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T. Hauet,"?® F. Montaigne,' M. Hehn," Y. Henry,® and S. Mangin'

LPM Nancy-University and CNRS, BP 239, F-54506 Vandoeuvre, France

Hztacht GST, Yerba Buena Rd 3403, San Jose, California 95135, USA

3IPCMS, CNRS and Universite Louis Pasteur, BP 43, F-67037 Strasbourg Cedex 2, France

(Received 7 October 2008; accepted 12 November 2008; published online 4 December 2008)

The magnetotransport properties of a GdyyFeqo/ Gd gFeqy/ Cu/GdygFeq, spin-valve based on
amorphous ferrimagnetic GdFe layers are reported. The GdyoFeg,/ GdoFeq bilayer is an exchange
spring structure that allows an interfacial domain wall to be controlled by an applied field. As this
domain wall is nucleated, compressed, and annihilated, changes in the spin-valve current-in-plane
magnetoresistance are observed. After separating the various magnetoresistance contributions we
could deduce the effect of the interface domain wall on both the giant and anisotropic
magnetoresistances. © 2008 American Institute of Physics. [DOI: 10.1063/1.3041640]

Several architectures have been used to attain a better
understanding of giant magnetoresistance (GMR) phenom-
enon. This important activity has been driven by its strong
implications for magnetic data storage devices and sensors.’
In most GMR structures, the magnetic electrodes are suffi-
ciently thin so that the magnetization could be considered as
uniform across the thickness of the ferromagnetic layers.
However, it is commonly known that GMR originates from a
combination of interfacial and bulk spin-dependent scatter-
ing. Therefore, one may expect that a vertically nonuniform
magnetization state of the magnetic layer would reflect in its
GMR response. One way to induce a perpendicular-to-layer
nonuniform magnetic configuration in a spin valve consists
in replacing one of the magnetic electrodes with an
exchange-coupled bilayer system.%4 in which a planar inter-
face domain wall (iDW) may be tuned.

In the present letter, we report on the magnetoresistance
properties of such a modified spin-valve structure,
GdygFeqy/ GdoFeq/ Cu/ GdygFeqy, where Gd,Fe,_, are ferri-
magnetic alloys. The alloys’ magnetic properties (magnetiza-
tion, anisotropy, exchange stiffness, etc.) can easily be tuned
by changing composition5 and/or growth conditions.® Such
materials have already been used in spin-valve structures’®
as well as in magnetic tunnel junctions.9 We focus on
the magnetoresistance properties in a current-in-plane
(CIP) geometry of a GduyFeq)(30 nm)/Gd,(Feqy(30 nm)/
Cu(6 nm)/GdyyFee(30 nm) sample. The multilayer was
grown from pure elements on a glass substrate kept at 77 K
under high vacuum (1078 Torr). In these conditions, both
GdFe alloys are amorphous, and a uniaxial anisotropy axis is
induced in the film plane.6 During the experiments described
in the sequel, the external magnetic field is always applied
along this anisotropy axis. In Gd,Fe,_, the moments of the
rare earth and those of the transition metal form two mag-
netic sublattices, which are coupled antiferromagnetically.
In GdygFeqp, the dominant sublattice magnetization is that of
the rare earth whereas it is that of the transition metal for
Gd, Feq, [Fig. 1(a)]. With the exchange interaction across
the interface being dominated by the ferromagnetic coupling
between Fe spins, the net magnetization of the Gd,nFeq, and
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Gd,(Feq layers are coupled antiferromagnetically [Fig. 1(a)
and left sketch in Fig. 1(c)].

The spin valve was etched to obtain two patterned
100 X 400 wm? stripes with the long axis either parallel or
perpendicular to the well-defined easy axis of the GdFe lay-
ers [Fig. 1(b)]. Electrical contacts were added at the ends of
the stripes by a gold lift-off process. Electrical measurements
were performed using an ac excitation current of 1 mA. The
change in resistance as a function of field, AR(H)=R(H)
—R(H=0), was simultaneously monitored for the two stripes.

@a

300K
C L L W P

(@) o GdyyFeg,
e Cu
o= GdygFey
—@—> GdyFey

0.05¢ -
(C) o P.‘.H.'I'I'."Ilnll.ll'

(d) i..-. .:lllll (1T
0.1 ./ / R,

i

null!iigg

AR (Q)

000000
o

\ ggoo°°°
\ R 402" R, 5K
0.1t

0 200 400
H (Oe)

oc>t><>o°f’°°°':’°°°oooo

FIG. 1. (Color online) The sketch in (a) represents the Gd (thick blue ar-
rows) and Fe (thin pink arrows) sublattices at 0 Oe after positive saturation.
The scanning electron microscopy picture in (b) represents the two spin-
valve wires (blue rectangles) used for CIP four-probe measurement. Relative
magnetoresistance for the two wires with the current flowing parallel (AR,
open circle) and perpendicular (AR |, full squares) to the magnetic field (H)
for 300 (c) and 5 K (d). The red open triangles in (c) correspond to the
average of AR, and AR . The encircled sketches in (c) correspond to the
average GdFe magnetization orientation with thick blue (thin pink) arrows
when Gd (Fe) dominates. The encircled dot in the left sketch of (c) symbol-
izes an iDW.
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This procedure allows first removing anisotropic magnetore-
sistance (AMR) from the magnetoresistive signals by sum-
ming the magnetoresistance curves measured with the cur-
rent lines parallel (AR;) and perpendicular (AR ) to the
applied field.*'” Moreover, subtracting those two signals re-
moves any magnetoresistance contributions such as GMR
that are independent of the in-plane current direction.*

