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Negative Magnetoresistance in Dual Spin Valve Structures With a Synthetic
Antiferromagnetic Free Layer
C. Fowley, B. S. Chun, and J. M. D. Coey
CRANN, School of Physics, Trinity College, Dublin, Ireland
Giant magnetoresistance (GMR) in spin valves is due to spin-dependent scattering occurring at ferromagnet/normal metal (F/N) interfaces and/or in the ferromagnetic layers. In a spin valve with a typical F/N/F structure where the spin scattering asymmetry factor ( ) of
both F/N interfaces is the same (more or less than 1), the GMR is expected to be positive. If is greater than one at one F/N interface and
less than one at the other F/N interface, however, the GMR is expected to be negative. Here, we show that the F1/Cu/SAF/Cu/F2/IrMn
dual spin valve structure exhibits negative GMR, where F1 and F2 are CoFe and SAF = CoFe Ru CoFe, due to both opposite
electron spin scattering asymmetry factor at the CoFe/Ru/CoFe interfaces as well as the electrical separation of the overall structure
into two GMR spin valves connected in parallel. A GMR of 6% is observed in the structure without the Ru spacer layer, insertion of a
0.6 nm thick Ru in the SAF results in a negative GMR ratio of 3%, which becomes positive again at the Ru thickness of 0.8 nm, the
oscillation from positive to negative MR is consistent with interlayer exchange coupling period across the Ru spacer.
Index Terms—Dual spin valve, negative GMR, synthetic antiferromagnet.

I. INTRODUCTION

S

INCE the discovery of giant magnetoresistance (GMR) [1],
[2], extensive experimental and theoretical investigations
have been performed on spin valve systems because of the wide
use of GMR in high density magnetic recording read heads,
which is due to their large magnetoresistance (MR) and high
MR sensitivity. The basic spin valve (SV) structure is composed
of two thin ferromagnetic layers separated by a thin nonmagnetic spacer layer. The GMR effect results from spin dependent
scattering of the conduction electrons in the bulk and/or at the interface of the ferromagnetic layers with the nonmagnetic spacer.
Its magnitude is related to the spin scattering asymmetry factor
where
is the
of the interface, (defined by
resistivity for majority (minority) spin channel [3].
When at the interfaces in the ferromagnetic (F1)/nonmetal
(N)/ferromagnetic (F2) SV structure is the same and are both
larger or smaller than 1, the GMR is expected to be positive (the
resistance is larger when the magnetizations are aligned antiparallel and smaller when they are parallel). For a SV with different
at each interface, however, the negative GMR is possible [4],
[5]. In the case of negative GMR, the resistance is smaller when
the magnetizations of the ferromagnetic layers are antiparallel
to each other, and larger in the parallel case.
A negative GMR effect was first reported by George et al. in a
Fe/Cr/Fe/Cu/Fe multilayer system [4]. The MR, which was negative at low field and positive at high field, resulted from strong
majority spin dependent scattering at the Fe/Cr (where
)
). Several exinterfaces than at the Fe/Cu interfaces (where
perimental and theoretical studies have shown a negative GMR
effect with different ferromagnetic and spacer layer combinations [6]–[10]. In the Fe V /Au/Co system [6] the negative
GMR originates from the increase of the effective density of
states at the Fermi level for majority spin electrons in Fe when
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it is alloyed with V. It follows that there is an associated reversal
to
in
of the spin scattering asymmetry factor from
the Fe
V system. In Co/Ru/CoRu system [7], the negative
GMR is attributed to the doping effect in CoRu alloy, which reduces the bulk spin-dependent scattering to a value smaller than
the interface spin dependent scattering.
In this paper, we demonstrate the dependence of GMR on
nonmagnetic interlayer (Ru) thickness in a synthetic antiferromagnetic free layer within a dual spin valve structure. Using this
method, a GMR of 6% is observed in the structure without the
Ru spacer layer, insertion of a 0.2 nm thick Ru layer in the CoFe
free layer is enough to change the sign of GMR. With increasing
, the GMR ratio decreases to
% but becomes positive again
at the Ru thickness of 0.8 nm.
II. EXPERIMENT
Samples were of the following form; Si/SiO /Ta 5/CoFe (F1)
1.5/Cu 2.8/[CoFe 1.3/Ru /CoFe 1.3] (SAF)/Cu 2.8/CoFe (F2)
2.5/IrMn 10/Ta 5 (thickness in nm) where Ru thickness was
varied from 0–0.8 nm. Samples were grown with and without
IrMn antiferromagnetic pinning layer. Co Fe and Ir Mn
are the target compositions in atomic percent. Layer thicknesses
were chosen after optimization to ensure there was no exchange
coupling across the Cu spacers. Samples were prepared using a
“Shamrock” deposition tool with a typical base pressure of less
than
Torr. The magnetic layer easy axes were aligned
along the same direction by applying a 10 mT magnetic field
during deposition. The magnetic properties and magnetoresistance of the spin valve structure were characterized by using a
Quantum Design superconducting quantum interference device
(SQUID) and Quantum Design physical property measurement
system (PPMS), respectively.
III. RESULTS AND DISCUSSION
In Fig. 1, two different GMR characteristics can be distinguished in magnetotransport curves at room temperature for the
dual spin valve structure. We clearly observe an oscillation of
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Fig. 1. Ru thickness dependence of the GMR ratio in the Ta 5/CoFe 1.5/Cu
2.8/CoFe 1.3/Ru t/CoFe 1.3/Cu 2.8/CoFe 2.5/IrMn 10/Ta 5 (nm) dual spin valve
structure. (a) GMR of 6% is observed without the Ru spacer layer and with
0.8 nm of Ru. (b) 0.2 nm Ru and 0.6 nm Ru samples both show negative GMR.

