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Rotating-field magnetoresistance of exchange-biased spin valves
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We investigate the magnetoresistanbtR) of spin valves by(i) varying the strength of the field
applied in a fixed direction andi) rotating the field with fixed strength. The latter data reflect in
general a mixture of giant and anisotropic magnetoresisté@d4R 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 T&.0 nm/NiFe(3.0 nm/FeMn(15.5 nm/NiFe(3.0 nm/Co(2.0 nm/

Cu(3.5 nm/Co(2.0 nm/NiFe(7.0 nm) 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 PhysiddOIl: 10.1063/1.1836881

I. INTRODUCTION ditionally, we will present an experimental procedure to sup-
press all AMR contributions which allows us to determine
A standard spin-valve structure consists of two ferro-with high precision the parameters relevant for the exchange
magnetic(FM) layers separated by a nonmagnetioble  bias effect and the GMR response.
metal spacer, where one of the FM layers, the so-called ref-  we choose the FeMn/NiFe exchange bias system for the
erence of fixed layer, is pinned by an antiferromagn@ii€)  following reasons(i) low coercivity of NiFe,(ii) high Néel
Iayell due to the exchange b?aeffect arising from direct temperatureTy=458 K of FeMn above room temperature
exchange coupling at the FM/AF interface. The exchanggRrT), (iii) sizableHgg, and(iv) simple, nonreactive sputter
bias acts as a unidirectional anisotropy and thus “locks” thgyrocess. The system has intensively been studied in order to
magnetization of the pinned FM in a certain direction, evenpptimize Hgg and to explore the relation between magnetic

for external fields applied in the opposite direction if they areproperties, microstructure, and interface roughri&ss.
lower than the exchange bias fidldgg|.> In contrast, the

other FM layer of the spin valve, the so_—called sensor or frgql' EXPERIMENT
layer, should freely follow the external field and, therefore, is
chosen to be magnetically soft. Magnetic sensors based on The spin valves are prepared by dc magnetron sputter-
the giant magnetoresistana;@MR)E"6 in spin-valve struc- ing in a system with a base pressure of A@bar. The
tures require a low coercive field of the free layer and a largdayer sequence grown on oxidized Si substrates is
Hegg of the fixed layer in order to yield a well-defined re- Ta(5.0 nm)/NiFe(3.0 nm)/FeMn(15.5 nm/NiFe(3.0 nm/
sponse over a wide range of field strength and direction. Co(2.0 nm)/Cu(3.5 nm/Co(2.0 nm/NiFe&(7.0 nm (see
The magnetoresistive output of a spin valve when exFig. 1). A Ta underlayer serves as a buffer, and the NiFe
posed to an external field varying in magnitude and/or directexturing layer provides 6111) texture for the FeMn layer.
tion depends sensitively on the details of the remagnetizatiomhe NiFe film on top of AF FeMn layer together with a thin
process, which is influenced by the anisotropies and coercivico polarizing layer represent the fixed layer of the spin
ties of the FM layers, their anisotropic magnetoresistance@alve. A Cu spacer separates it from the free layer which also
(AMR), the unidirectional exchange bias anisotropy of theconsists of a Co polarizing layer and NiFe. Polarizing Co
pinned layer, and eventually the magnetic coupling betweetayers on both sides of the spacer enhance the GMR ratio due
the two FM layers. to the higher degree of spin polarization of Ce&42%)
AMR measurements as a function of the applied fieldcompared to NiFé~35%).'°
direction have previously been applied to AF/FM bilayer to ~ We prepare two types of spin valves labeled S1 and S2,
determineHgg’ and to map the distribution of exchange biasfor which the field-cooling procedure is performed at differ-
directions® Here, we study the dependence of the magneent stages of the deposition sequence. Therefore, we expect
toresistancéMR) on the field direction in spin-valve struc- different magnetic and magnetotransport properties. The
tures instead of bilayers in order to take advantage of théeld-cooling procedure consists of annealing in an inert at-
GMR, which vyields a higher sensitivity. Moreover, spin mosphere of\, gas for 10 min at 473 K, i.e., above the Néel
valves have a higher relevance for practical applications. AdtemperatureTy=458 K of FeMn, and subsequently cooling
to RT in an applied field of 130 Oe. For type S1 the anneal-

IAuthor to whom correspondence should be addressed; electronic mailnd IS pe_rformed before _the grqvvth of _the free layer. In this
a.paul@fz-juelich.de case a field of 130 Oe is applied during the growth of the
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FIG. 2. Contact configuration of the four-probe resistance measurements:
longitudinal (L geometry and transvers€T geometry.
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Ill. 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 magnetizati%%s‘l?he

