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The ferromagnetic resonancesFMRd technique has been used to investigate the properties of spin-valve
systems. We derive the FMR dispersion relation taking into account the competition that appears between the
direct exchange bias coupling and the indirect interlayer coupling. For uncoupled ferromagneticsFMd layers,
the system exhibits a dispersion relation corresponding to two independent systems: a single FM layersfree
layerd and an exchange-coupled bilayersreference/antiferromagnetic layersd. In the interlayer coupled regime a
unidirectional anisotropy is induced in the free layer and the FMR field is overall downshifted. Both features
are observed experimentally and the results are compared with the model.
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I. INTRODUCTION

Magnetic spin valves1 have been widely investigated
since the discovery of their magnetic properties and the re-
alization of their potential applications as magnetoresistive
sensor in magnetic read/write heads of storage devices2 and
in magnetoresistive random access memoriessMRAMsd.
The basic scheme of a spin valve is shown in Fig. 1. It
consists of two ferromagneticsFMd metal layers separated by
a thin nonmagnetic metal film, with one of the magnetic
layers being in atomic contact with a thick antiferromagnetic
sAFd layer. The first FM film, the reference layer, has the
direction of its magnetization set in a fixed direction by the
exchange bias coupling with the AF layer. The magnetization
of the other FM layer is free to rotate in response to an
in-plane external magnetic field. The operation point of a
spin-valve sensor depends directly on the magnetic coupling
between the two FM layers.2 The interlayer magnetic cou-
pling can be expressed as a superposition of different mecha-
nisms. One of them, Neel’s orange-peel coupling, is of mag-

netostatic nature, is highly dependent on the interface
roughness, and favors a ferromagnetic alignment.3 The other
mechanism—the interlayer exchange coupling—is due to the
indirect exchange interaction between the magnetizations of
the two ferromagnetic films across a nonmagnetic metal
layer.4 This coupling can favor parallelsferromagneticd, an-
tiparallel santiferromagneticd, or 90°sbiquadraticd alignment,
depending on the thickness and chemical nature of the spacer
layer. The magnetization direction of the reference layer is
fixed by the exchange anisotropy, which arises from the di-
rect coupling with the antiferromagnetic surface,5 is rela-
tively insensitive to moderate magnetic fields. In order to
avoid the detrimental coupling between both FM layers, the
spacer layer must be sufficiently thick. Since the total thick-
ness of a spin valve sensor for 100 Gbit/ in.2 application is
on the order of 600 Å, there is a limitation in the spacer layer
thickness. Thus, there is a significant issue concerning the
magnitude of the effective magnetic coupling between the
reference and the free layers. Ferromagnetic resonance
sFMRd has been shown to be the most successful technique
to determine the values of the effective fields associated with
the couplings between the various layers in magnetic
multilayer systems.6,7

In this paper we investigate the competition between the
exchange-bias coupling and the interlayer exchange cou-
pling, in spin-valve systems, from both the theoretical and
experimental point of views. We present a calculation of the
spin wave dispersion relation in these systems that can be
used to interpret the in-plane ferromagnetic resonance field
dependence. The calculation takes into account an in-plane
static magnetic field, the demagnetization fields and the
uniaxial anisotropies of both FM layers, the bilinear inter-
layer exchange interaction between the FM films, the
exchange-bias coupling between the reference and the AF
layers, and the domain wall energy of the AF as described in
the model proposed by Mauryet al.8

In the following sections we describe the theoretical
model used to calculate the FMR spin wave dispersion rela-
tion in spin valves and also show the experimental measure-
ments. In Sec. IV we interpret the results emphasizing the
influence of the exchange anisotropy together with the inter-
layer exchange coupling in the FMR spectra.

FIG. 1. Schematic view of the spin valve system and the coor-
dinate system used in the ferromagnetic resonance analysis. In order
not to overwhelm the figure, the vectors for the magnetizations and
the magnetic field are not shown. The white arrow in the antiferro-
magnetic layer corresponds to the magnetization for one of the AF
sublattices.
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II. MODEL

We consider three coupled magnetic layers denoted by
FM1 sfree layerd, FM2 sreference or pinned layerd, and AF3

santiferromagneticd, which are schematically shown in Fig.
1. The magnetization vectors for the three layers are given by

