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Effect of exchange coupling on magnetic property
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The hysteresis loops as well as the spin distributions of Sm–Co/α-Fe bilayers have been investigated by both three-
dimensional (3D) and one-dimensional (1D) micromagnetic calculations, focusing on the effect of the interface exchange
coupling under various soft layer thicknesses ts. The exchange coupling coefficient Ahs between the hard and soft layers
varies from 1.8× 10−6 erg/cm to 0.45× 10−6 erg/cm, while the soft layer thickness increases from 2 nm to 10 nm. As
the exchange coupling decreases, the squareness of the loop gradually deteriorates, both pinning and coercive fields rise
up monotonically, and the nucleation field goes down. On the other hand, an increment of the soft layer thickness leads
to a significant drop of the nucleation field, the deterioration of the hysteresis loop squareness, and an increase of the
remanence. The simulated loops based on the 3D and 1D methods are consistent with each other and in good agreement
with the measured loops for Sm–Co/α-Fe multilayers.
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1. Introduction
Since an exchange-coupled composite material was pro-

posed by Kneller in 1991,[1] with a hard phase to provide
high coercivity and a soft phase to provide high saturation
and remanence, the coercivity, structural, and magnetic prop-
erties in permanent magnets have always been an important
topic in magnetism.[2–4] An energy product paradox was pro-
posed in some literatures, which has been intensively studied
in both experimental[5–8] and theoretical[9–15] works by con-
densed matter physicists. A lot of works have been devoted
to the exploration of the largest energy product experimentally
reachable. In 1993, Skomski et al.[16] proposed that the theo-
retical energy product (BH)max of oriented composite magnets
could be as large as 120 MG·Oe, which almost doubled that of
the best available single-phase permanent magnets.

In order to realize such a giant energy product, many sci-
entists have done a lot of work in the past two decades. A
close review shows that the experimental remanence is close
to the predicted one, however, the measured coercivity is much
smaller.[17–20] Therefore, such an energy product paradox is
intrinsically linked to Brown’s coercivity paradox, i.e., the

measured coercivity is much smaller than that predicted by the
available theory. Experimentally, huge progresses have been
made recently: an energy product (BH)max of 60 MG·Oe has
been obtained in Nd–Fe–B/Fe–Co multilayers by Cui et al.,[5]

while a value of 40 MG·Oe has been reached by Sawatzki et
al. in SmCo5/Fe/SmCo5.[21] It is worth noting that at high
temperature, the magnetic properties of Nd–Fe–B are inferior
to those of Sm–Co due to a lower Curie temperature (about
400 ◦C against 800 ◦C), which can occasionally make Sm–Co
a better choice compared to Nd–Fe–B.

In the pursuit of the highest energy product reachable, a
new structure has been discovered and investigated: the in-
clusion of an interface layer within bilayers. Choi et al.[22]

found that the maximum energy product of Sm–Co/α-Fe bi-
layers can be improved by 50% with an intermixed interface
layer, and reach a value of 15 MG·Oe. Zhang et al.[23–25] dis-
covered that by inserting thin non-magnetic spacer layers like
Cu in SmCo5/Fe, increased coercivity and pinning fields can
be realized. As a result, (BH)max jumps from 9 MG·Oe to
32 MG·Oe with a coercivity of 7.24 kOe. The single-phase be-
havior and the irreversible rotation in the demagnetization pro-
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cess indicates a strong exchange coupling between the Sm(Co,
Cu)5 and Fe layers. Moreover, Liu et al.[26] discovered that
the Fe/Co mixture behavior enhances the interface exchange-
coupling and improves the remanence as well as the coercivity
of the composite magnet.

In a word, the interface exchange coupling is important
in realizing good magnetic properties in Sm–Co/α-Fe layered
systems, which, however, have seldom been investigated sys-
tematically in theory. In this paper, three-dimensional (3D)
micromagnetic simulations and analytical calculations are per-
formed for Sm–Co/α-Fe bilayers, which are then compared to
our experimental results. This work focuses on the influence
of the exchange coupling and the soft phase thickness on the
coercivity and nucleation fields of the system.

