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Nano-oxide-layer insertion and specular effects in spin valves: Experiment and theory

L. Wang!* J. J. Qiut W. J. McMahon' K. B. Li,* and Y. H. Wd->"
!Nano Spinelectronics, Data Storage Institute, DSI Building, 5 Engineering Drive 1, Singapore 117608, Singapore
2Department of Electrical and Computer Engineering, National University of Singapore, 10 Kent Ridge Crescent,
Singapore 119260, Singapore
(Received 30 September 2003; published 3 June 2004

We report a systematic study of NQhano-oxide-layerinsertion and specular effects on the giant magne-
toresistancéd GMR) of single, synthetic, and dual spin valves, using a semiclassical Boltzmann theory. It is
confirmed that the GMR ratio is enhanced by NOL insertion inside the pinned layer or after the free layer. The
enhancements are primarily due to the contribution of the majority carriers. The NOL insertions inside the
inactive layers of spin valves such as the seed, under, and capping layers reduce the GMR ratio. Though
introducing a NOL before or after the Cu spacer would, in principle, significantly suppress the GMR ratio due
to the blocking effect or the average effect of different spin channels, large positive or négaterse GMR
is found by assuming spin-dependent NOL specular reflections. We have also demonstrated that specular
reflection, even beyond a capping layer, may result in reduction of GMR. Upon appropriate NOL insertion, the
amplitude of curve of GMR versus thickness of individual layer of spin valves may be generally enhanced, but
the shape may change, depending on whether the distance of the NOL to the layer is small @idtagee
effect). Finally, it is found that most results obtained for the single realistic spin valves are applicable to
synthetic and dual spin valves.
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[. INTRODUCTION extend the mean free patMFP) of majority spin-polarized
electrons. This effectively increases the number of electrons
Magnetoresistance refers to the change of electrical resisvithin the critical region of a spin valve or the number of
tance for a system in the presence of an external magnetimultilayers seen by an electron, thus improving the GMR of
field. Giant magnetoresistan¢&MR), with a large change spin valves. The cause of GMR enhancement of the follow-
in resistance, occurs in magnetic multilayers when the maging reports has been attributed to specular reflectionn-
netizations of the ferromagnetic layers are reoriented relativeerting nano-oxide layeréNOL) into spin valves?1° (i)
to one another under the application of an external magnetidepositing noble metals on top of spin valv&st®(iii) using
field. The discovery of GMRRefs. 1 and Pnot only has had NiO and a-Fe,0; oxides as the AFM layef 2! and (iv)
a vast impact on the present and future of the recording andsing oxygen as a surfactant during the film depositicfi.
computer industrysee, e.g., Ref.)3but also has stimulated Analyses of specular reflection are mainly based on the
significant progress in the transport theory in magnetic laypioneering Fuchs and Sondhein(&S) theory*? that uses
ered structure$. the Boltzmann transport equation; this was initially applied
Although the GMR in multilayers may be quite large, the to the resistivity of thin films, and extended to multilayers by
corresponding applied magnetic field also needs to be larg€arcia and Sun® Camley and Barna$CB) later applied
The data storage industry requires sensitivity to small magthis semiclassical theory to magnetic multilayers to study
netic fields, thus the invention of the spin val(&V) (Refs. =~ GMR by taking into account spin-dependent transport of
5-8 becomes important because of their sensitivity to smalklectrons”-?® Hood and Falicou HF)?° further emphasized
magnetic fields. The critical region of a spin valve consists ofscattering at interfaces. The CB and HF thedfigs have
two ferromagnetic layers, separated by a nonmagnetibeen extensively used to treat specular reflection in
spacer. The magnetization of one ferromagnetic layer i$SMR.}*0=33Alternatively, specular reflection can be dealt
pinned by exchange coupling with an adjacent antiferromagwith gquantum mechanicalfff 3¢ where the main starting
netic (AFM) layer, whereas the magnetization of the otherpoint is the Kubo formalismi’ However, the focus of these
ferromagnetic layer is free to rotate with the applied mag-semiclassical and quantum mechanical works on the specular
netic field. reflection is only on certain positions in spin valves. The
The GMR phenomena may be attributed to spin-same conclusion also holds for the semiclassical study of
dependent scattering occurring in the bulk of the ferromagNOL specular reflection€*°Hence, a systematic theoreti-
netic layers, at the ferromagnetic/nonmagnetic interfaces;al study of NOL insertion positiongspecular reflectionis
and/or the surfacesee, e.g., Ref.)9In this paper, particular currently still lacking and thus no comparison has been made
attention is given to one kind of scattering, i.e., speculabetween the corresponding theory and experiment. In view
scattering(reflection. In this case, specular reflection occurs of this and in light of the fact that nano-oxide spin valves are
when the component of an electron’s wave vector parallel tmne of the key components in the cutting-edge H@ard
the interface remains unchanged, and the direction of eledisk drive) technology (over 100 Gb/irf),*! developing a
tron spin is conserved. The effect of such a reflection is tanodel that systematically addresses the oxide insertion and
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schematically in Fig. 1 is our modeling prototype, a bottom
spin valve (BSV). The structure of the BSV is organized
from left to right as:(1) seed layer Ta(2) under layer NiFe,
(3) antiferromagnetic layer IrMn(4) ferromagnetic pinned
layer CoFe,(5) spacer layer Cu(6) spacer layer Cu(7)
ferromagnetic free layer CoF¢8) filter layer Cu, and(9)
capping layer Ta. The seed layer is deposited on the Si/SiO
substrate. The under layer is to ensure the desit&d crys-
Ta [NiFe|lrtMn [CoFe| Cu | Cu [CoFe| Cu | Ta tal structure of the AFM layer. A fictitious spin quantization
axis is placed in the spacer layer, corresponding to an arbi-
trary position where the spin directiofisp or down are
changed with certain probabilities determined by the angle
between the magnetization directions of the pinned and free
layers. The Cu filter layer usually increases the GMR effect
by enhancing spin-dependent transport.

The electric current density in each layer is determined by
ittt 1 ottt the specific distribution functions for electrons with spin

(7 or ]) in that layer. Because of the symmetry in geometry

© 00000000 teeee0 © within the film plane and the infinite boundaries in thand

FIG. 1. Schematic diagram of the layered structure of a bottony directions, this distribution of electrons is a function of
spin valve. Thez axis is normal to the layerg; is the position of ~ Vvelocity v and only thez component of the position vector.
surfaces and interfaces. Theaxis, located az, =0, splits the Cu  In this case, the linearized Boltzmann equation in the relax-
spacer into two parts. The electric fiefids applied parallel to the ~ ation time approximation is
axis. The insertion positions of the nano-oxide layer are the sur-
faces, interfaces, and midpoints of the layers. (7gia+ Gis eE dfo(v)
0z Tia.l}z_mio.l)z (9Ux

ETA X tion). Here, our attention is confined to the CIP mode. Shown
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specular effects is both interesting and necessary. where 7, is the relaxation time of electrons with spinin
The rest of this paper is organized as follows: In Sec. I, “Tio . pon
ayeri (i=1,2,...n, wheren is the number of layers. For

brief description of our experiments is given. A semiclassica L o . ;
model is presented in detail in Sec. Ill. In Sec. IV, we focusﬂ}e lero'iotype BSd\a/_ln 't:r']g 1r,;—?). mi%'s the effectlv_e r?r?ss
on single spin valves. Results and discussion are also pré’— electrons anck is the electron chargegi,(z,v) is the

sented for synthetic and dual spin valves before concludingﬂeviation from the equilibrium distribution functiofy(v),
amelyvgi(r(zvv) = fia'(zav) - fO(v)'
The general form of the solution to EL) is