3.0 nm NiFe texturing layer equilibrium magnetization angle% ,  of the free, pinned,
buffer . = P, )
5.0 nm Ta buffer layer and possible additional FM layers at a given external fi¢ld
applied at angle® with respect to the EBD are calculated
oxidized Si wafer 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.
FIG. 1. Schematic sequence of the spin-valve structure. The fixed and freﬁ\nother example for the occurrence of additional FM layers
FM layers consist of a NiFe layer and a Co polarizing layer at the interfacethat need to be consid d . | ith tificial
towards the Cu spacer. . ) idered are spin valves with an artificia

antn‘erromagnef For the free energy expression, we take

free EM layer. Type S2 spin valves are annealed afte'rn.to account the Zeeman energies and the uniaxial anisotro-

completion of the whole sequence. The resulting slightly dif-P'es of all FM Iaygrs(anlsotropy constanﬂsgf,p,,_._ .for frge,
. : inned, and additional FM layers, respectiyelyilinear in-
ferent magnetic properties can be extracted from angular M

measurements, but not from standard MR and magnetot-erlayer coupling between the free and pinned layer param-

optical Kerr effect(MOKE) measurements. etrlzed_byJ, and the unidirectional anisotropy of the pinned
The main characterization tool of this work is the mea-'2Y€" 9Ven byHee.
) , . The total MR due to both GMR and AMR is then calcu-

surement of the MR as a function of the field magnitude ag S : : .

. o . ated from the equilibrium configuration at a given external
well as the field direction. We employ a conventional four- field b
probe dc technique with the applied constant current flowing y
parallel to the easy axis of the pinned layer, i.e., the direction 1
of magnetic field during the field-cooling procedurg. Unpat- R=Ry+ ARGMRE{l - cog6; — 6p)}
terned square or rectangular samples of about A sine are
contacted using needles or wire bonding. We used different + > ARgyr,; SiR46 - 6), (1)
contact geometries that will be defined and discussed in Sec. i=t,p,...
IV. MR measurements are performed with two types of set- . o .
ups: In setup | we vary the strength and sign of the externaivhere Ry is the field-independent resistancéRgur the
field applied in a fixed direction collinear to the exchangeGMR amplitude,f; the direction of the current, ang and
bias direction(EBD), and in setup Il we rotate the external ARawr,i (i=f,p, ...) denote the magnetization directions and
field with a fixed magnitudé®’In the latter case we employ the AMR amplitudes of the FM layers.
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 thgy |NFLUENCE OF CONTACT GEOMETRY ON AMR
sample for all measurements. The GMR ratio is defined in

the usual manner afy—Rs)/Rs, whereRs and R, are the We use different contact geometries labeled “L” for lon-
resistances at saturating and zero magnetic field, respegitudinal and “T” for transverse geometry as shown in Fig. 2.
tively. Typical linear dimensions of the samples are of the order of

Magnetization loops are recorded by means of thelO mm. The contact geometry has a strong influence on the
MOKE at RT in setup I. Atomic force microscopyAFM) current distribution in the sample. The GMR effect depends
measurements are performed in the tapping mode using @ the relative angles;— 6, between the free and pinned
multimode scanning probe microscope from Digital Instru-layer and is for isotropic polycrystalline samples independent
ments. X-ray reflectivitf XRR) as well as diffuse x-ray scat- of the in-plane current direction. Therefore, the measured
tering(XDS) measurement&*are employed to characterize GMR ratio is not expected to be affected by the contact
the microstructure of the samples. We use a Bruker-axs D§eometry. On the other hand, the macroscopically measured
diffractometer with ClK « radiation. XRR measurements are AMR ratio is expected to strongly depend on the current
done in specular geometry, where the angle of incidegce distribution in the sample, because AMR depends on the
equals the angle of reflectiag. Diffuse scattering as a func- angle between the local magnetization and the current direc-
tion of the in-plane component of the momentum transfettion. The AMR ratio measured for a homogeneous current
vector g, is measured by keeping the scattering angle 2 distribution reflects in good approximation the microscopic
fixed while rocking the specimen arouag=«;. AMR ratio. For current distributions where the current pre-
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FIG. 3. Angular dependence of the resistaRcr sample S2 measured at Incident angle © (%)

135 Oe in transvers€l) and longitudinal(L) contact geometry. The ordi- (0)
nates are equally scaled but offset by about X2.m 20nm8

dominantly flows along circular trajectories, local AMR con-
tributions average out, and the macroscopically measured
AMR ratio is strongly reduced. onm

As an example we show in Fig. 3 the angular MR of
sample S2 measured at the same field strength of 135 Oe fG. 5. (a) Specular XRR scans of sample S1 and S2. The curves are
the two different contact geometries. The curves show a disvertically shifted for the sake of clarityb) AFM micrographs of the com-
tinctly diverse course, because the AMR of the thtfeee, pleted spin-valves S1 and S2 taken unde_r ambient conditions show similar

. . . . surface roughness and average feature sizes.

pinned, and texturingFM layers contribute differently.

