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Effect of spacer layer thickness on the magnetic and magnetotransport properties

of Fe;04/Cu/Nig,Fe,, spin valve structures
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We present a systematic and detailed study of the magnetization reversal process and magnetotransport
properties of Fe;04/Cu (t¢,)/NiggFeyq spin valve structures. A drastic change was observed in both the
magnetic and transport properties as the thickness of the Cu spacer layer fc, was varied in the range 2 nm
<1tc, =30 nm. For 7-,=2 nm, the transport properties are mainly due to anisotropic magnetoresistance effects
because of strong exchange coupling between the NigyFe,, and Fe;O,4 layers. For 7c,=5 nm, however, the
transport properties are dominated by positive giant magnetoresistance (GMR) effects due to separate magne-
tization switching of the two magnetic layers. The GMR ratio decreases with increasing spacer layer thickness
due to enhanced current shunting and scattering effects. We also observed that the GMR ratio has strong
temperature dependence and decreases with increasing temperature due to spin flip scattering and electron-

magnon interactions.
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The magnetic and transport properties of ferromagnetic
multilayered systems have garnered intense research activity
in recent years not only from a fundamental viewpoint, but
also because of its technological relevance to the scientifi-
cally rich field of spintronics. Spin-dependent phenomena
such as giant magnetoresistance (GMR),! and tunneling
magnetoresistance (TMR),? are promising for application in
future spintronic devices like read-out heads in high density
magnetic recording and magnetic random access memory
(MRAM). The need to improve spin interaction in magne-
toresistive systems, and thus increase MR ratio has led to
great interest in highly spin polarized ferromagnetic materi-
als such as half metals which they have electrons at the fermi
level Ep in a single spin state.> One such half metal is mag-
netite (Fe;0,), which has been the focus of recent studies
due to its high Curie temperature of 858 K and the prediction
that it exhibits full negative spin polarization.*>

Recently, some rigorous research has been dedicated to-
wards experimentally investigating the magnetic and trans-
port properties of spin valve structures with half metallic
Fe;0, inserted as one of the ferromagnetic layers. In a study
by Kida et al,® the current-in-plane (CIP) MR of
Co/Cu/Fe;0y, trilayer films was investigated and a positive
GMR ratio of 0.1% was observed at room temperature,
which increased to 0.7% at 4.2 K. Positive GMR effect has
also been observed in epitaxial trilayers consisting of two
different ferrimagnetic layers, Fe;O, and CoFe,O, separated
by a nonmagnetic Au or Pt layer.”® In contrast, a negative
GMR was observed for Fe;O,/Au/Fe spin valve structures
measured in the CIP geometry.>!? The authors attribute this
negative GMR to electrical current being transported through
the low resistance Au and Fe layers which results in inverse
spin scattering asymmetry at or in the vicinity of the
Fe;0,4/ Au interface. In another work, Takahashi et al.!! have
measured the current-perpendicular-to-plane (CPP) MR of
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NigoFe,y/ Au/Fe;O,4 spin valve trilayers observed a positive
GMR ratio which decreases with increasing Fe;O, layer
thickness. A detailed study of the influence of varying spacer
layer thickness on the magnetization reversal process and
GMR effect in Fe;O, based spin valve structures at various
temperatures is however essential for a comprehensive un-
derstanding of such structures.

In this work, we have carried out a systematic experimen-
tal study of the magnetic and magnetotransport behavior of
spin valve structures consisting of NigyFe,, and Fe;O, layers
separated by a nonmagnetic Cu spacer layer of varying thick-
ness as a function of temperature.

The Fe;0,/Cu/NigyFe,, spin valve structures were grown
on Si(100) substrates by dc magnetron sputtering. The base
pressure of the chamber was better than 3 X 10~8 Torr before
deposition. The Fe;O, film was reactively sputtered at room
temperature from a pure Fe target in Ar+O, mixture. After
deposition, the Fe;O, layer was annealed at 300 °C for
60 min to remove phases of paramagnetic FeO which may
have been formed during reactive sputtering of Fe.!> The Cu
and NigyFe,, layers were subsequently deposited at room
temperature without breaking the vacuum. Phase identifica-
tion of the films was examined by conventional 6-26 x-ray
diffraction (XRD) scans using Cu Ka radiation. Magnetic
properties were characterized using vibrating sample magne-
tometer (VSM). Electrical contacts to the spin valve struc-
tures were made using standard optical lithography, metalli-
zation of 200 nm Al, followed by lift off in acetone. The
magnetotransport properties of the spin valves were mea-
sured as a function of temperature using the standard four
probe dc technique in the CIP configuration.

