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Current induced switching in Co/Cu/Co trilayers is described in termaboinitio determined magnetic
twisting energies and corresponding sheet resistances. In viewing the twisting energy as an energy flux the
characteristic time thereof is evaluated by means of the Landau-Lifshitz—Gilbert equationabsingio
parameters. The obtained switching times are in very good agreement with available experimental data. In
terms of the calculated currents, scalar quantities since a classical Ohm'’s law is applied, critical currents
needed to switch magnetic configurations from parallel to antiparallel and vice versa can unambiguously be
defined. It is found that the magnetoresistance viewed as a function of the current is essentially determined by
the twisting energy as a function of the relative angle between the orientations of the magnetization in the
magnetic slabs, which in turn can also explain in particular cases the fact that after having switched off the
current the system remains in the switched magnetic configuration. Falp alitio type calculations the fully
relativistic screened Korringa—Kohn—Rostoker method and the corresponding Kubo—Greenwood equation in
the context of density functional theory are applied.
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I. INTRODUCTION Most theoretical investigatiohs2®>were concerned about
Reversal of the orientation of the magnetization without/Nding expressions for the interaction between the applied

applying an external field seems to be of considerable inte/UIrent and the orientation of the magnetic moments. Aimost
est for magnetic switching of microdevices and caused ex@ll theoretical considerations and models used the concept of

tensive experimental and theoretical studies of the effect ofPiN currents and had to use phenomenological parameters to

currents on magnetic nanostructures. The experimentdf'ate the respective approach to the experimental evidence.
factd~13 are still quite confusing, or, as shown in a recent uite clearly in most cases the main idea was to describe the

short review articld® “many observed phenomena can be Cause for current induced switching and deal afterwards with

described qualitatively.by a simple semiclassical spin- the subsequent effect, namely a change in the magnetoresis-

torque model. However, evidence of complications from Sev_tance. Therefore the effect—creating excited states—was in-

eral experiments suggests that a full understanding of all o ferpreted in various ways by invoking spin waves, all kinds
Xperi 99 . " 9 of spin-polarization effects, etc. It is beyond the scope of the
servations is not yet achieved.” The by now generally

. : - resent paper to summarize the various theoretical ap-
accepted experimental facts are the following orn&ksif the Broachespusped up-to-now. P

current of a given sign favors the paral(®) magnetic con- In here a completely different approach is pursued: the
figuration, the current of the opposite sign favors the antiparmain idea is to calculate fully relativistically the twisting
allel (AP) Conﬁguration,(Z) the current needed to switch the (exchange interactiOrenergy of a System as it goes from a
magnetic  configuration in  nanostructured magneticparallel to an antiparallel configuration, or opposite. This is a
multilayer systems is of the order of 2—5 mA in samplescontinuous function of the relative angle between the orien-
with a volume in the range of 40—800 AnThese two facts tations of the magnetization in the magnetic parts of a spin
led inter alia to a schematic effective two-level energy dia- valve system. In keeping one orientation fixed and rotating
gram for switching in which the critical current correspondsthe other one by an angf@ around an axis perpendicular to
to the energy needed to overcome the potential barrier beahe fixed orientation one thus can switch continuously from
tween the parallel and the antiparallel magnetic configurasay the parallel magnetic configuration to the antiparallel
tion. Since experimentally also telegraph noise is observedionfiguration. For each given rotation angk simulta-
which in turn seems to correspond to an oscillation betweemeously the corresponding sheet resistatresistance di-
these two states, this schematic picture proved to be quiteided by the unit areais calculated fully relativistically,
useful. If by means of a sufficiently high current the systemwhich then is also a continuous function of the rotation
is driven from one configuration to the other one, it can alscangle. It should be noted that by using a fully relativistic
happen that after turning off the current the system remainapproach the spin no longer is an observable, i.e., at a given
in the switched configuration, i.e., the system does not returangle ® there is just one sheet resistance. In adopting this
to the ground state. In the two-level energy diagram thisapproach(1l) the excitation energy is related to the rotation
would correspond to the case that the two schematic minimangle, and(2) for the same angle a physical observable,
are separated by a high enough potential barrier and are oamely, the sheet resistance is evaluated. Therefore at a
about the same energy. given O the effect of the physical phenomenon is described,
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which then can be related to the cause, namely the turning ometic configurations it is sufficient to specify the rotation
of a current. It will be shown later on that the twistifgx-  angle ®. Expressed in simple terms this means that in the
change interactionenergy is theab initio analogon of the right half of the trilayer system the orientation of the mag-
abovementioned two-level energy diagram for switching.netization is rotated uniformly by an angi with respect to
Furthermore, by means of relating the twisting energy andhe orientation of the magnetization in the left half.

