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An exchange-bias-like phenomenon has been observed in amorphous GdFeyTbFeyGdFe trilayers
called domain wall junctions. They show classical ferromagnetic/antiferromagnetic behavior, and
particularly, a characteristic hysteresis loop shift. The bias-like field is attributed to the occurrence
of domain walls (DWs) at the interface which can be compressed or decompressed by the external field.
We show convincing evidence of these DWs from ac-susceptibility measurements. An evaluation of
the bias field is proposed. [S0031-9007(99)09165-6]
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The phenomenon of exchange bias usually arises
samples composed of ferromagnetic (F) and antiferroma
netic (AF) materials [1,2] and is typically observed in F
AF bilayers. Its defining characteristic is, after cooling o
the sample in a high positive field, a shift of the hysteres
loop from H  0 to a bias fieldHE . This bias is usually
negative, but can also be positive [3]. The fundamen
origin of this field is not perfectly clear, and it is still the
object of discussions [1,4–6].HE is generally considered
to be due to a magnetic interface coupling between the
and F layers and is given by

HE 
Ds

2MFtF
, (1)

where MF and tF are the saturation magnetization an
the thickness of the F layer, respectively, andDs is the
interface energy arising when the F moments rever
Equation (1) expresses the balance between the interf
and the Zeeman energies. A domain wall (DW) exten
the influence of the F magnetization reversal into the A
layer, lowering the total interface energy between the tw
magnetic systems [5].

At present the bias field effect is of great interest becau
of the related theoretical problems of interface couplin
and because of the recent technological progresses in m
netoelectronics [7]. In fact, the exchange field does n
necessarily have to be due to the presence of an anti
romagnetic layer. The only requirement is that a DW d
velops at the interface between F and a second magn
material, which is insensitive to the external field, eithe
because its net magnetization is zero as in AF, or beca
its anisotropy is so strong that its magnetic state is inse
sitive to a weak field.

The sperimagnetic rare earth transition-metal amo
phous alloys (sp-RE-TM) can replace the AF layer. In-
deed, in these materials, the anisotropy (due to RE) is v
strong, and the field cooling induces a remanent magn
zation [8]. The reversal of the magnetization of the allo
requires a strong magnetic field (1 T), and the hystere
loops are almost square, meaning that the magnetiza
4336 0031-9007y99y82(21)y4336(4)$15.00
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is on average strongly constrained along the cooling fie
direction. A difference between the F/AF and F/sp-RE-
TM systems, where F is a soft ferromagnetic layer,
that in F/AF, the interface DW develops rather inside th
AF layer, whereas in F/sp-RE-TM, because of the strong
anisotropy of the RE, the DW rotation is largely containe
within the F layer. Another difference is that the sig
of exchange interactions at the interface between the t
layers depends on the interface roughness in the F/AF s
tems [5] and may induce magnetic frustrated states at
interface, whereas in F/sp-RE-TM it is not the case.

In this Letter, we present the exchange-bias-like beha
ior of the bilayer system GdFeyTbFe and we apply it to
GdFese1dyTbFesedyGdFese2d which we call a domain wall
junction (DWJ) [9]. TbFe is thesp-RE-TM, and GdFe is
the soft magnetic material. The compositions of the allo
are Gd62Fe38 and Tb55Fe45. The materials are sperimag
netic, but, because of the high magnetic moment of t
REs, the net magnetizations are along those of the RE s
lattices. The iron magnetic moments in both layers a
antiparallel to the net magnetization, and they control t
ferromagnetic interface coupling between the GdFe a
TbFe layers. The magnetic softness of GdFe is due
the specific electronic configuration of gadolinium, whic
presents a half filled4f shell and thus an isotropicS state
character.

This GdFese1dyTbFesedyGdFese2d system was origi-
nally prepared to study the nucleation of a DW in one
the GdFe layers and its propagation through the TbFe la
which constitutes a planar potential energy barrier. A
in-plane uniaxial anisotropy occurs spontaneously in t
GdFe layer [10], and, consequently, the DWs are very w
defined Bloch walls. Actually, the device works in unsym
metrical samples wheree1 . e2 (typically e1  1000 Å
and e2  500 Å). In such samples previously saturate
along the1z direction, the nucleation of reversed mag
netization starts from the outer part of the GdFe(1000
layer [Fig. 1(a)] at a nucleation fieldHn1, with the forma-
tion of a DW. The DW is at first blocked by the TbFe
layer, compresses against this layer, and then propag
© 1999 The American Physical Society
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FIG. 1. Magnetic configurations in the trilayer: (a) Fo
Hn1 , H , Hp the DW is compressed against the TbFe laye
(b) At H  Hp the outer part of the TbFe layer magnetizatio
is reversed and the DW propagates into the thinner GdFe lay
(c) At H  Hn2 a second DW is nucleated from the outer pa
of the thinner GdFe layer.

