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We investigate the magnetoresistance(MR) of spin valves by(i) varying the strength of the field
applied in a fixed direction and(ii ) rotating the field with fixed strength. The latter data reflect in
general a mixture of giant and anisotropic magnetoresistance(GMR and AMR). We present an
experimental procedure to suppress the AMR contributions of all ferromagnetic layers in the spin
valve without disturbing the GMR response. The resulting angular MR curves are fitted with a
single-domain model to determine with high precision the exchange bias field, the uniaxial
anisotropies, the GMR ratio, and the interlayer coupling field. The application of the method
to differently prepared Tas5.0 nmd /NiFes3.0 nmd /FeMns15.5 nmd /NiFes3.0 nmd /Cos2.0 nmd /
Cus3.5 nmd /Cos2.0 nmd /NiFes7.0 nmd spin valves with GMR ratios of 1.8% and 4% demonstrates
the sensitivity and reveals differences of the order of a few percents of the exchange bias field for
the uniaxial anisotropy fields of the free and pinned layer as well as for the interlayer coupling
field. © 2005 American Institute of Physics. [DOI: 10.1063/1.1836881]

I. INTRODUCTION

A standard spin-valve structure consists of two ferro-
magnetic(FM) layers separated by a nonmagnetic(noble)
metal spacer, where one of the FM layers, the so-called ref-
erence of fixed layer, is pinned by an antiferromagnetic(AF)
layer1 due to the exchange bias2 effect arising from direct
exchange coupling at the FM/AF interface. The exchange
bias acts as a unidirectional anisotropy and thus “locks” the
magnetization of the pinned FM in a certain direction, even
for external fields applied in the opposite direction if they are
lower than the exchange bias fielduHEBu.3,4 In contrast, the
other FM layer of the spin valve, the so-called sensor or free
layer, should freely follow the external field and, therefore, is
chosen to be magnetically soft. Magnetic sensors based on
the giant magnetoresistance(GMR)5,6 in spin-valve struc-
tures require a low coercive field of the free layer and a large
HEB of the fixed layer in order to yield a well-defined re-
sponse over a wide range of field strength and direction.

The magnetoresistive output of a spin valve when ex-
posed to an external field varying in magnitude and/or direc-
tion depends sensitively on the details of the remagnetization
process, which is influenced by the anisotropies and coercivi-
ties of the FM layers, their anisotropic magnetoresistance
(AMR), the unidirectional exchange bias anisotropy of the
pinned layer, and eventually the magnetic coupling between
the two FM layers.

AMR measurements as a function of the applied field
direction have previously been applied to AF/FM bilayer to
determineHEB

7 and to map the distribution of exchange bias
directions.8 Here, we study the dependence of the magne-
toresistance(MR) on the field direction in spin-valve struc-
tures instead of bilayers in order to take advantage of the
GMR, which yields a higher sensitivity. Moreover, spin
valves have a higher relevance for practical applications. Ad-

ditionally, we will present an experimental procedure to sup-
press all AMR contributions which allows us to determine
with high precision the parameters relevant for the exchange
bias effect and the GMR response.9

We choose the FeMn/NiFe exchange bias system for the
following reasons:(i) low coercivity of NiFe,(ii ) high Néel
temperatureTN=458 K of FeMn above room temperature
(RT), (iii ) sizableHEB, and (iv) simple, nonreactive sputter
process. The system has intensively been studied in order to
optimize HEB and to explore the relation between magnetic
properties, microstructure, and interface roughness.10–14

II. EXPERIMENT

The spin valves are prepared by dc magnetron sputter-
ing in a system with a base pressure of 10−7 mbar. The
layer sequence grown on oxidized Si substrates is
Tas5.0 nmd /NiFes3.0 nmd /FeMns15.5 nmd /NiFes3.0 nmd /
Cos2.0 nmd /Cus3.5 nmd /Cos2.0 nmd /NiFes7.0 nmd (see
Fig. 1). A Ta underlayer serves as a buffer, and the NiFe
texturing layer provides a(111) texture12 for the FeMn layer.
The NiFe film on top of AF FeMn layer together with a thin
Co polarizing layer represent the fixed layer of the spin
valve. A Cu spacer separates it from the free layer which also
consists of a Co polarizing layer and NiFe. Polarizing Co
layers on both sides of the spacer enhance the GMR ratio due
to the higher degree of spin polarization of Cos<42%d
compared to NiFes<35%d.15