We confirm these expectations about the macroscopic
AMR response of a single FM layer in different contact ge-the variations of the measured AMR are small. In the L
ometries by finite-element simulations using a commerciajeometry—the second contact lies on a horizontal line with
software?? In Fig. 4 we show the results for L and T geom- the fixed contact—the macroscopic AMR approximately
etry. The figure parts labeled “current” are the left and uppeequals the microscopic. In Fig(l) the current distribution is
part of the current distribution in a rectangular sample in Llargely inhomogeneous and the measured AMR ratio is al-
and T geometry, respectively. The other halves of the samplmost completely suppressed in some regions or strongly en-
follow from mirroring at the right and bottom edge, respec-hanced in others. In the T geometry with both contacts lying
tively. The gray levels indicate the local current density. Theon a vertical line, the measured AMR ratio is only a few
figure parts labeled “AMR” show the macroscopically mea-percent of the microscopic AMR ratio.
surable AMR ratio when one contact is fixed at the the po-  The possibility of strongly suppressing the AMR contri-
sition marked by a cross and the second contact is moveplution to the angular MR is of particular interest becagise
across the sample. Here, the gray levels render the macra-smaller number of parameters is required to fit @g.to
scopically measured AMR ratio normalized the microscopicthe dataJii) all AMR terms are suppressed simultaneously,
AMR ratio (note the different scale barsin Fig. 4a) the  (iii) the GMR term is not affected, an@ ) no information
current distribution is more homogeneous and accordinglabout the detailed remagnetization of additional and some-

times badly characterized FM layqies.g., texturing layeris

(a) L-geometry needed.

PIANE A £
500 x 500 nm?

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
(aimerfacg.23 Therefore, we start by characterizing the micro-
structural properties of the two types of samples. Figuee 5
shows the XRR data of specimens S1 and S2. The specular
reflectivity spectra are fitted using Parratt’s formalffémith
the following variables: the individual layer thicknesses and
the average rms interface roughnesg.t.ce We find that the
FIG. 4. Finite-element simulation for a rectangular sample contactéa) in layer thicknesses are the same for both samples and that
L geometry andb) T geometry. The current distributions @ the leftand ~ there is no significant variation Gfiyeface=(0.5£0.09 nm.

(b) the upper half of the sample are shown. The other parts display the AMRThe diffuse scattering measurements provide information

measured when one contact is located at the position marked by a cross accll(i)out the in-plane structure of the interfaces, which can be
the second contact is moved to different sites of the sample. The gray scal !

€ . . . . . .
indicate the strength of the macroscopically measured AMR ratio divided b)ﬂsescr'befd in terms of the_ he|ght—he|ght corrgla_non function
the microscopic AMR value. C(R). It is often parametrized in XDS analysis in the form
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TABLE |. Average feature size and,.c.determined from AFM, GMR ratio, exchange bias field obtained from seiiL4) and from setup [(HLg),
uniaxial anisotropy fields of the fre¢u;=Ku;/My) and pinnedHup,=Ku,/M,) FM layer, and interlayer coupling fielH,=J/w) for samples S1 and S2.

AFM Setup | & Il Setup | Setup Il
Feature size Ceurtace GMR Hig Hig Hu, Hug H,
Sample (nm) (nm) (%) (Oe) (Oe) (Oe) (Oe) (Oe)
S1 32+5 0.36+0.05 1.8+0.05 147420 150+5 33 4.1 5.1+1.0
S2 2815 0.31%0.05 4.0+0.05 151420 13545 1.8 0.8 1.3+1.0
IR| 2h seemingly different shifts of the loops arise from the differ-
C(R = Uﬁwterfaceex v ' ) ent responses of the MOKE and MR signal to the rotation of

