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Abstract. A study of exchange bias phenomenon in ferrimagnetic /ferromagnetic FeGd/ FeSn bilayers
is presented. The amorphous FeSn and FeGd alloys have been grown by co-evaporation. Specific growth
conditions allow to induce an uniaxial anisotropy in both alloys in a parallel direction. After saturation
of the bilayers under a positive field, the hysteresis loop of one of the layer is shifted towards a positive
field Hg. The sign of the exchange bias field Hg is shown to be due to the antiferromagnetic coupling
between the net magnetizations of both alloys. The field HE is studied as a function of the thickness of each
layer and of the temperature. Using ac-susceptibility measurements and polarized neutron reflectometry,
it is shown that the reversal of magnetization of the bilayers is dominated by the presence of a domain wall
at the interface. This exchange bias system is shown to act as a potential well for the magnetic domain
wall. Within this assumption and thanks to a precise magnetic characterization of each alloy, the evolution
of Hg with the thickness of the layers is well reproduced using simple one-dimensional analytical models
for the domain wall or a more elaborate numerical approach.

PACS. 75.60.Ch Domain walls and domain structure — 75.70.-i Magnetic properties of thin films, surfaces,

and interfaces — 75.25.4z Spin arrangements in magnetically ordered materials (including neutron
and spin-polarized electron studies, synchrotron-source X-ray scattering, etc.)

1 Introduction
1.1 Background

Despite the fact that the effect of exchange anisotropy
has been discovered more than 40 years ago [1], this topic
is still of great interest [2,3]. This effect results from in-
terfacial interactions between a ferromagnetic (F) and an
antiferromagnetic (AF). When both materials are cooled
under an applied field across the Néel temperature T of
the AF, the hysteresis loop of the F is shifted along the
field axis by a so called exchange bias field Hg. This loop
shift is equivalent to an unidirectional anisotropy energy.
In most systems, Hg is negative (that is to say opposite
to the cooling field) and weakly depends on the cooling
field. However, positive values of Hg have been found in
FeF5 /Fe bilayers for high cooling fields [4]. Hg vanishes
for a so called blocking temperature T which is closed to
T for most systems. The aim of the work performed on
this topic is motivated by its applications in magnetoelec-
tronic devices as well as the fundamental understanding
of the origin of the effect which is still under heavy dis-
cussions.

The applications concern essentially two fields: the per-
manent magnet materials and the high density recording
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technology. Exchange anisotropy is actually used in gi-
ant magnetoresistive devices which consist of one metal-
lic or insulating layer included between a free magnetic
layer and a fixed one. The effect of exchange anisotropy is
indeed used to control the magnetization reversal of the
fixed layer. For this perspective, a high blocking temper-
ature and a good temperature stability of the system are
required. The control of the value of Hg and the reduc-
tion of the demagnetizing field of the fixed magnetic layer
(which may act on the soft one) are also of great interest.

Concerning the understanding of the origin of the ef-
fect, the following picture can be firstly proposed. When
the system is field cooled, the AF spins at the interface be-
tween the two layers tend to align ferromagnetically with
those of the F material (in the case of a ferromagnetic cou-
pling). These AF spins exert a microscopic torque on the F
spins which tend to keep their initial orientation [3]. Nev-
ertheless, this naive picture cannot provide a quantitative
evaluation of Hg. Anyway, as Hg vanishes at Tp ~ Ty,
the effect is due to the coupling with the AF material. For
H = Hpg, the change of Zeeman energy due to the rever-
sal of the ferromagnetic material balances the change of
interaction energy o between the two layers, Hg (tg) is
then given by:

o

Hg(tp) = Ty (1)
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where trp and My are respectively the thickness and the
magnetization of the ferromagnetic material. o depends on
the magnetic configuration at the interface. Several the-
oretical models have been developed to estimate o. The
most reliable models include the formation of domains in
the AF or F layer [5,6], random exchange anisotropy [7], or
‘spin-flop’ perpendicular interfacial coupling [8]. The lack
of an unified model arises from the difficulty to character-
ize and control the role of some structural and magnetic
parameters as interface roughness and AF anisotropy.

1.2 Aim of the study

The aim of the present study is to propose a new system
exhibiting an exchange bias like phenomenon with well-
controlled magnetic characteristics which allow a simple
quantitative interpretation of the exchange field. In con-
ventional AF/F systems, the presence of the antiferromag-
netic layer is found to have two big disadvantages for the
understanding of the effect: first, as its net magnetization
is equal to zero, it is difficult to obtain a clear picture of
the magnetic configuration at the interface by any clas-
sical measurements. Secondly, the magnetic properties of
those materials are usually poorly characterized because
of the last remark. It was then decided to change the an-
tiferromagnetic material by a ferrimagnetic alloy such as
Rare Earth - Transition Metal (RE - TM) alloys.

Very specific exchange and anisotropy properties can
be obtained with amorphous alloys of Rare-Earth (RE)
and transition metals (TM). The exchange coupling of TM
with light RE is ferromagnetic while it is antiferromag-
netic with heavy RE. Very hard materials can be obtained
in RE-TM alloys with Sm, Tbh, or Nd. As a matter of
fact, these materials play a crucial part in exchange spring
magnets made of coupled hard -soft bilayers or multilay-
ers [9-11]. On the other hand, very soft materials can be
obtained with Gd. Moreover, an uniaxial anisotropy can
be induced in these soft alloys with specific growth [12], or
annealing conditions [13]. The use of RE-TM amorphous
alloys allows then to avoid structural defects (observed in
crystalline or polycrystalline samples), and to control both
interfacial interactions and anisotropy properties.

A previous study, performed with GdFe/TbFe, has
shown that it exhibits a negative exchange bias like phe-
nomenon [14]. In this case, the bilayer is made of a soft ma-
terial (GdFe) and a hard one (TbFe) with a ferromagnetic
coupling. The system can be classified as a spring mag-
net. It has been shown that the reversal of the soft layer
magnetization induces a magnetic domain wall (DW) at
the interface [13-16]. In this case, the hard material acts
as a potential barrier for the DW. In the case of antiferro-
magnetic coupling of two layers [13], the alignment of both
magnetization with an applied field induces a domain wall
at the interface between the layers.

