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Perpendicular giant magnetoresistance and magnetic switching properties of a single spin valv
with a synthetic antiferromagnet as a free layer

Y. Jiang, S. Abe, T. Nozaki, N. Tezuka, and K. Inomata
Department of Materials Science, Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan

and CREST, Japan Science and Technology Corporation, Kawaguchi, Saitama 332-0012, Japan
~Received 18 July 2003; revised manuscript received 23 September 2003; published 24 December 2003!

We study the current-perpendicular-to-plane giant magnetoresistance~CPP-GMR! and magnetic switching
behavior of single spin-valve~SV! films with two different free layers—one is a single ferromagnet~FM! layer,
while the other is a synthetic antiferromagnet~SyAF! consisting of Co90Fe10/Ru/Co90Fe10. When the inter-
layer Cu thickness is 2.5 nm, the SyAF as a free layer greatly enhances the CPP-GMR of SVs from 0.8% to
3.6%. The GMR enhancement effect decreases with increasing interlayer Cu thickness. We argue that the MR
enhancement by the SyAF is probably because of strong reflection of the majority spins by the interface
between Co90Fe10 and ruthenium. Experimental and theoretical studies of the magnetic switching behavior
show that the SVs with SyAF have a much better tendency to form a single magnetic domain than the
conventional ones. The single domain structure results in a size-independent magnetic switching field of the
SVs with SyAF at the low aspect ratio 1.

DOI: 10.1103/PhysRevB.68.224426 PACS number~s!: 75.47.De, 75.70.Kw, 72.25.Ba
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I. INTRODUCTION

There has been great interest in multilayers compose
alternating ferromagnetic~FM! and nonmagnetic metal~N!
layers since the discovery of giant magnetoresistance~GMR!
in this system.1 Introduction of a GMR read head to the ha
disk drive stimulated substantial increase of the dr
capacity.2 All present GMR-based devices are with curre
in-plane~CIP! geometry, i.e., the sensing current flows in t
plane of the multilayers. There is another even more in
esting GMR effect that was found in CPP geometry in
1990s,3 i.e., the sensing current flows perpendicular to
plane of the mutilayers. The amplitude of CPP-GMR is u
ally higher than that of CIP-GMR. Thus CPP-GMR is hop
fully one of the best candidates as the next generation m
netic head material used in ultrahigh density hard disks.4 The
CPP-GMR becomes more competitive when the device
shrinks because of the large output voltage signal. On
other hand, in order to control the domain structure and
crease coercivity, a spin-valve~SPV or SV! structure is usu-
ally used instead of a multilayer as the magnetic read he5

The interfaces between FM and N layers in SVs are far fe
than those in a multilayer, so the CPP-GMR of SPVs is mu
smaller than that of multilayers. The too low resistance~R!
and MR of conventional CPP-GMR SVs prevents its dir
usage as a magnetic read head. On the other hand, it is
difficult to control the domain structure of SVs, especia
when its size shrinks to the submicrometer or nanom
scale because of a large demagnetizing field arising from
poles at the edges of elements, and leading to a com
domain structure which depends on the aspect ratio of
elements. A higher aspect ratio causes a large magn
switching field, while a low aspect ratio induces a multid
main structure, which hampers the development of ultrah
density magnetic recording. In previous works,6 we studied
the domain configuration of a synthetic antiferromagne
~SyAF! structure consisting of antiferromagnetically coupl
0163-1829/2003/68~22!/224426~7!/$20.00 68 2244
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FM layers sandwiched by a N layer. The SyAF structure
allows an enclosed magnetic flux and creates less stray fi
which reduces the magnetostatic coupling with the clos
neighboring FM layer, and facilitates the formation of
single domain even when the aspect ratio is 1. In this pa
we apply the SyAF structure in a CPP-GMR SV as a fr
layer and demonstrate that SyAF as a free layer dramatic
enhances the CPP-GMR, and improves the magnetic sw
ing behavior of CPP SVs. The possible mechanisms of th
improvements are discussed.

