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Giant magnetoresistance can be enhanced by insertion of a nonmagnetic spacer in the ferromagnetic free
layer of perpendicular spin valves. The enhancement and its independence of the inserted spacer thickness are
argued in terms of the two-current series-resistor model, and interpreted in a simple picture ihtzrthees
between the inserted spacer and the parallel ferromagnetic layers act as spin filters. Magnetization of the
laminated free layers behaves similarly to that of the single one; it indicates its applicability to the magnetic
read head.
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There has been a lot of interest in devices that utilize théarger than that of the spin-up electrons in the ferromagnetic
spin degrees of freedom of the charge carriers, the so-calleftee layer in which a spacer is inserted. If spin-dependent
“spintronic” devices? Spin valves exhibiting a giant magne- scattering at the inserted F/N interfaces is sufficiently large,
toresistanc€ GMR) effecf are one of such devices, which it enlarges total spin-down resistance of the laminated free
have already been applied to the magnetic read heads f&yers without significant increase of the spin-up resistance
hard disk drives. However, the rapid growth of the recordingef them. It means that the difference between the spin-up and
density recently requires revolutionary improvement in theSPin-down resistance increases due to the additional F/N in-
GMR properties. Since it was revealed that the GMR effect terfaces, i.e., the inserted interfaces act as spin filters in the
in the multilayers in the current-perpendicular-to-planelayer. In other words, effective spin asymmetry of the system
(CPP mode is larger than that in the current-in-planeincreases by the spin-dependent scattering at the inserted in-
mode*® the CPP GMR of the spin-valve multilayers is a terfaces. - o _
topic of growing interest in GMR researf#ccording to the Our spin valves were sputter-deposited in the ultrahigh
semiclassical theorythe larger difference of the conductiv- Vacuum chamber and patterned by the photolithography and
ity between spins up and down in the multilayers producedon-milling processes. The element size varies from o’
the larger CPP GMR. Applying highly spin-polarized mate-t0 1.0 um?, which is comparable to the practical size for the
rials such as half metdigo the GMR materials is an ap- magnetic read heads. The details of the fabrication process

proach to obtain higher sensitivity, but it is difficult to pre- (@)
pare the practical GMR devices using those novel matetials. Cap
In this Communication, we show experimentally that in- Cap
serted ferromagnetic-nonmagneti@N) interfaces in a mag- Cu
netic layer of the spin valves can act as spin filters and en- Cu Free
hance the CPP GMR. The effect can be interpreted —
phenomenologically in the framework of the two-current Free:
series-resistor modéllt helps to comprehend the role of the c
: . . . . u Cu
interfaces in the spin valves in the CPP mode, and elucidate —— ——
the physics of the CPP GMR. oo Pinned: s Pinnedns

Ordinary CPP spin valves consist of three metallic layers:
a ferromagnetic free layer the magnetization of which rotates Antiferromagnet Antiferromagnet
freely by an applied magnetic field, a nonmagnetic spacer,
and a ferromagnetic pinned layer exchange-biased by an ad-
jacent antiferromagnetic layer. The perpendicular current b )
through the spin valve depends on the relative orientation of () [——= ] Laminated [ = |
the magnetizations of the two magnetic layers, which can be —_— | free [ e ]
controlled by the applied field, due to spin-dependent bulk [ = | Pinned | =t |
and interface scatteringln the structure we introduced, -

Parallel Antiparallel

one or more spacers are inserted in the free Ifyigr. 1(@)].
Here, as shown below, the magnetizations of the laminated FiG. 1. (a) Schematic structure of the ordindeft) and lami-
free layers align ferromagnetically and behave as one ferronated free-layer (right) spin valves. Thick lines indicate
magnetic layer when a magnetic field is appli&iy. 1(b)].  ferromagnetic/nonmagnetic interfacék) Direction of the magne-

A simple picture of the effect based on the two-current modetizations in the laminated free-layer spin valves when they are par-
is as follows. Suppose resistivity of spin-down electrons isallel and antiparallel.

0163-1829/2002/68.4)/1404044)/$20.00 66 140404-1 ©2002 The American Physical Society



RAPID COMMUNICATIONS

OSHIMA, NAGASAKA, SEYAMA, SHIMIZU, AND TANAKA PHYSICAL REVIEW B 66, 140404R) (2002
12 T . T . T T T T T T T
1+ - Moot =
~ SRt SR SR g
€ 08p T a i e
& 0.6 | i :
4 L @
< B Triple E
0.2 | @ Double u:’
A Single g
0 1 s 1 N 1 N 1 N E
6 7 8 9 10
Thickness (nm) . L L L 1 1 1
>
FIG. 2. Magnetic layer thickness dependence 8A for single Magnetic Field (Oe) 20 Oe

(triangle), double(circle), and triple(square free-layer spin valves.