. Tz
WWE

Tia’|vZ|

Il. EXPERIMENT
eETiU. afo(v)

A series of spin valve samples were deposited on 1 in. g/ (z,v)= 5
Ux

X1 in. S(100 wafers coated with Jum thick thermally Miq 5
oxidized SiQ layer by using an ultrahigh-vacuufuHV) )
sputtering system under a base pressure »fl6 '° Torr.  whereg;,(z,v) has been divided into two partg;,(z,v) if
The basic structure of the spin valves is (B8)/ NiFe (20/  y,=0 andg; (z,v) if v,<0. The 4 unknown parameters
IrMn (60)/ CoFe(30)/ Cu (24)/ CoFe(25)/ Cu (10/ Ta(30)  F: (v) should be determined by appropriate boundary and
(thicknesses are in A The nano-oxide layers were formed jnterfacial conditions.

by exposing the fresh metal surfaces to pure oxygen atmo- penoting the index of the position of theaxis asi (i

sphere in a separated load-lock UHV chamtiaithout — _g iy Fig. 1), the surface and interface conditidhsan be
breaking the vacuumAll samples were grown at room tem- 4t as follows:

perature and under a magnetic field of 100 Oe applied to

induce the easy axes of magnetic layers during deposition. 915=P1o91, » (3a)

The unidirectional anisotropy was further set by magneti-

cally annealing in a commercial overrfd h at 235 °C and at Oip= 3+1,i,i,aTi+1,i,agi_+1g+Si,i+1,i,aRi,i+1,agi+a (3b)

a field of 1 T. The room-temperature magnetoresistance was '

measured using a four-probe setup. gitr: Sﬂ—l,i,i,(rTi—l,i,aQit 1,,r+Si,i—l,i,oRi,i—l,(rgi} (30
lll. THEORY Gi, 10— COS(0/2)g; ,+sir(6/2)g;, .,  (3d

Spin valves usually operate in two modes: @#RBrrent in

+ + ; +
plane and CPRcurrent perpendicular to planeDxides may gio'a—cosz( 012)9;, | o+ sinf( 012)9i, |0 (3¢
affect the properties of the CPP spin véfréand tunneling B N
magnetoresistanéé,which is similar to the CPP configura- 9no=ProGne - (3f)
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Values of_ the _i index in Egs. (Bb) and (30)_ are_i - S-tiioTi-tioYi-tie 4 i .
=1,2,...j0—2ig,....n—1 and i=23,...jo—1j, o Fiiiet c—Fic
+2,...n, respectively. The Fuchs specularity factqos, W hhe

[Eq. (3a)] andp,, [Eq. (3f)] for the left and right surfaces, =Sii—1j.oRii-16CiioFig

take values between(@ompletely diffusive scatteringand 1

(completely specular reflectipand provide a measure of the =Si-1i,oRii-16TS-1jieli-1i0Yi-1j,0— 1
surface roughness and barrier height. The notation used for (49)
the transmissionm and the reflectiorR coefficients is de-

fined.T; ; ,= probability for an electron of spim in layeri B Pro .

to be transmittedrefracted into layerj. Ry, ,= probability Cn+1n,0Fne™ Coorn UFn(r: Pro— 1. (4h)

for an electron of spirr in layer k with a velocity directed
towards layerl to be reflected back into layde S ;) ,, The values of thé index in Eqs(4b), (4c), (4f), and(4g) run
which vary between 0 and 1, are factors that indicate thédrom 1—iy—2, 2—ig—1, ip—n—1, andigt1l—n, re-
degree of potential scattering at each of the interfacgs (  spectively. Thec coefficients in the above equations are in-
for a spino electron arriving from layeirand being scattered troduced as follows:

into the layer|. The scattering follows the reflection-

refraction laws whers=1 and is completely diffusive when c =exp< |z )
S=0. 6 in Egs.(3d) and (3¢ is the angle between the mag- ko Aol COSB| )’
netization directions of the pinned and free layers. Note that . . .
the angular dependence of the surface scatterinN€res is the angle between the velocity and thaxis and
parameteré’~*%the transmission coefficient$*’ the reflec- ko IS the mean free path defined By, =vey 7, , With
tion coefficient€® and the interface scattering paraméter Urks P€INg the Fermi velocity. The parametgrg , account
has been studied. In our simulations to focus on the oxidd°’ the difference in the electronic properties of both the

®

effects, we treat them as angle independent. magnetic and nonmagnetic layers and are defined as
Substituting Eq(2) into Eq.(3) leads to the following set
i . )\io'/mio'vl:ia'
of equations: Vi =7 (6)
o )\jolmjovFj(r
c, 1U|:‘1"U_ &FI—U: Pro—1, (43  with i andj denoting the indices of adjacent two layers.
' Ci1o Solutions of the linear system of E() yield the values
of the F;,(v) parameters and consequently, the perturbation
~S... R. R 1 E- of the electron distribution. The current density along the
&,Hrl,l,o I,I+l,a’cl+1,l,0' |a-+c_ ] io T . . . . . .
i+1i.0 electric field in each layerfor electrons with spinr is given
b
SttiielittioYitlio - — Y
N Cit1i+1 Firio
e Jio(2) =e(my, /) f 0,0i,(2,0)d%, )

=S i+1i,0Rii+10T S4iioTit1ioYit1io— 1,
(4b) whereh is Planck’s constant. The corresponding local con-
ductivity is (the symbol of spin, is here also used for

=S 1o Ti-ti0Yi-1i,0Cii-16F -1, Cii oFig conductivity
_Si,ifl,i,aRi,ifl,aFf Oxio(2) = Ixio(2)/E. (8)
Cii,o 7 The overall conductivityr of the layered structure is
=Sii-1i,oRii-10tS-1iieTi-1i0Yi-1i0 1, n
1
(49 o=32 2 f oxi0(2)d2 ©)
=1 0=7,1

Fi, ,.»=COS(OI2F; ,+siM(0/12)F; _,, (4d)  wheredis the total thickness of the SV structure. The sheet

resistanceRg of the entire structure is then

Fi o=COS(0I2)F; +siM(0I2F; ., (48
B B 1
Rs=— (10
i1ioRiii1s od
_ S,I*’éjl, -|,|+l, F:T+Ci+1vi'0|:i_o
i+1i,0 n
=Siitiiolit1joYi+1i,0Cit1it10Fi+10 :1/2021 JUxia(Z)dZ- (11)
=SiistioRiiviet SeaiioTiciaYivtie 1 Rs is a function ofg. Ry(6=0) andRy(#= ) are the sheet

(4f) resistances corresponding to the parallel and antiparallel
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alignments of the magnetizations of the free and pinned lay- 20
ers. DenotingR4(6=0) andRy(6=) asR.' andRl', the 150

GMR ratio is defined as 0

GMR(%)