the pinned magnetization: A part of the sample, where the
whereR is an in-plane vector within the integration aréas  pinned magnetization, for instance, is perpendicular to the
the in-plane correlation length, aids the fractal dimension free magnetization does not contribute to the logitudinal
which describes the jaggedness of the interfdcéle use  MOKE loop, but shows a MR corresponding to 50% of the
Ming’'s modef® to fit the XDS data(not shown and obtain  maximum GMR.
£=(300+£20 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. c
AFM micrographs in Fig. &) show similar topogra- Figure 7 shows the angular dependence of resist&nce
phies irrespective of the difference in preparation. The smalkt different field strengths measured in the T geometry in
variation of the surface roughness,,ce and the average order to experimentally suppress the AMR contributions. The
feature size determined from the AFM micrographs indicateexternal field is rotated starting from the EBBorrespond-
a similar topological distribution of grainisee Table)l This  ing to 0° by 360° in clockwis¢ CW) direction and then back
is further supported by the volume-sensitive saturation resisin counterclockwis¢ CCW) direction. The curves are domi-
tancesRg, which are also the same for both sample types. nated by the GMR effect and can be understood having in
mind that parallel and antiparallel alignment between the
B. MOKE and MR measurements with setup | pinned and free layers leads to a resistance minimum and
maximum, respectively. At low fields80—108 O¢the mag-

Figure 6 shows the MOKE and MR measurements peryqyi;ation of the pinned layer is approximately fixed in the

formed by varying the strength of the field applied coIIinearEBD while the free layer rotates with the field.
to the EBD(setup ). Both MOKE loops consist of two dis- Therefore, the GMR effect leads to a sinusoidal shape of
tinctly separate hysteresis loops corresponding to the frefhe curves. As the external field gets closer to |*HEB| of

FM layer near zero fielgsmall coercivity and to the pinned 5+ 150 OgTable I) the deviation from the sinusoidal be-
FM layer (larger coercivity centered at the exchange bias

field of about 150 Oe. The hysteresis loop for the free layer

. MR measurements with setup Il

1.020 1

of sample S1 is slightly narrower, probably due to the ap- @ s Hf'f_(gg)i
plied field of 130 Oe during the growth of this layer. The 1015 —— 60
GMR ratio for S2 is almost twice as high as that of S1, g ' :::fga
although the structural parameters determined from XRR and E | o0, —a- 13.2
AFM are almost the sam@ee Table)l The sizable error for g B
HEg arises from the sheared and asymmetric shape of the 1.005.
MOKE and MR loops of the pinned laygsee Fig. 6. The '
1.000
14
s 1.0404 (b)S2 Field (Oe):
ey X —a— 30
3 L= 1.035 1 o 60
s 8 1.0304 —+— 88
3 8 5 o 108
E’ 0B & 10251 —a— 135
2 148 = 1.0201 —o— 152
¢ =} ) o 171
o) 3 g T 1.0151 —a— 225
= 2® 1.010 —v- 574
=
1 10051
300 -200 -100 0 100 200 300 0 45 90 135 180 225 270 315 360
Field strength (Oe) Fieid angle © (°)

FIG. 6. Longitudinal MOKE hysteresis looggray) and MR curvegblack) FIG. 7. Angular dependence of the resistafitdor (a) S1 and(b) S2
measured with setup | for spin-valves S1 and S2. MR measurements arermalized to the value for the EBRorresponding to Q°measured in T
performed in the L geometry. geometry at different external field strengths as indicated.
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havior increases, and a difference between the CW and CCW 1.04
rotation direction appeassee arrows in Fig. 7 for the curves
at 135 Og. As the field is increased aboVeg|, the align-

(a)H=300e

1.02 4

ment between the magnetizations of the pinned and free 100

layer at the field direction opposite to the EBQ80° 1.04 (©)H = 108 Oe

switches from antiparallel to parallel corresponding to a MR

maximum and minimum, respectively. A further increase of 1

the field strength leads to a gradually decreasing MR. Above S 1.00]

200 Oe, where the curves are dominated by the AMR effect, g 104 inoreasing angle (©) H= 135 Ce
o

@ decreasing angle

they become almost flat, because the impact of AMR on the g
- i

angular MR is intentionally suppressed by choosing the T
geometry. AMR in Fig. 7 is almost negligible compared to 1001
the GMR, and the AMR ratios extracted from the fits for 1 00 P (d) H=1520¢
both samples are less than 0.07%. Comparing the width of ~ ¥R