the corresponding sheet resistance to the current not only a Since a current perpendicular to the planes of atoms has to
critical current can be defined unambiguously, but also thée described in the present paper the reference orientaion
complexity of the switching process becomes evident. Quités chosen to be parallel to the surface norrgmbxis); the
clearly in this image no dynamic effects can be calculatedrotations are performed around thexis.

although very good reasons for the occurrence of the tele-

graph noise can be given. The quantum mechanical tools A. Twisting energies

applied are the fully relativistic screened Korringa—Kohn—
Rostoker methd® and the fully relativistic Kubo-
Greenwood equatidh in the context of the local density
functional approximation. All further reasoning is based on
the Landau-Lifshitz—Gilbert equation, in terms of which
switching times can be evaluated usiilg initio parameters.
The introduced approach is applied to Co/Cu/Co type spi
valves and in fact will show quite a few of the experimen-

tally observed features mentioned earlier. AEY(7) = Ep(m) - Ex(0) = Ey(AP) - Ex(P), (4)

The energy difference between the two possible collinear
states, namely the parallel and the “symmetric” antiparallel
magnetic configuration, is usually termed interlayer ex-
change coupling energy. In using the magnetic force
theorem® the total energies of these states are replaced by
ﬁhe corresponding grand potentiédd zero temperatuygi.e.,
by the so-called band energy differem:Eg(w):

E
IIl. TWISTING ENERGIES AND SHEET RESISTANCES E(©)=| n@:E)(E-E)dE 5)

Consider a typical trilayer system of the type Fo

FM/NM,/FM consisting of two semi-infinite magnetic leads wheren(® ;E) is the density of states for a particular con-
(FM) and a so-called nonmagnetic spaggM) such as for figuration, E, the valence band bottom ari- the Fermi
example  C@100/Cu,/Co(100  or  equivalently energy. According to Eq4) the below convention applies
Co(100/Cu,/Coy/Vac, wheren denotes the number of

spacer layers anah is a sufficiently large number of layers of AEg(Tr) - {
the magnetic metal. Suppose now thatlenotes a particular

unit vector (reference orientation, either parallel or perpen-
dicular to the surface normatharacterizing the orientation
of the magnetization in a particular atomic layer containing

>0 P: ground state

. 6
<0 AP: ground state ©)

In a similar manner the “twisting energy” is defined by the
following difference:

one atom per unit cell. If AEL(®) =EL(®) - E,0), 0<0O <, (7)
Ng=Ng =M=n, i=1,...Nn, (1)  and, as is well-known, can be expanded in a power series in
cos0®
such a configuration is usually referred to as a parallel con-
figuration, whereas for AE(®)=a[1-co$0)]+bcog(®) +ccos(O) + ...,
fe=fi =g 1=1,...(N2); (8)
such that in all orders
»/:»‘:_—), i= /2 +1,...,, 2
fig =i =~fp, i =(n/2) n ) a=AEy(w/2). (9)

frequently the term “symmetric” antiparallel configuration is
used. Ifng, Mg/ (the orientations of the magnetization in the
semi-infinite leadsand then, are eacb rotated by individual AEL(0) ~ AEY(0) =a[1 - cog0)], (10)
angles around an axis perpendiculangahis situation refers

to a general noncollinear magnetic configuration in two-in second order by

dimensional translational invariant systems. As for reason- P AE@(@) = a1 _ q

ably largen the interior of the NM part is completely non- AEy(©) ~ AE;’(0) =a[1 - cog8)] + b cos(6),

magnetic in the following specific noncollinear _
configurations of the type b= AEy(m) - 2AE,(7/2), (12)

in third order by
AEL(®) ~ AEP(0)
=a[1-cog0)]+bco(®)+ccos(®), (12)