Figure 1 shows a direct comparison of the 6-26 XRD
scans of the Fe;0,/Cu/NigyFe,, spin valve structures as a
function of Cu spacer layer thickness. For 7-,=2 nm, the
XRD scans show distinct Fe;O,4 peaks in the (311) and (511)
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FIG. 1. (Color online). X-ray diffraction patterns for Fe;O,
(60 nm)/Cu (tc,)/NiggFeyo (15 nm) spin valve structures at (a)
tcy=2 nm, (b) tc,=10 nm, and (c) 7, =30 nm.

orientations. The XRD results clearly show that identical
Fe;0, peaks are observed for all spacer layer thicknesses. A
well defined (111) crystal orientation for the Cu spacer layer
was observed in all the spin valve structures. In addition, a
small reflection is also observed for the (200) orientation. No
clear NigyFe,, peaks are observed for all structures, indicat-
ing that the NigoFe,, layer grows without a well defined crys-
tal orientation.

Shown in Fig. 2 are the representative in-plane magneti-
zation curves and the corresponding longitudinal magnetore-
sistance (MR) curves for the Fe;0,/Cu (1¢,)/NigyFey
trilayer structure measured at room temperature. We ob-
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served that the magnetization and MR curves are markedly
sensitive to the Cu spacer layer thickness due to interplay of
various coupling mechanisms between the NigyFe,, and
Fe;0, layers. As shown in Fig. 2(a), magnetizations of the
NigoFe,, and Fe;O, layers nearly switch in unison due to
strong interlayer exchange coupling between the two mag-
netic layers for 7-,=2 nm. This coupling prevents indepen-
dent magnetization reversal in spite of the difference in co-
ercivity between the two layers. The magnetic moments of
the NiggFe,, and Fe;O,4 layers thus remain parallel as the
applied field was swept from positive saturation field to
negative saturation field at a constant rate. The strong ferro-
magnetic coupling may be possibly due to pinholes, which
give rise to magnetic bridges through the nonmagnetic Cu
spacer layer.!> It may also be attributed to “orange peel”
coupling, which occurs when the surfaces of the sputtered
layers are not completely flat. This results in a flux crossover
from magnetic poles on one magnetic layer to the poles on
the other layer thereby strengthening the ferromagnetic cou-
pling between the NigFe,, and Fe;0, layers.'* As expected,
the strong interlayer exchange coupling results in MR behav-
ior which is consistent with a typical anisotropic magnetore-
sistance (AMR) response which is given by'?

R(H)=Ry+ AR cos’ a, (1)

where « is the angle between current and magnetization, and
AR signifies the AMR effect.

As tc, increases, the strength of interlayer exchange cou-
pling between the magnetic layers decreases rapidly. For
tc,=5 nm, the magnetization curve exhibits a clear two-step
magnetization reversal process corresponding to switching of
the soft NiggFe,, layer at low magnetic field, followed by a
gradual switching of the hard Fe;O, layer at a higher field.
The MR curves also exhibit marked modification for 7c,
=5 nm and are characterized by the superposition of AMR
and GMR effects. The small AMR effect is primarily due to
magnetization reversal in the NigyFe,, layer, through which
part of the in-plane electrical sense current is being trans-
ported, while the positive GMR effect is due to separate
magnetization reversal of the NigyFe,, and Fe;O, layers. As
shown in Fig. 2(b)-2(d), the detailed features of the MR
curves are strongly dependent on 7c,. The interlayer ex-
change coupling between the NigyFe,, and Fe;O, layers be-
comes negligible for 7c,=10 nm due to the short-range na-
ture of exchange interactions. We observed that the switching
of the Fe;O, layer becomes comparatively sharper and the
difference in coercivity of the two magnetic layers manifests
itself in the form of an antiparallel configuration of the
NigoFe,, and Fe;0, layers at low magnetic fields. When 7,
is further increased to 30 nm, the two magnetic layers are
effectively decoupled. In the absence of any coupling effect,
the magnetization reversal of the NigyFe,, and Fe;O, layers
occurs independently as clearly evident in the form of two
sharp switching fields.

In order to extract the contribution of GMR effect from
the MR curves, we have averaged the longitudinal and trans-
verse MR curves so as to cancel the AMR effect as suggested
in Ref. 16. Shown in Fig. 3 are the GMR curves as a function
of 7¢,. This GMR effect is due to spin-dependent scattering at
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FIG. 2. (Color online). Normalized in-plane magnetization
curves (—A-) and longitudinal magnetoresistance curves (—@-)
measured at 300 K for Fe;O,4 (60 nm)/Cu (tc,)/NiggFe,o (15 nm)
spin valve structures as a function of f¢,.

