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Biquadratic coupling effect on magnetoresistance response curves
of spin valves with a synthetic antiferromagnet

K. Zhang,a) T. Kai, T. Zhao, H. Fujiwara, and G. J. Mankey
Department of Physics and Astronomy and Center for Materials for Information Technology, The
University of Alabama, Tuscaloosa, Alabama 35487

Both normal and inverse magnetoresistance~MR! response curves were observed for synthetic spin
valves with the structure of Si~100!/Ru/Co(t1)/Ru~0.7 nm!/Co(t2)/Cu~3 nm!/Co(t3)/Ru. Under the
assumption of a coherent rotation of the magnetization in the three Co layers, the hysteresis loops,
magnetization response, and MR response curves were calculated as a function of the parameters of
the system. The parameters include antiferromagnetic coupling of Co(t1) and Co(t2) through Ru
layer, a weak ferromagnetic coupling of Co(t2) and Co(t3) through Cu spacer, giant
magnetoresistance of the Co/Cu/Co and Co/Ru/Co systems, and AMR contribution of each Co
layer. The uniaxial anisotropy of each Co layer and a distribution of the coupling strength of
Co(t1)/Ru/Co(t2) were also included. To fit the experimental data well, it was necessary to include
a biquadratic coupling in the Co(t1)/Ru/Co(t2) trilayer. © 2001 American Institute of Physics.
@DOI: 10.1063/1.1360679#

Spin valves~SVs! with a synthetic antiferromagnetic
~SyAF! layer1 are of strong interest for the read heads in
extra high-density magnetic recording. Compared with con-
ventional spin valves, spin valves with a SyAF offer a stron-
ger pinning of the pinned layer. The latter spin valves are
typically of the structure of substrate/AF/F1/Ru/F2/
Cu/F3/capping layer or substrate/buffer/F3/Cu/F2/Ru/F1/
AF/ capping layer, whereF1 andF2 are two ferromagnetic
layers~typically CoFe alloys! antiferromagnetically coupled
through a thin Ru layer, forming a SyAF structure, andF3 is
a soft ferromagnetic layer. NormallyF1 is exchange biased
by an adjacent AF layer. To study the behavior of the SyAF
layer, the structure of our samples did not include the AF
layer.

Much work has been performed on SyAF layers. How-
ever, their detailed behavior is yet to be fully investigated. In
this article, the magnetic behavior of the Co/Ru/Co SyAF
layers in a SV structure is monitored by observing both hys-
teresis (M –H) loops and magnetoresistance~MR! response
curves. Further, the analysis of the results reveals that biqua-
dratic coupling2–4 between the Co layers of the synthetic AF
structure should be taken into account to explain the ob-
servedM –H loops and the MR response curves.

SV films were prepared at room temperature on 2 in.
~100! Si wafers by magnetron sputtering. The depositions
were done in an UHV sputtering system with a base pressure
of 5.031029 Torr. The argon pressure during the deposition
was kept at 2.5 mTorr. All the samples have the generic
configuration of Si~100!/Ru~2.1!/Co(t1)/Ru~0.7!/Co(t2)/Cu/
Co(t3)/Ru~3.0! ~in nm!.

The giant magnetoresistance~GMR! measurements were
then carried out using the standard dc four-point probe tech-
nique with both current and field applied parallel to the pin-
ning direction. The magnetization measurements were per-
formed using the vibrating sample magnetometer.

Typical M –H loops and MR response curves for the
samples of Si~100!/Ru~2.1!/Co~3.2!/Ru~0.7!/Co~3.8!/Cu~3!/
Co~7.5!/Ru~3.0! ~in nm! ~sample I! and of Si~100!/Ru~2.1!/
Co~3.8!/Ru~0.7!/Co~3.2!/Cu~3!/Co~7.5!/Ru~3.0! ~sample II!
were measured at room temperature and the results are
shown in Figs. 1~a!, 1~b!, 1~c!, and 1~d!, respectively. Note
that for sample I,t1,t2 , while for sample II,t1.t2 . As
shown in Figs. 1~a! and 1~c!, a field in excess of 5.0 kOe is
necessary to saturate theM –H loops due to the strong anti-
ferromagnetic coupling between the Co layers of the Co/
Ru/Co SyAF structure. The MR response curves, for the
same samples respectively, are shown in Figs. 1~b! and 1~d!,
within a 62 kOe range. Because of the similarity of the
samples, theM –H loops do not show much difference be-
tween the two. However, the MR response curves are quite
different. The origin of the difference is the ratio oft1 /t2 .
When t1 /t2,1, F1(Co(t1)) switches first with decreasing
applied field from saturation due to the strong AF coupling
betweenF1 andF2, resulting in a normal MR response as in
Fig. 1~b!, while for t1 /t2.1, F2(Co(t2)) switches first,
causing an inverse MR response as shown in Fig. 1~d!.