2. 3D simulation and 1D calculation model
Our calculation is based on an exchange-coupled bilayer

(see Fig. 1). An o-xyz coordinate system is constructed with
the origin located at the center of the interface. The magne-
tocrystalline axes of both layers and the applied field are as-
sumed to be in the y direction, as shown in Fig. 1.
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Fig. 1. (color online) Basic scheme of the investigated hard/soft bilayers
in the three-dimensional micromagnetic model.

The 3D micromagnetic calculation of the software
OOMMF is based on the Landau–Lishitz–Gilbert dynamic
equation[27]

d𝑀
dt

= − γ

1+α2𝑀 ×𝐻eff

− αγ

(1+α2)Ms
𝑀 × (𝑀 ×𝐻eff), (1)

where 𝑀 is the magnetization, 𝐻eff is the effective field, γ

is the gyromagnetic ratio, and α is the damping coefficient.
Since the damping coefficient in our case has little influence
on the results obtained, α is set at 0.5 to make a good balance
between the calculation precision and the computation speed.
The effective field is defined as

𝐻eff =−µ
−1
0

∂E
∂𝑀

, (2)

where the average energy density E is a function of 𝑀

specified by Brown’s equations,[28] including the exchange,

anisotropy, applied field (Zeeman), and magnetostatic (demag-
netization) terms.

In the 3D simulations, the system is set as a tetragonal
box of sizes 300 nm×300 nm×t. The variable t is the thick-
ness of the layers, namely, t = th + ts, as shown in Fig. 1. The
subscripts s and h stand for the soft and hard layers, respec-
tively. The thickness of the hard layer th is set as 10 nm, while
the thickness of the soft layer ts = 2 nm, 6 nm, and 10 nm. The
magnetic structure within these thin layers is discretized into
3 nm×3 nm×1 nm cells, which has been optimized to achieve
a balance between calculation accuracy and computation time.

In this paper, Sm–Co is chosen as the hard layer, while α-
Fe is the soft layer. The material parameters used in the sim-
ulation are: Ms = 1.71×103 emu/cc, Mh = 5.5×102 emu/cc,
Ks = 4.6 × 105 erg/cc, Kh = 5 × 107 erg/cc, As = 2.5 ×
10−6 erg/cm, and Ah = 1.2×10−6 erg/cm, which are adopted
from Refs. [15], [29], and [30]. Here, A, K, and M denote
the exchange energy constant, the anisotropy constant, and the
spontaneous magnetization, respectively. Only the exchange
interaction between the neighboring region pair is taken into
account and the free boundary conditions are chosen. The in-
terface coupling is difficult to describe precisely, as it depends
not only on the bulk crystalline structures of the hard and soft
layers, but also on the strength of the interface exchange cou-
pling. The exchange energy constant between the soft and hard
layers Ahs is set as 1.8× 10−6 erg/cm when Sm–Co/α-Fe is
in full coupling, while it is taken as 0.9× 10−6 erg/cm and
0.45×10−6 erg/cm for low coupling.

The analytical calculation is carried out supposing all
layers extending to infinity, which is referred to as the 1D
method. The magnetization can be calculated as a function
of z, given that the magnetization is uniform within the layer
plane (xy plane). The energy density per area in the film plane
is[15,29,31,32]

v =
∫ th

0

[
Ah
(

dθ

dz

)2

+Kh sin2
θ −µ0HMh

s cosθ

]
dz

+
∫ 0

−ts

[
As
(

dθ

dz

)2

+Ks sin2
θ −µ0HMs

s cosθ

]
dz

− ji

a2 (m
smh −1), (3)

where a is the distance between the adjacent atomic planes
near the interface, θ is the angle between the magnetization
and the applied field, and m and ji are the magnetization unit
vector at the interface and the interlayer coupling constant, re-
spectively. The three terms inside the bracket of the above
formula are the exchange, anisotropy, and Zeeman energies,
respectively, while the last term is the interface exchange cou-
pling energy.

