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Perpendicular giant magnetoresistance and magnetic switching properties of a single spin valve
with a synthetic antiferromagnet as a free layer
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We study the current-perpendicular-to-plane giant magnetoresist@®fe-GMR and magnetic switching
behavior of single spin-valvésV) films with two different free layers—one is a single ferromagdifé{l) layer,
while the other is a synthetic antiferromagri8yAF) consisting of CgyFe o/ Ru/CagFe . 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 CgyFe g 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.
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[. INTRODUCTION FM layers sandwichedyba N layer. The SyAF structure
allows an enclosed magnetic flux and creates less stray field,
There has been great interest in multilayers composed ofhich reduces the magnetostatic coupling with the closely
alternating ferromagneti6FM) and nonmagnetic metdN) neighboring FM layer, and facilitates the formation of a
layers since the discovery of giant magnetoresist#68¢R)  Single domain even when the aspect ratio is 1. In this paper,
in this systent. Introduction of a GMR read head to the hard We apply the SyAF structure in a CPP-GMR SV as a free
disk drive stimulated substantial increase of the drivel@yer and demonstrate that SyAF as a free layer dramatically
capacity? All present GMR-based devices are with current-&nhances the CPP-GMR, and improves the magnetic switch-
in-plane(CIP) geometry, i.e., the sensing current flows in the!NY behavior of CPP SVs. The possible mechanisms of these

plane of the multilayers. There is another even more interMProvements are discussed.
esting GMR effect that was found in CPP geometry in the
1990s° i.e., the sensing current flows perpendicular to the Il. EXPERIMENT

plane of the mutilayers. The amplitude of CPP-GMR is UsU- &+ CPP-GMR SV structure is €20 nm)/IrMn (10 nm/

ally higher than that of CII_D-GMR. Thus CPP-GMR is hOpe'CogoFelo(S nm) / Cu(d nm) / free layer / CG nm)/Ta(2 nm).

fuII)_/ one of the b_est cand_ldates as the ne_xt generation magnyo kinds of free layer are used. One is a single,Eey,
netic head material used in ultrahigh density hard dsKse  fjim with a thickness of 5 nm and the other is a SyAF struc-
CPP-GMR becomes more competitive when the device sizg)re of CagFe(5 nm)/Ru(0.45 nm)/CgFe, (3 nm). Here
shrinks because of the large output voltage signal. On th@e label the samples with a single §oey, free layer “con-
other hand, in order to control the domain structure and deventional CPP-GMR” and those with SyAF “CPP-GMR
crease coercivity, a spin-val(&PV or SV structure is usu-  with SyAF.” The interlayer Cu thicknesd ranges from 2.5
ally used instead of a multilayer as the magnetic read Aeadnm to 6 nm. Our fabrication process is “subtractive.” The
The interfaces between FM and N layers in SVs are far fewemultilayer was first deposited on a Si/Si@ubstrate in an
than those in a multilayer, so the CPP-GMR of SPVs is muchultrahigh vacuum sputtering system with a base pressure be-
smaller than that of multilayers. The too low resistai@e  low ~5x 10 ° Torr. A 200 Oe magnetic field was applied
and MR of conventional CPP-GMR SVs prevents its directduring the sputtering in order to induce an easy axis. Then
usage as a magnetic read head. On the other hand, it is stile bottom electrode Cu and top electrode Cu/Ta were pat-
difficult to control the domain structure of SVs, especially terned using electron beam lithography and subsequent ion
when its size shrinks to the submicrometer or nanometemilling etching. After this, the GMR SPV element was
scale because of a large demagnetizing field arising from thetched out followed by Si© sputtering. A thick capping
poles at the edges of elements, and leading to a compldayer of Cu was then coated using the lift-off process. A
domain structure which depends on the aspect ratio of thechematic cross section view of the fabricated CPP-GMR
elements. A higher aspect ratio causes a large magnet&lement is shown in Fig.(&), where the element siz& is
switching field, while a low aspect ratio induces a multido- clearly defined. As shown in Fig.(), the shape of all ele-
main structure, which hampers the development of ultrahighments is rectangular, with a lengtland widthw. The aspect
density magnetic recording. In previous woPksie studied ratio k is defined ak=I/w. The sizeA of elements varies
the domain configuration of a synthetic antiferromagneticfrom 4x1 um? to 0.2X0.2 um?. Four-probe measurements
(SYAF) structure consisting of antiferromagnetically coupledof transport properties were carried out in CPP geometry at
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FIG. 1. The(a) cross section anth) top view of the fabricated CPP-GMR element. The element’s size is definAd as