We prepare two types of spin valves labeled S1 and S2,
for which the field-cooling procedure is performed at differ-
ent stages of the deposition sequence. Therefore, we expect
different magnetic and magnetotransport properties. The
field-cooling procedure consists of annealing in an inert at-
mosphere ofN2 gas for 10 min at 473 K, i.e., above the Néel
temperatureTN=458 K of FeMn, and subsequently cooling
to RT in an applied field of 130 Oe. For type S1 the anneal-
ing is performed before the growth of the free layer. In this
case a field of 130 Oe is applied during the growth of the
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free FM layer. Type S2 spin valves are annealed after
completion of the whole sequence. The resulting slightly dif-
ferent magnetic properties can be extracted from angular MR
measurements, but not from standard MR and magneto-
optical Kerr effect(MOKE) measurements.

The main characterization tool of this work is the mea-
surement of the MR as a function of the field magnitude as
well as the field direction. We employ a conventional four-
probe dc technique with the applied constant current flowing
parallel to the easy axis of the pinned layer, i.e., the direction
of magnetic field during the field-cooling procedure. Unpat-
terned square or rectangular samples of about 1 cm2 size are
contacted using needles or wire bonding. We used different
contact geometries that will be defined and discussed in Sec.
IV. MR measurements are performed with two types of set-
ups: In setup I we vary the strength and sign of the external
field applied in a fixed direction collinear to the exchange
bias direction(EBD), and in setup II we rotate the external
field with a fixed magnitude.16,17In the latter case we employ
a pair of permanent magnets and vary the field strength from
30 to 600 Oe by adjusting the separation of the permanent
magnets. The magnetic field is applied in the plane of the
sample for all measurements. The GMR ratio is defined in
the usual manner assR0−RSd /RS, whereRS and R0 are the
resistances at saturating and zero magnetic field, respec-
tively.

Magnetization loops are recorded by means of the
MOKE at RT in setup I. Atomic force microscopy(AFM)
measurements are performed in the tapping mode using a
multimode scanning probe microscope from Digital Instru-
ments. X-ray reflectivity(XRR) as well as diffuse x-ray scat-
tering(XDS) measurements18,19are employed to characterize
the microstructure of the samples. We use a Bruker-axs D8
diffractometer with CuKa radiation. XRR measurements are
done in specular geometry, where the angle of incidenceai

equals the angle of reflectionar. Diffuse scattering as a func-
tion of the in-plane component of the momentum transfer
vector qx is measured by keeping the scattering angle 2a
fixed while rocking the specimen aroundai =ar.

III. MODEL

In order to qualitatively analyze the angular MR data, we
model the magnetic state of the system in a single-domain
approach assuming rigid in-plane magnetizations.20 The
equilibrium magnetization anglesu f,p,. . . of the free, pinned,
and possible additional FM layers at a given external fieldH
applied at angleu with respect to the EBD are calculated
numerically from the total minima of the free energy per unit
area. In our case, the NiFe texturing layer is an additional
FM that also contributes via AMR to the total MR response.
Another example for the occurrence of additional FM layers
that need to be considered are spin valves with an artificial
antiferromagnet.21 For the free energy expression, we take
into account the Zeeman energies and the uniaxial anisotro-
pies of all FM layers(anisotropy constantsKuf,p,. . . for free,
pinned, and additional FM layers, respectively), bilinear in-
terlayer coupling between the free and pinned layer param-
etrized byJ, and the unidirectional anisotropy of the pinned
layer given byHEB.