By applying the variational method to the interface ex-
change coupling energy with suitable boundary conditions, we
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obtain

dθ

dz

∣∣∣∣
z=−ts

= 0,
dθ

dz

∣∣∣∣
z=th

= 0, (4)

Ah dθ

dz

∣∣∣∣
z=0+

= As dθ

dz

∣∣∣∣
z=0−

=
ji

2a2 sin(θ0+ −θ0−), (5)

where ji = 2a2Ahs/c, with c the distance between the atomic
planes of the soft and hard layers. Sm–Co has a tetrag-
onal structure with lattice constants a = 0.49 nm and c =

0.41 nm,[32] while α-Fe is in a structure with a lattice con-
stant of 0.29 nm. The θ

+
0 and θ

−
0 are respectively the angles

at z = 0+ and z = 0− of the hard/soft interface. It should be
noted that θ

+
0 = θ

−
0 when ji = ∞.

In particular, at the nucleation state, the deviation of the
magnetization from the applied field direction is small. Thus,
the nucleation problem can be solved by an appropriate ansatz
or series expansion[14]

πts

∆ s =

tan−1


√

AhKh(hh
N +1)√

AsKs(−hs
N −1)


(

1+
2a2

ji

√
AhKh(hh

N +1)
)√

−hh
N −1

, (6)

where h = H/HK represents the reduced applied field with
HK = 2K/Ms the anisotropy field, and ∆ = π(A/K)1/2 is the
Bloch wall width.

3. Calculated hysteresis loops
Figure 2(a) shows the calculated hysteresis loops of Sm–

Co/α-Fe bilayers for various interface exchange couplings by
3D simulations, where the thicknesses of the hard and soft lay-
ers are set as th = 10 nm and ts = 2 nm. It can be seen that the
shapes of the hysteresis loops are not sensitive to the exchange
coupling between the hard and soft layers, the loops demon-
strate a typical exchange-spring magnetic phase for all three
values of exchange coupling.[15,29] As the exchange coupling
decreases, the hysteresis loop becomes more slanted, accom-
panied by a slight decrease of the nucleation field. As Ahs

decreases, both pinning and coercive fields increase gradually.
On the other hand, the nucleation field decreases, leading to
the deterioration of the squareness of the loop. As shown in
Fig. 2(a) and summarized in Table 1, the pinning field for
Ahs = 4.5 × 10−7 erg/cm is about 20% larger than that for
Ahs = 1.8× 10−6 erg/cm. Figure 2(b) shows the calculated
hysteresis loops of Sm–Co/α-Fe bilayers for various Ahs based
on the 1D calculation, where th = 10 nm and ts = 2 nm. Since
for arbitrary applied fields, the angular distribution of θ can be
obtained by Eq. (3), and averaging Ms cosθ from z =−ts to th,
one can obtain the major hysteresis loop for a given hard/soft
bilayer. The 1D calculations yield similar loops compared to

those obtained by the 3D simulations, justifying our models.
As Ahs decreases, both pinning and coercive fields increase
gradually whereas the nucleation field decreases, leading to
the deterioration of the squareness of the loop. In the mean-
time, the nucleation field departs from the coercivity and the
gap between the two fields enlarges. For all values of Ahs, the
pinning field and the coercivity are equal to each other, signi-
fying a coercivity mechanism of pinning.
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Fig. 2. (color online) Macroscopic hysteresis loops of Sm–Co(10 nm)/α-
Fe(2 nm) bilayers obtained by (a) 3D simulations and (b) analytical calcu-
lations.

When Sm–Co/α-Fe has an exchange coupling of Ahs =

1.8× 10−6 erg/cm, the shape of the hysteresis loop is essen-
tially a rectangle according to the 3D simulations, where the
nucleation and pinning fields are close to each other. When Ahs

decreases from 1.8× 10−6 erg/cm to 4.5× 10−7 erg/cm, the
gap between nucleation and pinning fields rises from 3.5 kOe
to 21 kOe. On the other hand, there is an obvious nucleation
point at the applied field of −29.6 kOe for Ahs = 1.8× 10−6

erg/cm according to the 1D calculation, which is quite differ-
ent from the corresponding pinning point at H = −35.8 kOe.
This gap between the nucleation and pinning fields rises to
20 kOe as Ahs decreases to 4.5×10−7 erg/cm.
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Table 1. Calculated magnetic properties of Sm–Co/α-Fe based on the OOMMF software and 1D calculation, where th = 10 nm.