MW 1, MW 2, MW 3 sMW 3 is the magnetization for one of the AF
sublattices in atomic contact with FM2d and the thicknesses
aret1, t2, andt3, respectively. The magnetization direction of
the reference layer is defined by means of the direct ex-
change coupling with the antiferromagnetic layer. The free
layer is separated from the reference layer by a nonmagnetic
metallic spacer of thicknessd. The magnetic free energy per
unit area of the entire structure can be written as

E = EFM + EEA + EEX, s1d

where the first term represents the free energy of the ferro-
magnetic films, the second term represents the contribution
of the direct exchange coupling at the FM2/AF3 interface
including the AF domain wall energy, and the last term rep-
resents the interlayer exchange coupling between the free
and the pinned layers. Assuming the coordinate system

shown in Fig. 1, the equilibrium positions ofMW 1, MW 2, and

MW 3, given by the polarsu1, u2, andu3d and azimuthalsf1, f2,
and f3d angles, can be calculated by minimizing the free
energy described in Eq.s1d. Following the Smit and Beljers
scheme,9,10 the dispersion relation of the spin valve system
described above, can be calculated as the roots of the deter-
minant of the following 636 matrix:

3
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4 , s2d

where each elementEij denotes the second derivative of the
free energy with respect to the equilibrium anglesui andfi,
zi =sv /gidtiMi sinsuid andgi si =1,2,3d are the gyromagnetic
ratios for the magnetization of each layer.

The first term in Eq.s1d can be written as follows:

EFM = − HW 0 · sMW 1 + MW 2d + F2psMW 1 · n̂d2 − Ku1SMW 1 · û

M1
D2Gt1

+ F2psMW 2 · n̂d2 − Ku2SMW 2 · û

M2
D2Gt2. s3d

where the first term represents the interaction of the magne-

tizations of the two FM layers with the external dc fieldHW 0,
and the terms in the square brackets represent the demagne-
tization and the uniaxial anisotropy energies for the free and
the reference layers, respectively. The corresponding uniaxial
anisotropy fields areHu1=2Ku1/M1 and Hu2=2Ku2/M2,
whereKu1 andKu2 are the uniaxial anisotropy constants for
the both FM layers. We assume that the uniaxial anisotropy
fields of the FM layer points parallel toû and the film normal
points alongn̂, and t1 and t2 are the thicknesses of the FM
layers. We also assume that the cubic magnetocrystalline an-
isotropy of the Permalloy films is negligible and the surface
anisotropy contribution is incorporated into the demagnetiza-
tion energy term.

The second term in Eq.s1d corresponds to the contribu-
tion for the free energy of the interface between the FM2 and
the AF3 layers. It can be written as follows:

EEA = −
JEMW 2 · MW 3

sM2M3d
−

sWMW 3 · û

M3
, s4d

where the first term is the exchange-bias energy with the
macroscopic coupling constantJE, and the effective field as-
sociated to the exchange coupling is defined asHE
=JE/ st2M2d. Here we assume that AF layer has the same
anisotropy axes as defined by the unit vectorû, so that ex-
change energy is proportional to the difference of the in-
plane magnetization angles,f1 and f3. The second term
stands for the energy due to the planar domain wall at the AF
layer, wheresW=2ÎAAFKAF is the energy per unit surface of
a 90° domain wall in the AF layer and is associated with the
effective domain wall fieldHW=sW/M2t2.

The last term in Eq.s1d, corresponding to the interlayer
exchange coupling between the free and the reference layers,
can be phenomenologically written as follows:

EEX = −
JblMW 1 · MW 2

sM1M2d
− JbqFMW 1 · MW 2

sM1M2d
G2

, s5d

where the parametersJbl sbilineard andJbq sbiquadraticd de-
scribe the nature and the strength of the coupling. If the term
with Jbl dominates, then the coupling is ferrosantiferrod-
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magnetic for positivesnegatived Jbl. If the term with Jbq
dominates and is negative, the 90° coupling will prevail. In
this paper we will neglect the biquadratic contribution. The
effective interlayer exchange field acting on each individual
layer is defined asHbl=Jbl / stFMMFMd, where tFM and MFM

are the FM layer thickness and the FM spontaneous magne-
tization, respectively.