The total MR due to both GMR and AMR is then calcu-
lated from the equilibrium configuration at a given external
field by

R= R0 + DRGMR
1

2
h1 − cossu f − updj

+ o
i=f,p,. . .

DRAMR,i sin2sui − uId, s1d

where R0 is the field-independent resistance,DRGMR the
GMR amplitude,uI the direction of the current, andui and
DRAMR,i si = f ,p, . . .d denote the magnetization directions and
the AMR amplitudes of the FM layers.

IV. INFLUENCE OF CONTACT GEOMETRY ON AMR

We use different contact geometries labeled “L” for lon-
gitudinal and “T” for transverse geometry as shown in Fig. 2.
Typical linear dimensions of the samples are of the order of
10 mm. The contact geometry has a strong influence on the
current distribution in the sample. The GMR effect depends
on the relative angleu f −up between the free and pinned
layer and is for isotropic polycrystalline samples independent
of the in-plane current direction. Therefore, the measured
GMR ratio is not expected to be affected by the contact
geometry. On the other hand, the macroscopically measured
AMR ratio is expected to strongly depend on the current
distribution in the sample, because AMR depends on the
angle between the local magnetization and the current direc-
tion. The AMR ratio measured for a homogeneous current
distribution reflects in good approximation the microscopic
AMR ratio. For current distributions where the current pre-

FIG. 1. Schematic sequence of the spin-valve structure. The fixed and free
FM layers consist of a NiFe layer and a Co polarizing layer at the interface
towards the Cu spacer.

FIG. 2. Contact configuration of the four-probe resistance measurements:
longitudinal (L geometry) and transverse(T geometry).
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dominantly flows along circular trajectories, local AMR con-
tributions average out, and the macroscopically measured
AMR ratio is strongly reduced.

As an example we show in Fig. 3 the angular MR of
sample S2 measured at the same field strength of 135 Oe in
the two different contact geometries. The curves show a dis-
tinctly diverse course, because the AMR of the three(free,
pinned, and texturing) FM layers contribute differently.

We confirm these expectations about the macroscopic
AMR response of a single FM layer in different contact ge-
ometries by finite-element simulations using a commercial
software.22 In Fig. 4 we show the results for L and T geom-
etry. The figure parts labeled “current” are the left and upper
part of the current distribution in a rectangular sample in L
and T geometry, respectively. The other halves of the sample
follow from mirroring at the right and bottom edge, respec-
tively. The gray levels indicate the local current density. The
figure parts labeled “AMR” show the macroscopically mea-
surable AMR ratio when one contact is fixed at the the po-
sition marked by a cross and the second contact is moved
across the sample. Here, the gray levels render the macro-
scopically measured AMR ratio normalized the microscopic
AMR ratio (note the different scale bars). In Fig. 4(a) the
current distribution is more homogeneous and accordingly

the variations of the measured AMR are small. In the L
geometry—the second contact lies on a horizontal line with
the fixed contact—the macroscopic AMR approximately
equals the microscopic. In Fig. 4(b) the current distribution is
largely inhomogeneous and the measured AMR ratio is al-
most completely suppressed in some regions or strongly en-
hanced in others. In the T geometry with both contacts lying
on a vertical line, the measured AMR ratio is only a few
percent of the microscopic AMR ratio.

The possibility of strongly suppressing the AMR contri-
bution to the angular MR is of particular interest because(i)
a smaller number of parameters is required to fit Eq.(1) to
the data,(ii ) all AMR terms are suppressed simultaneously,
(iii ) the GMR term is not affected, and(iv) no information
about the detailed remagnetization of additional and some-
times badly characterized FM layers(e.g., texturing layer) is
needed.

V. RESULTS AND DISCUSSION

A. Structural characterization

It is well known that the GMR ratio depends on the state
of the interface, i.e., on interface mixing and roughness
ssinterfaced.