room temperature with magnetic fields applied along thg~12000 Oe) and a little lower saturation magnetization
easy axis as shown in Fig(d). The easy axis direction is (M¢~937 emu/cr), which means a stronger AF coupling
along the length of the elements. The measuring current Wag the SyAF structure we used in this study. Then we mea-
kept below~1 mA to avoid any other effect induced by the gyred the CPP-GMR of the elements with a fixed interlayer
current. thicknessd=2.5 nm. TheR-H curves of both the conven-
tional CPP-GMR and CPP-GMR with SyAF elements are
shown in Fig. 2. Figures(d@) and 3b) show the size depen-
Ill. RESULTS AND DISCUSSION dence ofR and the resistance chang® for these two kinds
of element.R and AR are both inversely proportional to
A. CPP-GMR enhancement by SyAF A. When we assume an infinite spin-diffusion length and
The magnetization curves of CPP-GMR with SyAF SVsapply the Valet-FerfVF) modef to the conventional CPP-
were measured. The results are similar to Fig. 2 of Ref. 7GMR structure, the resistance change—area pro8id is
except for a much higher saturation magnetic fieldwritten as*®

* * 2
AARZ (2BpCoyge,qt ConFery™ 2 YARCo, e, g/c0) @
A RIrMn/CogoFelo+ ZPE%OFelOt CogoFelo+ pcfeut 3A R~}CrogoFelO/Cu ,

where 8 and y are the spin asymmetry coefficients of the FM layers and the Cu layers, respectively. In our system, the
CogoFep layer and CggFe;o/Cu interface, respectively. The measuredpcOgopem is 1540 cm, pg, is 1.7uQcm.

spin-dependent resistivitigesy re = Pcore,/(1~B%) and  The value of ARcq fecu 1S 0.22 ) um?,® while
AREq, Fe,/cu=ARcay e, grcul (1~ ¥%). Pcayge, aNd pcy are ARiMniCog ey, 1S @pproximated as 0.95@um?, which is
the measured resistance values offey, and Cu, respec- supposed to be the same A&reunicq, oFelo'lO Applying B

tively. ARco, Fe,,/cu @A ARpvinicog Fe,, @r€ the interface re- =065 andy=0.75, the calculatedAAR using Eq.(1) is
sistancest(;ogopelo andtg, are the total thickness of all the 1.8 mQ) um?, which is shown as the linear line in Fig(e3.
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FIG. 2. MR curves of conventional CPP-GMR and CPP-GMR ¢ 3 .
with SyAF elements when the interlayer Cu is 2.5 nm. The size of - -
the elements is X1 pm?. X 4 10
. . . 10 ¢
We can see that our experimental results fit well with the VF _ 3 ] >
model calculation. It is noteworthy that our calculation does & [ A =z
not include the resistance of bottom and top electrodes. The¥ i {10028
good agreement between experiment and calculation mean: 10’ 3 3
negligible contact resistance in our system. In a similar way, F ]
the calculated resistance-area produRiA is around - RA=0.472 (Q p) 3
0.23Q um? for the conventional CPP-GMR. Thus we ob- N | ER
tain a MR value of 0.8% for the conventional CPP-GMR 107 ==+ S— e
structure, which is nearly the same as the previous report on 0.1 12 10
a similar structuré.For the CPP-GMR with SyAF structure, (o) A (um)
as shown in Fig. @), by fitting to the experimental data, we _ _ )
obtain AAR=16.8 m) um? and RA=0.47Q um?. The FIG. 3. Resistanc® and resistance changer as a function of

) . ‘3RO L element sizeA for (a) the conventional CPP-GMR anth) CPP-
MR of CPP-GMR with SyAF is~3.6%, which is nearly GMR with SyAF. The solid lines are the calculation results by the

four times higher than that of the conventional one. We thin E
. . : model.