RH_ RTT

5
GMR(%) = S—Msx100%. (12) 5 L Tees , , ,
Rs 0 20 40 60 80 0 10 20 39

Cu filter thickness (A)

IV. RESULTS AND DISCUSSION

We begin this section by providing typical values of the = °
parameters used in our simulations. The thickness of eachg ©
layer of the spin valve follows our experimental settings: Ta 3 3/
(30)/ NiFe (20)/ IrMn (60)/ CoFe(30)/ Cu (24)/ CoFe(25)/ . . . 0 . . . .
Cu (10)/ Ta (30), where the unit is in A. Values of the mean 0 20 40 60 80 0 30 60 90 120
free paths used are similar to those in Ref. 8;,=60 A, Free layer thickness (A) Pinned layer thickness (A)
Mire=6 A, Noore=90 A, Nepe=6 A, NLL,=300 A, and 12 —— 12 ———
M1=6 A. We take\ | ,,=3 A, which is close to the value of 10| 1 1ot ;
Mbivn=2 A as used in Ref. 32. The NOL insertion positions &
are in the middle of each layer, inside each interface, and £
outside the outer surfacésee Fig. 1 Here, the correspond- ©
ing NOL's are treated in a unified manner for convenience e T
although the true oxides may be different from each other. . ; . ; 3
Typical values of the NOL mean free path and the NOL Left Ta thickness () Right Ta thickness ()

i L — =
thlcknes_s are chosen ai‘OL 20 A anddNOL 15_’17\’ but FIG. 2. (Color online GMR ratios as a function of thickness of
the _qualltatlve nature of thg results is not sensitive t0 th&jifrerent layers of a bottom spin filter spin valvsee Fig. 1 with
choice of Ao Or dyoL provided that other parameters are (o) and without the oxide layer({) inserted at the filter layer/

fixed. The left and right specular faCtPﬁrr andp,,,, are set ~ capping layer interface. The solid curves are fits to the calculated
at 0 and 1, respectively. These choices are reasonable singgta.

the specularity of the left Ta surface should be smaller than
that of the right Ta surface due to the oxidation of the right
surface caused by exposure to air. We take the transmission
and reflection parameters a3=1,%3% R=0 32728303239 In Fig. 2, we present various thickness dependences of
TnoL=0.1, andRyo, =0.8 (which is close to the values of GMR ratios with(circles and without(squaresthe insertion
0.81 and 0.85 in Refs. 40 and 38, respectiyelthe S pa-  of an oxide layer at position 15 after the Cu filter laysee
rameters are chosen to be 1 for all layers. In the currenfig. 1). The purpose of doing so is twofold. Our first goal is
parametrization schem& T, and R are spin independent to verify the formalism presented in the preceding section by
and the mean free paths in the ferromagnetic layers are spgbmparing the calculated thickness dependences of GMR
dependent. These choices indicate bulk scattering onlyyith those in existing literature. The second aim is to show
which is our main concern in this paper. By assuming spinthat the problem itself is interesting and worthy of detailed
dependens, T, andR, properties of interface scattering can giscussion. It can be seen in Fig. 2 that the GMR ratios in all

be investigatgd: to account for some interface_ Spin asymmesases are enhanced by the NOL insertion, compared to the
try effects, spin-dependeRyo. (Fig. 6) andS(Fig. 7) have ., resnonding situations without insertion. These overall

been assumed' Oyr oth_er preliminary results_seem to indipa@MR enhancements are ascribed to the NOL large specular
that upon interfacial spin-dependent scattering, some thlch—

ness dependences of GMR will be affected while the qua"_deflectlon which results in more carriers experiencing spin-
; . _ ependent transport.

tative trends of GMR versus the NOL positions in single, The d d f GMR the thick f the C

synthetic, and dual spin valves will roughly remain the same, € dependences o on the thickness ot the tLu

A full exploration of this important issue deserves a System_spacer before and after the NOL insertion are quite similar to

atic study and a separate sp&telote that for simplicity the ~ €ach othefsee Fig. 22)] and are consistent with the calcu-
effective mas® and the Fermi velocif**are assumed con- !ated trends for s_lmllar_ studies in top spin valvsse F!g._ 1
stant. We taken;,=4 andv;,=0.25, both in atomic units. N Ref. 38 and Fig. 2 in Ref. 39, rgspectw}el}n fact, _|t is

Our parametrization scheme here is simple and serves tfgund that the calculated GMR ratios can be well fitted by
dual role of a"owing extensive investigation of Comp|ex Spin eXponential decay. This fact is consistent with the established
valve systems at the same time as giving qualitative agreddioneering experiment by Diengt al.’

ment with our experiments. Note that it is difficult to theo- ~ Figure 2b) shows that a plateau of maximum GMR oc-
retically obtain unique and unambiguous settings of the pacurs in the range 10-20 A of the Cu filter thickness for the
rameters for realistic spin valves and the actual values of theon-insertion case. Our experimental optimized value of 11
parameters may also be process dependent. A falls in this domain. Upon the NOL insertion, the maxi-

GMR(%)

~ o] o]
f
1

8
g |[FEEEE e Eea sy
4

A. Thickness dependences of GMR

214402-4



NANO-OXIDE-LAYER INSERTION AND SPECULAR . .. PHYSICAL REVIEW B59, 214402 (2004

mum is shifted to thinner filter thickness and the trend ofjs that Ta is farther from the critical region than TaDue to
GMR against the filter thickness is in qualitative agreementhese two reasons, the transport it @annot have a critical
with Ref. 40. influence on the GMR of the entire SV structure and thus,
The shift feature is also observed in FigcPfor the free  only the shunting effect, which is characterized by a linear
layer case. Similar shifts have been found in the cases sugiehavior, is demonstrated fdr,y. On the other hand, a dif-
as the transformation from trilayer to multilayj&P®and the  ferent behavior is exhibited fair: there is an initial fast

increase of interfacé>! or surfacé?3>*specular reflections. drop of GMR with increasingly,. Regarding this drop, we
Such kinds of shifts may provide valuable references fol,ove found through our simulations the following.

practical designs of spin valves. The qualitative trend, first
increase and then decrease, of GMR against free layer thiclé—r
ness in Fig. &) is also consistent with some reported
WOI‘k.31’4O’55

(i) At small dry, the sheet resistance decreases with de-
easingdry. It has been found that wheth; is very thin,
the sheet resistand@oth parallel and antiparallels very
As in Fig. 2), resemblances between the insertion anosmall because the bulk of the carriers that arrive at the outer

non-insertion cases are also observed in Figs) and Ze). surface of Tawill be specularly reflected. The sheet resis-

It is found from Fig. 2d) that GMR ratios still increase at [@NC€ begins to increase with increasidg; because the
very large thickness of the pinned layer at about 50 A. Thidulk scattering of the short MFP.Ta layer begins to come mto
increasing trend is fairly consistent with the work of Dieny effect and eventually fewer carriers are transported back into

et a|.32 (See the non_specu|ar case, |@:,0’ in F|g 4 in the the critical region. Fina”y, WhedTar is too th|Ck, the surface

reference specular reflection loses its function but the shunting effect
Figure Ze) shows that the plots of GMR versus the thick- becomes dominant, and again the sheet resistance becomes

ness of the left Ta layerdg,) exhibit linear behaviors. Upon small.

the NOL insertion, a linear decrease is also observed with the (ii) The change in sheet resistance increases with decreas-

thickness of the right Ta layed{y), as shown in Fig. @).  ing d.