II. EXPERIMENT

Our CPP-GMR SV structure is Cu~20 nm!/IrMn~10 nm!/
Co90Fe10~3 nm! / Cu~d nm! / free layer / Cu~5 nm!/Ta~2 nm!.
Two kinds of free layer are used. One is a single Co90Fe10
film with a thickness of 5 nm and the other is a SyAF stru
ture of Co90Fe10(5 nm)/Ru(0.45 nm)/Co90Fe10 ~3 nm!. Here
we label the samples with a single Co90Fe10 free layer ‘‘con-
ventional CPP-GMR’’ and those with SyAF ‘‘CPP-GMR
with SyAF.’’ The interlayer Cu thicknessd ranges from 2.5
nm to 6 nm. Our fabrication process is ‘‘subtractive.’’ Th
multilayer was first deposited on a Si/SiO2 substrate in an
ultrahigh vacuum sputtering system with a base pressure
low ;531029 Torr. A 200 Oe magnetic field was applie
during the sputtering in order to induce an easy axis. Th
the bottom electrode Cu and top electrode Cu/Ta were
terned using electron beam lithography and subsequent
milling etching. After this, the GMR SPV element wa
etched out followed by SiO2 sputtering. A thick capping
layer of Cu was then coated using the lift-off process.
schematic cross section view of the fabricated CPP-G
element is shown in Fig. 1~a!, where the element sizeA is
clearly defined. As shown in Fig. 1~b!, the shape of all ele-
ments is rectangular, with a lengthl and widthw. The aspect
ratio k is defined ask5 l /w. The sizeA of elements varies
from 431 mm2 to 0.230.2 mm2. Four-probe measuremen
of transport properties were carried out in CPP geometry
©2003 The American Physical Society26-1
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FIG. 1. The~a! cross section and~b! top view of the fabricated CPP-GMR element. The element’s size is defined asA.
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room temperature with magnetic fields applied along
easy axis as shown in Fig. 1~b!. The easy axis direction is
along the length of the elements. The measuring current
kept below;1 mA to avoid any other effect induced by th
current.

III. RESULTS AND DISCUSSION

A. CPP-GMR enhancement by SyAF

The magnetization curves of CPP-GMR with SyAF S
were measured. The results are similar to Fig. 2 of Ref
except for a much higher saturation magnetic fie
e
e

-

e
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(;12 000 Oe) and a little lower saturation magnetizati
(MS;937 emu/cm3), which means a stronger AF couplin
in the SyAF structure we used in this study. Then we m
sured the CPP-GMR of the elements with a fixed interla
thicknessd52.5 nm. TheR-H curves of both the conven
tional CPP-GMR and CPP-GMR with SyAF elements a
shown in Fig. 2. Figures 3~a! and 3~b! show the size depen
dence ofR and the resistance changeDR for these two kinds
of element.R and DR are both inversely proportional to
A. When we assume an infinite spin-diffusion length a
apply the Valet-Fert~VF! model8 to the conventional CPP
GMR structure, the resistance change–area productADR is
written as5,10
ADR5
~2brCo90Fe10

* tCo90Fe10
12gARCo90Fe10 /Cu* !2

ARIrMn/Co90Fe10
12rCo90Fe10

* tCo90Fe10
1rCutCu13ARCo90Fe10 /Cu*

, ~1!
the
whereb and g are the spin asymmetry coefficients of th
Co90Fe10 layer and Co90Fe10/Cu interface, respectively. Th
spin-dependent resistivitiesrCo90Fe10

* 5rCo90Fe10
/(12b2) and

ARCo90Fe10 /Cu* 5ARCo90Fe10 /Cu/(12g2). rCo90Fe10
and rCu are

the measured resistance values of Co90Fe10 and Cu, respec-
tively. ARCo90Fe10 /Cu and ARIrMn/Co90Fe10

are the interface re

sistances.tCo90Fe10
and tCu are the total thickness of all th
FM layers and the Cu layers, respectively. In our system,
measuredrCo90Fe10

is 15.4mV cm, rCu is 1.7mV cm.

