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Exchange bias of spin valve structure with a top-pinned Co,gFe4oB2/IrMn
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We have investigated the exchange bias of a directly top-pinned CoygFe B,o/IrMn structure. An
exchange bias was realized on the as-deposited samples, in which CoyzFe 0B, exhibits a fully
amorphous structure. A current-in-plane giant magnetoresistance effect was demonstrated on simple
Ru/CoFeB/Cu/CoFeB/IrMn/Ru stacks prior to and after annealing. The amorphous CoFeB layer
partially crystallized from the interface with a Cu spacer layer after annealed at 280 °C. © 2008
American Institute of Physics. [DOI: 10.1063/1.2956680]

Giant magnetoresistance (GMR) devices are widely used
in read heads of ultrahigh density magnetic recording sys-
tems and magnetic sensors. In particular, current-
perpendicular-to-plane (CPP) GMR has great potentials for
future high-data-rate magnetic recording applications be-
cause of their low area resistance product (RA) which ranges
from several tens of mQ um? to several hundreds of
m{) ,um2.1’2 Usually, a CPP-GMR spin valve consists of a
free magnetic layer, a spacer layer, a pinned magnetic layer,
and an antiferromagnetic pinning layer, typically IrMn or
PtMn. Although the pinning layer is critical to the spin valve
device, it does not contribute directly to the magnetoresis-
tance (MR) signal; rather it constitutes a “parasitic” resis-
tance of being similar to, or greater than, the total resistance
of the active part of the spin valve structure, and significantly
weakens the overall signal. Several methods have been used
to weaken the effect of “parasitic” resistance. A current-
confined-path structure made of a nano-oxide layer with
small metallic channels has been proposed and confirmed to
increase the MR ratio.”” Magnetic materials with large re-
sistivity such as Co—Fe—Al and Co—Mn-Al have been used
to produce a much larger output [A RA, change in area re-
sistance product (RA)], 7.7 mQ um? for Co-Fe-Al and
5.8 mQ um? for Co-Mn—Al compared to 1.8 m{ um? for
CoFe.®’

Amorphous materials such as the CoFeB alloy are also
promising candidates for the sense layers in practical GMR
sensors, because of their high resistivity and low anisotropy,
which could result in a higher sensitivity. Moreover, amor-
phous (hereafter a) CosyFe,oB,, have been reported to pos-
sess a higher spin polarization of ~63% compared to ~45%
for Co and ~43% for Fe deduced from point contact An-
dreev reflection (PCAR) measurements,8 and ~58% com-
pared to ~50% for CoFe deduced from tunneling magne-
toresistance ratio.”'® The large spin asymmetry of the
electronic transport in CoFeB is expected to be helpful for
achieving a higher GMR effect. Note that the value of spin
polarization of CoFeB measured by PCAR is close to or
even higher than those reported for Heusler alloys, e.g., 0.62
for C02CrAl.ll Heusler alloys require high temperature an-
nealing for L2, or B2 ordering [>500 °C (Ref. 11)], which
would limit their application as a top electrode in GMR de-
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vices due to the low temperature tolerance of the spacer layer
and Mn diffusion at high temperature.

A MR effect has been reported on a sandwich structure
Cop,FegB,y/Cu/Co or CopFegB,, coupled by a NiO
layer.lz’13 However, exchange bias cannot be obtained from a
directly top-pinned a-Cos,FegB,, or CogyFe,oBog/IrMn or
FeMn structure at room temperature as reported in
literatures,"*™"” which would definitely restrict the applica-
tions of a-CoFeB alloys in some of the spin valve structures
such as the magnetic sensor and the dual spin valve. On the
other hand, the application of the amorphous ferromagnetic
layer would weaken the effect of lattice mismatching be-
tween the crystalline ferromagnetic layer and the spacer layer
due to the less structural defects of interface between the
amorphous ferromagnetic layer and the spacer layer. There-
fore, investigating the exchange bias of a top-pinned
a-CoFeB/IrMn or FeMn structure for a different composi-
tion may be worthwhile. The first important step for the
above subject would be to demonstrate the exchange bias
and the antiparallel magnetic configuration between the free
and pinned layers for a GMR structure containing top-pinned
a-CoFeB/IrMn.