23 Therefore, we start by characterizing the micro-
structural properties of the two types of samples. Figure 5(a)
shows the XRR data of specimens S1 and S2. The specular
reflectivity spectra are fitted using Parratt’s formalism24 with
the following variables: the individual layer thicknesses and
the average rms interface roughnesssinterface. We find that the
layer thicknesses are the same for both samples and that
there is no significant variation ofsinterface=s0.5±0.05d nm.
The diffuse scattering measurements provide information
about the in-plane structure of the interfaces, which can be
described in terms of the height-height correlation function
CsRd. It is often parametrized in XDS analysis in the form

FIG. 3. Angular dependence of the resistanceR for sample S2 measured at
135 Oe in transverse(T) and longitudinal(L) contact geometry. The ordi-
nates are equally scaled but offset by about 11 mV.

FIG. 4. Finite-element simulation for a rectangular sample contacted in(a)
L geometry and(b) T geometry. The current distributions of(a) the left and
(b) the upper half of the sample are shown. The other parts display the AMR
measured when one contact is located at the position marked by a cross and
the second contact is moved to different sites of the sample. The gray scales
indicate the strength of the macroscopically measured AMR ratio divided by
the microscopic AMR value.

FIG. 5. (a) Specular XRR scans of sample S1 and S2. The curves are
vertically shifted for the sake of clarity.(b) AFM micrographs of the com-
pleted spin-valves S1 and S2 taken under ambient conditions show similar
surface roughness and average feature sizes.
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CsRd = sinterface
2 expS− F uRu

j
G2hD , s2d

whereR is an in-plane vector within the integration area,j is
the in-plane correlation length, andh is the fractal dimension
which describes the jaggedness of the interface.18 We use
Ming’s model25 to fit the XDS data(not shown) and obtain
j=s300±20d nm andh=0.5±0.2. For details of the fitting
procedure see Ref. 23. The fit results indicate no significant
structural variation for the two sample types.

AFM micrographs in Fig. 5(b) show similar topogra-
phies irrespective of the difference in preparation. The small
variation of the surface roughnessssurface and the average
feature size determined from the AFM micrographs indicate
a similar topological distribution of grains(see Table I). This
is further supported by the volume-sensitive saturation resis-
tancesRS, which are also the same for both sample types.

B. MOKE and MR measurements with setup I

Figure 6 shows the MOKE and MR measurements per-
formed by varying the strength of the field applied collinear
to the EBD(setup I). Both MOKE loops consist of two dis-
tinctly separate hysteresis loops corresponding to the free
FM layer near zero field(small coercivity) and to the pinned
FM layer (larger coercivity) centered at the exchange bias
field of about 150 Oe. The hysteresis loop for the free layer
of sample S1 is slightly narrower, probably due to the ap-
plied field of 130 Oe during the growth of this layer. The
GMR ratio for S2 is almost twice as high as that of S1,
although the structural parameters determined from XRR and
AFM are almost the same(see Table I). The sizable error for
HEB

I arises from the sheared and asymmetric shape of the
MOKE and MR loops of the pinned layer(see Fig. 6). The

seemingly different shifts of the loops arise from the differ-
ent responses of the MOKE and MR signal to the rotation of
the pinned magnetization: A part of the sample, where the
pinned magnetization, for instance, is perpendicular to the
free magnetization does not contribute to the logitudinal
MOKE loop, but shows a MR corresponding to 50% of the
maximum GMR.

C. MR measurements with setup II

Figure 7 shows the angular dependence of resistanceR
at different field strengths measured in the T geometry in
order to experimentally suppress the AMR contributions. The
external field is rotated starting from the EBD(correspond-
ing to 0°) by 360° in clockwise(CW) direction and then back
in counterclockwise(CCW) direction. The curves are domi-
nated by the GMR effect and can be understood having in
mind that parallel and antiparallel alignment between the
pinned and free layers leads to a resistance minimum and
maximum, respectively. At low fieldss30–108 Oed the mag-
netization of the pinned layer is approximately fixed in the
EBD, while the free layer rotates with the field.