However, for the non-NOL insertion case a steep drop occurs (i) and(ii) together explain the initial drastic decrease of

at short capping thickness followed by a linear behaviorGMR with increasingd,, as observed in the bottom curve

Similar fast drops have been experimentally observed byh Fig. 2(f).

Egelhoffet al*® Like a layer with small MFP, say IrMn, a NOL with large
_There have been a few analytical descriptions of GMRspecular reflection will efficiently block the transport of car-

within the semiclassical Boltzmann framewdfk™ How- riers normal to the layer. In this sense, the addition of the

ever, these descriptions are under certain conditions and oL at position 15 after the Cu filter layer will render the

seems that Dieny’s phenomenological scattering and Shu“b‘rototype BSV structurgwith IrMn at the bottor) more

ing analysis®>®*®is quite reasonablé®and contains a signifi- “symmetric.” Such an added NOL is very far from Tand

cant part of the physics of the spin valve efiect. In this analy, ill have little influence on the carriers within TaHence,

sis exponential and linear thickness dependences of GMlﬁe shunting effect of Fawill remain [see the upper linear

represent the scattering and shunting effects, reSpeCtive%‘ehavior in Fig. 26)]. However, the added NOL is just ad-

The solid lines in Fig. 2 are fits based on Dieny’s
d 4 jacent to Ta and will efficiently block the carriers in Ta

analysis>*°These fits are for qualitative descriptions of our LY
numerical data and are presented in order as follo@s: Hence, the fast-drop behavior is washed out by the NOL and

Aexp(=x/B)/(1+Cx), (b) {A[1—exp(~x/B)]+D}/(1+CX), the shunting effect manifests itself as the linear curve at the
(c) and(d) A[ 1—exp(—x/B)J/(1+Cx), (6) 1/(1+Cx), and(f)  Upper part of Fig. &). o _
1/(1+Cx) and A exp(—x/B)+D/(1+Cx) for the NOL and Interestingly, the fast-drop behavior in FigfRcan still
non-NOL cases, respective|y_ The functions('&)_(e) are remain if the NOL is inserted at |rMn/COF(@r inside the
applicable to both the NOL and non-NOL cases.(iy an  pinned layey instead of Cu/Ta. The reason is that such a
extra termD in the numerator seems to give a better fit, NOL is quite far from Ta and thus cannot smear the fast-
which emphasizes the shunting effect of the filter layer. Thedrop behavior.
linear behaviors ife) and(f) were fitted by 1/(3 Cx) with The MFP plays an important role in shaping the trend of
smallC’s. Note thatB in these fits is not necessarily equiva- GMR against thickness of a certain layer. The length scale
lent to the mean free path. It may correspond to the angulespanned by the fast drop is primarily related to the MFP of
average of the mean free patland its value may be smaller Ta: by keeping\r4 short as 6 A while assuming.y=60 A,
than that of the mean free path®° it was found that GMR gradually decreases with increasing
The behaviors observed in FiggePand Zf) are worthy  dr, in the form ofA exp(—x/B)+D, whereB is about 43 A.
of more discussion. Regarding the critical part CoFe/Cu/ Similarly, Dieny’® found that in trilayers the majority
CoFe of the BSV as shown in Fig. 1, the influence of the IeftMFP plays an important role for the GMR variation with the
Ta layer (T4 on the GMR should be less than that of the thickness of the ferromagnetic layer while in multilayers it is
right Ta layer (T&). One reason is that on the left side, the the minority MFP responsible for the corresponding shape.
IrMn layer has a small MFP and thus will block the carriersAs is well known, a SV is basically a trilayer structure; if a
in Td to transport to the critical region, while on the right NOL with high specular reflection is added, the SV may
side the Cu filter, with large MFP, will permit carriers in'Ta function as a multilayer structure due to “the superlattice
to transport to the critical region quite easily. Another reasoreffect.”?® Hence, it is natural that the bottom and top curves
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in Fig. 2(c) are closely related to the majority and minority g T ; S N e ol
MFP’s of the free layer, respectively. gl @oes © Tdnsoobme o

NOL specular reflection may effectively increase the
number of carriergboth majority and minorityin the criti-
cal region of the SV. The increase of the density of minority
carriers will make the minority carriers experience the ferro-
magnetic layer, causing the minority MFP of the ferromag-
netic layer to play a role in determining the GMR variation
with the thickness of the ferromagnetic layer, see the top
curve in Fig. Zc). On the other hand, in the case without
NOL, more electrons will be transported to or scattered in

the non-critical region of the SV and the reduction of the L —e— with NOL (theory)

number of minority carriers causes the majority carriers to o[ ® without NOL (theory) |

play the dominant role in determining the trend of GMR | it ROL (Gxpi)

against the ferromagnetic layer, as we can see in the two ale without NOL (expt) |

bottom curves in Figs.(2) and 2d). 0 50 100 150 200 250
We have seen in Fig.(8) that the NOL curve(top) is NOL positions in a bottom SV (A)

different from the non-NOL plot(bottom); however, the

trends with and without NOL in Fig.(®) are similar to each FIG. 3. (Color onling Calculated(circles GMR ratios at differ-
other and are thus both determined by the majority MFP ofnt NOL positions in a bottom spin valve, compared with our ex-
the pinned layer. The underlying reason is the distance effecperiments(squares The dasheddotted line, representing the cal-
The position of the NOL inserted at the Cu/Tdter layer/  culated(measuredGMR value without NOL, is a guide to the eye.
capping layerinterface is nearer to the free layer than to the

pinned layer(due to the Cu spacerDue to large specular grqps (i) Inactive positions 1-6, 16, and 17 where GMR is
reflection of the nearby NOL, a large number of minority gjightly reduced. These positions are outside the pinned and
carriers can sample the free layer and their effect to GMR i§jjer |ayers. (i) Ferromagnetic and filter positions 7, 8, and
manifest as the top curve in Fig(Q. However, due to the 15_15where GMR is enhance(i) Spacer positions 9, 10,
long distance from the NOL at Cu/Ta to the pinned layer andynq 11 where GMR is dramatically suppressed. Position 9

due to the short minority mean free paths of the free andi1) is the pinned layer/spacéspacer/free laygrinterface
pinned layers, the number of the specular-reflected minority, ije position 10 is at the center of the spacer.

