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Magnetoresistance of Bloch-wall-type magnetic structures induced in
NiFe/CoSm exchange-spring bilayers
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The magnetoresistance originating from magnetic structures with gradually rotating magnetic moments, like
a Bloch wall, was investigated using soft-magnetic~NiFe!/hard-magnetic~CoSm! bilayers, whose magnetic
structures were well characterized. The magnetoresistance was measured with an electric current in the film
plane; the magnetoresistance in this geometry corresponds to that due to a current parallel to a Bloch wall. The
main feature of the magnetoresistance curves was ruled by the anisotropic magnetoresistance. It was found that
a giant magnetoresistance-type effect coexisted; the effect was very small in comparison with the anisotropic
magnetoresistance effect.@S0163-1829~98!06934-3#
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I. INTRODUCTION

Since the experimental works on Fe whiskers in
1960’s,1 it has been known that magnetic domain walls co
tribute to electric resistance in ferromagnetic metals. Cab
and Falicov first tried to explain this effect theoretically, co
sidering the reflection of conduction electrons by a dom
wall,2 but the role of a domain wall on electric resistance h
not been well elucidated yet. The recent discovery of
giant magnetoresistance~GMR! effect has drawn renewe
attention to the magnetoresistance due to a domain w
Gregget al. have reported that the formation of a stripe d
main structure, which has an antiparallel magnetic confi
ration separated by domain walls, causes anincreaseof re-
sistance due to a ‘‘giant magnetoresistive’’ effect.3 Tatara
and Fukuyama, on the other hand, have pointed out, theo
cally, that the nucleation of a domain wall in a magnetic w
can cause adecreaseof resistance when the weak localiz
tion is broken by the domain wall.4 The latest developmen
of the submicron fabrication technique also has been acti
ing the studies on the effects of domain walls on elec
transport properties.5,6

The purpose of the present work is to investigate the m
netoresistance due to magnetic structures with gradually
tating magnetic moments, like a Bloch wall, using a syst
with well-characterized magnetic structures. Such magn
structures can be realized in ‘‘exchange-spring’’ multilaye
which consist of soft-magnetic and hard-magnetic lay
with an exchange coupling at the interface;7–9 when an in-
verse magnetic field is applied to the saturated state,
magnetic moments start to rotate at a certain magnetic fi
with the directions distributed as a function of the depth fro
the film surface~Fig. 1!. In this paper, we discuss the ma
netoresistance with an electric current flowing along the fi
plane, which corresponds to the magnetoresistance due
electric current parallel to a Bloch wall. In NiFe/CoS
exchange-spring bilayers, the resistivity of the CoSm laye
about 100 times larger than that of the NiFe layer. Acco
ingly, when the magnetoresistance is measured in a curr
in-plane geometry, the electric current mostly flows in t
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NiFe layer that has a twisted magnetic structure in a cer
magnetic-field range.

II. EXPERIMENT

The NiFe/CoSm bilayers were prepared on glass s
strates. The CoSm layer was made by alternate depositio
Co ~5 Å! and Sm~3 Å!, and the NiFe layer was deposite
from a Ni0.8Fe0.2 alloy source at room temperature in
vacuum of 1029 Torr range. An external field of 600 O
was applied in the film plane during the deposition in ord
to induce a uniaxial magnetic anisotropy in the CoSm film
CoSm films are deposited at higher substrate temperatu
the coercive force becomes larger on account of crystall
tion, but the magnetization changes at around zero field
cause of the coexistence of a minor soft-magnetic pha9

Therefore, amorphouslike CoSm films deposited at ro
temperature, which showed a square magnetization loop

FIG. 1. Illustration of an exchange-spring state in a so
magnetic/hard-magnetic bilayer.
6442 © 1998 The American Physical Society
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high remanence ratio, were used as hard-magnetic lay
although the coercive force was not very large.