Figure 1(c) shows the results of magnetotransport mea-
surements performed on perpendicular stripes at 300 K. For
clarity reasons, magnetoresistive signals, measured after
positive saturation, are shown for positive field only. The
black arrows represent the field sweep direction. The sum of
the magnetoresistances of the two stripes is zero indicating
that only AMR effect is detectable here. The 300 K curves
shown in Fig. 1(c) are indeed typical of the AMR signal in
antiferromagnetically coupled bilayers3’4’10 and can be under-
stood as described in the following for AR (H). First, one has
to note that the reversal of the single GdyFeq layer is unde-
tectable as far as AMR is concerned since the Gd,yFeq, mag-
netization is kept along its uniaxial anisotropy axis. As a
consequence the AMR signal comes only from the
GdypFeq(30 nm)/Gd;oFeyy(30 nm) bilayer. In low fields, the
magnetizations of the GdygFeq, and Gd,gFeq, inside the bi-
layer, are antiparallel to each other, along the anisotropy axis
so that the AMR is minimum [Fig. 1(c)]. At H~100 Oe,
because of the competition between the external field and the
antiferromagnetic coupling at the interface, an iDW nucle-
ates [Fig. 1(c)]. Inside the iDW the magnetic moments have
a component perpendicular to the current direction so that
the iDW nucleation gives rise to a negative jump in the AMR
contribution. For |H|>100 Oe, as the field increases, the
iDW is compressed. The number of moments perpendicular
to the current inside the iDW decreases and the AMR tends
to reach back its maximum value. Note that no substantial
GMR effect is measured at room temperature.

In Fig. 1(d), the 5 K magnetoresistances present a more
complex behavior. In large applied fields, the curves of the
two stripes show behavior similar to the one observed at
300 K. AR, slowly decreases as AR, symmetrically in-
creases. However, for low field, several jumps of resistance
can be distinguished. To help us investigate the origin of the
resistance variations ARdiff(H)=%[ARH(H)—AR L(H)] and
ARsumzé[ARH(HHARL(H)] are plotted in Figs. 2(a) and
2(b), respectively. ARy(H) is similar to the AR signal at
300 K and is again characteristic of the AMR signal recorded
on antiferromagnetically exchange-coupled bilayers.3’4’10 To
obtain quantitative details about the magnetic configurations,
we compare the experimental curves with a micromagnetic
model assuming a one-dimensional (1D) spin chain as
described in Refs. 2, 3, and 11. In that calculation,
the spin valve is treated as a chain of spins normal to
the film plane where the two magnetic subsystems, the
single  GdyFeg(30 nm)  layer on  one  hand
and the GdyyFeg(30 nm)/Gd,oFeqy(30 nm) bilayer on the
other hand, behave independently. Indeed no significant
magnetic interlayer coupling through the 6-nm-thick Cu
spacer layer is expected. The model uses a net magneti-
zation of the ferrimagnetic materials, M(GdyFeg)
=1000 emu/cm® and M(Gd,oFeq) =677 emu/cm?, aniso-
tropy constants K(GdFeq,)=10° erg/cm? and K(Gd, Feq)
=4X%10* erg/cm?, bulk exchange stiffness A(GdyyFeqp)=5
% 1077 erg/cm, A(Gd,gFeqp)=1X 1077 erg/cm, and an inter-
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FIG. 2. (Color online) Magnetoresistance (open circle) vs magnetic field
(H) obtained after subtracting (a) and summing (b) the resistances of the two
stripes. The red solid line in (a) is the AMR variation predicted from a 1D
model. The big symbols indicate the AMR values corresponding to the
magnetic configuration shown in Fig. 3. In (b), the encircled sketches cor-
respond to the Fe spin configuration and the dashed line is a guide for the
eyes.

facial exchange coupling across the GdoFeqo/ Gd;Feq inter-
face J=1 erg/cm? in accord with previous studies on single
films and multilayers.3 19 The magnetic configuration corre-
sponding to a minimum of the total magnetic energy is then
deduced for each field. From this magnetic profile given by
the magnetization angle depth dependence 6(z), the AMR
signal is calculated as described in detail in Refs. 12 and 3.
The calculated AMR [red solid line in Fig. 2(a)] is in good
agreement with the extracted AR results.