The present study focuses on exchange coupled bilayer
ferri /ferromagnetic FegoGdag/Fess5Sn45 which shows pos-
itive and negative exchange bias like effect. In this sys-
tem, both layers are soft magnetic materials. FegoGdyg is
ferrimagnetic with an antiferromagnetic coupling between
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Fe and Gd and a dominant contribution of Gd moments.
The exchange coupling between the layers is dominated
by the Fe-Fe interactions. As a result, in zero field, the
configuration of the total magnetizations of the layers is
antiferromagnetic. Moreover, an uniaxial anisotropy axis,
necessary for a better understanding of the magnetization
reversal, is induced during deposition in both alloys and
in a parallel direction.

Preliminary results obtained by magnetization, sus-
ceptibility and magnetoresistance measurements on a
FegoGdyg 1000 A/ FessSn45 800 A bilayer have shown that
this device exhibits an exchange bias like behavior: minor
hysteresis loops corresponding to the reversal of one of the
layers are shifted by a field £Hpg [17]. It has been shown
that this reversal coincides with the creation or annihila-
tion of a DW at the interface between the layers.

Here, we present further experimental results and also
some quantitative interpretation of the exchange bias phe-
nomenon. In-phase and out-of-phase susceptibility mea-
surements have been performed to offer a distinction
between reversible and irreversible processes in the mag-
netization reversal process. The use of polarized neutron
reflectivity permits to observe the magnetic configuration
in the bilayer as a function of an applied field. Thus,
the position of the DW and its thickness can be deter-
mined. Finally, we have performed a systematic study of
the magnetization reversal of FegoGdao/Fess5Snys; bilayers
as a function of the thickness of the layers. The influence
of the temperature has also been investigated.

Quantitative interpretation of the observed results are
presented. We have performed analytical and numerical
calculations of the magnetic configuration within the bi-
layers. Firstly, considering the bilayer as a discontinuous
linear chain of spins, we have analytically evaluated the
energy of a DW at the interface between the layers as a
function of its position. This calculation shows that the
DW is confined in a potential well and is mainly located
in one of the layers. Within this assumption, we propose
a quantitative interpretation of the evolution of Hg as a
function of the thickness of the layers. Two simple analyt-
ical models for the DW, corresponding to a continuous
or discontinuous chain of spins respectively, have been
applied. The effect of the applied field on the DW has
been simulated. The evolution of Hgr with temperature
has been also accounted for. Also, to get a more precise
picture of the magnetic configuration within the bilayer,
numerical simulations have been performed which take
into account the magnetic characteristics (magnetization,
anisotropy, and exchange constant) of both alloys. These
simulations provide the best fits of magnetization mea-
surements and of the evolution of Hgr with the thickness
of the layers.

1.3 Structure of the paper

This paper is divided as follows: first, some experimen-
tal details are clarified, then experimental results are pre-
sented. In this section, we first present the study of single
layers which constitute the bilayer system. This permits to
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obtain the magnetic characteristics of each layer. Typical
magnetization loops of the FegoGdag/FessSnys system are
then shown and qualitatively interpreted. The tempera-
ture and thickness dependence of Hg is also shown. Fur-
ther informations are obtained from in-phase and out-of-
phase ac-susceptibility and polarized neutron reflectivity
experiments. In the following section devoted to simula-
tions, we firstly present analytical calculations which allow
an evaluation of the energy of the bilayers as a function
of the position of the DW. The evolution of Hg with the
thickness of the layers and some magnetization features
are discussed in the frame of two one-dimensional ana-
lytical models for a 180° DW. More elaborate numerical
simulations are then presented. The last section is devoted
to discussion and conclusion.

2 Experimental details

FegoGdyy and Fes5Snys alloys were prepared by co-
evaporation of the pure elements from three aligned cru-
cibles in a high vacuum chamber. These alloys will be re-
ferred as FeGd and FeSn. The deposition rates were mon-
itored by quartz oscillating systems, previously calibrated
by optical methods. The substrates (glass or Si plates)
were kept at 77 K in order to obtain amorphous alloys.
The pressure was in the 10~% torr range during the co-
evaporation. The compositions of the alloys were checked
by X-ray analysis and were found within the nominal val-
ues. The amorphicity of the alloys has been checked by
transmission electron microscopy. The mean roughness of
a 200 A thick FeGd layer determined ez situ by atomic
force microscopy is around 4 A. The FeGd alloy, which
is the most sensitive to oxidation, was always firstly de-
posited on the substrate. After preparation, the samples
were kept at 77 K.

Magnetization measurements were performed with
a superconducting quantum interference device magne-
tometer (SQUID). Susceptibility measurements were per-
formed in a He-cryostat in the frequency range: 10-10* Hz.
Both measurements were performed in the temperature
range 5 K-350 K, and up to a static field of 10* Oe.

The polarized neutron reflectivity experiment was car-
ried out on the high flux reflectometer ADAM at the In-
stitut Laue Langevin (Grenoble-France) [18]. The sample
was cooled with a closed cycle cryostat to the lowest tem-
perature (10 K). The magnetic field was provided by an
electromagnet.

3 Experimental results
3.1 Magnetization results
3.1.1 In-plane anisotropy

The aim of this part is to obtain the magnetic characteris-
tics (exchange, anisotropy) of each alloy and to deduce the
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Fig. 1. Hysteresis loops of single 1000 A thick FeGd layer
measured at 5 K for an applied field parallel or perpendicular
to the easy axis. Hx is the anisotropy field of the Stoner and
Wolfarth model.
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DW thickness and energy in both materials. These param-
eters will be used in the simulations of the experimental
results obtained with the bilayers.

Thin films of FeggGdy are ferrimagnetic with a Curie
temperature above 400 K [19]. We mention that the cou-
pling between Fe and Gd is antiferromagnetic and that
the net magnetization of the alloy is pointing along the
moment of the gadolinium at all temperatures for this
composition.

The presence of an uniaxial anisotropy in this alloy
is clearly shown in Figure 1. It presents two hysteresis
loops measured as a function of the applied magnetic
field parallel (H ||) or perpendicular (H L) to the easy
axis. The loop with H || is rectangular, whereas the loop
with H 1 shows vanishing remanence with almost no hys-
teresis, its evolution can be considered linear from —Hg
to Hyx where Hg is the anisotropy field. The easy axis lies
in the sample plane and is perpendicular to the vertical
plane containing the sources [12]. Following the model of
Stoner-Wohlfarth of uniform rotation [20], the anisotropy
constant given by K = MsHx here Mg is the magne-
tization, can be deduced from the magnetization loops.
From Figure 1, we evaluate an anisotropy constant equal
to 7 x 10* erg/cm?® with Mg = 1000 & 100 emu/cm? at
T =5 K. In a simple model of a DW treated as a linear
continuous chain of spins, the domain wall thickness and

energy in zero field are given by § = 74/ % and o = 4V AK

where A is the effective exchange energy per unit length.
Using the Mimura relation [21], which links together the
exchange constant A of an alloy, the spin value, the inter-
atomic distances and the exchange integrals, with np, = 3
and ngqg = 3 and the exchange integrals and spin val-
ues from reference [19]: Spe = 1 and Sgq = 7/2, we find
Aregd = 55 x 107% erg/cm. The domain wall thickness
and energy density are then evaluated to dpeqq = 900 A
and opega = 0.7 erg/cm? at T = 5 K for a 1000 A thick
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Fig. 2. Hysteresis loops of single 1000 A thick FeSn layer mea-
sured at 5 K for an applied field parallel or perpendicular to

the easy axis. Hi is the anisotropy field of the Stoner and
Wolfarth model.