In first orderAE,(®) is then approximated by

Ng=N =Ny i=1,...,n/2);

Ngr =N =ny i=(n/2)+1,...n, (3)

will be considered, wher@; is a unit vector rotated by an
angle® with respect ta,. It is obvious that for these mag- b=-AE,(7) — 2AE(7/2) + 8AEL(27/3),
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c= 8AEb(27T/3) - ZAEb(’JT), (13)

etc., whereAE(m), AE,(7/2),..., refer to the actually cal-
culated values.
It should be noted that most frequentAE,(®)
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Q=R(0)I°.
Thus, for a fixed currenit

AE(0) = 7R(0)12,

~AEE)1)(®) is assumed, an approximation, which, as will bewherer is the time required to accomplish the rotation. This
shown later on, not necessarily is granted. Clearly enough irquation can be solved for the functi@{l), whose inverse

using onIyAEél)((i)) the coefficienta is simply half of the
interlayer exchange coupling energy;AEgl)(w)/Z. In prin-
ciple by calculatingAE,(®) for a few selected values &,

is given by

1(©) = + JAJmr(O)TAE(O), (21)

in terms of EqQ.(8) a reasonably good approximation to where

AE(®) for O varying continuously between 0 antican be
obtained.

B. Sheet resistance and magnetoresistance

As is well-known in CPP(current perpendicular to the

planes of atoms geomejrthe magnetoresistance can be de-
ar

fined via the sheet resistances for the respective colline
magnetic configuration® and AP:

Ar(a) _r(m) -r(0) _ r(AP) —r(P)

MR(m) = r(m)  r(m r(AP) ' 19
since the resistand&(®) is defined as
R(®) =r(©)/A,, (15

AE(0) = E(O) - E(0) + min[AE(O)], (22

i.e., whereAE(O) is a positive definite excitation energy.

Since Q, AE(®) and thereforel(®) are scalar positive
definite quantities, the above construction is independent of
the direction of the current flow. Nevertheless, in the follow-
ing, the concept of twisting energiesE(®) and the corre-
sponding magnetic Joule’s heat generated during a time in-
terval 7 shall be used to explore the physics of current
induced switching. In short, evidence will be provided that
the origin of the work done against the exchange forces act-
ing between the two magnetic layers is the magnetic contri-
bution to the energy dissipation from the current.

It might seem that by using an energy flux relation the
problem of evaluating the currehtwas only shifted to yet

whereA, is the unit area. In a similar manner for the presentanother unknown quantity, namely to the characteristic time
noncollinear configurations, the difference in sheet resis7, Whose theoretical description and evaluation therefore has

tances is given by

Ar(®)=r(0)-r(0), (16)
and the corresponding magnetoresistance by
Ar(®)
MR(®) = ——. 17
() (0) (17)

to be the subject of the next few sections. Furthermore, it has
to be pointed out that any comparison with experimental data
has to take into account also the actual aéggresent in a
given experiment. However, before going ahead to discuss
these two quantities, the computational details ofaheni-

tio related parts of this paper shall be given.

D. Computational details

The difference in sheet resistances can again be expanded in

a power series in cdd:
Ar(®) = o[1 - cog®)]+ B cof(0O) + ycos(0O) + ...,
(18)
with a=r(«w/2)-r(0). It will be shown that in most of the
cases investigated

Ar(©) ~ ArY(@®) = of1 - cog0)], (19

r(®)=r(0)+ a1 -cogO)]. (20

C. Magnetic Joule heat generated by a current

For 1=0, O takes on its equilibrium valu®., As the
current| is turned on, the relative orientation of the two
magnetic layers changes @. Evidently, the work done to
accomplish this rotation iIAE(0)=E(0©)-E(By). Suppose