Here, we report the exchange bias from a top-pinned
CoFeB/IrMn structure using an amorphous CoyyFey 0Bog
layer. The antiparallel magnetic configuration between the
free and pinned layers is proved by demonstrating a current-
in-plane (CIP) GMR effect on simple Ru/CoFeB/
Cu/CoFeB/IrMn/Ru stacks prior to and after annealing.

The Ru (5 nm)/CoFeB (3 nm)/Cu (2.5 nm)/CoFeB
(3 nm)/IrMn (15 nm)/Ru (5 nm) thin film was deposited at
room temperature on thermally oxidized silicon substrates by
a dc magnetron sputtering system with a base pressure of
better than 1X107% Pa. The deposition pressure was
5 mTorr. The deposition rates were about 0.1 nm/s for the
Ru layer, 0.14 nm/s for the CoFeB layer, 0.09 nm/s for the
Cu layer, and 0.17 nm/s for the IrMn layer. The composi-
tions of the CoFeB and IrMn targets were CoygFe 0B,y and
Ir,,Mng, respectively. The as-deposited thin films were iso-
thermally annealed at 280 °C for 1 h under a field of 5 kOe.
The hysteresis loop was measured with a superconductor
quantum interference detector. The MR was measured at a
physical properties measurement system in a four-terminal
geometry with a direct current of 1 mA. The microstructures
were characterized using transmission electron microcopy
(TEM) on Technai G2 F30 TEM.
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FIG. 1. Hysteresis loop and MR curve of the as-deposited and annealed
samples measured at 300 K.

The exchange bias effect was checked and confirmed by
fabricating a top-pinned CoFeB (10 nm)/IrMn (15 nm) bi-
layer thin film in the as-deposited and annealed states. Good
crystalline and (111)-oriented texture structures of the IrMn
layer have been obtained in the as-deposited state (data not
shown here). In this work, we focus on the analyses of the
spin valve structure of Ru (5 nm)/CoFeB (3 nm)/Cu
(2.5 nm)/CoFeB (3 nm)/IrMn (15 nm)/Ru (5 nm). Figure 1
shows the hysteresis loop and the MR curve of the as-
deposited and annealed samples measured at 300 K. The as-
deposited sample has an exchange bias field of about 789 Oe
higher than the annealed sample of about 375 Oe, which
might be due to the short exchange coupled distance and
smaller saturation magnetization of as-deposited sample. The
stray field from cathode and interfacial uncompensated spins
cause the appearance of exchange bias in the as-deposited
state. A coercivity of less than 1 Oe was achieved for the free
layer, which is beneficial for the sensitivity of the magnetic
device. A significant MR increase from 0.5% to 1.4% was
observed after annealing at 280 °C. The MR curve shows a
plateau for the magnetization processes, indicating a large
region of magnetic antiparallel configuration between the
free and pinned layers. Figure 2 shows the low temperature
hysteresis loop and the MR curve of the annealed sample at
5 K. The MR value significantly increased to 2.7%. The ex-
change bias field shows a slight enhancement to 442 Oe.
Interestingly, the magnetic hysteresis of the pinned layer is
significantly enhanced with a giant coercivity of 406 Oe.
Due to a much bigger expansion of the magnetic hysteresis
of the pinned layer, the magnetic antiparallel configuration
between the free and pinned layers exists within a very nar-
row region when demagnetizing the sample from the ex-
change bias direction, showing a cusp in the MR curve
marked by an arrow.
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FIG. 2. Hysteresis loop and MR curve of the annealed sample measured at
5 K.
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FIG. 3. Temperature dependence of MR of the annealed sample.

Figure 3 shows the temperature dependence of the MR
value of the annealed sample. MR is enhanced significantly
with decreasing measurement temperature. Approximately
twice the MR is obtained when measured at 5 K compared to
the measurement at 300 K. Another interesting aspect about
the exchange bias is the comparison between the temperature
dependences of the coercivities of the free and pinned layers.
Figure 4 shows the temperature dependences of the coercivi-
ties of the free and pinned layers for the annealed sample.
The coercivity of the pinned layer obviously has much
higher temperature dependence than that of the free layer.
The coercivity of the pinned layer shows an even bigger
trend of coercivity enhancement below 50 K. In the free
layer, the coercivity increases slightly with decreasing tem-
perature, and then shows some higher enhancement below
50 K.