The value of ARCo90Fe10 /Cu is 0.22 mV mm2,9 while

ARIrMn/Co90Fe10
is approximated as 0.95 mV mm2, which is

supposed to be the same asARFeMn/Co90Fe10
.10 Applying b

50.65 andg50.75, the calculatedADR using Eq.~1! is
1.8 mV mm2, which is shown as the linear line in Fig. 3~a!.
6-2
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PERPENDICULAR GIANT MAGNETORESISTANCE AND . . . PHYSICAL REVIEW B68, 224426 ~2003!
We can see that our experimental results fit well with the
model calculation. It is noteworthy that our calculation do
not include the resistance of bottom and top electrodes.
good agreement between experiment and calculation m
negligible contact resistance in our system. In a similar w
the calculated resistance-area productRA is around
0.23V mm2 for the conventional CPP-GMR. Thus we o
tain a MR value of 0.8% for the conventional CPP-GM
structure, which is nearly the same as the previous repor
a similar structure.5 For the CPP-GMR with SyAF structure
as shown in Fig. 3~b!, by fitting to the experimental data, w
obtain ADR516.8 mV mm2 and RA50.47V mm2. The
MR of CPP-GMR with SyAF is;3.6%, which is nearly
four times higher than that of the conventional one. We th
this enhancement is because of the existence of a Ru lay
SyAF structure. According to Campbell and Fert,11 introduc-
ing Ru into Co should lead to a negative magnetic scatte
anisotropy, which means that Ru impurities in Co will scat
majority spins more strongly than minority ones. The sc
tering anisotropya is defined as the ratio between the res
tance of spin-down and spin-up electrons. For Ru impuri
in a Co system,a is around 0.22,11 i.e.,

a5
r0↓
r0↑

5
11gCo90Fe10 /Ru

12gCo90Fe10 /Ru
50.22. ~2!

Thus we obtain the interfacial anisotropy parame
gCo90Fe10 /Ru'20.64. Applying this value and the experime

tal result ADR516.8 mV mm2 in the VF model, one can
easily obtain the spin-dependent interfacial resistivity
tween the Ru and Co90Fe10 layers as ARCo90Fe10 /Ru*

'5.19 mV mm2, which is much higher thanARCo90Fe10 /Cu*

;0.5 mV mm2. This high spin-dependent interfacial resi
tivity implies strong interfacial spin scattering. We think th
MR enhancement by SyAF is because of the strong s
scattering in the interface between Ru and Co90Fe10 layers.

FIG. 2. MR curves of conventional CPP-GMR and CPP-GM
with SyAF elements when the interlayer Cu is 2.5 nm. The size
the elements is 131 mm2.
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To further understand the mechanism of MR enhancem
by the SyAF free layer, we studied the effect of the interfa
Cu thickness on the MR enhancement. Conventional C
GMR and CPP-GMR with SyAF SVs with different inter
layer Cu thicknessd were fabricated. The measurement r
sults of RA and MR are shown in Fig. 4. For th
conventional CPP-GMR structure, the interlayer Cu thic
ness has not so much effect on its MR andRA, which can be
easily understood using Eq.~1!. But for the CPP-GMR with
SyAF structure,RA greatly increases and MR greatly d
creases with increasing interlayer Cu thickness. Such
matic changes ofRA and MR possibly originate from the
changing interfacial resistivityARCo90Fe10 /Ru* with Cu thick-

ness. The thicker the interlayer Cu, the farther the spins n
to move before they reach the Co90Fe10/Ru interface. This
decreases the spin-diffusion length of the electrons and
weakens the spin scattering at the Co90Fe10/Ru interface. But
some other effects should be included. For example,
spins may pass by a much longer way than the total thickn
of the multilayers, because they are reflected by both the
cap and the AF IrMn layer.