Magnetoresistance was measured with a magnetic
parallel to the axis of easy magnetization~the x direction in
Fig. 1! and with an electric current parallel (rxx) and per-
pendicular (ryy) to the magnetic field. A cross-shaped b
layer part and two sets of electrodes were deposited o
substrate using different masks, so that the magnetore
tance in the two geometries can be measured with the id
tical sample for the identical magnetic structure~Fig. 2!. The
electric current was set to 5 mA and the direction w
switched alternately to measure the resistance for the
directions at each magnetic field.

III. RESULTS AND DISCUSSION

The magnetization curve for a NiFe~300 Å!/CoSm~1000
Å! bilayer at 5.0 K is shown in Fig. 3. When an inver
magnetic field is applied to the saturated state, the magn
moments start to rotate reversibly at a certain exchange
field (Hb). When the external field is further increased,
sharp and irreversible magnetization reversal occurs at
field corresponding to the coercive force (Hc), due to the
irreversible domain-wall displacement in the CoSm layer
characteristic reversible magnetization curve is observed
tweenHb andHc . The shape of the reversible curve is ca
culated with a simple atomic layer model.8 It is assumed tha
the bilayer is composed of stacks of atomic layers and
the magnetic moments align ferromagnetically in ea

FIG. 2. Configuration for magnetoresistance measurement
two current-in-plane geometries. A cross-shaped bilayer part
two sets of electrodes were deposited on a substrate using diff
masks, so that the magnetoresistance in two geometries can be
sured with the identical sample for the identical magnetic struct

FIG. 3. Magnetization curve of NiFe(300 Å)/CoSm(1000 Å
at 5.0 K. Reversible and irreversible processes are shown by
double-headed and single-headed arrows, respectively.
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atomic layer~Fig. 1!. Then the total magnetic energy is e
pressed by the sum of the exchange energy between adja
atomic layers, the Zeeman energy, and the magnetic an
ropy energy of the atomic layers. The direction of the ma
netization for each atomic layer is determined by the con
tion that gives the minimum in the total magnetic energ
The calculated distribution of the direction of the magne
moment for NiFe~300 Å!/CoSm~1000 Å!, as a function of
the depth from the surface, is shown in Fig. 4. The revers
magnetization curve is calculated using the angle distribu
obtained for each magnetic field. The calculated curve~Fig.
5! well reproduces the reversible part of the experimen
data~Fig. 3!.

The magnetoresistance curves of the NiFe~300 Å!/
CoSm~1000 Å! bilayer in the two geometries,rxx andryy ,
at 5.0 K are shown in Figs. 6~a! and 6~b!. A reversible
change is observed in the magnetic-field range where
reversible magnetization process takes place. The obse
magnetoresistance shows characteristic field dependence
resistance changes drastically at aroundHb , shows an extre-
mum at around 0.8 kOe, and then recovers gradually. W
the magnetic field is increased further, the resistance jum
irreversibly at Hc and reaches the saturation value. T
curves measured in the two geometries appear to be a m
image of each other relative to the average value. The sm
peaks at around zero field are probably due to a deviatio
the magnetic structure from the ideal exchange-spring st
ture on account of the magnetostatic energy of the cro
shaped sample.@See the small variations in the magnetiz
tion curve at around zero field~Fig. 3!.#
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FIG. 4. Calculated distribution of the direction of the magne
moment in NiFe(300 Å)/CoSm(1000 Å), as a function of th
depth from the film surface, at various applied fields. The angleu is
defined as in Figs. 1 and 2.

FIG. 5. Calculated reversible magnetization curve
NiFe(300 Å)/CoSm(1000 Å). Irreversible magnetization proce
takes place in the real sample as shown by the broken arrows
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The fact that the magnetoresistance curves in the
current-in-plane geometries make a mirror image with e
other implies that the effect is mainly due to anisotrop
magnetoresistance~AMR!. Therefore, the AMR effect of the
NiFe layer in an exchange-spring state is considered fi8

starting from the following phenomenological equations t
are valid for uniformly magnetized films:

rxx
AMR5r'1~r //2r'!cos2u, ~1!

ryy
AMR5r'1~r //2r'!sin2u. ~2!