from the GdFe(1000 Å) layer to the GdFe(500 Å) laye
because of the TbFe’s magnetization reversal at the pro
gation fieldHpsT d [Fig. 1(b)]. The propagation of the first
DW through the TbFe barrier can be bypassed if a seco
DW forms at the outer surface of the GdFe(500 Å) laye
This occurs atHn2 [Fig. 1(c)]. In that case, the two DWs
are blocked and compressed against the TbFe layer be
simultaneous annihilation at the annihilation fieldHa. In
a previous paper [11] it was shown thatHpsT d increases
with decreasing temperature indicating that the phenom
non was thermally activated. Of course, the range
HpsT d is limited by Hn1 and Hn2 and increases with the
thickness of the TbFe layer.

In this Letter, we focus on the compression and d
compression of the DW against the TbFe layer which
an exchange-bias-like phenomenon. The data are fr
a GdFes1000 ÅdyTbFes9 ÅdyGdFes500 Åd sample. The
Curie temperature of the system isTc  325 K. At 27 K
the nucleation occurs in the GdFe(1000 Å) layer atHn1 ø
18 Oe, and the propagation of the DW through the TbF
layer occurs aroundHp  50 Oe. At 10 K, the propa-
gation field is too high, and the first nucleation atHn1 ø
18 Oe in the GdFe(1000 Å) layer is followed by nucle
ation in the GdFe(500 Å) layer atHn2 ø 60 Oe. After
r
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these two nucleations, the TbFe layer is squeezed betwe
two p-DWs. These features are shown in Figs. 2 and 3
from the net magnetizationM in 2(a) and 3(a), and from
the ac susceptibilityxac in 2(b) and 3(b), measured after
cooling of the sample from 100 K in a11000 Oe field.
The ac susceptibility (xac) was measured with a 10 kHz,
0.25 Oe field parallel to the static field. We observed tha
xac was almost independent of the frequency probably be
cause mean DW oscillation modes lie well above thes
frequencies.

In Fig. 2 (T  27 K), the remanent magnetization is
equal to the saturation magnetization. The first step (
Hn1) is due to the nucleation of reversed magnetization i
the GdFe(1000 Å) layer as schematized in Fig. 1(a). Th
second one (atHp) results from the propagation of the DW
through the TbFe layer [Fig. 1(b)]. AtH . Hp, M drops

FIG. 2. (a) Normalized magnetization for the GdFe(1000 Å)y
TbFe(9 Å)yGdFe(500 Å) sample, at 27 K. The sample has
been first saturated at 100 K with a 1000 Oe field and th
magnetization measured from11000 Oe to 21000 Oe (main
figure), then from11000 Oe to H  235 Oe (point A) and
finally from H  235 Oe to H  1100 Oe (inset). The
saturated magnetizationMs is the magnetization at 27 K and
11000 Oe. (b) ac susceptibility under the same condition
with a 0.25 Oe,104 Hz field parallel to the static field.
4337
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FIG. 3. (a) Normalized magnetization for the GdFe(1000 Åy
TbFe(9 Å)yGdFe(500 Å) sample, at 10 K. The sample ha
been first saturated at 100 K with a 1000 Oe field an
the magnetization measured fromH  11000 Oe to H 
21000 Oe. A minor loop has been collected fromH 
2100 Oe. (b) ac susceptibility under the same conditions w
a 0.25 Oe,104 Hz field parallel to the static field.

to 2Ms, because the DW disappears and the DWJ is fu
magnetized. BetweenHn1 and Hp there is a DW at the
GdFeyTbFe interface located on the GdFe side. This D
is compressed by the pressure of the applied field aga
the TbFe barrier layer whose magnetization is constrain
by the anisotropy. The DW is very well seen fromxac.
Indeed, at low temperature (well belowTc), the transverse
ac susceptibility must be significantly larger than th
longitudinal one. Thexac signal essentially comes from
the magnetic moment components perpendicular to
oscillating field. As seen in Fig. 1, such components a
present only in the DW. The nucleation of the DW give
rise atHn1 to a sharp increase ofxac, and its disappearance
at Hp leads to a drop ofxac. BetweenHn1 and Hp the
susceptibility decreases because of the compression of
DW, which leaves fewer and fewer spins with a transver
component. At 10 K (Fig. 3), the first nucleation atHn1 in
the GdFe(1000 Å) layer is followed by a second nucleati
at Hn2 in the GdFe(500 Å) layer, which gives rise to tw
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successive peaks of the susceptibility. BetweenHn1 and
Hn2, there is compression of the first DW. From variatio
of the magnetization amplitude we conclude that the D
width varies from 600 to 400 Å. BeyondHn2, there is a
simultaneous compression of the two DWs.xac returns
to 0 atHa  180 Oe when the magnetization of the TbF
layer finally reverses.