The effective scattering potentials and exchange fields
of spin valve systems of the type fcc-Q60/Co,,/
Cu,/Co,/Co(100, 12=<n=<36, m=11 were determined
self-consistently using the fully relativistic spin-polarized
screened Korringa—Kohn—Rostoker metRbayhere at least
m layers of Co served as “buffer” to the semi-infinite leads.
It should be noted that because of the special features of the
applied screened structure constdhtie total number of
atomic layers between the two semi-infinite systems must be
a multiple of three. For this reason the thickness of the right
buffer had to be kept variable. In all cases the local density
approximation of Vosket al?® and, in order to obtain self-
consistency, a total of 4k points in the irreducible part of
the surface Brillouin zongIBZ) was applied. All self-
consistent calculations were performed with the orientation
of the magnetization pointing uniformly perpendicular to the
planes of atomgreference configuration

In using the magnetic force theorem the twisting energies
with respect to this reference configuration were then evalu-

that this energy difference is equal to the energy lost by thated for eactn using the symmetric arrangement, i.e., for the

current in the form of a “magnetic” contribution to the
Joule’s heal:

left half of the systenfifcc-Co(100)/Co,,/ Cu,,] the orienta-
tion of the magnetization remained unchanged whereas the
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right half was rotated by a particul@niform) angle®. For TABLE I. Experimental damping parametés for different
this kind of calculation a total of 96K, points in the IBZ  systems.
was used, a setup, which yields very reliable results. Fof
further computational details concerning the screened/aterial Type of system G (1es™
Korringa-Kohn—Rostoker method and the evaluation of banﬁge bulk 0.5% 0,586
energies, see the review article in Ref. 26.

The sheet resistances for a given rotation artglevere 0.59+0.06; 0.572+0.04

first evaluated by means of the fully relativistic version of 0.8'0.7+0.06°
the Kubo-Greenwood equation Fe single film 1.85:38
1.3+0.17
mh Fe/Ag10 dre=40 A 0.66°
o, = > 3~ I SEr-EndEr-Ey ), e/Ag100 Fe= :
a NOQat<m,n e " de=24 A 0.656
: . . dre=7 A 2.3°
at Eg+i8,6>0, and then numerically continued to the real _ 6
. ; g dee=4 A 5.7
energy axis. In the above equatigne {x,y,z}, N, is the 8
. . Fey/V, 1.25'
number of atomsJ* is a representation of theth compo- o8
nent of the current operator, FeilVa 0.9
Ni bulk 2.43447
3, =100 Ia=(md, ), Cu/Cq111) 1.49
_ _ . _ Co/Cy001) fce 3.0%
Er is the_Ferml energylm) an eigenstate of a pgrtlculqr Co fce, hard 28+04
configuration of the random system under considereation, N
. easy direction 1.7+0%
Q, the atomic volume, and...) denotes an average over
confi : ; - Fe[001] bcc 0.q63)4
gurations. In this part of the calculations for the occur-"* "
ring Brillouin zone integrals a total of 183q points was  NI[001] fec 0454
used. For a detailed discussion of this approach, see the r&#[111] fcc 045"
view article in Ref. 27. Co[0001] hcp 0.q36)*
IIl. LANDAU-LIFSHITZ-GILBERT EQUATION
. _Ous _gle ”
From the polar form of the Landau-Lifshitz—Gilbert Y6 = ho 2my’ (26)

(LLG) equation®

- e QG - - e wheree refers to the elementary chargmg, to the mass of an
- M XH"+ HM X (M X HT) T, electron,ug to the Bohr magneton, arglis the (electronig
0 Landé factor. Experimentalf?;*8it has been shown that in
multilayer systemss in Eq. (25) varies linearly with 14,
(verag>0), (23)  whered is the film thickness, see also Table I.