ts/nm Ahs/10−6erg·cm−1 Method HN/kOe Hc/kOe Hp/kOe Mr/emu·cc−1

2 1.8 1D 30.0 35.8 35.8 743.49
3D 32.69 36.15 36.15 742.46

0.9 1D 27.0 37.2 37.2 743.49
3D 24.49 38.50 38.50 742.46

0.45 1D 22.5 42.5 42.5 743.49
3D 20.01 41.27 41.27 742.46

6 1.8 1D 8.5 15.6 19 985.37
3D 6.65 15.01 15.37 982.99

0.9 1D 7.7 15.4 21.5 985.37
3D 5.75 15.05 21.97 982.99

0.45 1D 6.7 13.95 28.8 985.37
3D 4.91 14.21 27.19 982.99

10 1.8 3D 2.96 8.30 20.51 1043.68
0.9 3D 2.93 6.82 12.60 1043.68

As shown in the previous studies,[13–15,29] the hysteresis
loop and the coercivity mechanism are sensitive to the soft
layer thickness. Zhao et al. found that as the soft layer thick-
ness increases, the coercivity mechanism changes from nucle-
ation to pinning when the hard layer is large enough. Besides,
Asti et al. found that the magnetic phase diagram changes
from rigid composite magnet to exchange-spring and finally
to decoupled magnet with the increase of the soft layer thick-
ness. Therefore, the hysteresis loops are calculated for vari-
ous Ahs with ts = 6 nm, as shown in Fig. 3. Similar to the
case with ts = 2 nm, both pinning and coercive fields go up
whereas the nucleation field goes down as Ahs decreases, lead-
ing to the deterioration of the squareness of the loop. In con-
trast with Fig. 2, where the squareness of the loops is quite
good, the loops in Fig. 3 demonstrate much worse square-
ness, in particular for Ahs = 4.5×10−7 erg/cm. Indeed, at this
point, the pinning field is about 5.5 times the corresponding
nucleation field according to the 3D simulations, demonstrat-
ing a typical decoupled magnetic phase.[15,29] The calculated
maximum energy products based on Fig. 3(a) are 38 MG·Oe,
37 MG·Oe, and 35 MG·Oe for Ahs = 1.8 × 10−6 erg/cm,
Ahs = 0.9× 10−6 erg/cm, and Ahs = 0.45× 10−6 erg/cm, re-
spectively.

Figure 4 shows the calculated spin configurations in the
y–z plane for Sm–Co(10 nm)/α-Fe(6 nm) bilayers with Ahs =

1.8× 10−6 erg/cm. The results in Figs. 4(a)–4(e) correspond
to the points A–E in the hysteresis loop shown in Fig. 3(a), re-
spectively. The small and large arrows denote the magnetic
moments within the Sm–Co and α-Fe layers, respectively,
and are proportional to their magnetization. At H = 0 kOe
(Fig. 4(a), point A), all the magnetic moments in the system
orient parallel to the y axis. At H = −7.0 kOe (Fig. 4(b),
point B), the magnetization begins to deviate from the previous
saturation state incoherently. At H = −12.0 kOe (Fig. 4(c),
point C), one can find that the magnetic moments in the α-
Fe layer far away from the interface have rotated 90◦, while
those near the interface are pinned by the exchange coupling
with the Sm–Co layer. When the applied field decreases to
−15.0 kOe (Fig. 4(d), point D), most magnetic moments in the
α-Fe layer have reversed, while the magnetic moments in the
Sm–Co layer far away from the interface have hardly rotated
due to the large crystalline anisotropy, forming a 180◦ domain
wall at the interface. At H =−16 kOe (Fig. 4(e), point E), the
magnetic moments in both hard and soft phases have reversed
completely.
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Fig. 3. (color online) Macroscopic hysteresis loops of Sm–Co(10 nm)/α-Fe(6 nm) bilayers obtained by (a) 3D simulations and (b) analytical calculations.
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(a) (b) (c)

(d) (e)

z

y

x

Fig. 4. (color online) 2D evolution of the magnetization calculated
by OOMMF for Sm–Co(10 nm)/α-Fe(6 nm) with exchange coupling
Ahs = 1.8× 10−6 erg/cm: (a) H = 0 kOe, magnetization saturation, (b)
H = −7.0 kOe, near nucleation field, (c) H = −12.0 kOe, between the
nucleation and coercive fields, (d) H = −15.0 kOe, the coercive field, (e)
H =−16.0 kOe, the pinning point.