We also studied another SPV structure with a thin
cap layer on the free layer. The SPV structure

f

FIG. 3. ResistanceR and resistance changeDR as a function of
element sizeA for ~a! the conventional CPP-GMR and~b! CPP-
GMR with SyAF. The solid lines are the calculation results by t
VF model.
6-3
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Cu (20 nm) / IrMn (10 nm) / Co90Fe10(3 nm) / Cu(2.5 nm)/
Co90Fe10(t f ree)/Ru(tRu)/Cu(5 nm)/Ta(2 nm). The CPP
GMR of one element (t f ree55 nm; tRu50.45 nm) with a
designed size 0.130.1 mm2 is shown in Fig. 5. Not surpris
ingly, we can also get a higher MR value that is arou
3.2%. The Ru and free layer Co90Fe10 thickness dependence
of MR are shown in Figs. 6~a! and 6~b!, respectively. With
increasingtRu, the MR has a peak aroundtRu50.45 nm.
WhentRu is too small, the Ru/FM interface is discontinuou
The reflection effect of the majority spins by the Ru/F
interface is not so strong. For SPVs with too thick Ru, t
total resistance is higher, so the MR decreases. Whent f ree
increases, the MR increases first and reaches a p
value whent f ree56 nm. Further increasingt f ree decreases
the MR. For comparison, we also show the result
the conventional structure Cu(20 nm)/IrMn(10 nm

FIG. 4. R and MR as a function of interlayer Cu thicknessd for
conventional CPP-GMR and CPP-GMR with SyAF. The solid lin
are guides to the eyes.

FIG. 5. CPP-GMR curve of a SPV with a designed size
30.1 mm2 and structure Cu~20 nm!/IrMn~10 nm!/Co90Fe10 ~3 nm!/
Cu~2.5 nm!/Co90Fe10 (5 nm)/Ru (0.45 nm)/Cu(5 nm)/Ta(2 nm).
22442
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Co90Fe10(3 nm) / Cu(2.5 nm) / Co90Fe10(t f ree) / Cu(5 nm)/
Ta(2 nm) in Fig. 6~b!. For the conventional structure, th
MR increase monotonically and no MR peak can be o
served whent f ree is smaller than 8 nm. This is reasonab
because 8 nm is still smaller than the spin-diffusion length
the Co90Fe10 layer, which is around 12 nm as reported.9 For
the SPVs with a Ru cap layer, we think the ‘‘effective thic
ness’’ of the free layer is much longer thant f ree because of
the reflection of the majority spins by the Ru/FM interfa
and IrMn layer. Thus we have a MR peak whent f ree is
around 6 nm. This can also help us to understand the re
of Fig. 4.

B. Single-domain magnetic switching behavior of CPP-GMR
with SyAF

The MR measurement was also carried out under a m
netic field with different sweep rates that change from 0
Oe/s to 40 Oe/s. Figure 7 gives the magnetic field swe
rate-dependent easy axis minor hysteresis loop corresp

FIG. 6. ~a! The Ru thickness dependence of MR for the struct
with a Ru cap layer;~b! the free layer thickness dependence of M
for the structure with and without a Ru cap layer.
6-4
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ing to the rotation of the free layer of the SV. The SV stru
ture is CPP-GMR with SyAF and the size is 0
30.5 mm2. The magnetic switching field (Hsw) changes
from 82 Oe to 64 Oe, while the field sweep rate chan
from 40 Oe/s to 0.4 Oe/s. If the element is of single-dom
structure, this phenomenon can be described by a sin
domain thermal activation model,12,13 which gives

RH5
g0

2C~Hk2Hsw!
exp@2C~Hk2Hsw!#. ~3!