III. EXPERIMENTS

We have investigated two samples of
Ir20Mn80s125 Åd /Ni81Fe19s100 Åd /Cusdd /Ni81Fe19s100 Åd,
with d=60 and 168 Å. The films of PermalloysPyd and Cu
were dc sputtered at room temperature in a pure argon atmo-
sphere of 3.0310−3 Torr. The base pressure before deposit-
ing was typically 1.5310−7 Torr and the substrate were
commercial electronic grade Sis001d wafers. To get reason-
able exchange-bias field, the IrMn layers were deposited in
an argon sputtering pressure of around 8.0310−3 Torr.11 The
ferromagnetic resonance data were obtained with a home-
built X-band spectrometer operating at 8.61 GHz, with the
sample mounted on the tip of an external goniometer to al-
low measurement of the in-plane resonance fieldHR as a
function of the azimuthal angle. The dc magnetic field was
provided by a 9 in. electromagnet and was modulated with a
1.2 kHz ac component of a few oersteds using a pair of
Helmholtz coils. To improve the measurement of the FMR
field and the linewidth values, the experimental absorption
lines were numerically adjusted to double Lorentzian func-
tions.

Figure 2 shows the FMR spectra of the spin-valve
IrMn/Ni81Fe19/Cus168 Åd /Ni81Fe19 as a function of the in-
plane angle. In this sample the thickness of the Cu layer was
chosen large enough to assure that the magnetization of the
Py layers is not coupled. The spectra exhibit one intense
absorption peak located aroundH0=0.86 kOe, with a value
that changes slightly with the azimuthal anglefH. This in-
tense peak corresponds to the uniform mode of resonance of
the free layer magnetization and indicates a very small
uniaxial anisotropy field. Additionally, there is a small ab-

sorption peak corresponding to the uniform mode of preces-
sion of the reference layer magnetization. This absorption
mode exhibits resonance field values that change as a func-
tion of the azimuthal angle, revealing a unidirectional aniso-
tropy symmetry. An interlayer coupling between the two FM
films is detected for the sample of thinner spacer layer and
the angular dependences of the resonance fields change con-
siderably. Before showing the data for the other sample the
dependence of the two peak positions on the in-plane angle
will be interpreted in Sec. IV

IV. RESULTS AND DISCUSSION

In this section, we present the derivation of the spin-wave
dispersion relation of the spin-valve structure, which is used
to interpret the FMR data. We consider that the dc magnetic
field is applied in the plane of the films, with the direction
characterized by an azimuthal anglefH with the easy axis
direction. We also consider thatg1=g2=g and all the mag-
netizations are parallel to the plane of the sample, i.e.,uH
=u1=u2=u3=p /2. The FMR dispersion relation, derived
from the determinant of Eq.s2d, can be written as a function
of the second derivatives of the energy as

Sv4

g4D − Sv2

g2DFSEf2f2 −
Ef2f3

2

Ef3f3
DSEu2u2 −

Eu2u3
2

Eu3u3
DG 1

st2M2d2

− Sv2

g2DS2Ef2f1Eu2u1
1

t2M2t1M1
+ Ef1f1Eu1u1

1

st1M1d2D
+ FEu2u1

2 − Eu1u1SEu2u2 −
Eu2u3

2

Eu3u3
DGFEf2f1

2 − Ef1f1

3SEf2f2 −
Ef2f3

2

Ef3f3
DG 1

st2M2t1M1d2 = 0. s6d

In order to check the validity of Eq.s6d, it is easy to analyze
the situation in which the FM layers exhibit no couplingsi.e.,
Hbl=0d and Ef2f1=Eu2u1=0. It means that one of the real
roots of Eq.s6d will describe the spin wave dispersion rela-
tion of a FM/AF exchange coupled system10

Sv2

g2D = FSEf2f2 −
Ef2f3

2

Ef3f3
DSEu2u2 −

Eu2u3
2

Eu3u3
DG 1

st2M2d2 .

s7d

The other root will correspond to the dispersion relation of a
single ferromagnetic film9

Sv2

g2D = Ef1f1Eu1u1
1

st1M1d2 . s8d

Remember that in this caseEu1f1=0 becauseu1=uH=p /2.
Consideringt1= t2= t, the spin wave dispersion relation

given by Eq.s6d can be explicitly written as a function of the
applied field as

Sv4

g4D − Sv2

g2DAsHd + BsHd = 0, s9d

where

FIG. 2. Ferromagnetic resonance absorption spectra for an
IrMn/Py/Cu/Py spin valve system as a function of the in-plane
angle. The absorption modes corresponding to the freesintense
peakd and referencesweak peakd layers are shown. The linewidths
and ferromagnetic resonance field values were extracted from the
spectra using a double-Lorentzian curve-fitting procedure.
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AsHd = fH cossf2 − fHd + a1gfH cossf2 − fHd + a2g