By definition the magnetizatiomjt refers to the volume

where yg IS the Gl]bert g_yromagngtlc rauCpreqessmn con- averaged total magnetic moment. Assuming, however, that in
stan), «g is the dimensionless Gilbert damping parameter, S

Mis the magnetizatioWO:|M|, andHet is the local and a layered system the layer-resolved magnetic momaitis

time-dependent effective field, one immediatel observeV\/herei denotes atomic layers, are coherently precesSig,
P ' y ¥s sufficient to describe the magnetization dynamics of the

that (3}2 M precesses almost purely, if damping is I6#  |ayered system in terms of the motion of either the layer
—0),°1(2) aImo;t no precession, but slow switching Occurs’averaged magnetic moment:

when the damping is higliag— ©),3? and (3) the fastest
switching refers tang=1.3% Rewriting the LLG equation in
terms of an experimental damping parameget* dM L M L
Ez—yM x Heff+ ay - X (M x Heffy,

dt _1+aé

LM _ Wt x Hetf 4 —C (A?txd/\;l> (24) i
ys dt VM dt /’
N
. . . o 5 o N
the dimensionless Gilbert parametes is given by M==3 N, 27)
Niz1
G
ag=——", (25)
YeMo .
whereN denotes the number of magnetic layers, éNgEm
and the Gilbert gyromagnetic ratig; by731:36.37 +n/2, or in terms of the magnetization directiar?©4°
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dn - ~ -

G =X He+ aii X (A x HeM), A=—. (29

It should be noted that the equivalence of these two equa-
tions, namely Eqs(27) and(28), relies on the conservation

of M, which in turn implies thatM|=M, and|i|=1

A. Internal effective field

The local effective fieldi® that enters Eqg27) and(28)

can directly be derived from the Helmholtz free energy den-
sity by taking its variational derivative with respect to the

magnetizatiory3-3536.41

>

Heff:

F
— ==V F, with F=C, (29)

oM

whereV is the total characteristic volume of the system and
the free energy includes the exchange energy, the crystal-

line anisotropy energy, external magnetic fields, €2 ei-

ther in a parameter-free manner or by using different types of
model Hamiltonians. Since for layered systems as consid-

ered:
- = (9 -
VM:QO 2 eﬂa :Q()VM,
pEXy,2 u
Eqg. (29) can be written as
- OF
Heff= — = - VjiF, (30)
M

where the Helmholtz free ener(ﬁ
N
— 1
= — F-,
Nz '

refers to the reference volun§&, andN is again the number
of magnetic layers considered.

According to Eq.(30) the internal effective fieIdJ:|E,
arises from the contribution of the total enefgyto the free
energy,

e b
M

== VuEp.

Assuming, e.g., in terms of E@8) that the derivatives

FEL(Mo)
IMIEIM 2V’

Zkkl

j=1

- N (klakanEN)y

in the Taylor series expansion of the total energy,

p

E(Mo+M) = Eg(Mg) + >, —

" (M Vi)En(Mo),
k=1

(31)

are available up to a certain ordp,rwherel\7|(J is the initial

PHYSICAL REVIEW B 70, 094401(2004)

In particular, if the change in the momeM is con-
strained to the Yzplane,

M=Mg,+Mz8, (M=0),
then
S g <L N
k=1 =0 My oMI[ (k-q-1)! g
Mk—qu 1
(k ! (q-1)! } (32

with M=
vided that the magnitude of the moment is preserved,

M§=M;+MZ=M?, (33

by keeping in Eq(31) only terms upp=3, one gets
AE (M) E(M +M) E(M ) =a- a&+bM—2+ M—3
b p{Mo p{Mo) = Mo M2 ng
(34

where the coefficients, b, andc are defined in Eqg9) and

(13). Therefore the energy torque rotating the moment is

given by
M X HE= M HE = —n(-a+2bn, + 3crd)é,, (35)
whereas
M X (M x HE) = - n(- a+ 2bn, + 3cn)(M,§, - M,&)).
(36)
B. The characteristic time of switching

Inserting the internal effective fieldE into the LLG
equation(in the absence of precession around ztexis):

M M.
—:a—X(MXHE), =ag Ye ’
dt MO 1+ ag
then leads to
dn,
M =0, 37
“dt &7
d
MOF? = - an,n,(-a+ 2bn, + 3crp), (38)
Md_nz- 2(- a+ 2bn, + 3cr?) (39
0y = @y(-a+2bn;+3cm).
Since according to Eq33), nz+nZ=1, Eq.(39) reduces to
dnz _ 2 2
Mo~ = a(l - n?)(- a+ 2bn,+ 3cnd). (40)

M€, being the initial, ground state moment. Pro-

reference moment, the Cartesian components of the intern&lssuming that n,# +1 or (-bx\b?+3ac)/3c and b?
effective field can directly be given. +3ac>0, c#0, Eq.(40) can directly be integrated and leads
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to the time r=t;—t; needed to changm, from niZ:nZ(ti) to
ny=ny(ty):

o 1 n np+1| 1
Mo  2[(Bc—a)-2b] |n+1| 2[(3c-a) +2b]
‘i nt-1 ~ b
n,-1| (3c-a)?-4b?