GMR ratios as a function of Ru thickness up to 0.8 nm with a
change of sign from positive to negative GMR and back again
as a function of the Ru layer thickness.
As shown in Fig. 1(a), positive GMR (the resistance is largest
for an antiparallel alignment of the magnetization direction) of
6% is observed without the Ru spacer layer. Upon insertion of a
0.2 nm Ru layer [Fig. 1(b)], however, between the CoFe layers
a negative GMR ratio has been observed.
To explain the negative GMR effect, we have made dual spin
valve structures with (Fig. 1) and without (Fig. 2) the IrMn antiferromagnetic exchange bias layer. When the structure is pinned
with the IrMn layer (Fig. 1) and the SAF has 0 nm of Ru the
GMR is positive, both unpinned CoFe free layers (F1 and SAF)
switch close to zero field. The pinned CoFe layer (F2) switches
around 30 mT. Here is the same for all interfaces in the system.
In contrast, when 0.6 nm of Ru is introduced into the SAF a negative GMR, with F1 switching around zero field and the SAF
being in the antiparallel state and not switching, is observed. The
fixed CoFe layer (F2) again switches around 30 mT. In the corresponding sample without antiferromagnetic IrMn layer and a
0.6 nm Ru spacer, [Fig. 2(b)] the negative GMR is observed, this
can be explained by the spin scattering asymmetry factor of the
CoFe1.3/Ru0.6/CoFe1.3 interface being opposite to that in the
two outer (F1 and F2) CoFe/Cu interfaces. If the spin scattering
asymmetry factor is the same for the F1, F2 and SAF interfaces,
or
, the resultant GMR ratio is positive.
either
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Fig. 2. Ru thickness dependence of the GMR ratio in the case of a (a) CoFe
2.6 (nm), and (b) CoFe 1.3/Ru 0.6/CoFe 1.3 (nm) free layer in a dual spin valve
structure without an antiferromagnetic IrMn exchange bias layer.