+ fH cossf1 − fHd + a3gfH cossf1 − fHd + a4g

+ 2
M1

M2
Hbl

2 cossf1 − fHd s10d

BsHd =

HM1

M2
Hbl

2 − fH cossf1 − fHd + a4g

3fH cossf2 − fHd + a1gJ
3HM1

M2
Hbl

2 cos2sf1 − f2d − fH cossf1 − fHd + a3g

3fH cossf2 − fHd + a2gJ s11d

and

a1 = 4pM2 + HU2 cos2 f2 + H1
ef f s12d

a2 = HU2 cos 2f2 + H2
ef f s13d

a3 = HU1 cos 2f1 + Hbl cossf1 − f2d s14d

a4 = 4pM1 + HU1 cos2 f1 + Hbl cossf1 − f2d. s15d

HereH1
ef f andH2

ef f are given by

H1
ef f =

M1

M2
Hbl cossf1 − f2d

+
HW cosf3 cossf2 − f3d − HEsen2sf2 − f3d

HW

HE
cosf3 + cossf2 − f3d

s16d

H2
ef f =

M1

M2
Hbl cossf1 − f2d +

HW cosf3 cossf2 − f3d
HW

HE
cosf3 + cossf2 − f3d

.

s17d

Notice that by makingHbl=0, Eqs.s16d and s17d will be
equivalent to the expressions obtained by Geshevet al.10 for
an exchange-coupled bilayer system. It is also easily shown
that the dispersion relation obtained abovefEq. s6dg will re-
duce to Eq.s3d of Ref. 10, in the limit ofHbl null.

Figure 3 shows numerical simulation of the FMR field as
a function of the azimuthal angle, given by Eq.s9d, for vari-
ous values of the interlayer bilinear-coupling field. The phe-
nomenological parameters used in the numerical analysis

FIG. 3. Calculated angular de-
pendence of the FMR field for the
spin valve system for several val-
ues of the bilinear interlayer cou-
pling. As theHbl value increases a
unidirectional anisotropy sets up
at the free layer and an overall
downshift field occurs in agree-
ment with the experimental data.
The phenomenological parameters
used in the numerical analysis
were: Hu1=Hu2=3.0 Oe, 4pM1

=10 kOe, 4pM2=10.3 kOe, and
HEs2,3d=0.010 kOe.
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were: Hu1=Hu2=3.0 Oe, 4pM1=10 kG, 4pM2=10.3 kG,
andHE=10 Oe. We have considered that the AF domain wall
field is much stronger than the exchange-coupling field, i.e.,
HE!HW, and also considered thatJE,Jbl.0. ForHbl=0, the
free layer and the bilayer composed by the reference and the
AF layers are decoupled. In this case the FMR behavior is
described by two independent dispersion relations given by
Eqs.s7d ands8d. The in-plane dependence of the FMR reso-
nance field for the free layer exhibits twofold symmetry
characteristics of uniaxial anisotropy. On the other hand, the
in-plane dependence of the resonance field for the reference
layer exhibits unidirectional anisotropy superimposed with a
very small uniaxial field. Significant changes in the shape of
the FMR versusfH curves occur forHbl.0. As the value of
Hbl increases, the twofold symmetry of the uniaxial aniso-
tropy of the free layer is broken, and a unidirectional aniso-
tropy symmetry is established. This unidirectional anisotropy
that appears in the free layer magnetization is induced by the
interlayer coupling with the reference layer, which is ex-
change coupled to the AF layer. Considering bothHW andHE
much smaller than 4pMA, it can be shown that forHE
,HW, the difference between the resonance fields atfH=p
and fH=0 is dHR=Hp−H0=2HEHW

2 / sHW
2 −HE

2d.12 This
means that forHE!HW the exchange bias fieldHE=dHR/2.
So, from theHR versusfH curves we can extract the value of
HE as a function of bilinear field value. Figure 4 shows the
values of the induced exchange bias fieldsHE—inducedd, as
a function ofHbl for the free and the reference layers. Here
we are assuming thatHE=dHR/2=sHp−H0d /2. The increase
in the value of the bilinear field induces an increasing ex-
change bias field in the free layersHEs1,2d inducedd and a
decreasing exchange bias field in the existing exchange bias
field in the reference layersHEs2,3d inducedd. Another inter-
esting feature that can be seen in Fig. 3 is the overall nega-
tive shift in the ferromagnetic resonance field of the refer-
ence layer. Figure 5 shows the value of the resonance field
averaged on each azimuthal angle, as a function ofHbl, for
the free and the reference layers. Notice that the downshift in
the average FMR absorption field is much more relevant for
the reference layer than for the free layer.