Dashed lines are fits by the two-current series-resistor mdbgl FIG. 3 Magnetlza_tlon hysteresis _Ioops for single and tr_lple free-
@]. layer spin valves. Thickness of the inserted Cu spacers is ¢anm

single free layer 1 nm, 2 nm, and 3 nm. The curves are shifted

are described elsewhefeWe show here results for cases E;ttg thhoeri'rzg?iglrlé and vertically for clarity. The dotted crosses indi-

where one or two spacers were inserted in the free layer
(hereafter we call them double and triple free-layer spin
valves, respectively The basic spin-valve structure is
PdyPtgMns, (PdPtMp 13 nm/CegFe,B, (CoFeB 2.5  used inthese measurements. They show similar behavior and
nm/Cu 4 nm/free/Cu 4 nm/Ta 5 nm, where freeCoFeB, net magnetization within experimental errors irrespective of
CoFeB/Cu/CoFeB, and CoFeB/Cu/CoFeB/Cu/CoFeB. To enthe spacer insertion and thickness as in Fig. 3. It is possibly
able simple analysis, a single pinned layer was adopted faue to the ferromagnetic interlayer coupling between the free
the GMR measurements. Similar enhancement, however, cdayers separated by a thin spacer. This excludes the explana-
also be observed when a commonly used synthetic ferrimagion that relative angle change between the magnetizations of
netic pinned layéeF is applied. All measurements shown be- the free layers contributes to the GMR increase. Figure 3
low were made at room temperature. also shows that thickening of the inserted Cu spacers makes
In the CPP configuration, the intrinsic quantities are atheir coercive force slightly smaller. As the thinner CoFeB
product of the resistand®) and magnetoresistance elementfjim is known to show the smaller coercive force, it is prob-
area (), and that of the resistance-changeR) andA. We  aply pecause ferromagnetic coupling between the free layers
deriveRAandARA by plottingRandAR as a function oA pecomes weaker for thicker Cu spacers. The smaller coercive
measured by the scanning electron microscope. Several tefsice will also be advantageous to the read head application.
pf the spin-valve glements were fabricated on a wafer vary- We have modeled our results by applying a solution de-
ing the element size for each structL_lReandAR for all the duced from the Boltzmann transport equafida our CPP
cases are almost inversely proportional/pand RA and geometry to expand on the qualitative picture mentioned
éiglﬁea;esﬁil/c\:/:lfézgIt?/fmflgsAt:sq:afL?\itfﬁt; tnhoet rig(;\lr?;tic above. Our model is similar to the two-current model used
. : . previously in Refs. 13 and 14 to describe regular CPP spin
layer thicknesgthe sum of the free- and pinned layer thick- .
valves. In that model, the electrons are separated into two

nesses for the single, double, and triple free-layer spin . :
valves. Only the free-layer thickness is varied, and the Cl&:hannels(spm up and dow) they carry current indepen-

spacers of 1.5-nm thick are inserted at regular thickness irf-jemly' Accordlng _to the theory,_ bulk and interface spin
tervals. The results clearly indicate increases\&fA up to ~ @symmetry coefficientg andy are introduced; these param-
20% by the insertion of the F/N interfaces in the free layerters give the spin-dependent bulk resistapgg)=2p*[1
Note that each single point of the data in Fig. 2 is deduced™(+)B8] and interface resistanceR;()A=2R*A[1—
from the experimental results for dozens of samples. Incret+)v], respectively. Her@* andR*A can be described by
ments of ARA by thickening the magnetic layers is due to the measured valuep and RA as p* =p/(1—p% and
spin-dependent bulk scattering, while that by inserting theR* A=RA/(1—y?). The in-plane resistivity was measured
Cu spacers is due to additional interface scattering. for CoFeB and Cu films fabricated in the same sputtering
The magnetization measurements by an alternatingehamber, and the obtained values28 cm and 4.2u.() cm
gradient magnetometer confirmed that the magnetizations dfom the thickness dependence were used in the calculation.
the laminated free layers rotate simultaneously with eachror the F/N interface resistance, we have made micropillars
other. Here the hysteresis loops of the triple free-layer spirthat consist of CoFeB and Cu with different interface num-
valves were taken in the field range where only the magnebers, and deduced the value 1.0mm?. ARA of our sys-
tizations of the free layers are reversed. In order to make theem can be written as follows when the spin-diffusion length
pinned layer more stable to estimate the free-layer magnetis much longer than each layer thickness and the diffuse
zation precisely, the synthetic ferrimagnetic pinned layer wascattering at the interfaces is ignored:
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4(2yR* An+ Bp* * A+ Bp* 12 ' ' ' 0.15
_ (2y Bp*te) (YR*A+ Bp*tp) _ ]
(2R* A+ pintin)N+[R* A= pintin+ p* (tg +tp) + Z] 1h R
@) Y

