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Spin torques in ferromagnetignormal-metal structures
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Recent theories of spin-current-induced magnetization reversal are formulated in terms of a spin-mixing
conductancec™>. We evaluateG™™ from first principles for a number ofdisordered interfaces between
magnetic and nonmagnetic materials. We predict that the magnetization direction of a ferromagnetic insulator
or of one side of a tunnel junction in a multiterminal device can be switched even though a negligible charge
current is passed.
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“Giant magnetoresistance” refers to the large change ofG' andG!', and a new spin-mixing conductan@&* which
resistance brought about by applying an external magnetiis complex. The mixing conductance has only been studied
field to change the angle between the magnetization dired!sing free-electron models and little is known about its de-
tions of magnetic films separated by nonmagnetic spécerspe”dencem?xn real material parameters. In this paper we focus
Since a spin injected into a magnetic material experiences @ NowG™” depends on typical materials used.
torque, it has been argued that passage of a current throurﬂw To evaluate the spin-up, spin-down, and spin-mixing con-
adjacent magnetic layers should lead to the transfer of spi _uctancéeos_lzfor systems of current interest we use
angular momentum from one layer to the ofitewith pos- meth_)c()1d3 . .recently developed to cqlculate Fhe scattering
sible reorientation of the magnetizations for sufficiently Iargemat”h W'tﬂ'n tze fra_mevyo_r k of dednsny-func_tlonal thlec_er.
currents? Interestingly, the sign of the corresponding torqueWe show that the spin-mixing conductance in tunnel junc-
should be reversed on changing the current direction IeadinlEg)nS can remain large even when the conyenuonal_ conduc-
to the possibility of making an electronically accessible non- hee itself is made van|sh_|ngly small. This result is unex-
volatile magnetic memory whose performance on downscalpec'[ed and may offer important advantages for the

ing compares favorably with other alternatieBromising ap'f[’“gaitr'lotr;] of Zplnr—ltorql?e ﬁffelctst.rAnsplrr\r C:]“'tr rjnitncatﬂ btehlrn_ i
proof-of-principle experiments on current-induced magneti{ifrﬁinal de\e/iSe Sseke(t:shg dﬁn le:ie(z ahog FC“L/Jl Ie:M 1 San% FE/IZ ee
zation reversal(“spin transfer”) have been carried cubut re ferromaanetic circuit elem?anté NM’ i ndnma netic. A

the large current densities required underline the need to oﬁi- gnetic circuit ele ’ ! gnetic.
timize the effect. current from FM1 |nto.FM2 m_duces a spin accumulation in
Theoretical discussion of the giant magnetoresistance a ; I\?I :\”\g r:o?rﬁin':%r anlglvbentrs]plrrl]s(?r(]:umurlfglor;, ;he t:)/\r/queh olrll
tunneling magnetoresistan€EMR) effects in collinear spin h Sf ete i el OI ty t{} er g co IL:_ca ce.l_ "talsbat
systems is greatly simplified when the spin-flip scattering iss.s]reI Ofsgomgatﬁ;tatee 'zts,sr')rl]n ’\?&C:? du angln eexp Irf:atyhau-
so weak that it is possible to consider the spin-up and spin-I Py ume. It ExISts | analyze w P
down conduction channels separatelyjWhen studying pens when FM is a magnetic |_nsule_1tor or is the top magnetic
I;?_Iement of a magnetic tunnel junction. In the latter case it is

current-induced magnetization reversal it is necessary to Coé%ossible to independently determine the orientation of FM by
sider what happens when the spin-quantization axis rotat easuring the TMR? The spin torque is that of the metallic

on going from one material to another; the current operatoFn - . S
then has to be represented in & 2 spin space even when junction, but without the energy dissipation caused by the

spin-flip scattering is neglected entirely. Slonczewsisied a particle current. In practical memory devices it may be ad-

model of free electrons incident on a spin-dependent poten\{antaggogs to.be able to achieve this separation of particle
nd spin injection.