PHYSICAL REVIEW B 75, 012403 (2007)

0.8

—8— [, =5nm
—— f{c,=10nm
—— tcu:301‘lm

0.7 |

GMR %

Field (kOe)

FIG. 3. (Color online). GMR curves measured at 300 K for
Fe;0,4 (60 nm)/Cu (t¢,)/NiggFe,q (15 nm) spin valve structures as
a function of 7¢,.

the interface between the magnetic layers and the nonmag-
netic Cu spacer layer. We note that the resistance of the spin
valve structure at room temperature is about 10.4 Q for 7,
=5 nm. It decreases to 5.2 () for f-,=10 nm and about
1.75 Q for t-,=30 nm. The resistance of the Fe;0, layer at
room temperature is about two orders of magnitude higher
than the entire spin valve structure. Hence, it can be con-
cluded that most of the electrons are confined in the metallic
spacer layer and the GMR effect is only due to spin-
dependent reflection of electrons at the interfaces between
the NiggFe,; and Fe;0, layers and the Cu spacer layer. We
also observe that the GMR ratio decreases monotonically
with increasing 7. This decrease in GMR ratio with increas-
ing ¢, also confirms that the GMR effect in our spin valve
structure is an interface phenomenon rather than a bulk one.
The decrease of GMR ratio with increasing Cu spacer layer
thickness may be attributed to two main factors, namely;
increase in current shunting effects through the bulk of the
Cu spacer layer away from the interfacial regions, and a
decrease in the probability of spin polarized electrons cross-
ing the Cu spacer layer without scattering, with increasing
R

Another characteristic feature of the GMR curves is a
progressive evolution in the sharpness of the peaks with in-
creasing f¢,. The sharpness of the peaks represents the stiff-
ness of the spin valve structure for holding the antiparallel
alignment of the NigyFe,, and Fe;O, layers during magneti-
zation reversal. We observed that the peaks become flatter
and wider as ¢, is increased from 5 nm to 30 nm. This ob-
servation may be attributed to an increased stability of the
antiparallel alignment between the NigyFe,, and Fe;0, layers
with increasing #¢,. It should be also noted that the overall
GMR effect in our spin valve structures may be reduced due
to the presence of so-called antiphase boundaries (APB’s),
which are naturally occurring growth defects in Fe;O,. The
magnetic coupling across a large fraction of these APB’s is
antiferromagnetic (AF). Fe;0, films can be thus described as
a linear chain of ferromagnetic domains that are AF coupled
at atomically sharp interfaces.!” Hence, it is difficult to satu-
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FIG. 4. (Color online). GMR ratio measured as a function of
temperature for 7c,=5 nm, 10 nm and 30 nm, respectively.

rate Fe;O, films even in large magnetic fields. Consequently,
a complete antiparallel configuration of the Fe;O, and
NiggFe,( layers cannot be attained and this could reduce the
GMR effect drastically.

In order to understand the dependence of GMR ratio on
temperature, we have systematically measured the MR
curves for our spin valve structures as a function of Cu
spacer layer thickness in the temperature range 5 K<T
=300 K. Shown in Fig. 4 is GMR ratio as a function of
temperature for fc, varying from 5 nm to 30 nm. We ob-
served that the GMR ratio decreases monotonically with in-
creasing temperature for each 7. The decrease in GMR ratio
with increasing temperature for our spin valve structure may
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be attributed to various possible mechanisms. First, enhanced
electron-magnon interaction at higher temperatures will lead
to increased spin flip scattering at the interfaces.” Moreover,
such an electron-magnon interaction may also cause spin
mixing, which is detrimental to the GMR effect.!® Second,
with increasing temperature, thermally excited spin waves
will reduce the net magnetization, which in turn suppresses
the GMR effect.!” These factors reduce the relative contribu-
tion of spin-dependent scattering and hence result in a de-
crease of GMR ratio with increasing temperature. The GMR
ratio is also strongly dependent on the spin polarization (P)
of the Fe;O, layer which decreases rapidly with increasing
temperature due to finite-temperature spin disorder, ther-
mally activated spin mixing and magnon and phonon
effects.?’

In summary, we have presented a systematic study of the
magnetization reversal and magnetoresistance behavior of
Fe;0,4/Cu (t¢,)/NiggFe,q spin valve structures as a function
of Cu spacer layer thickness at various temperatures. We
observed that for 7o,=2 nm, the NigyFe,, and Fe;0, layers
are strongly exchange coupled resulting in AMR effect domi-
nating the transport properties of the spin valve structure. For
tc, =5 nm, interlayer exchange coupling decreases rapidly,
and the transport properties are dominated by GMR effect.
For all temperatures measured, the GMR ratio decreases with
increasing fc, due to enhanced current shunting and scatter-
ing effects.
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