Therefore, the GMR effect leads to a sinusoidal shape of
the curves. As the external field gets closer to theuHEB

I u of
about 150 Oe(Table I) the deviation from the sinusoidal be-

TABLE I. Average feature size andssurfacedetermined from AFM, GMR ratio, exchange bias field obtained from setup IsHEB
I d and from setup IIsHEB

II d,
uniaxial anisotropy fields of the freesHuf =Kuf /Mfd and pinnedsHup=Kup/Mpd FM layer, and interlayer coupling fieldsHJ=J/md for samples S1 and S2.

Sample

AFM Setup I & II Setup I Setup II

Feature size
(nm)

ssurface

(nm)
GMR
(%)

HEB
I

(Oe)
HEB

II

(Oe)
Hup

(Oe)
Huf

(Oe)
HJ

(Oe)

S1 32±5 0.36±0.05 1.8±0.05 147±20 150±5 3.3 4.1 5.1±1.0
S2 28±5 0.31±0.05 4.0±0.05 151±20 135±5 1.8 0.8 1.3±1.0

FIG. 6. Longitudinal MOKE hysteresis loops(gray) and MR curves(black)
measured with setup I for spin-valves S1 and S2. MR measurements are
performed in the L geometry.

FIG. 7. Angular dependence of the resistanceR for (a) S1 and (b) S2
normalized to the value for the EBD(corresponding to 0°) measured in T
geometry at different external field strengths as indicated.
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havior increases, and a difference between the CW and CCW
rotation direction appears(see arrows in Fig. 7 for the curves
at 135 Oe). As the field is increased aboveuHEB

I u, the align-
ment between the magnetizations of the pinned and free
layer at the field direction opposite to the EBD(180°)
switches from antiparallel to parallel corresponding to a MR
maximum and minimum, respectively. A further increase of
the field strength leads to a gradually decreasing MR. Above
200 Oe, where the curves are dominated by the AMR effect,
they become almost flat, because the impact of AMR on the
angular MR is intentionally suppressed by choosing the T
geometry. AMR in Fig. 7 is almost negligible compared to
the GMR, and the AMR ratios extracted from the fits for
both samples are less than 0.07%. Comparing the width of
the angular MR curves of samples S1 and S2 one realizes a
larger spread for S1. This signifies that for the two specimens
the pinned and free layers respond differently to the external
field due to different interlayer coupling strengths across the
spacer layer.

We find rotational hysteresis in all examined samples in
the field range arounduHEB

I u, where there is also hysteresis in
the MR curves measured with setup I(Fig. 6). There are few
reports of detailed studies of the rotational hysteresis exam-
ined by means of magnetic torque measurements26,27 and in
field-direction dependent MOKE (ROTMOKE)
experiments.28,29 Rotational hysteresis is a general but not
yet completely understood feature of exchange-biased sys-
tems.

By simultaneously fitting the angular dependence of the
MR at different field strengths to the model described in Sec.
III, we are able to extract the strengthHEB

II and the direction
of the exchange-bias fields, the uniaxial anisotropy fields
Hufspd=Kufspd /Mfspd of the free(pinned) layer, and the inter-
layer coupling fieldHJ=J/m, whereMf,p are the magnetiza-
tions of the free and pinned layer, andm is the magnetic
moment of the spin valve. For curves showing angular hys-
teresis we exclude the field region with a difference between
the CW and CCW rotation directions from the fits. We also
mention, that fitting of MR data taken in the L geometry is
much more difficult and yields significantly larger error bars.
In some cases no satisfactory fits are possible at all.

We find uniaxial anisotropy fields of 0.6%–3% ofHEB
II

and weak ferromagnetic interlayer coupling withHJ about
4% of HEB

II (see Table I). The collinearity of the uniaxial
anisotropy axes and the EBD suggests that the uniaxial
anisotropies are induced during the field-cooling procedure.
Ferromagnetic coupling across thin spacers is quite common
and can be attributed to “orange peel” coupling30 due to fi-
nite interface roughness or to magnetic bridges.