100

layer. When the temperature is increased, both magneti-
zation and anisotropy field decrease, resulting in an almost
linear decrease of the anisotropy constant Kge.qq which is
close to 0.6 x 10% erg/cm? at 300 K. When the thickness
of the layer is decreased, the anisotropy field decreases
whereas the magnetization stays unchanged. We evaluate
an anisotropy constant Krega of 2.8 x 10% erg/cm? for a
thickness tpeca of 200 A and then a zero field DW energy
density opecq of 0.5 erg/cm? at T =5 K.

Single layers of Fes5Sngs are ferromagnetic with a
Curie temperature close to 350 K in agreement with ear-
lier studies [22]. Figure 2 shows that this alloy exhibits
an uniaxial anisotropy. The anisotropy constant can be
evaluated to Kpesn = 1 x 10% erg/cm? with My = 480 +
50 emu/cm?®. From the mean field theory, we can deduce
the exchange integral jpe_ e = % =6.6x10" P erg
with the Curie temperature T, = 350 K, the number of
near-neighbors z = 10, the concentration = 0.55 and
the Fe spin equal to 1 [22]. The effective exchange en-
ergy per unit length of a domain wall Ap.s, can then
be evaluated from the Mimura relation with ng, = 2:
Apesn = 15 x 1078 erg/cm. The domain wall thickness
and energy density are evaluated to dpesn = 1300 A and
OFesn = 0.15 erg/cm2 for a 1000 A thick layer at T'=5 K.
When the temperature is increased, a decrease of both
magnetization and anisotropy field is observed. This re-
sults in an almost linear decrease of the anisotropy con-
stant which reaches 0.65 x 10* erg/cm?® at T = 300 K.
Unlike the FegyGdyg alloy, no thickness variation of the
anisotropy field is observed in the range of thickness of
250 A to 1500 A.

In conclusion, we have clearly determined the magnetic
properties of each alloy. They both exhibit an easy axis in
the plane of the film and perpendicular to the direction
made by the crucibles. As the three crucibles used for
the evaporation of the bilayers are aligned, the anisotropy
axis of the alloys are parallel. The estimated values of DW
thickness and energy proposed above have to be consid-
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Fig. 3. Normalized magnetization versus field of a FeGd
1000 A /FeSn 800 A bilayer measured at 5 K.

ered only as an order of magnitude because of the crude as-
sumptions made for the evaluation of A (estimation of the
number of nearest neighbors, of the exchange integrals).
It provides nevertheless an useful material for comparison
with values obtained from the study of the DW in the bi-
layers. We can from now on notice that the DW width is
of the order of 1000 A for both alloy and that the DW
energy is much lower in the FeSn than in the FeGd alloy.

3.1.2 Characteristic magnetization loops of FeGd/FeSn
bilayers

In this section, two typical magnetization loops obtained
for two different bilayers are described.

Figure 3 shows the normalized magnetization (with re-
spect to the magnetization measured for H = 10 kOe) of a
FeGd 1000 A /FeSn 800 A bilayer at T' = 5 K. The field has
been applied along the common direction of the anisotropy
axis of both layers. This loop exhibits three distinct steps.
When the field is decreased from 10 kOe, the magneti-
zation slowly decreases with decreasing field until a first
drop of magnetization occurs for a positive field Hg; fol-
lowed by a plateau. When the field is reversed, two drops
are observed for H = Ho and H = Hpgs. The magne-
tization then slowly reaches saturation as the amplitude
of the field is further increased. When the field is swept
back, symmetric loops are observed. These features can
be interpreted as illustrated in Figure 4. In a high posi-
tive field (H > 100 Oe), the net moments of both layers
tend to be aligned in the direction of the field. Because
of the dominant ferromagnetic Fe-Fe exchange interaction
which favors the alignment of the Fe moments of both lay-
ers, a domain wall of width § spontaneously develops at
the interface between the two layers: as the energy of a
DW is lower in FeSn than in FeGd, we expect the DW to
be located primarily in the FeSn alloy. Because of the uni-
axial anisotropy of both alloys, this DW is a 180° Bloch
wall with a modulation vector perpendicular to the film
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Fig. 4. Magnetic configurations of the bilayers for different
stages of the magnetization loop.

plane. The magnetic configuration is illustrated in Fig-
ure 4a. When the field decreases, the magnetization de-
creases as this DW decompresses, i.e. further extends into
the bilayer: 6’ > ¢ (Fig. 4b). For H = Hps, the DW is
annihilated with the reversal of the FeSn layer which has
the lower total magnetic moment. Between Hpri and He,
the bilayer keeps its antiferromagnetic configuration with-
out any DW (Fig. 4c) and the magnetization stays con-
stant. From the magnetization of each alloy, it can be
readily verified that the normalized magnetization of this
plateau corresponds to the antiferromagnetic configura-
tion. At H = H¢, the whole bilayer reverses (Fig. 4d).
For H < Hps, the FeSn reversal induces the creation of
a DW in the bilayer which is then compressed when the
amplitude of the field is increased (Fig. 4e).

When the field is swept back, the DW is decompressed.
The variation of magnetization with decreasing and in-
creasing field are nearly superimposed for H < —70 Oe as
expected for compression and decompression stages which
are reversible processes. The complete magnetization loop
exhibits two minor loops associated to the reversal of the
FeSn layer centered at H = £ Hg. The width of these mi-
nor loops is due to the coercive field HES" of the FeSn
alloy. This is very similar to the exchange bias effect ob-
served in AF/F bilayers where the magnetization loop is
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Fig. 5. Normalized magnetization versus field of a FeGd
600 A/FeSn 1500 A bilayer measured at 5 K.

shifted toward positive or negative fields when the system
is cooled under an applied field across the Néel tempera-
ture of the AF.