carriers in the pinned layer should be less than that of the The reduction of GMR at the inactive positions can be

free layer and hence it is only the majority carriers that playnderstood by the thickness effect of the inserted oxide layer.
the role in determining the trend of GMR against the thick-The addition of the oxide layer into these relatively inactive
ness of the pinned layer, see the top curve in Fig).2 layers only makes the SV thicker and thus results in a stron-
When we turn to the NOL insertion at the IrMn/CoFe ger shunting effect, so the GMR ratio decreases.
interface, interesting results are observed: the top curve i The GMR enhancements by the NOL insertions inside the
Fig. 2_(d) will bear the feature of the top curve in Fig(c2 pinned layer(position § and after the CoFe free layépo-
and vice versa. It is clear that such a NOL insertion enablegjtion 13 are consistent with the corresponding pioneering
the minority (majority) carriers to sample the pinndétee) experimentgsee Refs. 10 and 22, respectiveind a recent
layer since the NOL is now adjacent to the CoFe pinnedyqrk 38 The enhancements at position 8 inside the pinned
layer but farther from the CoFe free layefistance effedt  |4yer and at position 15 after the Cu filter layer are consistent
Note that the switching of the curves was also numericallyyith our experiments, see Fig. 3. Like the cases in Fig. 2, the
obtained in the case of the NOL insertion inside the pinnegs R enhancements observed here should be ascribed to the
layer, an issue that may be experimentally examined. NOL specular reflection. Such reflection would increase the
_ Before ending this subsection, it is worth mentioning thaty mper of electrons transported in the critical region of the
(i) approximate linear dependences of GMR have been obsy, At the same time, this reflection maintains the spin di-

tained for the thickness of the under layer NiFe and the AFMegctions. Hence, the spin-dependent transport is amplified,
layer IrMn, in both NOL and non-NOL case@i) As for the leading to the GMR enhancements.
variations of the GMR ratio with the thickness of the NOL However, the specular reflection may destroy GMR when
itself, linear behavior is obtained for all of the positions ex-ine oxide layer is placed before, inside, and after the Cu
cept thpse before, inside, and after the Cu spacer where &%pacer, as shown in Fig. 3 for positions 9, 10, and 11, respec-
ponential decays were found. tively. A highly reflecting specular layer positioned in these
places would prevent electrons from transporting from one
ferromagnetic layer to another ferromagnetic layer via the Cu
spacer, which may be termed as the blocking effect: if elec-
Now we shall address the variation of GMR with the dif- trons are from the pinned layer, they will be reflected back
ferent NOL insertion positions as shown in Fig. 1. The re-and will not sense whether the direction of the free layer is
sults obtained are presented in Fig. 3. It seems that the eéhanged or not. Therefore, there is no GMR effect; if elec-
fects of the NOL insertion positions can be divided into threetrons are from the ferromagnetic free layer, there are either

B. Optimization of NOL insertion positions
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NOL positions in a bottom SV (A)
FIG. 5. (Color online GMR vs NOL positions for spin-
FIG. 4. (Color onling Sheet resistandg; (squaresand change independent NOL specular reflections.
in sheet resistanc&R; (triangles of different NOL insertion posi-

tions. The dashed line represent: | ithout NOL. . . . .
presents Revalue withou increased. The corresponding decrease in the sheet resistance

spin-up or spin-down majority carriers depending on the di-Rs (hereafterRl' is referred to aRy) is presented in Fig. 4
rection of the magnetization of the free layer since the mi{see squargstogether with the difference between the anti-
nority carriers may be ignored due to their short MFP. Uponparallel and parallel resistanceSR; (see triangles It can
specular reflectioblocking), the spin direction of each kind be seen thaR; in all the insertion locations are lowered,
of majority carriers remains unchanged. If the specular recompared to th& without NOL. The pattern oA Rs against
flection is spin independent, then there should be no differthe NOL insertion positions is similar to that of GMRf.
ence between the two sorts of polarized currents consistingig. 3). Such similarity was also observed in the case of O
of the two kinds of majorities. Thus, no GMR or only a small exposure in our experiments.
GMR effect can be obtained. Table | is a summary of our experimental optimizations,
The theoretically obtained very small GMR at position 9 together with the corresponding theoretical results. The com-
between the pinned CoFe layer and the Cu spacer is consiparison between the theory and experiment shows overall
tent with our experimental resuisee Fig. 3 Such a dra- good agreement. Upon the NOL insertion after the AFM
matic suppression was also experimentally observed by Ldayer (position 7, our theory predicts that the GMR ratio is
et al®! However, the GMR ratios measured at positions 10enhanced while the actual experimental finding is relatively
and 11 are relatively largesee Fig. 3 and this might be due small. This contradiction is likely due to the deleterious ef-
to the mobility of oxygerf? oxygen may diffuse into the fect of the NOL on the pinning field of the antiferromagnetic
CoFe free layer and thus the Cu/CoFe junction may have kyer.
non-sharp interface. Similarly, intermixing between Cu and In Fig. 5, GMR ratios against the NOL insertions for dif-
CoFe may also contribute to the formation of the non-shargerent values of the spin-independent NOL specular reflec-
interface of Cu/CoFé&> tion are presented. It can be seen that with increasing NOL
Since the number of electrons is effectively increased duspecular reflection, the GMR ratios of the NOL insertion at
to the NOL specular reflection, the conductance should béhe ferromagnetic and filter positions are enhanced. How-

TABLE |. Theoretical and experimental summaries of NOL-affected GMR, sheet resistance, and change
in sheet resistance. (/) means the value increasédecreased compared to the corresponding value

without NOL.
GMR Rs AR

NOL position Calc. Expt. Calc. Expt. Calc. Expt.
After seed layex3) ! ! ! ! ! !
After under layer(5) ! ! ! ! ! !
After AFM layer (7) 7 U ! i 1 U
Inside pinned laye(8) 7 T i ! 7 7
Before spacer laye(9) ! ! ! ! ! l
Inside spacer layef10) ! ! ! ! ! !
After spacer layef11) ! ! ! ! ! !
After free layer(13) T 7 ! ! T T
After filter layer (15) T 7 ! ! T T
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] It is clear that for the study of our prototype BS\Fl()!°
>(olH!" and @LN!°<(cl")!". Hence, Aog)!™>0 and
(Aos)ie<0, respectively. These different channels with op-
posite signs are apparent upon the NOL insertions inside the
interfaces of spacer and ferromagnetic layers, i.e., at posi-
. tions 9 and 11 as shown in Fig. 6. Clearly, the average effect
of the two different spin channels may also explain the sup-
I T pressed GMR in Fig. 3, where the interpretation was given in
Sr Ruo. Ao 2: W 1 terms of the blocking effect. Note that the small GMR ratios
r —®—08 08 v at position 10 in Fig. 6 are due to the effective blocking of
I -4--08 0 y ; ot ; L ; A
E el 08 \ spin quantization since in this case, the spin quantization
oL L, - axis is placed in the middle of the NOL instead of the spacer
: - iR s 200 aes (cf. Fig. 1). By placing the quantization axis outside the NOL
NOL positions in a bottom SV (A) layer and inside the spacer, inverse GMR and the average
] » i effect were also found for position 10.
FIG. 6. (Color onling GMR vs NOL positions for spin- Figures 3 and 5 have shown that to achieve large GMR in
dependent NOL specular reflections. SV's, electrons should be able to transmit between the two
L . ferromagnetic layers, as pointed out in Refs. 58 and 59.
ever, when the NOL specular reflection is small, the GMR isyyq\ever, Fig. 6 implies that there is no need for electrons to

not so large at the ferromagnetic positions_, which may ,betransport between the two ferromagnetic layEmste that
due to the trade-off between specular reflection and shunting, o by settinglyo, =0, large positive and inverse GMR