tial barrier to discuss the qualitative aspects of spin transfef’ g . o
Free-electron models are known to miss an important contri- _We begin with the two basic ele_ments_ of a magnetic cir-
bution to spin transport in layered magnetic materials com-cu't' a nohma_gnetlc Qlement NM in which there is a spin
ing from the mismatch of the complekbands responsible accumulation in the directios (as a result of a source-drain
for itinerant ferromagnetisth! and it is important to take current from FMl t_o FMZgnd a ferromagnetlc element. FM
this into account. A more general framework, suitable forWhose magnetization is given by Fhe unit V?‘“.""’Tsee F|g.
treating complex band structures and for including the effecté(a)' In generak andm are norlcollmear and itis convenient
of disorder, is provided by the scattering theoretical formal-to split the 2<2 matrix current from the nonmagnetic ele-
ism of Waintalet al® The “circuit theory” of Brataaset al® ~ ment into the ferromagnetic element into a scalar charge cur-
is nearly equivalent, but is more transparent and flexiblerentl, and a vector spin curreiht: T=(I(pL o-1g)/2, where
making the treatment of many-terminal devices straightfor-o is a vector of Pauli spin matrices. When a spin current is
ward. In this circuit theory, the torque and current are formu-injected into a ferromagnetic material, the componentof
lated in terms ofrea) spin-up and spin-down conductances perpendicular to the magnetization direction (times the
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FIG. 1. (Color) (a) Sketch of a three-terminal device where a normal m@id) element is connected to three ferromagnetic elements
FM1, FM2, and FM. An applied bias causes a current to flow between FM1 and FM2. If FM is a tunnel junction or a magnetic insulator then
the particle flow into FM will be vanishingly smallb) Number of propagating channels in first Brillouin zone for bulk Cr. For a clean Cr/Fe
interface (c) and (d) show the majority-spin and minority-spin conductanc@s, and (f) the imaginary and real parts of the mixing

conductance. Units of conductance aféh. The result of integrating over the whole Brillouin zone is given in brackets at the top of each
panel. Note that the color scale in the top row differs from that in the bottom row but zero is represented by tligrsameolor.

Bohr magneton and gyromagnetic ratiequals the torque eters. The electronic structure is calculated self-consistently
acting on the ferromagrfeand this is determined entirely by within the local spin density approximation. For disordered
the real and imaginary parts &™™*.*> The spin-transfer ef- layers the potentials are determined using the layer coherent-
fect can be most readily understood when the magnetic laypotential approximatiofCPA) approximation® The calcu-

ers are perfect spin filters, i.e., when spins aligitedti- |ations are carried out with ky mesh density equivalent to
)parallel to the magnetization of a layer are completelymore than 3600 mesh points in the two-dimensional Bril-
(reflected transmitted. Since spin-angular momentum is glo-jouin zone(BZ) of a 1x 1 interface unit cell. The results of
bally conserved, the remaining spin component must bggalculations for clean and disordered (fttl) Cu/Co and
transferred to the scattering layer. bca001) Cr/Fe metallic interfaces and for an féd¢1) Cu/

The spin-up, spin-down, and spin-mixing conductancesco/\Vac/Co tunneling configuration are given in Table I.
characterizing transport through an interface are defined in \We first discuss our results for the Cu/Co and Cr/Fe inter-
terms of the spin-dependent transmission and reflectiofaces. Both have been the subject of much study in the con-
matrices® t; ) andr (| (the latter as seen from the normal text of exchange coupling and giant magnetoresistance and
meta) as GT:(ezlh)tr(t}rtT), Gl=(e2/h)tr(tItL), and different calculations of the interface transmission matrices
G™X= (e?/h)tr(l —r}“rl). I is anM XM unit matrix where vyield very similar results for the spin-dependent interface
M is the number of conducting channels in the NM resistance$’12The atomic volume of each pair of materials
element?® is very similar and we neglect the difference here. The dis-

The parameter-free calculation of the transmission and resrdered interfaces are simply modeled as semi-infinitg2Cu
flection matrice¥ is based on the surface Green’s-functionatomic layers of C&Cos, alloy|semi-infinite Co. The results
method’ implemented with a tight-binding linear muffin-tin given in the table do not depend sensitively on the alloy
orbital basis® Because a minimal basis set is used, we areoncentration used.
able to perform calculations for lateral supercells containing For a clean Cu/Cd11) interface, the real part of the mix-
as many as 110 atoms and to model disorder very flexibly ing conductance is comparable in size to the spin-up and
within such supercells without using any adjustable paramspin-down conductances but the imaginary part is almost a
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TABLE |. Interface conductances in units of B0Q ~*m~2.

System Interface Gmaj Gmin ReG™ ImGM
Cu/Cq11) Clean 0.42 0.36 0.41 0.009
Cu/Cd11) 2X50-50 alloy 0.42 0.33 0.55 0.030
Cu/Cd1)/Cu(7)/Co(111) Clean 0.40 0.22 0.41 0.032
Cu/Cd1)/Cu(7)/Co(111) 2X50-50 alloy 0.41 0.21 0.55 0.036
Cr/F€001) Clean 0.14 0.35 0.61 0.028
Cr/F€001) 2X50-50 alloy 0.26 0.34 0.61 0.052
Cu/ColVac/Cu clean 9:8310 12 1.9x10 1 0.41 -0.041
Cu/Co/Vac/Cu X 50-50 alloy 3.x10 % 3.0x10° 0.53 0.003

factor of 50 smaller. Interface disorder increases the mixingexternal magnetic fie}d A nonvanishing imaginary part of
conductance, the real part by about 35%, the imaginary pathe mixing conductance, 18™, should result in antisym-
by a factor of 3. metry with respect to time revers&?! However, InG™* is