Experimentally, the interface of the hard/soft layers has
been intensively modified to obtain the best performance
for the exchange spring film. A spacing layer Ta was in-
serted between Nd2Fe14B and FeCo layers to adjust the
exchange coupling and magnetostatic interaction to obtain
the largest (BH)max in NdFeB-based nanocompiste films.[5]

For the SmCo/Fe system, a diffusion layer was reported
to be effective for getting a larger nucleation field and
hence (BH)max.[6] A Cu layer was used in multilayer films
Cr(50 nm)/[SmCo6(9 nm)/Cu(x nm)/Fe(5 nm)/Cu(x nm)]6

/Cr(100 nm)/SiO2 (x = 0–0.75) and a high (BH)max of
32 MG·Oe was obtained by some of us.[23–25] Although the
Cu layer promotes the crystallization of the SmCo phase to
form a uniform multilayer, the Cu layer with different thick-
ness is considered to adjust the exchange coupling as well.
In the case of the SmCo layer directly contacting the Fe
layer, the exchange coupling is strong. With the Cu thick-
ness increased, the soft and hard phases are separated by the
Cu layer, which results in a decrease of the exchange cou-
pling. Figure 5 demonstrates the measured hysteresis loops
of two SmCo/Cu/Fe multilayers at 10 K and the calculated
loops based on OOMMF. It can be observed that the trend of
the experimental loops (with the Cu layer thickness increas-

ing from 0 to 0.75 nm) is consistent with that of the calcu-
lated loops (with Ahs decreasing from 1.8× 10−6 erg/cm to
0.9 × 10−6 erg/cm). The smoothness and two-stage feature
in the calculated loops are due to the ideal material parameters
adopted in the calculation, while in experiment, the more com-
plicated polycrystalline structure, dispersion in the composi-
tion, and defects exist, therefore the intrinsic property of the
material is affected. Nevertheless, our calculation data show
qualitative agreement with the experiment one.
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Fig. 5. (color online) Comparison of calculated hysteresis loops with
experimental loops for Cr(50 nm)/[SmCo6(9 nm)/Cu(x nm)/Fe(5 nm)
/Cu(x nm)]6 /Cr(100 nm)/a-SiO2 (x = 0–0.75). (a) The black squares are
for the sample with x = 0 annealed at 500 ◦C measured at 10 K while
the red circles are for the sample with x = 0.75 annealed at 500 ◦C mea-
sured at 10 K. (b) The black lines are for th = 9 nm, ts = 5 nm, and
Ahs = 1.8×10−6 erg/cm; while the red lines are for th = 9 nm, ts = 5 nm,
and Ahs = 0.9×10−6 erg/cm using OOMMF.

4. Angular distribution of magnetization
Figure 6 demonstrates the angular distributions of mag-

netization in the +z direction for Sm–Co (10 nm)/α-Fe
(2 nm) bilayers with identical exchange coupling Ahs = 0.45×
10−6 erg/cm based on 1D and 3D models. In the analytical
model, the angular distributions of magnetization in the z di-
rection can be obtained by minimizing the energy density ex-
pressed in Eq. (3), which is coherent in the x–y plane. With
the 3D calculation, the angular distributions are obtained by
averaging the component of all the magnetic moments in the
applied field direction with a certain z.
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Fig. 6. (color online) Calculated spatial distributions of magnetization direction for Sm–Co(10 nm)/Fe(2 nm) bilayers based on (a) analytical calculations
and (b) 3D simulations with exchange coupling Ahs = 0.45×10−6 erg/cm.
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As shown in Fig. 6(a), a small deviation of the mag-
netization from the previous saturation state occurs at H =

−22.6 kOe, which is called nucleation according to Brown.
Under this field, a 7.11◦ infant domain wall has been formed
with θ h = 0◦, θ 0+ = 2.98◦, θ 0− = 6.26◦, and θ s = 7.11◦. The
domain wall grows fast as the applied field reduces. When
the applied field reaches H =−35.2 kOe, a 110◦ domain wall
forms. Further decrease of the applied field leads to a faster
growth of the domain wall. At the coercive point, it reaches its
maximum with a value of 136◦ when the applied field drops
to −42.5 kOe. Additional decrease of the applied field will
result in the magnetic reversal of the whole bilayer system.
In Fig. 6, the 3D simulation and the 1D calculation show the
same results.