Contrary to the room temperature results [Fig. 1(c)], a
residual contribution to the magnetoresistance (ARg,,) exists
after AMR removal at 5 K [Fig. 2(b)]. AR, shows two
well-defined resistance levels [Fig. 2(b)] that are observed
neither for the single GdFe layer nor for the
GdyFeq/ GdgFeq, bilayers."’ AR, (H) variations can be
explained in terms of GMR effect arising from the
GdygFeqy/ GdoFegg/ Cu/GdyoFeq, spin valve. What is first
striking is that the electrical resistance is maximum when the
average GdFe magnetization vectors of the layers adjacent to
the spacer are parallel to each other (for 80 Oe<|H|
<180 Oe, topmost plateaus), and minimum when they are
antiparallel (for |H| <80 Oe, bottommost plateau). Such an
inverse GMR has already been reported for spin-valve struc-
tures containing rare-earth—transition metal alloys.7’8 In such
systems, the GMR effect is mainly governed by the spin-
dependent scattering on Fe atoms, which is comparatively
much stronger than on rare-earth atoms. Hence, one should
only focus on how the orientation of the Fe spin subnetwork
varies with field as depicted by the sketches in Fig. 2(b). The
high (low) resistance level is found for an antiparallel (par-
allel) alignment of the Fe moments on each side of the cop-
per spacer.
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FIG. 3. (Color online) Theoretical variation of the azimuthal angle of the Fe
sublattice magnetization as a function of depth, for decreasing values of the
applied magnetic field. The zero angle corresponds to the positive field
direction.

Intermediate GMR values between the high and low re-
sistance levels are measured when an iDW lies in the
Gd40Fe60/Gd10Fego bilayer [Flg Z(b)] Interestingly, ARsum
saturates around 500 Oe whereas ARy still indicates the
presence of an iDW. This result is explained if the GMR is
sensitive to the Fe moments present at both Cu interfaces
only. Within this assumption, GMR saturation is reached
when the magnetization inside the Gd;yFeq, is uniform but
also when the iDW is sufficiently thin, i.e., for large applied
fields, so that the Fe moments at the copper interface are
antiparallel to the Fe spins inside the single Gd,nFe¢, layer.
Indeed, for 125 Oe <H <500 Oe, the micromagnetic calcu-
lation shows that iDW is not a “180°” domain wall (Fig. 3).
The Fe moments at the GdyFeqy/Cu interface are found to
be slightly titled from the anisotropy axis. As the field in-
creases the Fe spins in the vicinity of the Gd,oFeqq/Cu inter-
face rotate progressively, which can be correlated to the con-
tinuous evolution of the intermediate GMR values [Fig.
2(b)]."* Close to 500 Oe, in accordance with the micromag-
netic calculation, the Fe spins at the Gd;yFeq,/Cu interface
become antiparallel to the Fe spins inside the single Gd,nFeq
layer (Fig. 3). Consequently, the GMR signal saturates [Fig.
2(b)] above 500 Oe. The reason why the GMR signal de-
pends on the Fe moments’ orientation within a very thin
depth at the Cu interface only is to be found in the very short
mean free path in the magnetic alloys used. The mean free
path of amorphous rare-earth—transition metal alloys is ex-
pected to be of the order of 1 nm at most. In the CIP geom-
etry, it is usually admitted that only a limited fraction of the
magnetic layers of thickness of the order of the mean free
path next to the interfaces with the spacer layer contributes to
GMR." As a consequence, in GdyFeqy/ GdjgFeqy/Cu/
GdygFeqp, whereas changes in AMR reflect the iDW
(de)compression process in the entire GdgFeqy/ Gd;Feq bi-
layer, GMR changes arise only from the progressive rotation
of the Gd,yFeq, magnetization in the vicinity of the interface
with copper (Fig. 3).

The present work demonstrates that a spin-valve struc-
ture including a domain wall at the interface with the spacer
layer, e.g., via a spring magnet, provides a new way to study

Appl. Phys. Lett. 93, 222503 (2008)

quantitatively spin-dependent transport lengths (or con-
versely to probe the magnetic configurations). Indeed for
polycrystalline or crystalline magnetic materials that can ac-
cept DW thickness comparable to electron spin diffusion
length, a large part of the spins in the domain wall should
contribute to the GMR effect. In the view of quantitative
results, the sensitivity of this method should be improved by
tuning the thickness of the studied magnetic layer, i.e., con-
taining the main part of the iDW (in our case Gd,yFegy). An
advantage of the present approach is that results can be ob-
tained on one single sample and does not depend on the
sample-sample reproducibility as other techniques reported
in literature *'?

In conclusion, the effect of an iDW on the magnetore-
sistive properties of a spin-valve GdyzFeqy/Gd;oFeqg/Cu/
Gd,gFeqy has been studied. Simultaneous CIP resistivity
measurements on two perpendicular wires allowed separat-
ing AMR and GMR signals. The AMR variations are found
to arise from the entire depth magnetic configuration over the
GdyoFeqy/ Gd gFeqq bilayer. On the contrary, the GMR effect
only depends on the relative iron moments’ orientation at the
GdFe/Cu interfaces due to the low mean free path of the
amorphous GdFe layer. Our work defines a new method to
study the magnetotransport characteristic lengths, which can
be applied at spintronic structures such as spin valves or
magnetic tunnel junctions.
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