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Universal angular magnetoresistance and spin torque in ferromagnetioormal metal hybrids
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The electrical resistance of ferromagnetic/normal-metaN) heterostructures depends on the nature of the
junctions that may be tunnel barriers, point contacts, or intermetallic interfaces. For all junction types, the
resistance of disorderelel/N/F perpendicular spin valves as a function of the angle between magnetization
vectors is shown to obey a simple universal law. The spin-current induced magnetization torque can be
measured by the angular magnetoresistance of these spin valves. The results are generalized to arbitrary
magnetoelectronic circuits.
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Magnetoelectronics achieves new functionalities by incorspin s in the normal metal at the contact to a ferromagnet.
porating ferromagnetic materials into electronic circuits. TheWaintal et al!* studied the random-matrix theory of trans-
giant magnetoresistance, i.e., the dependence of the electrigadrt in noncollinear magnetic systems as sketched in Fig.
resistance on the relative orientation of the magnetizations df(b). Their formalism did not require the assumption of
two ferromagnets in a ferromagnetic/normal/ferromagnetichighly resistive elements, but the algebra of the 4 scat-
(F/N/F) metal structure or “spin valve,” is applied in read tering matrices in spin space seemed so complex that ana-
heads of high information density magnetic storage systemslytical results were obtained in limiting cases only.

Usually, such a device is viewed as a single bit, the magne- Both theories are not valid in the limit of intermetallic
tization vectors being either parallel or antiparallel. Earlyinterfaces in a diffuse environmepsee Fig. 1c)] like the
seminal contributions by Slonczew$kind Berget revealed  perpendicular spin valves, studied thoroughly by Pratt and
fundamentally new physics and technological possibilities oBass c.s° and others®!’ These studies provided a large
noncollinearity, which triggered a large number of experi-body of evidence for the two-channgle., spin-up and spin-
mental and theoretical research. An important example is thdown) series resistor model and a wealth of accurate trans-
nonequilibrium spin-current induced torquériefly, spin  port parameters such as the interface resistances for various
torque, which one ferromagnet can exert on the magnetizamaterial combinations. Transport through transparent inter-
tion vector of a second magnet through a normal metal. Thigaces in a diffuse environment has been studieccédiinear
torque can be large enough to dynamically turnmagnetizations by Sches all® Under the condition of isot-
magnetization8, which is potentially interesting as a low- ropy of scattering by disorder, it was found that the bulk
power switching mechanism for magnetic random accesgesistances, which are proportional to the layer thicknesses,
memories. The spin torque is also essential for magneticare in series with interface resistances for each spin
devices such as the spin-flip transistof,detection of spin

precessiof, the Gilbert damping of the magnetization dy- 1 1 1(1 1
namics in thin magnetic film¥, and spin injection induced = =% _) (1)
by ferromagnetic resonanékIn this paper, we report a uni- gs 9s 2INE Ny

versal analytic formula for the angular magnetoresistance of

arbitrary spin valves, which allows direct determination ofwhere N§ and Ny are the number of modes of the bulk

the spin torque via a one-parameter fit of experimentamaterials on both sides of tlieN contact. Physically, in Eq.

curvest? (1) a spurious Sharvin resistance is subtracted from the result
Recently, two theoretical approaches have been developes scattering theory. This correction is large for transparent

which address charge and spin transport in diffuse noncolinterfaces and essential to obtain agreement between experi-

linear magnetic hybrid structures. The magnetoelectronignental results and first-principles calculatidfis?®

“circuit theory” ® is based on the division of the system into

discrete resistive elements over which the applied potential —

drops, and low-resistance nodes at quasiequilibrfam in ( (®) o (
Fig. 1(@)]. The electrical properties are then governed by V
generalized Kirchhoff rules in Pauli spin space and can be

computed easily. Each resistor is thereby characterized by L

four material parameters, theZSPin_Up and spin-down conduc- FIG. 1. Different realizations of perpendicular spin valves.
.tanceng(l)=Enm( Snm ™ |rrT1(rTl1)| ) as known from thg sca_tter- Highly resistive junctions such as point contacts and tunneling bar-
ing theory of transport’ as well as the real and imaginary riers limit the conductancéb) Spin valve in a geometrical constric-
parts of the “mixing conductance” g; =2,[Shm  tion amenable to the scattering theory of transptst.Magnetic
—rl(rim* 1, wherers s the reflection coefficient be- multilayers with transparent interfacesis the angle between mag-
tweennth th andmth transverse modes of an electron with netization directions.