this enhancement is because of the existence of a Ru layer in

SyAF structure. According to Campbell and Ferintroduc- To further understand the mechanism of MR enhancement

ing Ru into Co should lead to a negative magnetic scatteringpy the SyAF free layer, we studied the effect of the interface

anisotropy, which means that Ru impurities in Co will scatterCu thickness on the MR enhancement. Conventional CPP-

majority spins more strongly than minority ones. The scat-GMR and CPP-GMR with SyAF SVs with different inter-

tering anisotropyw is defined as the ratio between the resis-layer Cu thicknessl were fabricated. The measurement re-

tance of spin-down and spin-up electrons. For Ru impuritiesults of RA and MR are shown in Fig. 4. For the

in a Co systemg is around 0.23% i.e., conventional CPP-GMR structure, the interlayer Cu thick-
ness has not so much effect on its MR &W which can be
easily understood using E¢L). But for the CPP-GMR with

0.22. 2) SyAF structure,RA greatly increases and MR greatly de-

Por 1= YcouFe,Ru creases with increasing interlayer Cu thickness. Such dra-

matic changes oRA and MR possibly originate from the

Thus we obtain the interfacial anisotropy parametercnging interfacial resistivitARC, e /ru With Cu thick-
Yooy, /RIS~ 0.64. Applying this value and the experimen- ness. The thicker the interlayer Cu, the farther the spins need

tal result AAR=16.8 M) um? in the VF model, one can to move before they reach the gbe;/Ru interface. This

easily obtain the spin-dependent interfacial resistivity pe.decreases the spin-diffusion length of the electrons and thus

tween the Ru and lavers as AR weakens the spin scattering at th_eagF(ale/Ru interface. But
e lay Reafeo/®i some other effects should be included. For example, the

~5.19 m) um?, which is much higher tham\REo, re /cu  spins may pass by a much longer way than the total thickness
~0.5 m um?. This high spin-dependent interfacial resis- of the multilayers, because they are reflected by both the Ru
tivity implies strong interfacial spin scattering. We think the cap and the AF IrMn layer.

MR enhancement by SyAF is because of the strong spin We also studied another SPV structure with a thin Ru
scattering in the interface between Ru and,dEe;, layers. cap layer on the free layer. The SPV structure is

B @_ 1+ ')’CogoFelO/Ru_
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FIG. 4. Rand MR as a function of interlayer Cu thicknesgor
conventional CPP-GMR and CPP-GMR with SyAF. The solid lines 4
are guides to the eyes.

Cu (20 nm) / IrMn (10 nm) / CgFe (3 nm) / Cu(2.5 nm)/
CogoFero(tiree)/RU(tgy)/Cu(5 Nm)/Ta(2 nm). The CPP-
GMR of one elementt¢,.e=5 nm; tg,=0.45 nm) with a
designed size 0:40.1 um? is shown in Fig. 5. Not surpris- ;\?
ingly, we can also get a higher MR value that is around 3
3.2%. The Ru and free layer g€, thickness dependences é

(7}

of MR are shown in Figs. ® and @b), respectively. With 2

increasingtr,, the MR has a peak aroung,=0.45 nm. ; ,

Whentg, is too small, the Ru/FM interface is discontinuous. - ® Conventional SPVs |
The reflection effect of the majority spins by the Ru/FM .® ®  SPVswith Rucap
interface is not so strong. For SPVs with too thick Ru, the (L A YN Y ET [T ——— Y
total resistance is higher, so the MR decreases. Whep 2 3 4 5 6 7 8
increases, the MR increases first and reaches a pea t  (nm)

value whent;,..=6 nm. Further increasint,.. decreases
the MR. For comparison, we also show the result for

. FIG. 6. (a) The Ru thickness dependence of MR for the structure
the conventional structure  Cu(20 nm)/IrMn(10 nm)/ @ P

with a Ru cap layer(b) the free layer thickness dependence of MR
for the structure with and without a Ru cap layer.

CoggFep(3 nm) / Cu(2.5 nm) / CgFeotiree) / Cu(5 nm)/
Ta(2 nm) in Fig. 6b). For the conventional structure, the
MR increase monotonically and no MR peak can be ob-
served whert, . is smaller than 8 nm. This is reasonable
because 8 nm is still smaller than the spin-diffusion length of
the CqgFe, layer, which is around 12 nm as reporteHor

the SPVs with a Ru cap layer, we think the “effective thick-
ness” of the free layer is much longer thép.. because of
the reflection of the majority spins by the Ru/FM interface
and IrMn layer. Thus we have a MR peak whep,. is
around 6 nm. This can also help us to understand the result
of Fig. 4.