3c(nh)2+ 2bnf-a

3c(nh)? + 2bn,—a

. 1 a(3c—a) + 2b?
(3c-a)*-4b”> 2\b?+3ac

(b+ 3cn’) — Vb2 + 3ac(b + 3cr) + Vb2 + 3ac

(b+3cn) — Vb2 + 3ac(b + 3cnf) + Vb2 +3ac|
(41)

Thus the timer(ag) needed to change, from nl, to n' as a

function of the Gilbert damping parameteg >0, when us-
ing a=agys/(1+a?) and Eq.(26), can be written as

X In

Aag=cMolrae Mool ag
Ye @ g ag
whereC denotes the rhs of E@41) and9, is the magnetic
momentM, in units of Bohr magnetongg.
According to Eq.(42) it follows that the minimal time of
changingn, from n, to ni is given by

(42)

2
1+ ag i

ag 2 '
(43)

m
Tonin = (g = 1) = Zh?OC and r(ag) =

IV. RESULTS

A. Magnetization and switching times

PHYSICAL REVIEW B 70, 094401(2004)

TABLE Il. Third order Taylor series expansion coeffiecients of
the total energy in case of Co/@€Co. Notice thab?+3ac>0 and
(3c—a)?-4b? (not given hergare the smallest in magnitude far
=30, see Eq(41).

n a(meV) b(meV) c(meV)

20 0.18482 1.21031 1.34444
21 0.10742 0.38908 0.57940
22 -0.01466 -0.46855 -0.34401
23 0.05495 0.33396 0.38826
24 -0.01887 -0.21263 -0.19021
25 0.09246 0.30579 0.49206
26 0.06293 0.65673 0.56195
27 —-0.05575 -1.03111 -0.78382
28 0.21518 1.54457 1.64362
29 -0.01959 -0.25292 -0.20745
30 -0.02395 -0.17970 -0.12111
31 0.20914 1.64070 1.60557
32 -0.24502 -1.92659 -1.93901
33 0.17413 1.22408 1.28963

which showed that the reversal time ranges from 0.05 ns for
ag=1 to 0.2 ns forag=0.1*3 It should be noted that be-
cause the sign of,;, is uniquely determined by the sign of
the initial and final values fon, in Table Ill only those
values forn!, andn! are listed, which yieldr,>0. The sign
of the such determined; confirms therefore independently
the ground state configuration predicted by the magnetic
force theorem, see E(7).

As can be seen from Table Il the switching time is largest
using the Gilbert damping parameter of Co biklumn 7.
By using the estimated value of Ref. 50 one obtains the
switching times listed in column 8 of Table Ill. By scaling
ag to the thickness of the thifrotated Co slab used in the
present calculations according to values found for
Coy/Cu/Cd100), see Ref. 44, the values in column 9 in this

The selfconsistently obtained constant magnitude of theaple are obtained. As can be seen, the magnetization reversal
magnetization for fcc CO/CU/QmOO) and in the case of a time T(aG) in Eq(43) Changes on|y very moderate|y in com-

thin Co slab of M[© ©°=1.418x 10° Am~tis in very good

parison with 7.

agreement with the available experimental data for Co bulk,

see Ref. 43 or 44. By using the experimental Lagdéctor

for fcc Co, namely gc ©°=2.146+0.02> 4/°C°

=18.872 134 4% 10 m A™1s™%, which in turn yields the
below ratio

Mfcc Co fcc Co
0 _ 0 _ 34
e =h geCo = 0.782531 193 10734 Jg
G

=4.884 173 446< 1078 eVs.