Note that varying the NOL specular reflection has little in- __.. . ; T .
. : ; : ratios can still be obtained foRyg =0.8 (Ryo =0) and
fluence on the GMR ratios upon the NOL insertions in theRﬁ,o,_=0.8 (RIT\IOL:O)i respectivelj; Hence, we here predict

spacer and in the inactive layers. GMR  devi d of a f | d .
Optimization of the NOL positions has also been per—a q tewce clompo?Ie t'o "’Il ree Tr;yer an da spgn—t
formed for spin-dependent NOL specular reflection as show ependent specuiar retiection 1ayer. € spin-dependen
pecular reflection may be attainable by a hard layer with

in Fig. 6. It can be seen that the GMR is enhanced at th Vitie® or b half metal Ref 64 and
ferromagnetic and filter positions by the majority reflection arge coerciviies or by some halt me a(;seg et. an
references thereinNote that a spacer layer is perhaps nec-

(Rio.=0.8, R, =0) while it is reduced in the case of the e

PR ) essary to reduce the coupling imposed on the free layer.
minority reflection Rl =0, R, =0.8). The enhance- y ping imp Y
ment of GMR due to the majority reflection mainly follows
the pattern of GMR due to the spin-independent specular C. Specularity

reflection Rl,o, = Ri,o.=0.8). Hence, one may infer that the ) , i
majority carriers play a decisive role in determining GMR. S S€en in the previous subsections and as generally be-

In the suppressed spacer area, spin-dependent NOL Spe(ﬂ?_ved, an important characteristic of specular reflection is to

lar reflection results in an interesting finding, i.e., the inverseenhance GMR. However, this feature deserves more discus-

GMR® (see Fig. 6 The GMR ratios are very high at posi- SN In Fig. 7, we have plotted GMR ratios as a function of

tions 9 and 11 for the majority reflection. On the other hangSPecular reflections in the following situations.

the GMR ratio is still high but now negative at positions 9 (@ NOL spepular reflection: NQL inside the pmned Iayer,

and 11 for the minority reflection. In the case of both major-g}ﬁtehrzn?li//lli,;merface and outside the capping layer with
ity and minority reflections Rl o, = Rk, =0.8), the GMR : o

r;/tios at positi)(;ns 9 and 12@’\';2 neNgrﬁy zer?a. These resuk;v(b) Interface specular reflection: interface of IrMn/CoFe

10

GMR(%)

seem to suggest that the GMR phenomenon at these t ith and without NOL at Cu/Taand interface of Cu/Ta

positions is an average effect of different spins. In fact, in with anfWithOUt N?L inftlhet_pinne_d Iay}_er - the left and
virtue of the contributions of different spin channdls., (c) Surface specular reflectiop, = p,,=p): the left an

Mott's two fluid modef?) to the sheet conductander., right Ta surface layers are of different mean free path, with

C : : : d without NOL inside the pinned layer.
which is the reciprocal of the sheet resistaRgen Eq. (10)], an : R -
the GMR ratio may be written as (d) Specularity factor: it is spin independen§, &S,

=9S) or dependent§; =S, S;=S5/2), with and without NOL

M1l inside the pinned layer.
GMR= Is “ 9 From Fig. 7, we can conclude the following.
olt (i) The GMR ratio increases with increasing specularity,
. . . . as usually expected. An exception is that upon increasing
[(eHT=(alH)TT+ (el = (alH ] specularity a very slight reduction of GMR occurs in the
= o1l cases of Ta with short mean free p&éhA), see the dotted
s line in Fig. 7a) and the full and dashed lines in FigcY, see
(AUS)T6+(AUS)¢G also the_corresponding e_nlarg_ed plot_s in _Fig. 8. _A simple
= T . (13 explanation to the exception will be given in the discussion
Os of Fig. 9.
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(i) The specularity dependences of GMR are further en-

CoFe/NOL/CoFe

— — -Cu/NOL/Ta ) hanced upon appropriate NOL insertiofjsee Figs. {b)—

|- - - - CwTa/NOL (r,,=6A) —— - 7(d)]
& |=-—-CuTa/NOL (A =3004)  _ _ _ _——= el . .
% 2= (iii ) The specularity dependence of GMR is also enhanced
g 6 ""--'-'------___ ------------------------- - by spin asymmetryS;=S, S =S/2, see the dotted and

''''' . chain-dotted lines in Fig.(@)].
NOL lar reflect . :

e L e Figure 9 shows GMRR,, andARg as a function of the
16}~ ~ *In/CoFe (CWNOLITa) arae NOL insertion positions for different surface reflections and
- S e (CoFe/NOL/GoFe) e mean free paths of Ta. First of all, it should be emphasized
%12 — e ] that to focus on the surface reflections here, the NOL is now

I L i assumed very thindyo, =1 A) and highly transmitting
e 1 (Thor=1, RyoL=0, and\ /5, =300 A). Such a NOL in
b) interf I flecti NOL™ +» NOL__ K . NOL ™ . -
d——x ( ()C;nsj:f:: szzzlz: :ﬂZZt:z: serted at any position will allow electrons to transport freely
12]= = -1,,-6A (CoFe/NOL/CoFe) P ] through the SV and clearly, there will be no optimized NOL
U Dy (CoFeINOLICaFe) iR insertion positions. In this case, the obtained values of GMR,
;\v: s B b s ey ek S R T T R, andAR; are close to the respective values without NOL.
= e —-mn ] Second, overall reductions of GMR,, and AR are ob-
____________________________________________ served whem 1, changes frm 6 A to 300 A, seedata of
4 S-55 v e triangles compared to those of squares and circles in Fig. 9.
- — - 5-5-5(CoFe/NOL/CoFe) (d) specularty factor, Finally, the surface specular reflectionsmfandp, play an
B e eraNaLICHR _.~=7  unimportantimportant role on GMR,R,, andAR; at short
< T Sy (long) A 1,. When the values g, andp, change from O to 1,
G 4f for short A, there are very slight reductions for all of the
guantities of GMR,R; and AR, (circles compared to
0

0 0.2 0.4 0.6 08
Specularity

FIG. 7. (Color online GMR ratios as a function ofa) NOL
specular reflectiorRyo,, (b) interface specular reflectioR, (c)

squarey for long A1, there are considerable reductions for
only R andARq [up triangles compared to down triangles in
Figs. 9b) and 9c)] and a notable enhancement for GNip
triangles compared to down triangles in Figa)d. This en-

surface specular reflectiop, and (d) specularity factorS. In the hancement of GMR at longr, is as expected, contrary to

figure, CoFe refers to the pinned layer.

the slight reduction behavior at shorf,. A simple explana-

9.05 T T T T T T T
9.0:5 3:
. 6.4 FIG. 8. (Color onlineg En-
9 i larged view of the decreasing
%) . :
~ ) trends of GMR against specularity
%: 6.3 surface specular reflection . for surface specular reflectiop
5 | — — -surface specular reflection (CoFe/NOL/CoFe) | (with and without NOL and NOL
- - - - NOL specular reflection (Cu/Ta/NOL) spectlar reflectiomtyo. (cf. Fig.
6.2 - 1 7). In the figure, CoFe refers to
i the pinned layer.
61F T TTTteeellllll . -
60 1 1 1 1 1 1 1 1 1
0 0.2 0.4 0.6 0.8 1