Figure 5 shows the normalized magnetization of a
FeGd 600 A/FeSn 1500 A bilayer at 7 = 5 K. The main
difference with the last case is that the magnetization per
surface unit of the FeSn layer is higher that the one of
the FeGd layer. Unlike the previous case, this magneti-
zation loop exhibits only two steps of magnetization at
H = Hpy and H = Hgis. When a high positive field is
applied, a 180° DW, as sketched in Figure 4a, spreads
out in the FeSn layer as in the previous case. Also, as the
field is decreased, this DW extends into the FeSn layer
and the magnetization decreases (Fig. 4b). For H = Hp;,
the DW is annihilated with the reversal of the FeGd layer
which has the lower magnetic moment per surface unit
in this bilayer. For Hry < H < Hpo, the bilayer keeps
an antiferromagnetic configuration as sketched in Fig-
ure 4d. For H = Hps, the FeSn magnetization tends to
be aligned with the field and a 180° DW is created in this
layer (Fig. 4e).

3.1.3 Thickness and temperature dependence of Hg

A set of bilayers with different thickness ranging from
200 A to 1500 A for both alloys have been studied. All
magnetization loops exhibit the same behavior as shown
in Figures 3 or 5: when the field is decreased after sat-
uration, a reversal of one layer is observed for a posi-
tive field Hp, followed by a plateau of magnetization
with a positive value of magnetization until the field is
reversed. It has been clearly shown in the previous sec-
tion that the layer which magnetization reverses in pos-
itive field is the one which has the lowest magnetization
per surface unit. Hg is then mainly a function of pyi, =
min(tFeSnMFeSn;tFeGdMFeGd) where tFeSn; tFeGd; MFeSna
Mecq, are the thickness and saturation magnetization of
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Fig. 7. Temperature dependence of Hpg for the FeGd
1000 A/FeSn 800 A bilayer. The straight line is a guide for
the eye.

the FeSn and FeGd alloys respectively. Figure 6 shows the
evolution of Hg as a function of pmin. A decrease of Hg
is observed as pmin increases.

Figure 7 shows the temperature dependence of Hg for
the FeGd 1000 A/FeSn 800 A bilayer. Hg slightly de-
creases with increasing temperature from 5 K to 300 K.
Both these evolutions will be interpreted in the section
devoted to the analytical and numerical simulations.

To insure the simple model proposed for the magne-
tization reversal of a bilayer, we present below other ex-
periments performed with ac-susceptibility measurements
and polarized neutron reflectivity which are both sensitive
to the presence of a DW.
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Fig. 8. In phase X’ and out of phase x” ac susceptibility of
a FeGd 1000 A /FeSn 800 A bilayer measured at 5 K with an
applied field parallel to the easy axis.

3.2 Susceptibility results

In-phase ¥’ and out-of-phase x” ac susceptibility have
been measured with a 30 Hz frequency and a 2 Oe al-
ternating field parallel both to the static field and to the
easy axis. The signal is independent of the frequency in the
range 10-10* Hz which are far from usual resonance fre-
quencies of DW. x’ and x”’ are plotted as a function of the
static field in Figure 8 for the FeGd 1000 A/FeSn 800 A
bilayer. The response to the excitation arises essentially
from spins with a component perpendicular to the oscil-
lating field. As those spins are present only in the DW,
it makes the measurements very sensitive to the presence
of DWs.

X’ corresponds to the linear response of the system
and is sensitive to reversible processes. From Figure 8, we
can observe that x’ increases as the width of the DW in-
creases and that it drops to almost zero when the DW
vanishes. It has been shown previously that x’ is propor-

. 88 (H)
tional to —=5
DW increases.

X" arises from irreversible processes. As a matter of
fact, during the decompression or compression of the DW
for H > Hpy or H < Hpga, X" is close to zero. x” exhibits
sharp peaks for H close to Hgy or Hro, when the irre-
versible reversal of the FeSn layer occurs. Both x’' and x”
are close to zero when the configuration of the bilayer is
antiferromagnetic between Hr; and Hpgs.

[17], it then increases as the size of the

3.3 Polarized neutron reflectivity

Neutron reflectivity measurements were performed in or-
der to investigate the orientation of magnetization for
both alloys in the bilayer. The use of polarization analysis
has allowed the measurement of the non spin flip reflected
intensities 7T+ and I~ ~, where the neutron keeps its po-
larization state before and after reflection. The measure-
ments have been done with the FeGd 1000 A/ FeSn 800 A
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bilayer and three applied fields: 15 Oe, 120 Oe and 2 kQOe
in order to observe the antiferromagnetic (AF) state and
two DW states with different DW sizes (large DW (LDW)
state: 120 Oe, small DW (SDW) state: 2 kOe).

For a better comparison of the evolution of the spec-
tra with the field, the so-called 17+ and I~~ intensities
have been chosen to refer to a polarization of the neutron
parallel (IT1) and antiparallel (/=) to the magnetiza-
tion of the top of the bilayer. In the case of the DW state,
the top of the FeSn layer is parallel to the field, in the
case of the antiferromagnetic state, the top layer is indeed
antiparallel to the applied field. The measured reflected
intensities are plotted in Figures 9a, b, ¢ as a function
of the momentum transfer ¢ of the neutron perpendicular
to the surface. The critical angle of the total reflection is
proportional to /b + p when the polarization of the neu-
tron is parallel to the magnetization of the top layer and
to v/b — p when it is antiparallel, b is the nuclear scattering
length, p is the magnetic scattering length proportional
to the magnetization. The total reflection occurs at the
same ¢ value for the three spectra in each figure: this cor-
roborates that the top of the FeSn layer is always parallel
or antiparallel to the field. Nevertheless, the three spec-
tra corresponding to the three magnetic fields are clearly
different. One can notice that the oscillations of the AF
state (15 Oe) and the LDW state (120 Oe) are almost out
phase: for instance, for ¢ = 0.025 A~!, I'** is minimum
for H = 120 Oe whereas it is maximum for the same q
value and H = 15 Oe.