0163-1829/2003/68)/0944214)/$20.00 67094421-1 ©2003 The American Physical Society



BAUER, TSERKOVNYAK, HUERTAS-HERNANDO, AND BRATAAS PHYSICAL REVIEW B67, 094421 (2003

In exchange-biased spin valves, it is possible to measuréhe superscript denotes that the distribution is in general
the electric resistance as a function of the angle betweeanisotropic in reciprocal space; for right moving and—
magnetizations, which has been analyzed experimentally arfdr left moving, indicating that, in contrast to Refs. 6 and 14,
theoretically*>??2The present study has been motivated bythe current density in the nodes is not negligible. The distri-
Pratt’s observation that experimental magnetoresistandeution functions at different nodes are matched via boundary

curves? could accurately be fitted by the fofm conditions
R(/)—R(0)  1-—cosf ) f*(xg)=Ta_af"(Xxa)+Rg_sf (xg), (5a)
R(7)—R(0) x(1+cosh)+2 @ ) L L
. L — f7(Xa) =Ra_af " (Xa) + Ta_af " (xg), (5b)
with one free parametey that is given by circuit theory
where the 4«4 transmission and reflection probability ma-
1 g trices (indicated by the carghave elements liké
= = 3
! 1—p2Re7] () T 1 fA—By (FA—B\T
_ _ o [Ta_eli=—5 > (T Dilthn®)] (6)
in terms of the normalized mixing conductance N;* nm

=2g.+,/9, the polarizationp=(g;—g,)/g, and the average B B B B .

condLlctanceg=gT+gl. This waTs sdrprising, since the cir- where N7 =Ny (8 1+ ‘_si'2)_+Ni(5iy3fA5i§)j Ng is the num-

cuit theory, as mentioned above, was not designed for metaker of modes for spirs in B, andt,,,/* is a vector of the

lic multilayers, and, indeed, the numerical value of fittedtransmission coefficients in spin space.

parameters did not make sense, also after including effects of Let us calculate the electrical charge current in a symmet-

bulk scattering in the ferromagnetic layé&fs. ric two-terminal spin valve with relative magnetization angle
In the following we develop a theory of transport in dis- ¢ (Fig. 1. x_ andxg are within left and right ferromagnets at

ordered magnetoelectronic circuits and devices in the diffus@ distance from the interface equal to the spin-diffusion

regime, which unifies and extends previous theoretical aplength in the ferromagnetf > ¢, and thus define the mag-

proaches. We find simple analytical results with parametergetically active region. In the coordinate systems defined by

that are accessible to realistic electronic-structure calculathe magnetization directions, the transverse components of

tions. The angular magnetoresistance for perpendicular spihe spin accumulation in the ferromagnets vahiStand the

valves has the universal forfitg. (2)] in agreement with  distributions in the magnets depend on the local spin-current

measurements, and is used to determine the mixing con- densitiesys and (spin-independehtchemical potentialgu

ductance and spin torque. The theory is valid under two conenly:

ditions: (i) the system should be diffuse, i.e., the elastic mean

free path€ (including scattering at interfaceshould be fr(x)=((= Y1+ 1) (X),0,0{ %y, + u)(X)). (7)

smaller than typical sample scales diigl the ferromagnetic o ) . ) )

elements should have an exchange splitfingvhich is large N Symmetric junctions the spin current is symmetFrlc as well,

enough that the magnetic coherence length7/\2mA  ¥s(X) = ¥s(Xg). The charge current.=(e/h)ZNgys di-

<min(¢dg), wheredg is the thickness of the ferromagnetic vided by the che_mlcal potentl_al drop equals the electrical

layer. These conditions are usually fulfiled in transition- conductanc&=eic/Au. Equations(5) and(7) then lead to

metal systems: Deviations from diffuse behavior, such as 0e?