Specularity
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g e I S L 0 2 f—— SAF spin valve with NOL :
2y ¥ SAF spin valve without NOL
0 (b) [ ® BSV without NOL
0 1 L 1 " 1 L 1 1 L 1
0 50 100 150 200 250
0.4 O—0—0-0-0——0—0~0p_p_p-O0-o0—0—0 4 NOL positions in a SAF spin valve (A)
©)
© 02} - . . . . .
= g el " b’ M St | e et " (40, G e FIG. 10. (Color online@ GMR ratios at different NOL insertion
. . . . . (© positions in a synthetic antiferromagnet®AF) spin valve with the
0 0 50 100 150 200 250 structure of Ta/NiFe/IrMn/CoFel/Ru/CoFe2/Cu/CoFe/CulTa.
NOL positions in a bottom SV (A)
short® Here, it might be intuitively natural that carriers

FIG. 9. (Color onling GMR ratios, sheet resistance, and changetransporting in a capping layer with a short MFP and a high
in sheet resistance as a function of NOL insertion positions forsurface specular reflection will be effectively localized or
different surface reflectivities and different mean free paths of Taconfined within the layer. The reason is that the short MFP
Here, the inserFed NOL is as_sume_d very thin and highly transmitynq  the high surface specular reflecton may form a
ting, thus showing little NOL insertion effects. reflection-induced channel since the short MFP may be
uivalent to specular reflection to a certain extent. This
anneling or localized effect may not only explain the ex-
ceptions observed in Figs. 7—9 but also possibly explain the
Flight reduction of GMR when the NOL is inserted in the
Inactive regions where the layers of SV’s, say Ta and IrMn,
are mainly characterized by short MFR&e Fig. 3. More-
over, this effect implies that certamugh interfaces of SV’s

Rio:p_ [iJri(l_ pio+Qi0” (d>\), (14 may result inlarge GMR, as confirmed by our numerical
s M9\, 8d 2 P e simulations: GMR increases with decreasing specular reflec-
tion of the interfaces at Ta/NiFe, NiFe/lIrMn, pinned layer/
4 1-p a 1 spacer, and spacer/free layer of our prototype éQSHpW—
R=p — PioGia L (i), ever, these results should be treated with caution. For
S T3 (14 pip)(1+4qi,) diln(hi,/d)) 7 example, a good antiferromagnetic configuration between the
(15 free and pinned layers would prefer smooth interfaces at
pinned layer/spacer and spacer/free layer. It should be men-
where p;,=m;,vgi,/€*n;,d; with n;, being the electron tioned that the channeling or localized effect described here
density.p;, andq;,, are the specular factors of the two sur- is different from those in Refs. 29, 33, and 66 although it
faces of the layer. Both equations show that the sheet resiseems that “reflection” plays a common role in all of these
tances of the layer decrease with increasing specular factothanneling effects.
and mean free paths. The corresponding increase of the sheetEgelhoff et al!® have conducted interesting experiments
conductances of the layer will result in the reduction of theon specular effects of Ta. Based on the fact that Ta sup-
sheet resistandgs of the entire SV structure. As f&kRg, it  presses the specular scattering, they concluded that Ta is a
may be either increased or decreased. If it is increased or itsad choice for a protective coating on a spin valve. Their
decreasing speed is slower than the decreasing spdaeg, of conclusion is at least true in the sense that Ta suppresses the
the resulting GMR will be enhanced. If the decreasing speethterface specular reflection at Cu/Ta, which is detrimental to
of ARs is so fast that it cannot compensate the drofrin  GMR [see the dotted line in Fig.()]. However, the sup-
then the GMR ratio will be reduced. This explanation is alsopression of the surface specular reflection is beneficial to
applicable to the exception observed in Fig. 7. GMR [see the full line in Fig. {®)]. Moreover, the blocking

Recently, Tsymbal and Pettifoand Butleret al*® have  property of the top Ta layefwith short MFP for a BSV is
also pointed out that surface specular reflection may reducequivalent to the blocking effect of high specular reflection
GMR if the ferromagnetic layer is too thitlor the majority  to a certain degree. Hence, one may expect that a top layer
mean free path in the ferromagnetic layer is sufficientlywith short MFP is still a possible choice for protecting spin

tion to these usual and unusual behaviors may be rationalizefgﬂ
in the following way. When surface specular reflection in-
creases, the reduction of sheet resistance can be exgetted
Fig. 4). In fact, according to Ref. 65, the sheet resistance o
a specified layer can be written as
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14 CoFe2
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FIG. 11. (Color online GMR ratios as a function of thickness of FIG. 12. (Color online GMR ratios at different NOL insertion
each layer of the SAF structure, CoFel/Ru/CoFe2. Symbols withoypositions in a dual spin valve with the structure of Ta/NiFe/IrMn/
X indicate the cases of the NOL insertion at the Cu/Ta interface. CoFel/Ru/CoFe2/Cu/CoFe/Cu/CoFe2/Ru/CoFel/IrMn/Ta.

valves. Similarly, one may explain the high GMR ratio of dcopert deores™ deore (PiNNed layer in the BS) the same
spin valves with a top layer of NiQRef. 19 that has a small conclusion also holds and this is consistent with the theoret-
surface specularity/. ical and experimental work of Ref. 71.
It was found that almost all the results presented in Figs.
2-9 can be reproduced in our SAF simulations provided that
D. Svnthetic antiferromaanetic spin valves the role of the pinned CpFe layer of the BSV was o_ccupied
Y 9 P by CoFe2 of the SAF spin valve and IrMn/CoFe in Figo)7
The theory in Sec. Ill was also applied to synthetic anti-was replaced by Ru/CoFe2. In Fig. 11, we focus on the thick-
ferromagnetioSAF) spin valve$? which are of current in- ness dependences of GMR for the SAF structure of CoFel/
terest to the HDD indust}?"° The SAF spin valve studied Ru/CoFe2, with and without the NOL inserted at Cu/Ta. It
here consists of T&30)/ NiFe (20)/ IrMn (60)/ CoFel(20)/  can be seen that the GMR variations with,; are linear
Ru (8)/ CoFe2(30)/ Cu (24)/ CoFe(25)/ Cu (10/ Ta (300  and the GMR trends againdt.g..are quite similar to those
(thickness in A, cf. Fig. 10 The SAF layers CoFel/Ru/ in Fig. 2(d). Hence, CoFel acts as a shunting layer and
CoFe2 replace the pinned layer CoFe in the prototype BSMCoFe2 plays the role of the pinned layer for the SAF spin
For the Ru layer, we choosdi,=8 A and\ ;=30 A3 For  valve. The GMR variations with the thickness of CoFel and
comparison, the values of all other parameters are set theéoFe2 obtained here are in reasonable agreement with the
same as those of the prototype BSV. Note thagir; duantum mechanical treatments except oscillatidndote
<)\(130Feland )\g:oFe?)\(l:oFezhave been assumed to simulate that the trend of GMR against the Ru thickndsgthout
the antiferromagnetic coupling between CoFel and CoFe2 &OL) in Fig. 11 is in good qualitative agreement with the
dr,=8 A. experimental work of Ref. 72.
The variation of GMR with the NOL insertion locations is
presented in Fig. 10. The general pattern is quite similar to
the counterpart in Fig. 3. However, upon the NOL insertion E. Dual spin valves
at the IrMn/CoFel interfacésee the location indicated by

the arrow in Fig. 131 the GMR ratio is smaller than that to study dual spin valveS To our knowledge, this is done

without NOL (down-triangle withx) and this property is for the first time. To do so, the spin quantizations occurring