Simulated reflected intensities, calculated with a pro-
gram based on the formalism described in reference [23],
are also plotted in Figure 9. Three sets of parameters
must be distinguished: (i) real and imaginary nuclear scat-
tering length density, magnetic scattering length density,
these parameters, which can be firstly evaluated from ta-
bles, bibliography and magnetic measurements, are char-
acteristic of the alloys; (ii) thickness and roughness of the
layers, these parameters concern the structure of the bi-
layer which can be evaluated with measurements of the
deposited thickness during evaporation and with ex situ
atomic force microscopy, (iii) finally, parameters concern-
ing the magnetic configuration of the layers. Parame-
ters (i) and (ii) have been firstly evaluated, they have then
been changed around their nominal values to get a reason-
able agreement between experimental data and simulation
for the AF spectra (Fig. 9a). Characteristics of the bilayer
deduced from the parameters used for simulations and
corresponding value deduced from other measurements
are reported in Table 1. The real and imaginary part of
the density of nuclear scattering lengths correspond to an
atomic density of 3.3 x 10?2 at /cm? for FeGd alloy and
5.4 x 1022 at/cm? for FeSn. This last value is in agreement
with previous measurements [24] (5.4 x 10?2 at/cm?®). The
magnetic scattering lengths correspond to magnetizations
of 530 emu/cm?® and 870 emu/cm? for the FeSn and FeGd
alloys respectively, which agree with magnetization mea-
surements (Tab. 1). The thickness of the layers used in
the simulations: 990 A for FeGd and 790 A for FeSn are
in good agreement with the evaluation made during evap-
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oration. The roughness of the layers: 10 A for the FeSn
layer and 8 A for FeGd correspond also to a reasonable
value for amorphous alloys, we recall that a roughness of
4 A has been measured with a 200 A thick FeGd layer
(from atomic force microscopy).

Once these parameters have been chosen, they were
kept unchanged for the simulations of the DW states.
Considering firstly the spectra for H = 120 Oe, the sim-
ulated intensities plotted in Figure 9b are obtained with
a 180° DW enterely located in the FeSn layer. The FeSn
layer has been divided into 20 sublayers, the magnetic
scattering length density of each layer is proportional to
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Table 1. Characteristics of the bilayer deduced from the parameters used for the simulation of the neutron reflectivity spectra:
layers thickness and roughness, magnetization and atomic density of the alloys, the nominal layer thickness deduced from
measurements during evaporation and the magnetization measured on individual layers are also reported.

Thickness  Nominal Atomic Roughness Magnetization Measured
used thickness  density used used deduced Magnetization
for (A) for for from (emu/cm?)
simulation simulation simulation simulation
(A) (at / cm®) (A) (emu/cm?)
FeGd 990 1000 3.3 x 10% 8 870 1000 + 100
FeSn 790 800 5.4 x 10* 10 530 480 + 50
cos f where 6 is the angle between the field and the mag- 1
netization of the sublayer. We have assumed that 6 = 0
for the top layer and that 8 = 7 at the interface with
the FeGd. The evolution of cosf with the distance of the 051l i
sublayer from the interface is plotted in Figure 10. A DW
width of about 300 A is obtained. Within the assumption —
that the DW is spread in both layers, for instance, if we S oL i
assumed that a 90° DW is present in both layers, the cal- 4
culated intensities totally deviate from the experimental o 1T e
ones. The spectra for H = 2 kOe have been firstly sim- 051 H=2kOe : § =80A ]
ulated with a ferromagnetic configuration (no DW in the ——H=120 Oe : & =300A
bilayer), in that case, large discrepancies with the experi-
mental data are observed, specially for the I~ reflection. -1 L ! !
The simulations plotted in Figure 9c have been obtained 0 100 200 300 400
with a DW totaly included in the FeSn layer with a 80 A thickness ( A)

width (Fig. 10). As it will be shown by numerical simula-
tion, a small part of the DW could enters for this field in
the FeGd layer. Assuming that the DW is spread in both
layer with a 30° DW in the FeGd layer and a 150° DW
the FeSn layer, the simulated spectra fit the experimental
data almost as in Figure 9c. Neutron reflectivity allows
then to confirm the presence of a DW for H = 2 kOe but
do not allow to state if a small part enters or not the FeGd
layer. In the same way, because of the poor agreement be-
tween simulations and experimental spectra for both DW
states, a change of 20% of the DW width does not clearly
modify the quality of the fitting between simulation and
experiment.

As a conclusion, these measurements corroborate the
presence of a DW at the interface between the layers which
is mainly included in the FeSn layer, and also the decrease
of the DW width with increasing field.

4 Simulations of magnetic reversal
in FeGd/FeSn bilayers

Magnetization, ac-susceptibility and polarized neutrons
reflectivity measurements clearly show the formation of
a DW in FeSn/FeGd bilayers at the interface between the
layers. Moreover, the neutron experiment has shown that
this DW is preferentially located in the FeSn layer. This
DW can be compressed by an applied field. The exchange

Fig. 10. Profile of the DW used for the simulations of the
neutrons spectra. J is the evaluated width of the DW.

bias field is found to be the field at which the DW is an-
nihilated or created. Hg slightly depends on the tempera-
ture but clearly depends on the thickness of the reversing
layer. In the present section, we will show that the bi-
layer system can be modeled as a potential well for the
DW. The magnetic profile as a function of the applied
field, and the temperature and thickness dependence of
the exchange field, will be studied using analytical and
numerical models.

If the coercivity of the reversing layer near Hg is ne-
glected, i.e., no structural defects pin the DW, one can
assume that the system always adopts the magnetic con-
figuration which minimizes its energy. We firstly present
a simple calculation of the energy of the bilayer, submit-
ted to an applied field, as a function of the position of the
DW. This permits to localize the DW and to see the effect
of the field. We propose a quantitative analysis of magne-
tization results with one-dimensional models for the DW
that permit analytical calculations. The DW is supposed
to be entirely confined in the FeSn layer. In the models
used, the DW is treated both as a discontinuous or as a
continuous linear chain of spins. Values for domain wall
thickness and energy is derived from both models. These
expressions permit an analysis of the DW compression
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FeGd
Position X
of the DW center
Fig. 11. Schematic view of the bilayer with a DW spread in
both layers. The full arrows represent the Fe moments and the
dotted one represent the Gd moments.

stage in the magnetization loop, of the evolution of Hg
as a function of the layers thickness and also as a func-
tion of temperature. Finally, we present results obtained
from numerical simulations which take into account the
magnetic characteristics of both alloys and provide the
magnetic profile of the total bilayer.

4.1 A Basic equation: balance sheet of energy

The bilayer is considered as a chain of spin divided in
two parts corresponding to the FeSn and FeGd layers (see
Fig. 11). When a field is applied, it is assumed that a DW
is present between the two layers. The aim of the present
calculation is to determine with simple assumptions the
magnetic configuration which minimizes the energy of the
whole chain, it is then modeled as a potential well.