Figure 6 shows the experimental FMR data for the two
spin valve systems: No. 1 Sis001d / IrMns125 Åd /
Ni81Fe19s100 Åd /Cus168 Åd /Ni81Fe19s100 Åd sopen circlesd
and No. 2 Sis001d / IrMns125 Åd /Ni81Fe19s0 Åd /
Cus60 Åd /Ni81Fe19s100 Åd sopen squaresd. The solid lines
are numerical fits obtained by Eqs.s9d–s15d with the follow-
ing parameters: for the sample No. 1: 4pM1=10.125 kG,
4pM2=10.829 kG, HU1=2.04 Oe, HU2=3.9 Oe, HE
=19.7 Oe,HW=800 Oe, andHbl=0 Oe; for sample No. 2:
4pM1=10.206 kG, 4pM2=10.945 kG, HU1=3.3 Oe, HU2
=5 Oe,HE=19.7 Oe,HW=800 Oe, andHbl=15 Oe. Sample
No. 1 is a spin valve that exhibits no coupling between the
FM layers since the Cu layer is thick enough to avoid the
interlayer coupling. The in-plane dependence of the FMR
field for the free layer exhibits a small uniaxial anisotropy.
On the other hand the in-plane dependence of the FMR field
of the reference layer exhibits a unidirectional anisotropy
field value of around 20 Oe superimposed on a very small
uniaxial anisotropy. Sample No. 2 is similar to sample No. 1
except by the Cu layer thickness that is about three times
smaller. The smaller Cu layer thickness induces an interlayer

FIG. 4. Calculated values of the induced exchange bias field in
both the free and the reference layers as a function of theHbl value.
The value ofHE is given by HE=dHR/2=1/2sHp−H0d, as dis-
cussed in the text. The same set of phenomenological parameters
described in Fig. 1 was used in the numerical calculations.

FIG. 5. Interlayer-coupling dependence of the average ferro-
magnetic resonance field obtained from the numerical calculations
for the free and the reference layers. The downshift field value is
more pronounced in the reference layer. The same set of phenom-
enological parameters described in Fig. 1 was used in the numerical
calculations.

FIG. 6. In-plane FMR fields for sample No. 1:
IrMn/Py/Cus168 Åd /Py sopen circlesd and sample No. 2:
IrMn/Py/Cus60 Åd /Py sopen squaresd. The solid lines are fits to
the data obtained with Eqs.s9d–s15d as described in the text. A
downshift resonance field occurs for the thinner interlayer sample,
in agreement with the model.
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coupling between the two layers of Permalloy characterized
by an effective fieldHbl=15 Oe. These coupled layers ex-
hibit an overall downshift of the FMR field always found in
exchange-biased structures and is in agreement with the nu-
merical result obtained by the model as shown in Fig. 5. The
good agreement between the experimental results and the
numerical predictions, given by the free energy model, sug-
gests a reasonable confidence in the set of parameters ex-
tracted from the fits. The validity of the phenomenological
parameters extracted from angular measurements of the
FMR field has been previously investigated in exchange-
coupled bilayers.13

V. SUMMARY

In this paper, we have investigated the FMR properties of
spin-valve systems considering the effect of the residual cou-
pling existent between the free and reference layers. An ana-
lytical expression for the FMR dispersion relation was ob-
tained taking into account all the relevant interactions,

namely: interlayer exchange coupling between the two FM
layers, exchange-bias coupling between the reference and the
AF layers, the domain wall that builds up at the AF material,
as well as the uniaxial anisotropies and Zeeman interactions.
The dispersion relation was written as a function of the sec-
ond derivatives of the free energy, given in Eq.s6d, and their
validity was checked taking the limit of uncoupled FM lay-
ers. Our model anticipates the FMR properties in systems
that exhibit a residual interlayer coupling and accounts for
two main features: the appearance of a unidirectional aniso-
tropy in the free layer and an isotropic downshift of the FMR
field of both FM layers. All the FMR properties were experi-
mentally achieved in an IrMn/Py/Cu/Py system, and were
numerically interpreted by the theoretical model.
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