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

The MR measurement was also carried out under a mag-

FIG. 5. CPP-GMR curve of a SPV with a designed size 0.1netic field with different sweep rates that change from 0.4

X 0.1 uwm? and structure @0 nm/IrMn (10 nm/CaoyFe, (3nm)/  Oe/s to 40 Oe/s. Figure 7 gives the magnetic field sweep-
Cu(2.5 nm/CaoyyFe (5 nm)/Ru (0.45 nm)/Cu(5 nm)/Ta(2 nm). rate-dependent easy axis minor hysteresis loop correspond-

H (Oe)
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FIG. 7. Sweep-rate-dependent magnetic switching of the free . . ———rrr .
layer for a CPP-GMR with SyAF element with a size of 0.5 - I 7
X 0.5 pm?. 6 L 4 |
. . 0.6x0.3 ym’
ing to the rotation of the free layer of the SV. The SV struc- - \ A ]
ture is CPP-GMR with SyAF and the size is 0.5 50 | A A -

2 . . . .
X 0.5 um?. The magnetic switching fieldHs,) changes a A
from 82 Oe to 64 Oe, while the field sweep rate changes & i T
from 40 Oe/s to 0.4 Oe/s. If the element is of single-domain £ 40 |- 0.8x04 um’ 0 -
structure, this phenomenon can be described by a single- = | %
domain thermal activation mod&:*®which gives B o] 0
o 2
30 |-1x0.5 um r u] .
Yo L i/ O -
RH:meXF{*C(HK*HSW)]. (3) L ] 1 A !
1 10
Here Ry, is the magnetic sweep ratg, is the attempt fre- (b) Field sweep rate (Oe/s)
quency (on the order of 19Hz), C=K/kgTH?, K . _ .
=0.5mH, is the uniaxial anisotropy energy, ait} is the ' '
uniaxial anisotropy field, which can be calculated from 80 = aspect ratio=4 A A
t i \ A A 1
Hy=47mMg w (ny—n,)+Hy, (4) o L A o
where g aspectlratio=1 o ]
m‘ 40 o) o) o o
o ds
n,= (k/2) f , 5 O -
x 0 (K+5)V(Kts)(1+5)s n o H
= ! .
®) 20 aspect ratio=3
* dS Ll II L 1 i | | II 1
ny=(k/2) .
0 (1+s)V(k*+s)(1+s)s 1 10
Herek=I/w, |, w, andt are the length, width, and thickness (© Field sweep rate (Oe/s)

of the film, respectively, an#l, is the intrinsic uniaxial an-
isotropy field. Here we assunt, is zero, because the mag-
netic anisotropy of CgFe,qis negligible compared with the
demagnetization energy.

Now let us use Eq(3) to fit our experimental results for
the relationship betweeRy and Hg,,. We fix yq as 1.23
% 10° Hz, which was proved to be the best value for our
fitting. In Fig. 8, we give the field sweep-rate dependence o

FIG. 8. The field sweep-rate dependence of magnetic switching
field for (a) conventional CPP-GMR elements with different sizes,
(b) CPP-GMR with SyAF elements with different sizes, afoi
CPP-GMR with SyAF elements with an identical size 0487 but
different aspect ratios. The filled symbols are experimental data.
The open symbols represent the single-domain model fitting results
using Eq.(3). For all the elements, the interlayer Cu thickness is
2.5 nm.
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the CPP-GMR with SyAF SV with interlayer Cu thickness
2.5 nm. Table | shows a comparison betwégnfrom fitting
andH, from the single-domain calculation. The relative er-
ror between them is also shown in the table.

From Table I, for the conventional CPP-GMR, the large

] difference between fitted and calculatdg implies that the

single-domain model is not applicable to the structure, when

- the size is not smaller than 0®.2 um?. Actually, Sun

et al. reported a good agreement of single-domain calcula-
tion with the experimental result for the conventional struc-
ture, when its size is down to 0<10.2 um?.*® For the CPP-
GMR with SyAF, the single-domain model can perfectly

4 explain the magnetic switching behavior, when the element’s

size diminishes to 0.1gm?, with any aspect ratio. This

50 T I T l 1 I )
L —n—
40 - / -
| CPP-GMR with SyAF
g o
= [ Conventional CPP-GMR 1
20 |- / @ -
10 ) ] ! | L | L
0 1 2 3

Element width (um)

value (~0.18 um?) is far larger than 0.X0.2 um?, which

means that the CPP-GMR with SyAF has a much better ten-
dency to form a single domain than the conventional one.
This result is consistent with the single-domain observation

FIG. 9. The magnetic switching field as a function of elementof SyAF we reported beford.
width for conventional CPP-GMR and CPP-GMR with SyAF SVs.