1.02

the angular MR curves of samples S1 and S2 one realizes a oo
larger spread for S1. This signifies that for the two specimens 1.000 {8
the pinned and free layers respond differently to the external o % 180 270 360

field due to different interlayer coupling strengths across the Field direction 6 (*)
Spacer Iayer' . Lo . . FIG. 8. Angular dependence of the resistafRti T geometry normalized
We find rotational hysteresis in all examined samples ing the value at 0° for sample S2 at different external field strengihs
the field range arounHig|, where there is also hysteresis in 30 Oe,(b) 108 Oe,(c) 135 Oe, andd) 152 Oe. Filled and open circles are
the MR curves measured with setu(Fig. 6). There are few for the increasi_ng(clockwise_an_d decreasingcqunterclockwis)e angular
. . . . sweep, respectively. The solid lines show the fitted curves.
reports of detailed studies of the rotational hysteresis exam-
ined by means of magnetic torque measureniéffand in
fieId-o!irectiog % dependent ~ MOKE (ROTMOKE)  with a more pronounced difference foluy of the free layer.
experiment$®?® Rotational hysteresis is a general but notThe increased uniaxial anisotropy of the free layer arises
yet completely understood feature of exchange-biased syfrom the applied field of 130 Oe during the growth of
tems. o samples S1, but not for S2.
By simultaneously fitting the angular dependence of the  comparing the values dfiL, and HY in Table I, one
MR at different field strengths to the model described in Secfings small differences within the error bars 8§, and the
| . .
lll, we are able to extract the strengtfy and the direction jgnificantly smaller error bars fadlg. The reason for the
of the exchange-bias fields, the uniaxial amsotropy fieldgmaller error bars—and the main advantage of setup Il—is
Hur(p)=Kur(p)/ Myp) Of the free(pinned layer, and the inter- o act thatH!, can be determined for external field
layer coupling fieldH,=J/u, whereMy , are the magnetiza-  gyengthsH clearly different from/H{g|, where no domains
tions of the free and pinned layer, apdis the magnetic 5.4 hysteresis occurs in the pinned layer. In setup |, however,
g?erz;n\tvgfetzgusgelzntrzlslf\i/gl.dlzrzrgﬁ)ur:ﬁ?hsg?jmggeﬁggﬂiv:ges$:EB is determined from the field where the remagnetization
: 2 : akes place and domains and hysteresis occur, i.eH=at
the CW and CCW rotation directions from the fits. We aIso_H| P 4 &
: o ) _ EB-
mention, that fitting of MR data taken in the L geometry is

e . - Figure 8 shows representative examples of fits for some
much more difficult and yields significantly larger error bars. ] . -
: : . experimental curves from Fig.(B). The deviations of the
In some cases no satisfactory fits are possible at all.

We find uniaxial anisotropy fields of 0.6%-3% bit; mgdel from the data in Figs.@ and &d are glue_ to hyster-.
and weak ferromagnetic interiayer coupling with about esis and §uggest the following oremagneuzatpn pehawor:
4% of Hyg (see Table L The collinearity of the uniaxial when coming from the EB¢=0°), the magnetization of
anisotropy axes and the EBD suggests that the uniaxidlinned layer rotates cohgrently urﬂlreachesacrltlgal vglue
anisotropies are induced during the field-cooling proceduref about 10° before the inverse EBB=170°. At this point
Ferromagnetic coupling across thin spacers is quite commoiomains begin to nucleate, and the GMR ratio—compared to
and can be attributed to “orange peel” coupffhdue to fi-  the single-domain state of the model—is reduced for
nite interface roughness or to magnetic bridges. <Hgg [Fig. &0)] and enhanced foH>Hgg [Fig. &d)].

The increase of the GMR ratio by more than a factor ofFrom here the reversal continues via domain wall motion up
2 from S1 to S2 is accompanied by an almost fourfold delo about 15° and 70° beyond the inverse EB>195° and
crease ofH; Annealing of the complete structure for 2509 for H=135 and 152 Oe, respectively. Thus, there is a
samples S2 obviously improves the interfaces in terms oflifference of 55° before the single-domain state is restored
roughness, which reduces the orange peel coupling as well & H<Hgg andH>H{g. This kind of angular hysteresis for
FM coupling due to magnetic bridges, and in terms of thedifferent external fields has previously been reported for
maximum GMR ratio. The latter can be explained by a reartorque measuremertts Otherwise, we find symmetric CW
rangement of free magnetic poles at the Co/Cu intefface and CCW curves around 180° unlike those reported by de
and also by the better interface quality. The uniaxial anisoHaaset al?® This symmetry confirms for our samples that
tropy fields extracted from the fits are slightly larger for S1there is no misalignment between the uniaxial and unidirec-
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