It is interesting to compargG™* with G'+G! because small in all the systems we have studied. The reason for this
the torque only depends on the mixing conductance while théan be understood by examining tkeresolved imaginary
electron current is mainly determined By +G'. Large val- ~ part of G™ shown in Fig. 1e). InG™* can be negative as
ues of|GmiX|/(GT+Gl) mean more torque per unit current. well as posmve.and it is the partial cancellfcltlon of thesg
The calculations show that disorder at the Co/Cu interfac&€ontributions which leads to the net result being small. This
increases the spin torque. Another possibility to increase thg2n be illustrated using the simple phase-shift model as fol-
ratio of [G™| to G'+G! is to insert an impurity layer on lows. Suppose that the phase shift of the reflected waves
the Cu side; a Co monolayer inserted on the Cu side scarceg(kﬁ) is distributed randomly betwegph ande, with equal
changes the mixing conductance but reduces the normal co _glghts and that the am.pl|tude Dﬁrl IsA. Tr;en the a_\gerage
ductance significantly. mixing conductance |s[Go/(<p2—<pl)]f(pi(1—Ae' )dé

For the Cr/Fe interface the band-structure matching and= (e?/h){1+[iA/(¢,— ¢;)](e'¥2—€'¢1)} where G,=e? h.
the effect of interface disorder are quite different comparedf ¢,=—¢, then ING™* is zero and R6™*=G,. In a
to Cu/Co. Whereas the majority-spin states of Cu/Co matclnore realistic treatment the weights will not be homoge-
very well, it is the minority-spin states in Cr and Fe which neous andp; will be slightly different from —¢, so that
match best; see Figs(cld). For a perfect Cr/R@0D) inter-  ImG™*is not exactly zero. To avoid this type of cancellation
face, the mixing conductance is almost twice as large as thgnd obtain a larg&™>, one should use as the nonmagnetic
normal conductance. The expression for the mixing conducelement a material in which the conducting channels occupy
tance suggests that having a large number of propagatingnly a small region ok; space, for example, a doped semi-
channelgflux-normalized right- or left-going Bloch states at conductor. InG™* could also be significant in a ferromag-
the Fermi energyon the nonferromagnetic side of the inter- netic insulatof!
face should lead to a large mixing conductance. We may conclude that a large reflection amplitude does

It is of interest to have a closer look at tke resolved  not mean that the mixing conductance must be small. It pro-
mixing conductancez™™. We can see from Fig.(f) that  vides us with a means to realize large value$@F™|/(G'
close to the center of the BZ the real part®f"* is very ~ +G!) by using a tunnel junction or ferromagnetic insulator
large, even larger than the number of channels in Cr at thgs the FM element. For such nonconducting interfaces we
samek points, shown in Fig. (b); at the samé points the  predict that it will be possible to obtain a non-zero-spin cur-
transmission of majority-spin electrons is very low. Thus atrent while the electronic current is zero or vanishingly small.
somek the mixing conductance can be much larger than thene confirm this by calculating the mixing conductance for a
normal conductance. This can be understood in terms of @u/Co/Vac/Cu tunnel junctioff. While G™* is comparable
simple one-dimensional infinite barrier model in which theto that found for metallic systemsee Table )|, the normal
spin-up and spin-down barriers are displaced in space by agbnductance is vanishingly small. For thicker vacu(insu-
amountA. For both spins the reflection amplitude is 1. How- lating) layers the torque simply equals that of the metallic
ever, the displacement introduces a phase shdt %4 for  interface and the charge current is suppressed even more.
electrons with wave numbek so that the mixing conduc- In summary, we have studied the mixing conductance of
tance can have any valuBy(1—e #*%) for this simple Cu/Co, Cr/Fe, and Cu/Co/Vacuum/Co configurations taking
single-channel model. AlthougB™™ is large around=0 the full transition-metal electronic structure into account and
for Fe/Cr, the minority-spin reflection is very low in most including disorder. The effect of the mixing and normal con-
parts of the BZ so that after averaging over the BZ)* is  ductances can be separated for a three-terminal device where
not very high compared with the normal conductance. one of the terminals is a ferromagnetic insulator or a mag-

The imaginary part o™ is related to the spin preces- netic tunnel junction for which the normal conductance can
sion which results from the noncollinear alignment of thebe made vanishingly small without affecting the size of the
spins of the injected electrons and the magnetizat@ran  mixing conductance.
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