In order to explain our experimental results semiquanti-
tatively, we calculate the magnetic response of the spin
valves with a SyAF under the assumption that the reversal of
the magnetization in the three Co layers occurs via a coher-
ent rotation mechanism. The easy axes of the Co layers are
assumed to be parallel to each other. A schematic drawing of
the angular relationship among the magnetization directions
of M1 , M2 , M3 , corresponding to those of Co(t1), Co(t2),
and Co(t3), applied fieldH, current I, and the easy axis
direction is shown in Fig. 2.

Thus, the total energy of the spin valve with a SyAF can
be written as

E52M1t1H cosu12M2t2H cosu21 j 1 cos~u12u2!

1 j 2 cos2~u12u2!1Ku1t1 sin2 u11Ku2t2 sin2 u2

2M3t3H cosu31 j 3 cos~u22u3!1Ku3t3 sin2 u3 . ~1!

In the above formula,M1 , M2 , andM3 are the magne-
a!Author to whom correspondence should be addressed; electronic mail:
zhang004@bama.ua.edu
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tizations of the Co(t1), Co(t2), and Co(t3), respectively.H
is the applied field parallel to the easy direction. The angles
of u1 , u2 , and u3 are the angles of those moments with
respect to the applied field.j 1 and j 2 are, respectively, the
bilinear and biquadratic exchange coupling constants be-
tween Co(t1) and Co(t2) through the Ru spacer. The bilinear
coupling strengthj 1 depends on the Ru thickness. For a Ru
thickness around 0.7 nm, it can be on the order of 1 erg/cm2.5

The biquadratic coupling constantj 2 can also have the same
range of value.6 j 3 is the bilinear exchange coupling constant
between the Co(t2) and Co(t3), which is typically of the
order of 1023– 1022 erg/cm2. The biquadratic coupling be-
tween Co(t2) and Co(t3) is neglected because of the rela-
tively thick Cu layer existing between them.Ku1 , Ku2 , and
Ku3 are the field induced uniaxial anisotropies of the Co(t1),
Co(t2), and Co(t3) layers.

As for the total magnetoresistance of the whole system,
it should be a superposition of the GMR of the
Co(t2)/Cu/Co(t3) and Co(t1)/Ru/Co(t2) systems and the
AMR contributions of each Co layer. It is then given by

R5Rsat1~DR!F2,F3@12cos~u22u3!#/2

1~DR!F1,F2@12cos~u12u2!#/22AMRF1 sin2 u1

2AMRF2 sin2 u22AMRF3 sin2 u3 , ~2!

whereRsat is the total AMR ratio at saturation field, and the
(DR)F1,F2 and (DR)F2,F3 are the GMR ratios of the
Co(t1)/Ru/Co(t2), and the Co(t1)/Cu/Co(t2) trilayers.

Based on the above model, theM –H loops of the SV
with a SyAF were calculated and plotted againstH in Fig. 3.
The following parameters were used:M15M25M3

51400 emu/cm3, j 153.0 erg/cm2, j 251.4 erg/cm2, j 3

520.02 erg/cm2, and Ku513106 erg/cm3. The exchange
coupling constants were chosen to match the experimental
results semiquantitatively. As for the MR contributions, the
AMR of each Co layer is assumed to be 2%, GMR of Co/
Ru/Co 5%, and GMR of Co/Cu/Co 20%.

Based on the same parameters, the magnetic angles of
the three Co layers and the MR response curves of samples I
and II were also calculated and are shown in Fig. 4. For
sample I, Fig. 4~a!shows the angles ofM1 , M2 , andM3 as
a function of the descending field after saturation, and~b!
shows the MR response curve corresponding to~a!. At a
positive field larger than the saturation fieldHsat

1 , the mag-
netization angle of the three Co layers are parallel to each
other, which results in the lowest MR ratio~not shown in the
figure!. As the field decreases,M1 andM2 start to rotate in
the opposite direction from their initial directions to an inter-
mediate tilted direction making some angle with each other.
In this case, the AMR ratios of the Co(t1) and Co(t2) start to
decrease, while the GMR ratio of the Co(t2)/Cu/Co(t3)
structure increases, resulting in a gradual increase in the MR
ratio. However, when the field is further decreased until a
positive critical fieldH0

1 , for sample I,M1 tends to align
antiparallel toM2 , keeping the total moment almost parallel
to the positive applied field. This forcesM2 back to 0°, re-
sulting in a decrease of MR. When the applied field becomes
negative, firstM3 switches with a jump up of MR and at a
critical valueH0