guantum-size effects and breakdown of the series resistor Fry X = —1¥

model, are small or controversi&t?* whereas the magnetic S 2 INTTL-Te ot Re ol T chj ®

coherence length is of the same order as gge lattice constant

n h'.gh'TC transition-metal ferrpmagne’t%. We obtam_ In principle, the matrice3 andR do not need to be approxi-

identical results by two methods: The first one is a Comb'na'mate

tion of the Boltzmann-like method of Scheyp al*® for col- '

1,4
1,4

Let us consider planar spin-valve structures as shown ithose of individual elements by semiclassical concatenation
P P rEules.26 For instance, the transmission through a

Zlgérltéi\;ve gssifignr;?nﬂtfeesx:r;erlﬁg 9;:dg!,s)tr$ﬁité%ni:]ugﬁtr'fn a (0)/N/F(6) double heterojunction as in Fig. @without
P P ' P bulk scattering takes the form:

polarized systems has eight elemenﬁf§(x). We arrange
them into a 41 vectorf”=(f5 fi) f[3 )" aswellas  T(g)=T\_¢()[1-Ru_n(ORu_(0)] Te_n(0).

into a 2X2 matrix, denoted by a hat: (9)
£2(x) (%) These rules have been derived from tfphase-coherent

f*(x):( I H ) (4)  scattering theory by averaging over random matfitesd

fr ) f (%) found to be valid to leading order iNy*, whereNy is the
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purity scattering can be represented by diagonal matficés §

-1
555’ ’ (10)

B
e psdB

. 1
(TB)ss’:< 1+ N_SB+ h Ag

number of transport channels in the normal metal. Bulk im- /
Ja
f

where psB, dg, Ag are the single-spin bulk resistivities,
thickness, and cross section of the bulk mateBatespec-
tively. 7

The problem can be simplified by transformations into the
coordinate systems defined by the magnetization directions
of the ferromagnets. In terms of the spin rotation

v

FIG. 2. Fictitious device that illustrates the generalization of
circuit theory to transparent resistive elements as discussed in the

0 0
— g text.
A cos; —siny
U= (12) . . ~ . .
.0 0 characterized by a matrix conductargzeleading to a matrix
sy €05, currenti when the normal and ferromagnetic distributidps

and projection matricesse = 1) andfx are not equal. When the distributions of the nodes are
pro) - isotropic, we know from circuit theory that

CI5(0):_

1/1+scosé ssiné
2\ ssind 1l—scosd/’

(12) ?:2 (é)ss’as(%L_fR)as’ ) (14)

the |r_1terf<_a1c_:e scattering matrlcésmlttplrl% the moc‘;'e |nNdl<:Fes where the projection matrices, are defined in Eq(12) and
for simplicity) are transformed &st =Uggt t

- - s¢/ s’ 'ss 9)ss=0s, (9)s_<=0s_s. Introducing lead conductances,
=tNUT, Tyon=SugN, andrfF=rFs.y . where the (9)_53 9 .(g)s, s~ s INTOCUCING fead ¢
ss’ ¢ indicates that th Sst' hould b luat hich modify the distributiong, —f, andf,«fg, respec-
Superscript indicates that the matrices shouid be evajuate ively, we may define drenormalizedl conductance matrix
in the reference frame of the local magnetization and spins which causes an identical currenfor the reducedma-
flip scattering in the contacts has been disregarded. 9,

The angular magnetoresistance can now be evaluated antg—x) potential drop:

lytically for our spin valve in terms of the three interface R -

conductanceg, , g, , 9,; defined above, the bulk number of |=E (9)sgUg(f1—To)ug . (15
modesNE, NN, and (single-spin bulk resistances’ , pV, s¢’

whereas the magnetization angle and layer thicknesses avéhen the lead conductances are now chosen to be twice the
the variables. Surprisingly, the form E@) is recovered, but Sharvin conductances, and usifigatrix) current conserva-
with renormalized parameters. The spin-dependent interfacon

conductances are identical to Ed)), whereas, including also R o

bulk scattering in one-half of the spacer thicknd#3, 1=2Npn(f —Tf9) (16)