B. Importance of cross sections (unit areas)

Going back to Eq(21), rewritten below by indicating the
appropriate units,

1(@)|g = +1.265 771 437 Adsi [ AEO)mey

(Dsi r(O®)ma um?
(44)

Since according to Table Il the quantities on the rhs of Eq.

(41) are of the order ofmeV) *=10%eV) ™%, this implies that
the time needed to change the moment direction frbto n!

it is obvious that for any kind of comparison to experiment
not only 7 has to be evaluated, but also thg} the surface

is of the order of 10'3 s, namely femtoseconds. In Table Il perpendicular to the axis through which the currert{®)

one immediately can see that the theoretically obtained vaflows, has to be taken into account. Usually the cross section
ues of 7, are within the range of values known from mi- of nanopillars is given in nanometgim), i.e., is of the order
cromagnetic simulations for a polycrystalline thin Co film, of
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TABLE Ill. Switching times(ns) as obtained by using the third order Taylor series expansion coeffiecients
of the total energy, see Table Il for Co/@€o,,. FS(P or AP denotes the final magnetic configuration by

assuming that for the for the thick Co slab the direction of the momemﬁ)is+1.
n m fL n; ES Tonin 7_(Olébsulk)3o T(CYEO/CU/C()SO T(asécaletjm
20 13 -1 +1 P 0.013 40 1.339 99 0.540 39 0.108 24
21 12 -1 +1 P 0.025 06 2.50591 1.01058 0.186 97
22 14 +1 -1 AP 0.189 77 18.977 22 7.653 09 1.649 90
23 13 -1 +1 P 0.044 15 4.415 67 1.780 74 0.356 67
24 12 +1 -1 AP 0.136 45 13.645 24 5.502 82 1.018 10
25 14 -1 +1 P=AP 0.028 41 2.84111 1.14576 0.247 01
26 13 -1 +1 P=GS 0.054 14 5.414 15 2.18341 0.437 33
27 12 +1 -1 AP 0.066 67 6.667 71 2.688 94 0.497 49
28 11 -1 +1 P 0.011 54 1.154 45 0.465 56 0.079 02
29 13 +1 -1 AP 0.168 89 16.889 91 6.811 32 1.364 30
30 12 -1 +1 RAP) 0.688 36 68.838 31 27.760 96 5.136 10
31 14 -1 +1 P 0.01358 1.358 29 0.547 77 0.118 09
32 13 +1 -1 AP 0.010 64 1.064 00 0.429 09 0.08 594
33 12 -1 +1 P 0.014 98 1.497 96 0.604 09 0.111 76
(Ao = (Aghme X 10715, [(Aos [P X 107%  [(Ag)nme 10
<T>SI <T>ns X 107° <T>ns .

hich i ith th itching tim@
which combined with the switching tim@n nanoseconds In using, e.q.({Ag)z=120 00012 other values ofAy), 2 are

listed in Table 1V, and 7,i)ns=0.01, this results into a value

(D)g1=(Thns X 1072, for \(Agysi/ (Tminyss OF about 0.11.

C. Twisting energies and currents

In all figures showing twisting energies and sheet resis-
tances, etc., the actual calculated values are displayed, solid

yields the following factor that multiplies the square root of
the (quantum mechanically deriveduotient of twisting en-
ergy and sheet resistance in E44):

TABLE IV. Cross section of multilayer pillar sequence Co/Cu/Co used in experiments.

Multilayer pillar sequence

Cross section

Ao (nnP)

Co(100 nm/Cu(4 nm)/Co(dey),
dco=2, 4, 7, and 10 nft
Co(100 A)/Ccu(60 A)/Co(25 A)>