2 a sudden flip ofM2 occurs, causing a jump
back of MR accompanied by the flip back ofM1 . From then
on, M1 and M2 behave just as in the opposite case of a

FIG. 1. ~a! M –H loop of the spin-valve sample I with the composition of
Si/Ru2.1/Co3.2/Ru0.7/Co3.8/Cu3.0/Co7.5/Ru3.0~in nm!; ~b! MR curve of
sample I;~c! M –H loop of the spin valve sample II with the composition of
Si/Ru2.1/Co3.8/Ru0.7/Co3.2/Cu3.0/Co7.5/Ru3.0~in nm!; ~d! MR curve of
sample II.

FIG. 2. Schematic drawing of angular relationship between the directions of
the magnetizationM 1 , M2 , M3 , and the easy direction. The field direction
and the current direction are set to be parallel to the easy direction.

FIG. 3. Calculated magnetization curves of the spin-valve samples:~a!
sample I witht153.2 nm andt253.8 nm;~b! sample II witht153.8 nm and
t253.2 nm.
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positive high field region. However, for sample II,M1 and
M2 behave oppositely from sample I. The slight difference
between the two comes from the difference of the effect of
M3 on the behavior of theM1 andM2 coupled systems. For
instance, in the negative field region whereM3 has already
switched into the negative direction,M3 assists the flipping
of the magnetization configuration for sample I, while for
sample II it hinders it. This causes the critical field for flip-
ping to be higher for sample II than for sample I. The MR
response for sample II can be understood by following the
angles ofM1 , M2 , andM3 as was done for sample I. The
results are shown in Figs. 4~c! and 4~d!. Note thatM2 does
not go back to 0° in the positive field region.

In the above analysis we included the contribution of the
biquadratic termj 2 . This was because without it we could
not explain the feature of the MR response curves, especially
for sample II. Looking at the descending curve of the MR
response where a sudden increase occurs in the negative field
region, one finds that the MR ratio does not reach the satu-
ration value@see the circled part in Figs. 1~d! and 4~d!#. This
has to do with the relative value ofH0

1 andH0
2 . In order to

obtain such a feature as we see in Fig. 1~d!the relation
uH0

2u.uH0
1u should hold. This means that when the magne-

tization configuration ofM1 and M2 flips from u15p, u2

50, atH0
2 , the configuration thatM1 andM2 can take is not

u150, u25p but with both angles at intermediate values. It
is shown that this situation does not occur forj 250.

The critical fieldH0
1 andH0

2 are obtained based on the
energy expression Eq.~1! as

MH0
65

1

2 S 1

t2
2

1

t1
D j 16AF1

2 S 1

t2
2

1

t1
D j 112KuG2

1
4Kuj 1

t1

for j 250.7 Thus uH0
1u is always greater thanuH0

2u. This
means that whenM1 and M2 flip in a negative field,u1

changes from 0 top, andu2 from p to 0, which forces the
MR value to saturation. Shown in Fig. 5 are the calculated
magnetization curves and MR response curves of the set of
samples without including the biquadratic coupling of
Co(t1)/Ru/Co(t2). There can be an argument that the ferro-
magnetic coupling ofM2 with M3 may act similarly to the
biquadratic coupling. However, usually, it is not considered
to be strong enough to have a substantial effect. As a matter
of fact, the value ofj 3 employed in the calculation was the
largest conceivable value.

Therefore, from the comparison, it is concluded that
some biquadratic coupling between the Co layers of the syn-
thetic AF structure, Co/Ru/Co, seems to be playing a deci-
sive role in the evolution of the feature observed in the MR
response curves, especially the one for sample II. When the
magnetization configuration ofM1 and M2 flips from u1

5p, u250 at H0
2 , the configuration thatM1 and M2 can

take is notu150, u25p but with both angles at intermediate
values because of the biquadratic coupling of
Co(t1)/Ru/Co(t2). This results in a rounded-off shape in the
MR response curves.
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FIG. 4. Calculated magnetization angles of the three Co layers and the
corresponding MR response curves. Only those in the descendingH direc-
tion are shown:~a! M angles for sample I;~b! MR curve for sample I;~c! M
angles for sample II;~d! MR curve for sample II.

FIG. 5. Calculated magnetization angles of the three Co layers and the
corresponding MR response curves without considering the biquadratic cou-
pling of the Co/Ru/Co. Only those in the descendingH direction are shown:
~a! M angles for sample I;~b! MR curve for sample I;~c! M angles for
sample II;~d! MR curve for sample II.
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