Here RH is the magnetic sweep rate,g0 is the attempt fre-
quency ~on the order of 109 Hz), C5K/kBTHk

2 , K
50.5mHk is the uniaxial anisotropy energy, andHk is the
uniaxial anisotropy field, which can be calculated from

Hk54pMSS t

wD ~ny2nx!1Hu , ~4!

where

nx5~k/2!E
0

` ds

~k21s!A~k21s!~11s!s
,

~5!

ny5~k/2!E
0

` ds

~11s!A~k21s!~11s!s
.

Herek5 l /w, l, w, andt are the length, width, and thicknes
of the film, respectively, andHu is the intrinsic uniaxial an-
isotropy field. Here we assumeHu is zero, because the mag
netic anisotropy of Co90Fe10 is negligible compared with the
demagnetization energy.

Now let us use Eq.~3! to fit our experimental results fo
the relationship betweenRH and Hsw . We fix g0 as 1.23
3109 Hz, which was proved to be the best value for o
fitting. In Fig. 8, we give the field sweep-rate dependence

FIG. 7. Sweep-rate-dependent magnetic switching of the
layer for a CPP-GMR with SyAF element with a size of 0
30.5 mm2.
22442
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FIG. 8. The field sweep-rate dependence of magnetic switch
field for ~a! conventional CPP-GMR elements with different size
~b! CPP-GMR with SyAF elements with different sizes, and~c!
CPP-GMR with SyAF elements with an identical size 0.18mm2 but
different aspect ratios. The filled symbols are experimental d
The open symbols represent the single-domain model fitting res
using Eq.~3!. For all the elements, the interlayer Cu thickness
2.5 nm.
6-5
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the magnetic switching field for the conventional CPP-GM
and CPP-GMR with SyAF elements. The open symbols
the fitting results using Eq.~3!. Here the only adjustable
parameter isHk . In Fig. 8~a!, for conventional CPP-GMR
its switching behavior is far from the fitting result by th
single-domain thermal activation model, even though the
ement size decreases to as small as 0.430.2 mm2. But for
CPP-GMR with SyAF, when the element size decrease
around 0.630.3 mm2, the variation ofHsw under different
magnetic field sweep rates fits the single-domain model w
as shown in Fig. 8~b!. To exclude a possible effect of th
aspect ratio, different aspect ratio elements with cons
area 0.18mm2 were also studied. As shown in Fig. 8~c!, the
observed sweep-rate dependence ofHsw shows good agree
ment with the single-domain model for CPP-GMR wi
SyAF elements, while their size decreases to 0.18mm2, even
with the low aspect ratio of 1.

As we mentioned above, the uniaxial anisotropy fieldHk
can also be directly calculated by the single-domain mo
using Eqs.~4! and ~5!. From the above mentioned magne
zation measurement, the moment-thickness products use
our calculation areMst'9.7531024 emu/cm2 for the con-
ventional CPP-GMR SV andMst'7.6431024 emu/cm2 for

FIG. 9. The magnetic switching field as a function of eleme
width for conventional CPP-GMR and CPP-GMR with SyAF SV
22442
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the CPP-GMR with SyAF SV with interlayer Cu thicknes
2.5 nm. Table I shows a comparison betweenHk from fitting
andHk from the single-domain calculation. The relative e
ror between them is also shown in the table.