The increase of the GMR ratio by more than a factor of
2 from S1 to S2 is accompanied by an almost fourfold de-
crease of HJ. Annealing of the complete structure for
samples S2 obviously improves the interfaces in terms of
roughness, which reduces the orange peel coupling as well as
FM coupling due to magnetic bridges, and in terms of the
maximum GMR ratio. The latter can be explained by a rear-
rangement of free magnetic poles at the Co/Cu interface30

and also by the better interface quality. The uniaxial aniso-
tropy fields extracted from the fits are slightly larger for S1

with a more pronounced difference forHuf of the free layer.
The increased uniaxial anisotropy of the free layer arises
from the applied field of 130 Oe during the growth of
samples S1, but not for S2.

Comparing the values ofHEB
I and HEB

II in Table I, one
finds small differences within the error bars ofHEB

I and the
significantly smaller error bars forHEB

II . The reason for the
smaller error bars—and the main advantage of setup II—is
the fact that HEB

II can be determined for external field
strengthsH clearly different fromuHEB

II u, where no domains
and hysteresis occurs in the pinned layer. In setup I, however,
HEB

I is determined from the field where the remagnetization
takes place and domains and hysteresis occur, i.e., atH<
−HEB

I .
Figure 8 shows representative examples of fits for some

experimental curves from Fig. 7(b). The deviations of the
model from the data in Figs. 8(c) and 8(d) are due to hyster-
esis and suggest the following remagnetization behavior:
when coming from the EBDsu=0°d, the magnetization of
pinned layer rotates coherently untilu reaches a critical value
of about 10° before the inverse EBD,u=170°. At this point
domains begin to nucleate, and the GMR ratio—compared to
the single-domain state of the model—is reduced forH
,HEB

II [Fig. 8(c)] and enhanced forH.HEB
II [Fig. 8(d)].

From here the reversal continues via domain wall motion up
to about 15° and 70° beyond the inverse EBD(u=195° and
250°) for H=135 and 152 Oe, respectively. Thus, there is a
difference of 55° before the single-domain state is restored
for H,HEB

II andH.HEB
II . This kind of angular hysteresis for

different external fields has previously been reported for
torque measurements.27 Otherwise, we find symmetric CW
and CCW curves around 180° unlike those reported by de
Haaset al.28 This symmetry confirms for our samples that
there is no misalignment between the uniaxial and unidirec-

FIG. 8. Angular dependence of the resistanceR in T geometry normalized
to the value at 0° for sample S2 at different external field strengths(a)
30 Oe,(b) 108 Oe,(c) 135 Oe, and(d) 152 Oe. Filled and open circles are
for the increasing(clockwise) and decreasing(counterclockwise) angular
sweep, respectively. The solid lines show the fitted curves.
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tional anisotropy axes. We also do not observe a distinct
distribution of EBDs as alluded to by Barholz and
Mattheis.31

VI. CONCLUSIONS

We have described in detail angular MR measurements
of exchange-biased spin valves. We showed experimentally
and by finite-element simulations that AMR contributions
can be suppressed by choosing an appropriate contact geom-
etry. The advantage of varying the field direction(setup II)
over standard MOKE and MR loops with fixed field direc-
tion (setup I) is the higher accuracy in determining the GMR
ratio, the uniaxial anisotropies of the free and pinned FM
layers, and the interlayer coupling between them. The higher
precision results from(i) the intrinsically larger data set
(variation of field magnitudeanddirection), and(ii )—in par-
ticular for HEB—from the fact that the measurements can be
performed at external fields smaller or larger thanHEB,
where no hysteresis and domains are involved. The applica-
tion to differently prepared Tas5.0 nmd /NiFes3.0 nmd /
FeMns15.5 nmd /NiFes3.0 nmd /Cos2.0 nmd / Cus3.5 nmd /
Cos2.0 nmd /NiFes7.0 nmd spin valves demonstrates the high
sensitivity and reveals small differences of the anisotropy
and interlayer coupling fields, which are hardly accessible by
standard MR and MOKE loops. The described procedures
allow for a quick and precise characterization of unpatterned
spin-wave multilayer stacks.
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