In order to observe the decompression of the DWs, t
static magnetic field has been decreased in magnitude fr
two regions: that in which there is only one DW (pointA
in Fig. 2) and that in which there are two DWs (pointB in
Fig. 3). The decompression of the DW from pointA gives
a shifted minor cycle quite similar to those observed in
AF layers. The width of the loopDHn1 is only a few Oe,
comparable to the coercitive field of a single 1000 Å thic
GdFe layer [11]. The variation ofxac is shown in the in-
set of Fig. 2(b). We observe that, after a quite reversib
part, xac continues to increase up to the drop due to th
“denucleation” of the DW. This irreversibility due to the
nucleation/denucleation energy barrier is certainly also a
sociated with the differences in initial conditions: The nu
cleation process involves precursor magnetization rever
effects, whereas the denucleation one starts from we
defined DW.

In Fig. 3(a) we observe the decompression of the tw
DWs betweenB and J, the disappearance of the secon
DW betweenJ andK, the decompression of the first DW
betweenK andL, and finally its disappearance atL. We
essentially retrieve the saturation magnetization atH  0.
It is clear that the shifted hysteresis loop is broader f
the denucleation of the second DW, due to the interacti
between the twop-DWs located on each side of the TbF
layer. The decompression and denucleation processes
confirmed by the evolution ofxac [Fig. 3(b)].

Finally we can evaluate the exchange-bias-like fiel
(Hn1 as well asHn2) which in our case identify the
nucleation fields. In the case of the F/sp-RE-TM system,
expression (1) can certainly be used. As the DW
essentially located in the GdFe layer,Ds is then the
DW energy in GdFe andtF in (1) has to be replaced by
stF 2 dy2d, whered is the width of the DW.DssHd and
dsHd depend on the applied fieldH which turns out to be
Hn at the nucleation. The expression of the energy of
Bloch wall compressed by an applied magnetic field c
be written

E 
Z 1`

2`

∑
1
2

Ja2

µ
duszd

dz

∂2

1 K sin2uszd

1 MsHf1 2 cosuszdg
∏

dz , (2)

where J is the exchange energy,K is the anisotropy
constant of the material,a is the mean interatomic distance
and uszd is the angle between the easy axisOx and the
spin at positionz [Fig. 1(a)]. In our caseMs andMF are
equivalent. d can be defined by the angular discontinuit
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FIG. 4. Measured [Hn1se1d and Hn2se2d], calculated and
simulated nucleation fields plotted as a function of the GdF
thicknessese1 or e2. The nucleation fields were calculated
from relation (4).

Du where duydx is maximum, i.e., foru  py2, then
dya  pyDu. This expression givesd  pa

p
JyK and

Ds  4a
p

JK in zero field. Using the same definition
under an applied fieldDssHd anddsHd are given by

DssHd  4a
p

JsK 1 2MsHd

and dsHd  pa
p

JysK 1 2MsHd .
(3)

Combining (1) and (3) leads to the critical thicknessec

of the GdFe layer for which DW nucleation is possibl
under a fieldHn. The expression ofec as a function of the
nucleation field is given by

ec 
1
2

"
4a

p
JsK 1 2MsHd

HMs

1 pa
p

sJdysK 1 2MsHd

#
. (4)

We also performed a simulation for a linear chain of spin
We considered first neighbors exchange coupling, un
axial anisotropy, and Zeeman energy terms. The me
sured nucleation fieldsHn1se1d andHn2se2d are compared
to the nucleation fields obtained from the relation (4
and from the simulation in Fig. 4. A very good agree
e

e

s.
i-
a-

)
-

ment is obtained with no adjustable parameters.Ms 
1400 emuycm3, a  3.2 Å, andK  4.2 3 104 ergycm3

were determined experimentally, and the exchange co
stantsJa2d  15 3 1028 ergycm has been deduced from
the Hasegawa expression [12].

The simulation could be improved using a more sophi
ticated calculation as presented by Fanget al. [13]. It
would give more information on the shape of the DW
and exhibit the very probable Bloch lines involved in th
process.

In GdFeyTbFe layers, we observed a negative exchang
bias-field-like. A positive exchange-bias-like phenomen
should be obtained by replacing terbium by a light RE suc
as Nd, which would lead to a net antiferromagnetic cou
pling at the interface between the layers. A new class
bias field systems is probably emerging. Exchange spri
superlattices [14,15] are among these systems.
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