The DW is located with the abscissa X of the moment
with an angle §; = (M;, H) = 5 which represents the ‘cen-
ter’ of the DW. X = 0 corresponds to a 180° DW centered
at the interface, which can be divided in two 90° DWs in-
cluded in the FeSn and in the FeGd layer respectively.
X is positive (respectively negative) when the moment
for which 6 = 7 belongs to the FeSn layer (respectively
to the FeGd layer). The energy of the DW with respect
to the saturated state has been calculated as a function
of X. In fact, as it will be shown below, the minimum of
the energy of the bilayer is always found for X > 0, that
is why the case X < 0 has not then been investigated.
The moments in the FeSn layer are assumed to rotate
from 0 at the top of the layer to an angle 8, near the in-
terface. In the assumption of a discontinuous linear chain
of spins, the 6; angles vary linearly with the position in
the FeSn layer. Because of the AF coupling between FeSn
and FeGd, the moments in the FeGd layer rotate from
0 far away from the interface to m — 0, at the interface
with the FeSn layer. The energy of the 180° DW is given
by 0(X) = 0Fesn + OFeGd, Where opes, denotes the energy
of the (6,) DW in the FeSn layer, and opcqq the energy
of the (w — 6,)DW in the FeGd layer. The calculation of
the characteristics of a (6,)DW for a discontinuous chain
of spins is detailed in the appendix.
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Fig. 12. Energy of a DW as a function of its distance from
the interface in the FeSn layer for two applied fields: 40 Oe and
70 Oe. The straight lines correspond to the energy of the AF
state of a FeGd 1000 A /FeSn 800 Abilayer for the same fields.

When 6, > 5, the ‘center’ X of the DW in the FeSn
alloy is given by

x=0,(1-5)
p

X

2AFeSn

—a ——.
Krosn (1— 22272 L opppe i (1 — 227
20, 0,

The contribution of the FeSn and FeGd alloys to the DW
energy are then given by:

OFeSn =
02 .
ep 2AF€SU KFpesn 1_Sln ep +2Mrpesn H 1—Sln Hp
20, 7,
and
sin 26
OFeGd = (TF - 9;0) (QAFeGd (KFeGd (1 + m)

. 1/2
+2Mrpeca H (1 _ sinfp )))
T —0p

o(X) is plotted in Figure 12 for two applied fields. This
calculation has been done with parameters (exchange con-
stants, anisotropy constants and saturation magnetization
values ) evaluated in the previous section. Both curves
exhibit the shape of a potential well. The maximum X
value corresponds to 0, = m when the DW is entirely lo-
cated in the FeSn layer, X is then given by the half width
of the DW. For all fields, the minimum of ¢(X) is lo-
cated in the FeSn layer. It corresponds to a 60, value of
161° and 157° for H = 40 Oe and 70 Oe respectively:
the main part of the DW is included in the FeSn layer.
The minimum of ¢(X) shifts towards the interface as the
field increases, this is the signature of the compression
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of the DW. The energy of the antiferromagnetic state
called AF(H) is also shown in Figure 12 in the case of
the FeGd 1000 A/FeSn 800 A bilayer. This energy is cal-
culated with respect to the saturated state and is given
by AF(H) = 2MpesntresnH where Mpegy and tpesn de-
note saturation magnetization and thickness of the FeSn
layer, respectively. For H = 40 Oe < Hp, the minimum
energy state is reached for an antiferromagnetic configura-
tion whereas for H = 70 Oe > Hp, the energetically most
favorable state is described by the formation of a DW.
This is in agreement with the experimental results. The
DW is then located in a potential well unless the energy
of the AF configuration is lower than the energy of the
DW state. In that case, the system drops to the AF state.
For H = Hg, the energy of the DW state must be equal
to the one of the AF state. For any bilayers, the following
equation can then be written:

24imin Hp = 0(HE) (2)

where Hmin = min(tFeSnMFeSn;tFeGdMFeGd) is the mag-
netic moment per surface unit of the layer which reverses
at Hpg. Note that this expression is equivalent to (1).

4.2 DW simulated with one dimensional analytical
models

In the following, equation (2) mentioned above will be
used to evaluate Hg. Our goal is to obtain a simple model
which fits the evolution of Hgr with the thickness of the
layers and with temperature (Figs. 6 and 7). To get an an-
alytical expression for o (Hg), some simplifying assump-
tions will be made: the DW will be supposed to be lo-
cated entirely within the FeSn layer and will be consid-
ered, firstly as a discontinuous and, in a second approach,
as a continuous linear chain of spins.

4.2.1 Models

(a) Discontinuous linear chain of spins

The thickness and energy of a (6,) DW for a discontinuous
chain of spins is presented in the appendix. From these
expressions, the thickness and energy of a 180° DW can
be simply deduced with 6, = =

24 > A4 H

o) = 7T\/K+ IMH 7r\/1 Tl
(3)
o(H) = /IAGA T 7 = nIARA T30, ()

(b) Continuous linear chain of spins

We consider a semi-infinite linear chain of spins,
where 0(z) is the angle between the field applied along
the easy direction, H, and the spin at position z. The ex-
cess energy due to the presence of a 180° domain wall is

The European Physical Journal B

given by:

E:
90\ > L
Al =— ) + MH(1—cosf(z)) + K sin“ 0(z) | dz.

/Ooo 0z
(5)

The minimization of this expression with the bound-
ary conditions §(—o0) = 0 and 6(0) = 7 gives 6(z) =

2 arctan [\/% ng(h))} where h = H—Ii{ and £(h) =

q/ﬁ. This model is more realistic than the previ-

ous one as it provides an asymmetric DW profile: i.e. the
rotation of the spins increases as z approaches 0 or 6 ap-
proaches 7.