Heren is the number of the free layers, i.a;- 1 Cu spacers € 08r 7 ° 101 -
are insertedty andtp stand for the total thickness of the free g ‘--1 ---------- !.-o-o—.O—O >
layers, and the thickness of the pinned layer respectipgly. E 06 RA 2
andt;, are the resistivity and thickness of the inserted spacer. p / 5 1 3
Z is the sum of the resistance for the CoFeB/PdPtMn inter- < 04t 10.05
face, the Cu/Ta interface, and the rest of the Cu layers ]
[ (Reorerpapimi Reurd A+ pedtedl; itis a free parameter for 0.2 r
the fitting procedure here. At finite temperature the spin mix- ]
ing resistivity should be taken into account for the precise OO 1' 2 3 40

calculation*>*® However, we assume it to be about an order
smaller than the bulk resistivity for cobalt-based alloys even

18 A,
at room temperatur€/,'® and neglect the term for simplicity £ 4. RA and ARA as a function of the inserted Cu spacer

for our phenomenological analysis. It is also assumed thahjickness for double free-layer spin valves. Solid and dashed lines
the spin-diffusion length for PdPtMn and Ta is so small thatgre guides for the eyes.

the resistance beyond CoFeB/PdPtMn and Cu/Ta interfaces
can be excluded from the denominator of theRA

calculation*®*

In Fig. 2, calculatedARA is also shown for the single and To elucidate that the enhancement is actually an interface

laminated free-layer spin valves by the dashed lines. FrorfjiieCt ARA andRA as a function of the inserted Cu-spacer
the fit to the experimental resultg=0.58+0.05, y=0.34 j[hlckness are shown in Fig. 4. When the thlc_kness of the
+0.01, andZ=2.0=1.2 mQ um?, are obtained. Roughly, inserted Cu spacer of the double free-layer spin valves was
Bp* decides the slope of the fitting curves, whij®* A varied from 1.3 nm to 3.2 nm, little change ARA andRA
determines the dependenceZ shifts the whole curves with- Was observed. Here the total free-layer thickness is 3 nm for
out significant change in the slopes and intervals, but is nodll the samples. This independence coincides with what is
so influential. Note that we have refined the parameter valuegxpected from the theory. As the resistivity of the inserted Cu
used in the calculations by the subsequent experiments, ariggpacers is relatively smalRA and ARA are insensitive to
hence the calculated parametg@randy are also varied from the inserted spacer thickness when the distinct F/N interfaces
those obtained in the preliminary ft8 Systematic increases are formed. Therefore, the fact strongly suggests that the
of ARA by the increment of the F/N interfaces in the mag-observed increase iARA is caused by the additional inter-
netic layer can be well reproduced by the model as shown ifiaces between the free layers and the inserted spacer, and that
Fig. 2. The point is that the simple picture based on theneither intermixing nor alloying of the materials occurs at
two-current series-resistor model is fairly valid for the leastin the thickness range studied here. In addition, 3 nm of
submicron-sized spin valves consisting of the several ferrothe Cu layer is thick enough to cover almost all of the layer,
magnetic layers. The bulk and interface contribution to thewhich indicates that pinholes do not play a role in the GMR
GMR is derived, which can be a guideline for the spin-valveenhancement.
design. From a technological point of view, we should comment
It is important to understand the condition fAlRA to ~ on some merits of the laminated free-layer structure for the
increase by the spacer insertion. From EL, ARA is a read head application. First, it shows currently 20% larger
monotonically increasing function efwhen the relation be- GMR with no sensitivity degradation only by adding a thin

Thickness (nm)

low holds: film of an already used material; no special extension is
needed to fabricate this type of the spin valve. Furthermore,
vyR*A 2R* A+ pintin larger GMR enhancement can be expected by the optimal

> 2 material combination and structure according to Ef),

* * * I ’
Ppte 2RTAT P (tettp) = pinlin T 2] which is currently under investigation. Secondly, the inser-

The relation can be interpreted in such a way that the intion can make the coercive force smaller with no change in
serted interfaces increa®eR A if the spin asymmetry in the the total free-layer magnetization; it leads to higher sensitiv-
interface resistanceyR* A) is large enough in comparison ity. Thirdly, the total thickness scarcely increases by the in-
with that in the bulk resistanceBp*tg) to satisfy Eq.(2); sertion as opposed to, say, the dual-type spin valve; thin gap
our result discussed above is exactly the case. It should alseidth is necessary for the read heads for high recording den-
be added that similar enhancement is expected from thsity.

theory when the spacer is inserted in the pinned layer. But In conclusion, we have demonstrated that the insertion of
practically, the ferromagnetic layers separated by the nonthe Cu spacés) in the free layer of the spin valve can en-
magnetic spacer cannot be pinned strongly enough by hance the GMR effect. It is confirmed that the effect is due to
single antiferromagnetic layer. We, therefore, narrowed dowrthe additional spin-dependent interface scattering, which can
the study to the insertion in the free layer here. be regarded as the spin filtering effect at the inserted inter-
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faces in the spin valve. The enhancement can be explained in The authors acknowledge S. Eguchi, C. Kamata, T.
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laminated free-layer structure can give a clue to further unpreparation. This work was partly supported by New Energy
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