Em _gH 2

1 1 1/é?p\d 1 e A
( prly —) 13 = oNFig(Fo— )i, 17)

By letting Ng—m we are in the regime of Ref. 14. The straightforward matrix algebra leads to the result thas
circuit theory is recovered when, additionallyy—<. The identical to the renormalized interface conductances found
bare mixing conductance is bounded not only from belowabove[Egs. (1) and, without the bulk term, Eq13)]. By
Reg;,=0/2,° but also from abovég, |?/Reg; <2Ny. The  replacingg by § we not only recover results for the spin
polarization and relative mixing conductances are also renotyalve obtained above, but we can now use the renormalized
malized, with 0<|7|<c°. parameters also for circuits with arbitrary complexity and
It is not obvious how these results should be generalize@ransparency of the contacts. Also spin-flip scatteringNin
to more complicated circuits and devices and to the presendn be included;it does not affect the form of Eq2) either,
of spin-flip scattering in the normal metal. The magnetoelecbut only reduces the parameter
tronic circuit theory does not suffer from these drawbacks.  Experimental values for the parameters for Cu/Permalloy
In the following, we demonstrate that above results can béPy) spin valves arey=1.2 andp=0.6." Disregarding a
obtained with less effort, proving that with the renormaliza-very small imaginary component of the mixing
tion of the transport parameters by subtracting Sharvin resissonductancé,using the known values for the bulk resistivi-
tances, circuit theory remains valid for arbitrary contacts. Tdies, the theoretical Sharvin conductance for Cu (0.55
this end we construct the fictitious circuit depicted in Fig. 2. X 10"%Q ! m~?/ spin!® and the spin-flip length of Py as the
Consider a junction that in conventional circuit theory is effective thickness of the ferromagn@fgdZS nm (Ref.
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15)], we arrive at the bgreﬁ?u/?g inte.rfac_e mixing conduc- 5577 sing Ap
tanceG; | =0.39(3)x 10"°Q~* m~2, which is close to that Ly(0)= = = .
of Co/Cu® (1-7p)cosf+2+7 47

The spin torque on a ferromagfét equals the spin cur-
rent through the interface with vector component normal to _ _
the magnetization direction and its evaluation is closely re- In conclusion, we reported analytical results for the angu-
lated to the charge conductarfcé.An analytical expression lar magnetoresistance of arbitrary spin valves, which, by

for the spin valve readsz( assumed re# comparison with experiment$ Jeads to a value for the mix-
ing conductance and spin torque for the Cu/Py interface of
Pg 7sing Ap G;,=0.39(3)x10”® O~ m~2. The associated generaliza-

L(6)= (18 tion of magnetoelectronic circuit theory opens the way to
engineer materials and device configurations to optimize
in terms of parameters that can be measured as well as cormswitching properties of magnetic random access memories.
puted from first principles. Previous reséfté are recovered _ _ _
in the limit that— 2 andp— 1. Note that we cannot mean- _ We would like to thank Bill Pratt for att_ractmg our z_ﬂten-
ingfully compare our results with those of Zhaweg al,?’ tion to the problem and_shanpg unp_ubllshed expenmeqtal
which are derived for weak ferromagnets and are not applidata. We acknowledge discussions with Paul Kelly, Ke Xia,
cable to transition metals considered &8y the general- Jack Bass, Bert Halperin, Yuli Nazarov, as well as support by
ized circuit theory, it is now straightforward to compute the FOM, the Schlumberger Foundation, DARPA Grant No.
torque on the base contact of the spin-flip transistor withtMDA 972-01-1-0024, NSF Grant No. DMR 99-81283 and
antiparallel source-drain magnetizaticisree identical con- the NEDO joint research program “Nano-Scale Magneto-
tacts, but disregarding spin-flip scattering in the hbise-  electronics.” G.E.W.B. is grateful for the hospitality of Dr. Y.
terestingly, it is larger and has a symmetric and flatter deperHirayama and his group at the NTT Basic Research Labora-
dence on the angle of the base magnetization direction  tories.
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