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Magnetic characterization and modeling of FeMnÕCoÕRuÕCo artificial antiferromagnets
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FeMn/Co/Ru/Co artificial antiferromagnets for use in giant magnetoresistive spin-valve elements were fab-
ricated and magnetically characterized. The magnetization behavior of the films can be understood by coherent
rotation of the magnetizations of the layers. A simple model is presented which reproduces all the basic
characteristics of the magnetization loops, e.g., shape, switching fields, and magnitude of the pinning field as
a function of thickness. The model is also extended to a complete spin-valve system, including the effects of
coupling between the biased layer and the free layer.
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In recent years a number of different spin-valve structu
have been introduced to apply the giant magnetoresista
~GMR! effect in magnetic sensors.1 The most successfu
scheme consists of a spin-valve biased by a so-called a
cial ~or synthetic! antiferromagnet,2–4 such as FeMn/Co/Ru
Co. In this structure the sensitivity of an exchange bia
system is combined with the magnetic rigidity of the inte
layer exchange coupled system. The characteristics of a
tificial antiferromagnet depend sensitively on the thickn
of the two ferromagnetic layers.

In this paper we present measurements of the FeMn
Ru/Co bias system to obtain characteristics of the magn
zation behavior of this system. A simple model calculati
assuming coherent rotation of the magnetizations is abl
explain the basic features of the magnetization loops, e
switching fields and magnitude of the pinning field as a fu
tion of thickness. The calculations are also extended t
complete spin-valve system, including a free layer to mo
the effects of ferromagnetic coupling~orange-peel coupling
interlayer exchange! between the biased layer and the fr
layer.

The multilayers of 100 Å FeMn/60 Å Co/7 Å Ru/tCo
Co, with tCo ranging from 10 to 100 Å, were prepared on
Si substrates by dc magnetron sputtering at 6 mTorr Ar p
sure in a multisource deposition chamber with a base p
sure better than 131027 Torr. A Cu seed layer ensures th
the layers are predominantly~111! textured as was estab
lished by x-ray diffraction measurements, and a Cu capp
layer protects the structure from oxidation. Exchange bias
was induced by cooling the sample from 420 K in a field
10 kOe~in the same direction as the positive field of all t
magnetization curves presented in this paper!. Magnetization
measurements were performed at room temperature in a
brating sample magnetometer.

Figure 1~a! shows the magnetization loop for a top C
layer thickness tCo588 Å, representative for all othe
samples. Starting from a large negative field, the magn
moments begin to rotate at about21900 Oe towards a pla
teau with an antiparallel orientation of the magnetizatio
The magnetization curve is not symmetrical with respec
zero field. At positive fields a jump at about 130 Oe and th
a rotation towards saturation at about 1800 Oe is obser
Details of this magnetization loop can be understood b
simple model assuming only rotation of the magnetic m
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ments. This simplification is justified because of the stro
antiferromagnetic coupling between the two Co laye
which favors a rotation of the magnetic moments rather th
a reversal mechanism with domain wall nucleation a
propagation, as is observed in exchange-biased layers.5 From
an application point of view rotation of the magnetic m
ments is more desirable because domain wall nucleation
movement leads to a larger hysteresis. Indeed spin va
based on artificial antiferromagnets display much sma
hysteresis than exchange biased spin valves.3,6,7

To calculate the magnetization loop we consider the a
energy density of the stack of layers

E52M1H cosf12M2H cosf22J1 cos~f12f2!

2Jebcosf1 . ~1!

Here M1 and M2 are the magnetic moments of the botto
and the top Co layer, respectively, andf1 and f2 are the

FIG. 1. ~a! Normalized magnetization curve at room tempe
ture of 100 Å FeMn/60 Å Co/7 Å Ru/88 Å Co.~b! Calcula-
tion of the magnetization curve with Eq.~1!. ~c! Variation of the
angle of the bottom (f1) and the top (f2) Co layer as function of
the applied field.~d! Definition of the angles with respect to th
applied fieldH and the pinning direction of the bottom Co layer.
13 896 ©2000 The American Physical Society
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angles of the magnetic moments with respect to the app
field H @see Fig. 1~d!#. J1 is the interlayer exchange couplin
energy between the two Co layers (,0 for antiferromagnetic
coupling! andJeb is the exchange biasing energy between
FeMn and the bottom Co layer. The crystalline anisotro
for these~111! textured sputtered Co layers is small and
therefore neglected.

The measured magnetization loops are well reprodu
by minimizing Eq.~1! with respectf1 andf2 as functions
of the applied fieldsH, as demonstrated in Fig. 1~b!. The
fitting parameters are the interlayer exchange couplingJ1
between the two Co layers and the exchange biasing en
Jeb between the FeMn and the bottom Co layer. The fit
this particular stack of layers resulted inJ1520.9 erg/cm2

and Jeb50.065 erg/cm2, in good agreement with couplin
strengths reported in literature.8,9

The details of the magnetization reversal can now be
derstood in more detail from Fig. 1~c!, which shows the
variation of the angles of the bottom and the top Co layer
a function of the applied field. The definition off1 andf2 is
shown in Fig. 1~d!. Starting from saturation at high negativ
field, first the bottom Co layer rotates 180° towards an a
parallel orientation with respect to the top Co layer and
magnetic fieldH. During this reversal the top Co layer tilt
away about 40° from its equilibrium direction along the fie
due to the strong antiferromagnetic coupling with the bott
Co layer. At a positive field of about 130 Oe a fast rotati
occurs in which both layers tilt away about 100° from t
field direction. However, the relative antiparallel orientati
of the two magnetic moments is nearly maintained. Wh
the field is further increased the antiferromagnetic coupl
is overcome and the two moments finally align parallel to
field at about 1700 Oe.