The domain wall thickness can be evaluated by §(h) =
m¢(h) and the domain wall energy is given by

o(h) = 4VAK [th (1 VI h) - gLn(h) +VIth|.
(6)

4.2.2 Simulations of experimental results

(a) Domain wall compression

For H > Hp1, the magnetization loop shows an increase
of magnetization with applied field corresponding to a
compression of the domain wall. If this domain wall is
located in the FeSn layer, the magnetization of the bilayer
is given by:

1

7(MFeGtheGd + MFeSn(tFeSn - 5(H))) (7)
tFeGd + tFesn

Figure 13 shows a fit of magnetization of the FeGd
1000 A/FeSn 800 A bilayer for H > Hpg; with this
expression where 0(H) is given by the discontinuous
model (3). The anisotropy constant has been fixed to
the value obtained for the FeSn alloy with single layers
measurements. The fitted value of magnetization are 965
and 445 emu/cm? for FeGd and FeSn alloys respectively
in agreement with magnetization measurements (which
yielded 1000 £ 100 emu/cm?® and 480 4 50 emu/cm3). The
fit also provides a value of the exchange constant A =
17 x 1078 erg/cm close to the evaluation made with mean
field theory for the FeSn alloy (A = 15 x 1078 erg/cm).
From equation (7), we can evaluate the size of the DW
for the magnetic fields studied during the neutron experi-
ment. We obtain § = 400 A and 80 A for H = 120 Oe and
2 kOe respectively. These values are close to the size de-
duced from the DW profile of figure 10 (300 A and 80 A).

(b) Dependence of Hg on the thickness of the layers

The fits of Hg with equation (2) and using expressions (4)
and (6) for the energy of the domain wall are plotted
in Figure 6. For these fits, the magnetization M and
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Fig. 13. Magnetization of the FeGd 1000/FeSn 800 bilayer
versus applied field (open circles) fitted by the discontinuous
model (straight line).

anisotropy constant K have been fixed to the value ob-
tained from measurements on single layers, only the value
of the exchange constant Apesy, has been varied. It is ob-
served that at low fields the discontinuous model and at
higher fields the model of a continuous spin chain are less
appropriate to properly reproduce the experimental re-
sults. Nevertheless, the fits provide values for the effective
exchange constant of 8x 1078 erg/cm for the discontinuous
model and 16 x 10~® erg/cm for the continuous that are
close to the evaluation made for the FeSn alloy from mean
field theory (15 x 1078 erg/cm). This insures the assump-
tion of the localization of the DW in the FeSn layer, as
the exchange constant in the FeGd alloys is much higher.
We recall that the more realistic model is the continuous
one as it allows an asymmetric profile of the DW in an
applied field.

(¢) Temperature dependence of Hg

Figure 7 shows the temperature dependence of Hg for
the FeGd 1000 A/FeSn 800 A bilayer as obtained from
magnetization measurements. Hp slightly decreases with
increasing temperature from 5 K to 300 K. This temper-
ature dependence is related to the temperature depen-
dence of magnetization, exchange constant and anisotropy
of both alloys. In the frame of the more simple model, us-
ing equations (2) and (4) and considering that the ex-
change constant is proportional to the square of mag-

Hy ()]
netization, it is obvious to deduce that [ Hi(T;)} =

2Mresn (T1)HE (Th)+Kresn (Th) . :
M rcsn (To ) He (To)t Krcor (T5) Considering the temperature

dependence of Mpegn and Kpes, obtained from measure-
ments on single layers, with Hg = 55 Oe at 5 K, we can
calculate Hg = 38 Oe at 300 K which is close to the
measured value (43 + 3 Oe, derived from magnetization
measurements). This crude model permits to recover the
slight decrease of Hg with increasing temperature.
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Fig. 14. Measured and simulated magnetization loop of the
FeGd 1000 A/FeSn 800 A bilayer. The simulation has been
made with numerical simulations.

4.3 DW simulated with numerical simulations

To get a more precise picture of the magnetization pro-
file in the bilayers, we have performed numerical simula-
tions which take into account the magnetic characteristics
of both alloys (magnetization, anisotropy and exchange
constants). The magnetic configuration is supposed to be
uniform within the plane of the bilayer and to vary only
along the direction perpendicular to the sample surface.
We can then treat the bilayers as a discrete chain of n
spins, its magnetic configuration is given by the n an-
gles 6; between each moment #; and the applied field H.
The exchange energy between w; and ;41 is proportional
to 2A;d; where A; denotes the exchange constant and d;
the distance between neighboring moments or planes of
the material. Each moment is subjected to an uniaxial
anisotropy k; parallel to the applied field. The angles 6;
are obtained by minimization of the total energy Fyu::

n

Etot = Z 7‘LL,LH COS(@Z') + kz SiIl2 (91) — 2A1d1 COS(@Z' — 9i+1)

i=1
(8)
with A,, = 0. The first two terms and the last term repre-
sent the one and two-sites interactions, respectively. The
dipolar energy has been neglected as the moments lie in
the plane of the layers.

This minimization of equation (8) with respect to the
n angles 0; has been done with a method introduced by
Derrida and Vannimenus [25], which allows an exact calcu-
lation of the 0; angles which take p discrete values between
0 and 27 . This method has been previously used for the
study of interfaces in random media at zero temperature.
The calculation takes advantage of the fact that there are
only nearest-neighbor interactions in the energy.
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The loop M(H) =
Zui cosf; is plotted in Figure 14 with the experi-

simulated magnetization

K3

mental data. The calculated magnetic configuration
with this method always gives the true state if unique
and is insensitive to the presence of metastable states.
The later explains the absence of hysteresis in the
magnetization curve in Figure 14. The calculations
have been done with p = 4000. Values for the mag-
netic moment pu; and anisotropy k; per site have been
deduced from single layers measurements assuming
the same atomic density as for the bilayer used in the
neutron simulations. The distances between planes have
been evaluated to 2.65 A and to 3 A in the FeSn and
FeGd alloys respectively. Only the exchange constants
inside the alloys Apesn and Apecq and between the
layers Apesn/Feqa have been adjusted in order to obtain
the best agreement with the experimental results. The
decrease of magnetization due to a decompression of the
DW and the step of magnetization at H = Hg are well
reproduced by the simulation. The exchange parameters
inside the alloys are Apesn, = 23 x 1078 erg/cm,
Apeca = 72 x 1078 erg/cm which are close
to the evaluation made with mean field theory
(Apesn = 15 x 1078 erg/cm, Apeca = 55 x 1078 erg/cm).
The antiferromagnetic exchange coupling has been
determined to Apesn/reca = —56 x 1078 erg/cm. The
obtained DW profile cos#; is plotted in Figure 15 for
several fields: 80 Oe, 250 Oe and 2 kOe. The profile is
asymmetric even for 80 Oe. The DW is always mainly
confined in the FeSn layer. Nevertheless, the rotation
of the moments inside the FeGd layer increases when
the field increases: i.e. the DW increasingly “enters” the
FeGd layer. Keeping the exchange constants fixed, we
have performed simulations for other thicknesses of the
FeSn layer. These simulations have been made with the
same set of parameters (all parameters are then fixed), we
have neglected the dependence of the anisotropy constant
of the FeGd alloy with the thickness of the layer (which
is not significant as the domain wall is mainly confined in
the FeSn layer). The field of the step of magnetization Hpg
is plotted in Figure 6: the experimental variation of Hg
is perfectly reproduced by the simulations.