5. Critical fields
From the above discussion, one can find that a large nu-

cleation field is essential to keep the squareness of the corre-
sponding hysteresis loop. In this section, the dependence of
this critical field on the exchange interaction and the soft layer
thickness is discussed. In nanocomposite films, the hard phase
offers a high anisotropy to produce the high coercivity, but
this effect strongly depends on its thickness. If th is smaller
than the corresponding Bloch wall width,[14,30] which is about
4.9 nm for Sm–Co, its magnetization will be easily reversed
by the soft phase through the exchange interaction. While if
th is large enough, the magnetic properties will not depend on
it.[33] Therefore, in the calculation below, the thickness of the
hard phase is set to 10 nm, which is larger than the Bloch wall
width.

Figure 7 and Table 1 demonstrate the calculated nucle-
ation fields for various exchange interactions and soft film
thicknesses based on Eq. (6). For comparison, the hystere-
sis loops in the case of ts = 2 nm are calculated using 3D
OOMMF and the 1D method, and the nucleation fields are
obtained from the loops. One can find that the three meth-
ods yield roughly the same nucleation fields. When Ahs ap-
proaches 0, HN comes close to 0.53 kOe, i.e., the nucleation
field of the single α-Fe phase, and at this point, the system
degenerates into a typical decoupled magnetic system. With
increased exchange interactions, HN increases and approaches
some constant value for large Ahs, which refers to the case of
an infinite exchange coupling Ahs = ∞. In the case of a con-
stant exchange interaction, HN increases when the soft layer
thickness decreases.

The nucleation field as a function of the thickness of the
α-Fe layer under various exchange interactions Ahs is shown
in Fig. 8. The value of 180 kOe is found when dFe = 0, which
is close to the anisotropy field of Sm–Co (181.8 kOe). The
nucleation field decreases when dFe increases, the strong de-
cline in the region from dFe = 0 nm to ∼4 nm is in accordance

with the theoretical predictions of Leineweber,[32] Zhao,[34,35]

and other numerical simulations.[29,36] From dFe = 0 nm to
10 nm, the nucleation fields with a strong exchange coupling
are always larger than those with a weak coupling. A large
gap exists between dFe ≈ 0.5 nm and dFe ≈ 5.0 nm. In the
case of Ahs = 1.8×10−6 erg/cm, the nucleation fields and co-
ercivities obtained by the 1D method and 3D OOMMF are
shown in Fig. 8 as well. When ts is smaller than 1.0 nm, the
loops are rectangular and the nucleation fields are equal to the
coercivities or pinning fields; this thickness is denoted as the
first critical thickness,[34] which can be estimated by tcrit1 =

π(As/2Kh)1/2.[1] Using analytical micromagnetics, Zhao et
al. found that the first critical thickness is inversely propor-
tional to the square root of the magnetocrystalline anisotropy
constant of the hard phase, which is consistent with the above
formula. With dFe larger than 1.0 nm, the nucleation and co-
ercive fields deviate and the hysteresis loop gradually loses its
squareness.[34,35]
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Fig. 7. (color online) Calculated nucleation field as a function of the ex-
change coupling Ahs. The solid lines are obtained with Eq. (6). The dashes
are calculated with 1D and 3D models.
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6. Conclusion
The effects of the exchange coupling on magnetic prop-

erties were investigated for Sm–Co/α-Fe bilayers using a 3D
micromagnetic software OOMMF and a 1D analytical model.
A reduced exchange coupling results in lower nucleation fields
and higher coercivities. Both methods show agreeable results
with the experimental multilayer data. On the other hand,
when the soft layer thickness increases, both pinning field and
remanence increase whereas the nucleation and coercive fields
decrease, leading to the deterioration of the squareness of the
loops. The calculated results can partially explain Brown’s
coercivity paradox in hard/soft composite materials. A strong
exchange coupling is essential to keep the squareness, there-
fore a large energy product.
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