Figure 5(a) is the bright field image of the as-deposited
sample, showing clear multilayered stacks. The bright field
image of the annealed sample shown in Fig. 5(b), shows a
more crystalline structure for all the layers. The top and bot-
tom Ru layers consist of columnar grains. The crystallinity of
the IrMn antiferromagnetic layer was further enhanced by
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FIG. 4. Temperature dependence of the coercivities of the free layer and
pinned layer of the annealed sample.
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FIG. 5. Cross-sectional TEM images of [(a) and (c)] as-deposited and [(b)
and (d)] annealed samples.

annealing. The Cu spacer layer exhibits a polycrystalline
structure. Clear structural information can be seen from the
high resolution TEM (HRTEM) images shown in Figs. 5(c)
and 5(d). The HRTEM image of the as-deposited sample
shows that the as-deposited CoFeB layer is clearly amor-
phous and the Cu spacer contains clear lattice fringes. After
annealing, some of the CoFeB regions were crystallized
showing the lattice fringe. By comparing the thicknesses of
the crystalline regions within the Cu spacer before
(~2.8 nm) and after annealing (4.2 nm), as indicated in the
figures, the annealed sample is shown to have a wider crys-
talline region, implying that the CoFeB partially crystallized
from the interface with Cu due to a better lattice matching
between Cu and CoFe.

As reported in the references,'*™"” the exchange bias has
not been achieved from directly top-pinned structures of
a-Coqp,FegByg or CoggFe,oBoo/IrMn or FeMn at room tem-
perature. However, inserting a thin fcc-NiFe layer was re-
ported to result in the appearance of an exchange bias, which
was explained by the improved crystalline and (111)-oriented
texture structure of the antiferromagnetic IrMn or FeMn
layer. Contrary to the references,'*™"7 the exchange bias was
realized in the present work. The ordered antiferromagnetic
IrMn is known to be a fcc structure. To minimize the surface
energy, the close packed plane of (111) has to lie on the film
plane in the absence of a large strain or distortions from the
underlying layer. Therefore, if the underlying layer is fully
amorphous, the crystalline IrMn with the (111) texture would
develop spontaneously, as seen in this work. One possible
reason for the no exchange bias in the references'*™"7 at
room temperature might be due to the possible existence of
some crystalline phases in the CoFeB layer, which would
cause a random orientation of the subsequently deposited
IrMn layer. Considering the com4positions of Coq,FegB,, or
CogoFe,0Baog used in literatures,"*™” a less thermal stability
of the amorg)hous structure of those alloys due to the higher
Co content’ may result in a partially crystalline as-deposited
CoFeB layer.

As shown in Fig. 4, the coercivity of the pinned layer is
not only enhanced by the pinning effect from the IrMn layer,
but also exhibits very high temperature dependence. There
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are two different explanations for the coercivity enhance-
ment by the pinning effects: induced anisotropy and the pin-
ning sites of magnetic reversal from the antiferromagnetic
layer.lg’20 Here we cannot clarify which effect plays the main
role in the coercivity enhancement. However, we can con-
clude that these effects are significantly dependent on tem-
perature. One of the promising structural issues in this work
is the observation of CoFeB partial crystallization from the
interface with Cu, implying that a perfect interface between
the Cu spacer and the ferromagnetic layer can be realized by
postannealing, as seen in the CoFeB/MgO/CoFeB magnetic
tunnel junction structure.

In summary, this work has shown that an exchange bias
can be achieved from a directly top-pinned
CoyoFesoBog/ItMn structure in the as-deposited state, in
which CoFeB layer exhibits a fully amorphous structure. A
CIP-GMR effect on simple Ru/CoFeB/Cu/CoFeB/
IrMn/Ru stacks has been used to prove the feasibility to
obtain the exchange bias from the top-pinned structure. By
annealing, the CoFeB layer partially crystallizes from the
interface with the Cu spacer layer, which would result in a
better interface coherency between spacer and ferromagnetic
layers. The coercivity of the pinned layer was found to have
stronger temperature dependence than that of the free layer.
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