From Table I, for the conventional CPP-GMR, the lar
difference between fitted and calculatedHk implies that the
single-domain model is not applicable to the structure, wh
the size is not smaller than 0.430.2 mm2. Actually, Sun
et al. reported a good agreement of single-domain calcu
tion with the experimental result for the conventional stru
ture, when its size is down to 0.130.2 mm2.13 For the CPP-
GMR with SyAF, the single-domain model can perfect
explain the magnetic switching behavior, when the eleme
size diminishes to 0.18mm2, with any aspect ratio. This
value (;0.18mm2) is far larger than 0.130.2 mm2, which
means that the CPP-GMR with SyAF has a much better
dency to form a single domain than the conventional o
This result is consistent with the single-domain observat
of SyAF we reported before.6

C. Size-independent magnetic switching field of CPP-GMR
with SyAF

Under a fixed magnetic field sweep rate 8 Oe/s, we m
sured the switching fieldHsw of the conventional CPP-GMR
and CPP-GMR with SyAF elements. The aspect ratio of
samples is 1.Hsw as a function of element size is shown
Fig. 9, for both structures. The switching field of a conve
tional CPP-GMR structure substantially increases when
element’s width diminishes below 1mm. This is because a
significantly large demagnetizing field of the element aris
when its size decreases to the submicrometer or nanom
scale. As for the CPP-GMR with SyAF, the switching fie
stays nearly constant with decreasing size. We noted that
size-independent magnetic switching field can be obser
only in the element with aspect ratio 1.

As reported, for a single-domain structure, the switch
field of SyAF with strong enough AF coupling can be writte
as14

Hsw5
2Ku~ t11t2!

M1t11M2t2
1C~k!

M1t11M2t2

w
, ~6!

whereKu is the uniaxial magnetic anisotropy of the magne
layer,Mi andt i ( i 51,2) are the magnetization and thickne

t

TABLE I. Comparison between fitted and calculated values ofHk .

l 3w (mm2) Conventional CPP-GMR CPP-GMR with SyAF

Hk ~Oe! Hk ~Oe! Error~%! Hk ~Oe! Hk ~Oe! Error ~%!

Fitted Calculated Fitted Calculated
0.830.4 598 173.7 270.95 222.5 108.6 251.2
0.830.2 400 401.6 10.4
0.7230.24 291.5 292.4 10.3
0.630.3 458 231.6 249.4 180.4 181.5 10.066
0.530.25 198 136 231.3
0.4230.42 84
0.430.2 244 347.3 142.3 267.3 272 11.8
6-6
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PERPENDICULAR GIANT MAGNETORESISTANCE AND . . . PHYSICAL REVIEW B68, 224426 ~2003!
of the magnetic layeri, respectively, andC(k) is the demag-
netizing factor, which is dependent on the aspect ratiok. The
first term is the uniaxial magnetic anisotropy field and t
second one is the demagnetizing field. When the elem
width w is large, the second term is negligible.Hsw is given
by the first term and thus is size independent. When
element widthw becomes small enough, the second te
becomes dominant andHsw increases with decreasingw,
which has been observed in SyAF with an aspect ratik
Þ1.14 In the special casek51, C(k)50,15 so the second
term of Eq.~6! is zero.Hsw is independent ofw. Thus the
size-independent switching field of CPP-GMR with SyA
benefits from the strong AF coupling in SyAF and the sing
domain magnetic structure at the low aspect ratio 1.

IV. SUMMARY

In this paper, both conventional CPP-GMR and CP
GMR with SyAF SVs are studied. SyAF as a free layer d
matically enhances the room temperature CPP-GMR fr
0.8% to 3.6% when the interlayer Cu thickness is 2.5 n
The MR enhancement effect decreases with increasing in
i-
Re
.
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d

ys

ys
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layer Cu thickness. The study of SPVs with a Ru cap la
demonstrates that the MR enhancement by a SyAF or si
Ru cap layer is because of the large interfacial spin scatte
between Ru and Co90Fe10 layers. Experimental and theoret
cal studies of the magnetic switching behavior demonst
that the CPP-GMR with SyAF shows single-domain switc
ing behavior, when the element size decreases down
0.18mm2 with any aspect ratio. The strong AF coupling an
single domain of SyAF result in a size-independent magn
switching field for the CPP-GMR with SyAF element und
aspect ratio 1. The CPP-GMR with SyAF structure has gr
potential to be used in future ultrahigh recording dens
storage.
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