Here,r' and r // represent the resistivity when the ma
netization is perpendicular and parallel to the electric curre
The AMR effect can be attributed to the anisotropic elect
scattering, whose probability is dependent on the directio
the magnetic moment.10 In the present system, the directio
of the magnetic moment is dependent on the depth from
surface, so that the scattering probability is also. When
mean-free path of conduction electrons is assumed to
short enough in comparison with the thickness of the N
layer, the local resistivity~or the inverse of the local conduc
tivity ! in the NiFe layer is calculated with the angle distrib
tion in Fig. 4 substituting into Eqs.~1! and ~2!. The calcu-
lated distribution ofrxx

AMR is shown in Fig. 7. In the NiFe
layer, the mean-free path is thought to be several tens o
so that the distribution in the local resistivity may be som
what smoothed. In any case, the current direction is k
parallel to the applied electric field, with the current dens
distributed as a function of the depth from the interface. T
AMR of the NiFe layer as a whole is estimated as a para
circuit of the local resistivity. The calculated resistivi
@Figs. 8~a! and 8~b!# well reproduces the feature of the r
versible part in the experimental data@Figs. 6~a! and 6~b!#. In
this way, the AMR effect makes the dominant contributi

FIG. 6. Magnetoresistance curves of NiFe(300 Å
CoSm(1000 Å) at 5.0 K;~a! rxx and~b! ryy . Reversible and irre-
versible processes are shown by the double-headed and si
headed arrows, respectively.
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to the magnetoresistance of a Bloch wall in NiFe, which h
a large AMR effect in the bulk, when the current is paral
to the Bloch wall.

The next question is whether there is an additional eff
that cannot be explained with the AMR effect. The avera
of rxx

AMR andryy
AMR in a uniformly magnetized film stays con

stant at (r //1r')/2 independent of the angleu, as derived
from Eqs.~1! and ~2!. When the average valuerav

AMR is cal-
culated for the twisted magnetic structure using the ab
model, a small amount of negative effect (;0.005%) re-

FIG. 8. Calculated AMR curves for NiFe(300 Å)
CoSm(1000 Å);~a! rxx

AMR , ~b! ryy
AMR , and~c! rav

AMR .

le-

FIG. 7. Calculated distribution of local resistivity (rxx
AMR) in

NiFe(300 Å)/CoSm(1000 Å) at various applied fields. The res
tivity in the CoSm layer is not shown since it is about a hundr
times larger than that in the NiFe layer.
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mains on account of the distribution of the current density
shown in Fig. 8~c!. When the mean-free path is larger, t
effect in Fig. 8~c! is somewhat smoothed, whereasrxx

AMR and
ryy

AMR in Figs. 8~a! and 8~b! do not change much. Therefor
if the average of experimentally obtainedrxx andryy is com-
pared with the calculated average, we can judge whe
there is an effect that is not explained with the AMR effe
This can be a better method than the direct comparison o
calculatedrxx

AMR or ryy
AMR and the experimentalrxx or ryy ,

since the effect due to a possible small difference betw
the calculated magnetic structure and the real structure
be canceled. The averaging method of the magnetoresist
measured in two orthogonal geometries has been applied
a single Co or Ni film to study whether the domain wa
cause a GMR-type effect.11 In the present study, the mag
netic structures of the samples are well characterized, so
the ambiguity in the argument on a small effect derived fr
the comparison of two large effects is minimized.

The experimental average (rav) for NiFe~300 Å!/
CoSm~1000 Å! at 5.0 K is shown in Fig. 9. A positive effec
of 0.08% was observed in the change ofrav. This result
indicates that a small amount of positive magnetoresista
effect that cannot be explained with the AMR effect is i
cluded in the change ofrxx and ryy . The value ofrav in-
creases as the relative angle between the magnetic mom
in the NiFe layer becomes larger, so that this effect
thought to be due to a GMR-type effect, i.e., the effect
pendent on the relative configuration of magnetic mome
When the magnetic field becomes larger than about 1.8 k
the average magnetoresistance decreases a little. This ch
can be explained from the calculated directions of the m
netic moments at both interfaces of the NiFe layer, which
shown in Fig. 10. The magnetic moments at both interfa
start to rotate atHb . The direction at the free interface (u f)
changes sharply first, and then the change becomes mo
ate. The direction at the exchange-coupled interface (uc), on
the other hand, changes rather gradually. As a result,
difference betweenuc and u f , which is the measure of th
twisted angle in the NiFe layer, changes as shown by
broken line in Fig. 10; it starts to increase when the magn
field exceedsHb , reaches the maximum value at around 1
kOe, then gradually decreases. It appears that the chan
the experimentalrav reflects this change in the twisted ang
The dependence of the magnetoresistance ratio (Drav) on the
NiFe layer thickness is shown in Fig. 11, for the samp
with a NiFe layer thickness of 300 to 1000 Å. The effect w
smaller than 0.1% for all the samples measured so far. As