the magnetic switching field for the conventional CPP-GMR
and CPP-GMR with SyAF elements. The open symbols are
the fitting results using Eq(3). Here the only adjustable
parameter iH,. In Fig. 8a), for conventional CPP-GMR,
its switching behavior is far from the fitting result by the
single-domain thermal activation model, even though the el
ement size decreases to as small as<@.2 um?. But for
CPP-GMR with SyAF, when the element size decreases t
around 0.6<0.3 um?, the variation ofHg,, under different
magnetic field sweep rates fits the single-domain model wel
as shown in Fig. &). To exclude a possible effect of the
aspect ratio, different aspect ratio elements with consta
area 0.18.m? were also studied. As shown in Fig(cB the
observed sweep-rate dependenceigf, shows good agree-
ment with the single-domain model for CPP-GMR with
SyAF elements, while their size decreases to ub&, even

with the low aspect ratio of 1.

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

Under a fixed magnetic field sweep rate 8 Oels, we mea-
sured the switching fiel#li s, of the conventional CPP-GMR
and CPP-GMR with SyAF elements. The aspect ratio of all
samples is 1Hg,, as a function of element size is shown in
Fig. 9, for both structures. The switching field of a conven-
tional CPP-GMR structure substantially increases when the
Blement's width diminishes below Am. This is because a
significantly large demagnetizing field of the element arises,
when its size decreases to the submicrometer or nanometer
scale. As for the CPP-GMR with SyAF, the switching field
rgtays nearly constant with decreasing size. We noted that this
size-independent magnetic switching field can be observed
only in the element with aspect ratio 1.

As reported, for a single-domain structure, the switching
fielg of SyAF with strong enough AF coupling can be written

As we mentioned above, the uniaxial anisotropy field

can also be directly calculated by the single-domain model
using Egs.(4) and(5). From the above mentioned magneti-
zation measurement, the moment-thickness products used in
our calculation areM ¢t~9.75x 10" % emu/cn? for the con-
ventional CPP-GMR SV anhl .t~7.64x 10”4 emu/cn? for

2K (t1+t2) Mltl+ M2t2
- (k) ——, (6)

WMty + Moty w

whereK, is the uniaxial magnetic anisotropy of the magnetic
layer,M; andt; (i=1,2) are the magnetization and thickness

TABLE |. Comparison between fitted and calculated valuesl pf

I Xw (um?) Conventional CPP-GMR CPP-GMR with SyAF

Hy (Oe x (08 Erron%) Hy (Oe Hy (Oe Error (%)

Fitted Calculated Fitted Calculated

0.8x0.4 598 173.7 —70.95 222.5 108.6 -51.2
0.8x0.2 400 401.6 +0.4
0.72<0.24 2915 292.4 +0.3
0.6xX0.3 458 231.6 —49.4 180.4 181.5 +0.066
0.5x0.25 198 136 -31.3
0.42x0.42 84
0.4X0.2 244 347.3 +42.3 267.3 272 +1.8
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of the magnetic layer, respectively, an€(k) is the demag- layer Cu thickness. The study of SPVs with a Ru cap layer
netizing factor, which is dependent on the aspect tatithe  demonstrates that the MR enhancement by a SyAF or single
first term is the uniaxial magnetic anisotropy field and theRu cap layer is because of the large interfacial spin scattering
second one is the demagnetizing field. When the elemerietween Ru and GgFe,q layers. Experimental and theoreti-
width w is large, the second term is negligiblé,,, is given  cal studies of the magnetic switching behavior demonstrate
by the first term and thus is size independent. When thé¢hat the CPP-GMR with SyAF shows single-domain switch-
element widthw becomes small enough, the second terming behavior, when the element size decreases down to
becomes dominant anH,, increases with decreasing,  0.18 wm? with any aspect ratio. The strong AF coupling and
which has been observed in SyAF with an aspect ritio single domain of SyAF result in a size-independent magnetic
#1.%* In the special cas&=1, C(k)=0,'® so the second switching field for the CPP-GMR with SyAF element under
term of Eq.(6) is zero.Hy,, is independent ofv. Thus the aspect ratio 1. The CPP-GMR with SyAF structure has great
size-independent switching field of CPP-GMR with SyAF potential to be used in future ultrahigh recording density
benefits from the strong AF coupling in SyAF and the single-storage.
domain magnetic structure at the low aspect ratio 1.
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