative agreement between the
experimental and theoretical results indicates that
the increase of the Al content in B2-FeAl-np is re-
sponsible for the increase in the transverse field in
B2-FeAl-np. It also causes a decrease of both the
magnetization (dashed black line) and the Curie
temperature (solid black line) of B2-FeAl-np.

4. Conclusions

We have investigated the effects of the transverse
field on the magnetizations and the Curie tempera-
ture of the B2 nanostructure of the B2-FeAl-np by
using the effective field theory (the Kaneyoshi the-
ory) at a zero and non-zero external magnetic field.
The main conclusions are:

1. The magnetizations and the Curie tempera-
ture decrease as the transverse field increases.

2. Our theoretical M–T results of B2-FeAl-np
agree qualitatively with the experimental

M–T results of the off-stoichiometric FeAl
with B2 structure for a different Al con-
tent (27.5%, 30%, 32.5% and 35%) by
Plazaola et al. [23].

3. The qualitative agreement between the theo-
retical and experimental results of the mag-
netizations and the Curie temperature of B2-
FeAl and B2-FeAl-np might suggest that an
increase of the Al content in B2-FeAl causes
an increase in the transverse field of B2-FeAl.

4. For the antiferromagnetic case, different neg-
ative magnetization behaviors are obtained in
B2-FeAl-np and its components (Fe and Al).
These differences result from the transverse
field and external magnetic field.

5. B2-FeAl-np and its components (Fe and Al)
undergo a first-order phase transition at
Tf = 2.31 and 1.58 for Ω = 1 and 2 in a non-
zero (H = 0.25) external magnetic field.

6. The spin splitting of the paramagnetic Fe and
Al atoms is very different in the ferromag-
netic and antiferromagnetic cases for Ω = 3
in a non-zero (H = 0.25) external magnetic
field at T > TC.
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