FIG. 9. Average of experimentally obtainedrxx and ryy for
NiFe(300 Å)/CoSm(1000 Å) at 5.0 K.
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NiFe layer thickness becomes larger, the region where
depth dependence of the direction of the magnetic mome
small increases, so that the magnetoresistance ratio
creases. Recently, Levy and Zhang have pointed out tha
introduction of a domain wall mixes the two spin curre
channels with different resistivity in magnetic metals a
causes an increase of the resistance, and estimated the
netoresistance ratio for the electric current parallel to a
perpendicular to the domain wall.12 The order of the ob-
served positive effect is explainable in the scope of Lev
model. The magnetoresistance ratios at different temp
tures are also shown for two samples in Fig. 11. The te
perature dependence was not large and the effect was al
positive down to 2.0 K. A negative effect accompanied
the nucleation of a domain wall, as reported for a submic
Fe wire by Otaniet al.,6 was not observed in the prese
system. When the NiFe layer is thick, the influence from
magnetostatic energy becomes relatively large especiall
the positions further from the soft/hard interface, so that
magnetic structure deviates from the ideal exchange-sp
structure. That makes the extrinsic spikes at around zero
larger, as shown in the preliminary result on NiFe~1000 Å!/
CoSm~1000 Å!, where an intrinsic positive effect of 0.04%
was observed.13 Note that we have done the same measu
ments using samples with several different shapes and s
and that it is confirmed that the positive effect is essentia
the magnetoresistance of such magnetic structures.

FIG. 10. Calculated direction of the magnetic moment at
free interface (u f) and at the exchange-coupled interface (uc) of the
NiFe layer in NiFe(300 Å)/CoSm(1000 Å) as a function of th
applied magnetic field. The difference betweenuc and u f , Du, is
also shown by the broken line.

FIG. 11. Magnetoresistance ratio of the GMR-type effect
NiFe(xÅ)/CoSm(1000 Å) bilayers with NiFe layer thickness o
300 to 1000 Å at 5.0 K. The results at different temperatures
also shown for two samples.
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It is difficult to discuss the GMR-type effect quantita
tively, since the magnetoresistance in this configuration c
not be a simple linear combination of the AMR-type and t
GMR-type effect. The AMR effect can be excluded when t
magnetoresistance is measured with an electric current
pendicular to the film plane (rzz), since the angle betwee
the magnetization and the main current direction is 90°
any position. Although the experiment in this geometry
not easy, a preliminary experiment was attempted using
layers prepared onV-groove substrates, and a very sm
positive magnetoresistance effect was observed.14

IV. CONCLUSIONS

The magnetoresistance, when the electric current flow
a magnetic film that has a twisted magnetic structure, w
studied using NiFe/CoSm exchange-spring bilayers, wh
magnetic structures were well characterized. It was fou
that the magnetoresistance was composed of an AMR-
effect of several % and a GMR-type effect of less than 0.1
.
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The results in this work show that~i! the AMR-type effect,
i.e., the effect dependent on the direction of magnetizat
relative to the electric current, is considerably large in a d
main wall for the materials that show a large AMR effect
the bulk, and~ii ! the GMR-type magnetoresistance, i.e., t
effect dependent on the relative configuration of magne
moments, exists also in the systems with gradually rotat
magnetic moments. These results will hence be a guid
discuss further on the magnetoresistance due to dom
walls.
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