5 Discussion and conclusion

Antiferromagnetic exchange coupled bilayers FeSn / FeGd
have been prepared by co-evaporation. This technique has
allowed to induce in-situ a well-defined uniaxial anisotropy
in each layer. Magnetic properties of both alloys have been
well quantitatively characterized. In this system, since the
net magnetization of the ferrimagnetic material is paral-
lel to the moment held by the rare earth, and the inter-
face coupling is dominated by the ferromagnetic Fe-Fe ex-
change interaction, it results in an antiferromagnetic cou-
pling at the interface between the two layers.

For all FeSn and FeGd thickness (between 200 A and
1500 A), we observed exchange bias phenomenon, that is
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Fig. 15. Magnetization profile of the FeGd 1000 A /FeSn 800 A
bilayer deduced from numerical simulations. This profile is
given by cos 6 where 6 is the angle between each moment and
the applied field.

to say, the shift of the hysteresis loop of one of the layer to-
wards a field Hg. The layer which magnetization reverses
at Hg is the one which has the lower magnetization per
surface unit. The field Hg is found to depend strongly
on the layer thickness and slightly on temperature. The
use of magnetization susceptibility and polarized neutron
reflectometry permits to draw the following explanation.

When a large field is applied along the easy axis of
both layers, the two magnetizations tend to be aligned
along the field. But because the coupling between the mag-
netizations is antiferromagnetic, a DW is created at the
interface. As the amplitude of the field is decreased, the
DW tends to grow (DW decompression). However when
the DW energy is larger than the Zeeman energy needed
to reverse one of the layer, an antiparallel alignment of the
two layers is favorable. As a consequence, the magnetiza-
tion of one of the layer rotates at a positive field Hg and
leads to the annihilation of the DW. The exchange bias
phenomena in that case is then dominated by the presence
of an interfacial DW. Polarized neutron reflectometry has
clearly shown the presence of the DW and is in agreement
with the assumption of the localization of the DW in the
softer FeSn alloy.

In order to give credit to the above interpretation and
allow a quantitative understanding, a simple model for
which the whole bilayer is considered as a discontinuous
chain of spin has been developed. The system is supposed
to keep its minimum energy state when the position of
the DW is varied. This shows that the system acts as a
potential well which traps the interface DW. The center
of the DW is always located in the FeSn layer. When the
applied field is increased, the well gets deeper and the
minimum energy is localized closer to the interface. This
is consistent with the observed compression of the DW
under an applied field.
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For H = Hg, the change of Zeeman energy of the re-
versing layer balances the energy of the DW. With the as-
sumption of the location of the DW to be within the FeSn
layer, the evolution of Hg, as a function of the net moment
of the reversing layer, is well described within the frame of
two analytical models for the DW, treated as a continuous
and as a discontinuous linear chain of spins. The model of
a continuous spin chain was found to be more appropri-
ate and properly yields an asymmetric profile for the DW.
The variation of Hg with temperature is also accounted
for. Moreover, using a numerical calculation which takes
into account the characteristics of both alloys, the best fit
of the dependence of Hg with the moment of the revers-
ing layer is obtained and the magnetization measurements
well reproduced.

In conclusion we have grown a new type of system
which exhibits exchange bias phenomenon: (ferrimagnetic
GdFe/ ferromagnetic FeSn). It has been shown that the
magnetic properties of the FeSn/FeGd system are well
characterized and controlled and it offers a preferential
system for the investigation of DW via susceptibility and
neutron reflectivity measurements. It then constitutes a
model for the understanding of the role of DW in less
known systems.

It may be compared to conventional exchange bias sys-
tem (AF/F):

Concerning fundamental understanding of the magne-
tization reversal processes, it is clear that in the studied
Ferri/Ferro the phenomenon is dominated by creation,
compression- decompression of interface DW. Note that
this explanation is very similar to the one given by Mauri
in the case of AF/F bilayers [5]. In our case, thanks to the
amorphous structure which avoids the presence of struc-
tural defects, no formation of domains and lateral DW
have to be taken into account. The main difference be-
tween the two systems is that the ferrimagnetic alloy is
not fully compensated as the antiferromagnetic alloy.

For the applications, ferri/ferro system based on TM
compounds, might be an alternative for the design of mag-
netoresistive systems. Indeed, it was shown that the am-
plitude of the exchange bias could be easily controlled and
that this field was thermally stable. Also, because of the
antiferromagnetic coupling at the interface, such bilayer
can be tailored to display a small magnetic moment. Thus
the dipolar coupling between the free and the fixed layer,
in for example a spin valve or tunneling junction device,
can be minimized. Finally, as Curie temperatures for fer-
rimagnetic material can be larger than usual Néel temper-
ature in AF material, we can expect these devices to have
a higher limiting temperature.

Appendix

The (0,) DW is considered as a discontinuous linear chain
of n 4+ 1 spins 7 making an angle 6; with respect to the
applied field; 6y = 0, 0, = 0, and 0; = z‘%’% The width
of the wall is given by dp, = nd where d is the distance
between neighboring spins.

The chain is submitted to an uniaxial anisotropy with
energy constant per unit volume K and to an applied
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field H parallel to the easy axis. The effective exchange
energy per unit length of the chain is A, and the mag-
netization of the material M. The excess of exchange-,
anisotropy- and Zeeman-energy per surface unit due to
the presence of the domain wall, with respect to the sat-
urated state, is given by:

A n—1
oo, = 2E (n — Z cos(fi41 — 91)>

1=0
+dKZsin29i+dMH<anos&->
=0 1=0
A ndK sin 20 sin 0
~—02 4+ —— (1- L dMH (1-—22
P A < 20, >+" < 0, >
for n > 1.

The minimization of this expression as a function of n
provides the DW width:

0p. =nd=20 - - .
P P % 1_sm29p CMH 1_sm€p
20, 5,

If 0, > 3, the center X of the DW, defined as the distance
between the spin n and the spin with 6; = 7, is given by:

™ ™
xend(ig) =0 (- 5g)

A

X ; ; :
% 1_s1n29p L MH 1_sm€p
20, Op

The energy of the 6, DW is:

oo, =0, |24 | K L ANy PR LAY
b 20, 0,
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