If F1, F2 and SAF interfaces have different spin asymmetry of
and
), the negative GMR
scattering factor (
ratio is possible [4]. Since the spin scattering asymmetry factor
of the two outer CoFe/Cu interfaces is
, the value
.
of SAF one must be smaller than 1
The value of spin scattering asymmetry may originate from a
modification to the density of states at the CoFe/Ru/CoFe interface. Since the Ru has a partially occupied band at the Fermi
energy, which is nearly equal to the Co minority band, the
ferromagnetic CoFe can induce a magnetic moment on the Ru
atoms near the CoFe/Ru/CoFe interface [7], [11]. As a result, the
spin scattering asymmetry at the CoFe/Ru/CoFe interface can
be less than 1. In our dual spin valve structure, since we measure in the current-in-plane (CIP) geometry, most of the current
flows through the Cu spacer layers and as a result the MR originates mainly from the interfaces with the Cu layers. Essentially
it can be treated as two spin valves in electrical parallel (SV-1
and SV-2 in Fig. 4). In the CIP geometry the contribution from
the differing cannot be fully separated from the contributions
of the adjacent spin valve channels.
Magnetoresistance measurements have also been performed
at low temperature to examine the temperature dependence of
the GMR ratio for the films showing negative GMR effects.
Low temperature data is shown in Fig. 3. The GMR increases
monotonically from less negative to more negative values in the
temperature regime from 300 K to 13 K. The GMR ratios of
CoFe1.3/Ru0.2/CoFe1.3 and CoFe1.3/Ru0.4/CoFe1.3 SAF layand
% at 300 K,
ered dual spin valve structures were
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Fig. 3. Temperature dependent GMR ratio for various SAF free-layered dual
spin valve structures: (a) CoFe 1.3/Ru 0.2/CoFe 1.3, (b) CoFe 1.3/Ru 0.4/CoFe
1.3 (nm).
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field gradually overcoming the antiferromagnetic exchange coupling. In order to paint a clearer picture of the magnetic moment
configuration in high applied field, the magnetization direction
of each magnetic layer is represented by arrows in Fig. 4 (with
antiferromagnetically coupled CoFe SAF layers. Starting from
negative saturation field (1) the magnetization of all the layers
are aligned parallel to the field direction. As the field is reduced,
the resistance increases gradually, because the magnetization direction of one of the CoFe layers in the SAF free layer rotates
towards an antiparallel orientation with respect to that of another SAF layer due to antiferromagnetic interlayer exchange
coupling across the Ru layer. [12] The magnetizations of F1 and
F2 stay aligned to the applied field until zero field (2). Therefore
one of them, in this case (F1), must be antiparallel with respect
to one of the SAF layers, in this case the layer adjacent F1. At
small positive field the magnetization of F1 switches (since it
is not pinned), this creates a state where the bottom CoFe layer
in the SAF is parallel to the CoFe layer (F1) at the bottom of
the stack (3). Since the CoFe layers adjacent both Cu spacers
are parallel this is effectively two low resistance spin valves in
electrical parallel, SV-1 and SV-2 seperated by Ru, which gives
an overall low electrical resistance even though the magnetizations of F1 and F2 are antiparallel. Increasing the field further
(4) to the exchange bias of F2 and IrMn causes F2 to switch to
the field direction, in this state the top spin valve is in the antiparallel state while the lower spin valve is in the parallel state.
As the applied field is increased further (5) to positive saturation the exchange coupling across the SAF is overcome and all
layers are aligned parallel.
IV. CONCLUSION

Fig. 4. Magnetization switching behavior of negative GMR dual spin valve
structure with 0.6 nm of Ru.

and
and
% at 13 K, respectively. This can be attributed to the reduction of spin-flip scattering in the dual spin
valve layers at low temperature (i.e., at lower temperature the
electrons mean free path is longer, and the spin flip scattering
within the spacers, both Cu and Ru, is reduced).
Fig. 4 shows the R-H curve, for a 0.6 nm Ru layer in the SAF,
over a large field range (up to 5 T) measured by PPMS. Compared to low field measurements (Figs. 1 and 3), resistance continues to decrease above 200 mT and eventually saturates at 4 T.
This slow decrease of resistance at high field is due to antiferromagnetic coupling across Ru in SAF structure and the applied

We clearly observe an oscillation of GMR ratios as a function of Ru thickness from positive to negative values in SAF
dual spin valve, as the thickness of the Ru spacer is increased
from 0 to 0.8 nm. The sign change of GMR is due to the low
resistance parallel configuration of adjacent spin valve channels
and the different spin scattering asymmetry factor between the
CoFe/Ru/CoFe SAF structure and the two outer CoFe/Cu (F1
originates
and F2) interfaces. The value of
from a density of states modification at the CoFe/Ru/CoFe interface. The inverted GMR response with synthetic antiferromagnetic free layers has been reported previously [13], [14],
however in that case there was only one of the SAF layers contributed to MR (closest the spacer layer). In our cases spin information is obtained from the bottom layer in the SAF due to
the dual spin valve geometry. In this dual spin valve configuration it is possible to see a linear MR response from the SAF
layer. As a result, we conclude that in this case it is the synthetic antiferromagnetic free layer that creates the inverted MR
response around zero field and that the negative GMR is only
present when the SAF is antiferromagnetically coupled.
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