Figure 2 shows the measured magnetization curves~left-
hand side! for a thickness of the top Co layertCo518, 60,
and 95 Å with corresponding fits~right-hand side!. When
the top Co layer thickness is thinner than the exchange
ased Co layer@Figs. 2~a! and 2~b!#, the total magnetization
crosses zero at a negative field. On the other hand when
top Co layer is thicker than the exchange biased Co la
@Figs. 2~e! and 2~f!#, the total magnetization crosses zero
positive field. This has recently been exploited by Marro
et al.4 to create a bridge sensor in which two of the sp
valve elements have a negative response and two a pos
response upon the application of a field.

The most favorable characteristics are obtained, howe
when both magnetic layers are equal in thickness, the
called balanced configuration, as shown in Figs. 2~c! and
2~d!. Not only are stray fields from the artificial antiferro
magnet minimal for this balanced structure, but also the fi
range for which the two magnetic layers are antiparalle
maximal in positive and negative field directions. This
illustrated in Fig. 3~a!, in which the measured pinning fiel
Hpin ~defined as the field where the magnetization crosse
approaches zero in the middle of the hysteresis! is plotted as
a function of the top Co layer thickness. Figure 3~a! is
supplemented with a calculation, based on Eq.~1!, of the
pinning field with J1520.9 erg/cm2 and Jeb
50.065 erg/cm2.

In an actual spin-valve element the magnitude of the p
ning fields can be enhanced by optimizing the Ru thickn
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to increase the antiferromagnetic coupling, or by reduc
the magnetic layer thicknesses as is demonstrated in
3~b!. This figure shows a calculation of the evolution of th
positive and negative pinning fields,H1 and H2 @see
Fig. 2~d!#, for the balanced structure
100 Å FeMn/tCo Co/7 ÅRu/tCo Co as function oftCo.
Antiferromagnetic coupling strength and exchange bias
coupling strength are the same as for Fig. 3~a!.

FIG. 2. Normalized measured~left-hand side! and calculated
~right-hand side! magnetization loops of 100 FeMn
60 Å Co/7 Å Ru/tCo Co, with t Co @~a!,~b!# 18 Å, @~c!,~d!#
60 Å, and@~e!,~d!# 95 Å. The solid arrows indicate the orienta
tions of the magnetic moments of the two Co layers at sev
fields.

FIG. 3. ~a! Measured~squares! and calculated pinning field
~solid line! for 100 Å FeMn/60 Å Co/7 Å Ru/tCo Co as func-
tion of tCo. ~b! Calculated pinning fields for the balanced structu
100 Å FeMn/tCo Co/7 Å Ru/tCo Co as function oftCo. H1 and
H2 are defined as shown in Fig. 2~d!.
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Finally, we have extended the model calculations to
complete spin-valve system of the following compositio
100 Å FeMn/60 Å Co/7 Å Ru/60 Å Co/NM/30 Å Ni80Fe20,
with NM a nonmagnetic layer~for example Cu!. The areal
energy density of this system now includes a third magn
layer and reads

E52M1H cosf12M2H cosf22M3H cosf32J1

3cos~f12f2!2Jebcosf12Jf cos~f22f3!, ~2!

which also includes an interlayer exchange coupling cons
Jf between the ‘‘free’’ Ni80Fe20 layer and the top Co layer to
account for any coupling between the free layer and the
Co layer. The origin ofJf is for example orange-peel cou
pling or some ferromagnetic interlayer exchange coupl
between the two layers (Jf.0). As before, the magnetiza

FIG. 4. Calculation of the magnetization loop and the norm
ized magnetoresistance curve of the full spin-valve system 10
FeMn/60 Å Co/7 Å Ru/60 Å Co/NM/30 Å Ni80Fe20, with @~a!,~c!#
Jf50, and @~b!,~d!# Jf50.02 erg/cm2. The magnetoresistance
defined as GMR5@12cos(f22f3)#/2.
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tion and magnetoresistance curves are calculated by m
mizing Eq.~2! with respect tof1 , f2, andf3 as function of
the applied fieldH.

Figures 4~a! and 4~c! show the calculated normalize
magnetization loop of the complete spin-valve and the c
responding normalized magnetoresistance curve for the
of no exchange coupling between the free Ni80Fe20 layer and
the top Co layer. The free layer switches exactly at zero fi
because it has no interaction with the other layers, and th
fore a full antiparallel situation is reached at positive fiel
leading to a maximal magnetoresistance GMR51.

Ferromagnetic coupling due to, for example, correla
roughness~orange-peel coupling! is a known problem for the
control of the magnetic response of spin-valves systems.10,11

To demonstrate the effect of ferromagnetic coupling Fi
4~b! and 4~d! show the calculated magnetization curve a
magnetoresistance loop for a ferromagnetic coupling c
stantJf50.02 erg/cm2, which is of the correct order of mag
nitude for some spin-valve systems.10–12 As clearly can be
seen, the plateau in the magnetization loop at positive fie
has disappeared, indicating an incomplete antiparallel al
ment of the magnetic layers, which is also reflected in
reduced GMR. Furthermore the switching field is shift
from zero field to about 60 Oe and extends over appro
mately 90 Oe, reducing the sensitivity of the spin-val
structure dramatically.

In conclusion we have presented systematic meas
ments and analysis of FeMn/Co/Ru/Co artificial antiferr
magnetic layers. A simple model was introduced which
able to account for all the basic characteristics of the m
netization loops, e.g., shape, switching fields and magnit
of the pinning field as a function of thickness. We have e
tended the calculations to a complete spin-valve system
include the effects of ferromagnetic coupling between
bias system and the free layer of the spin valve. A redu
GMR was found as a result of an incomplete antipara
alignment of the magnetic layers.

This work was supported by NSF Grant No. DMR9
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