opposite to the BSV case, where the GMR ratio with the. : tak
NOL inserted at IrMn/CoFédposition 7 in Fig. 3 is larger In the two spacers of the dual spin valve have to be taken

i ) ; i into account simultaneously and thus, two additional equa-
thgn t_hat without NOL(cwpIe with X in Fig. ?)' Note that tions, equivalent to Eq$3d) and(3e), are required. The dual
this difference was obtained undﬁ'éoFeﬁ)‘_CoFel' If we  gpin valve studied here consists of @9)/ NiFe (20)/ IrMn
choose)\éoFeP)\éoFel, the difference then disappears. Note 60)/ CoFe1(20)/ Ru (8)/ CoFe2(30)/ Cu (24)/ CoFe(25)/
also that inverse GMR, whose pattern was nearly the verticaty, (24)/ CoFe2(30)/ Ru (8)/ CoFe1(20)/ IrMn (60)/Ta (10)
flip of that in Fig. 10, can be achieved if we choOsg,re,  (thickness in A, cf. Fig. 1R For consistency, the values of all

The semiclassical thed®?®in Sec. Il has been extended

<NéoreaWhetherh Lore s N Eore1 OF N Eorei< A\ EoFet- the parameters are set the same as those of the prototype
It should be pointed that the GMR ratio in the SAF spinBSV and the SAF spin valve.
valve without NOL(down triangle withX) is smaller than Shown in Fig. 12 are the impressive overall large GMR

the counterpart in the BS¥ircle with X), see Fig. 10. This ratios, compared to the corresponding cases in the single and
conclusion was drawn atc.r.=30 A. Even by setting the the synthetic SV's in Figs. 3 and 10, respectively. The large
SAF structure as CoFe0)/ Ru (8)/ CoFe2(20), where GMR here is merely attributed to doubling the number of
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16 . . - - valves. Most results obtained for the single spin valves are
directly applicable to synthetic and dual spin valves with
appropriate modifications.

Theoretical optimization of the NOL insertion positions
for a realistic bottom spin filter spin valve, together with the
study of the sheet resistances, is in good overall agreement
with experiments. Generally speaking, GMR is a strong
function of the specular reflection of the NOL inserted in the
pinned, free, and filter layers while it is relatively weakly
dependent on the specular reflection of the NOL inserted
inside the spacer and in the inactive layers outside the pinned
and filter layers. More specifically, we have the following.

0 : 2'0 ; 4'0 ; elo : 8'0 _ (i) GMR _enhancements are confirmed for th_e insertion
. ) inside the pinned layer and after the free and filter layers.

Free layer thickness of a dual spin valve (A) The enhancements are more prominent with larger specular
reflections and most probably due to the contribution of the

FIG. 13. (Color onling GMR ratios as a function of thickness of majority carriers.
the free layer of a dual spin valve. The NOL is inserted inside (i) Due to the blocking effect, highly reflecting NOL
CoFe2 located either on the left or right side of the dual spin valveplaced before, inside, and after the Cu spacer usually leads to

a dramatic suppression of GMR. The average effect of dif-
spin-dependent bulk scattering events since the interface péerent spin channels may also explain this dramatic suppres-
rameters ofS, T, and R in our simulations have been as- sion. By considering spin-dependent NOL specular reflec-
sumed spin independent and the surface specular conditiotisns before or after the Cu spacer, large inverse and positive
have minor influences on GMRRsee the full line in Fig. GMR effects were demonstrated. Hence, spin-dependent
7(c)]. This attribution is different from that in Ref. 74 where specular reflection opens up the possibility of a GMR device
the roles of surfaces and interfaces were emphasized. A strikvith simple structures.
ing feature is also noteworthy in Fig. 12: the GMR is sup- (iii) Due to shuntingor possibly the channeling effect
pressed by the NOL insertion inside the free layer. This feaGMR is reduced for the NOL insertion in the inactive layers
ture is probably due to the NOL blocking: it was found that such as the seed, under, and capping layers.
compared to the non-insertion case, the GMR was enhanced (iv) The channeling effect possibly explains the slight re-
by inserting a very thin and highly transmitting NOL inside duction of GMR in a realistic spin valve when the surface
the free layer. specular factor is changed from completely diffusive to

It was found that most results obtained for the dual spinpurely specular. The direct cause for this slight reduction of
valve are quite similar to those of the single and the syntheti&GMR is the short mean free path of the capping layer, which
spin valves presented in the previous subsections. Howeveapyohibits the transport of the specularly reflected carriers into
there is one prominent exception: in the non-NOL case, thé¢he critical region of spin valves.
trend of GMR against the thickness of the free layer is simi- Like a NOL, any layer with high interfacial specular re-
lar to that in a multilaye¥>® and thus similar to the corre- flection or with short bulk mean free path may have similar
sponding NOL casésee Fig. 13 The similarity between the influences on the GMR. For example, a recent orveals
NOL and non-NOL cases is quite different from the counter-that the Si layer inserted in the Cu spacer and the pinned
parts in Fig. Zc). This difference is caused by the short mi- layer results in suppression and enhancement of GMR, re-
nority MFP of the free layer coming into effect in dual spin spectively. We have also shown that the properties of the
valves. By lengthening the short MFP, we found that theinterface and surface specular reflections are equivalent, to a
difference disappears and a gradual increase with the thiclcertain degree, to those of the NOL insertions at the corre-
ness of the free layer can be obtained. This increasing trengponding interfaces and surfadege Fig. 7. Thus, study of
is qualitatively consistent with the experiment of Egelhoff the NOL insertions and specular reflections helps understand
et al, see the bottom curve of Fig. 2 in Ref. 75. Note that theproperties of interfaces, surfaces, and lay@vih blocking
top curves of Fig. 2 in the same reference demonstrated theffec).
case of the composite free layer Co/NiFe/Co where the trend Dependences of GMR on various thicknesses of different
of GMR against the thickness of NiFe is decreasing. Thidayers of the single, synthetic, and dual spin valves are also
decreasing trend can be understood as shunting and in thésudied for the NOL and non-NOL situations. The trends
case, the corresponding thickness can be considerably rebtained(Figs. 2, 11, and 13are consistent with existing
duced(see also Fig. 13 literature and are in good agreement with Dieny’s shunting

and scattering analysis. The distance effect was also found:

the distance from the inserted NOL to a certain layer may
V. SUMMARY influence the shape of GMR against the thickness of that
layer.

A semiclassical theory has been developed, verified, and The GMR effect is multifaceted and it seems that one still
applied to the NOL effects in single, synthetic, and dual spincannot draw a universal conclusion regarding the oxide ef-

—O— with NOL

8 —{— without NOL

°
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fects on spin valveésee Ref. 23 and references thejelrhe  practical optimization of the physical structure and the elec-
Boltzmann semiclassical theory, although highly phenomdrical properties of realistic spin valves.

enological, has been very successful in explaining GMR, and
we have demonstrated that it is adequate to the task of sys-
tematically analyzing the NOL insertion and specular effects

in spin valves. This analysis may contribute to understanding L.W. acknowledges discussions with G.C. Han, D. You,
the GMR mechanism and may serve as a useful guideline fa£.B. Guo, and Y.K. Zheng; and help from H. Zhou.
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