5-10 nm diameter

130+£30 nm diameter

(1-4%19.63

7853.98-20 106.19

Co(40 nm/Cu(6 nm)/Co(3 nm)>? ~50X 50 nm(sample 1 2500.00
~130%X 60 nm(sample 2 7800.00
C(tfixeq NM)/ Co(dc, NM)/ Co(tfee NM) <100 nm diameter 7853.98

tfixed = 4tfree7
Co(30 nm/Cu(10 nm/Co(10 nm>2

~60-80 nm diameter

2827.43-5026.55

Co(15 nm/Cu(10 nm/Co(2.5 nm12 200x 600 cn? 120 000.00
Co(10 nm/Cu(10 nm/Co(30 nm>3 ~40 nm diameter 1256.64
Co(3 nm)/Cu(10 nm)/Co(12 nm13 ~100 nm diameter 7853.98
Co(10 nm/Cu(10 nm/Co(30 nm>* ~40 nm diameter 1256.64
Co(30 nm/Cu(10 nm/Co(12 nm>® 0.05%X0.10 um? 5000.00
0.05%X 0.20 um? 10 000.00
0.07X0.14 um? 9800.00
0.08%x0.16 um? 12 800.00
Co(3 nm)/Cu(10 nm)/Co(12 nm>8 50—200 nm circumference 198.94-3183.10
Co/Cu/Cg30 A)57 0.05%X 0.10 um? 5000.00
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FIG. 1. Co/Cyg/Co, spacer thickness: 34.65 A. Left-hand side
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column: twisting energy and sheet resistance as a function of thons used, see Fig. 1.

rotation angle®. The dashed-dotted line refers to the first order
approximation for the twisting energy. Right-hand side column: cur-
rent as a function of the rotation angk (top) and magnetoresis-
tance as a function of the currefiottom), y(Ag)si/{Tmin'si=1, See
Eq. (44). Solid lines serve as a guidance for the eye.

lines only serve as guides to the eye, namely Figs. 1-14. Fo
illustrative purposes also the first order approximation to the3
twisting energy is depicted in these figures as a dashed lineE
As it is not possible to show all results obtained these figures'4
concentrate on systems with the spacer thickness varying be
tween about 35 and 50 A. This still results in a considerable
number of figures, which, however, seems to be necessar
considering that in experimental studies mostly nanopillars
are used, i.e., most likely an average over thicknesses is re
corded, and also in order to illustrate the complexity of the
effects to be seen. Furthermore, in all figures for the current
[(®) the factor{Ag)s//{Tmin)si IN EQ. (44) is replaced by
unity.

In the investigated range of spacer thicknesses the numbe—
of cases in which the twisting energy is proportional[ 10
—-cog0)], see the corresponding figures for 31, is sur-
prisingly small, whereas in all cases the sheet resistance— g
more or less—is of this shape. This in turn implies that all
special features to be seen 14®) are mostly related to the
functional form of the twisting energy. Taking for example
n=20, I(®) remains about constant fd®=90°, a value
which refers also to the critical current that has to be applied
to drive the system from parallel to antiparallel. However,
one also can see from this figure theE,(®) has a maxi-

[10"Q.m

1(©)

0.20

0.184
0.16
0.14
0.12
0.10

MR [%]

40

30

20

AP
)

0.40

000 005 0.10 015 020 0.25 030
current [mA]

FIG. 2. Co/Cy,/Co, spacer thickness: 36.39 A; for the nota-

0.35

0.30

0.25

0 20 40 60 80 100120140 160180
9, angle of rotation

mum at about 140°: the system has to overcome a smations used, see Fig. 1.
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FIG. 4. Co/Cys/Co, spacer thickness: 39.85 A; for the nota-

tions used, see Fig. 1. FIG. 6. Co/Cys/Co, spacer thickness: 43.32 A; for the nota-

tions used, see Fig. 1.
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FIG. 5. Co/Cy,/Co, spacer thickness: 41.58 A; for the nota-  FIG. 7. Co/Cyg/Co, spacer thickness: 45.05 A; for the nota-
tions used, see Fig. 1. tions used, see Fig. 1.
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05 0.12 0.30:
0354
AP
0.301 0.4 0.10 025{ p
0.254 0.08 0.20
—_— 0.3
% 0.20 —_ % — 0.5
b ‘é: £ 0.06 E i
= 0151 = g2l y =
o —_ 9 . 0.10
o oo 2 i 004 )
< <
0.1 0.05
0.05 0.02
0.00] 0.00- AP
oo{d P 0.00
0.5 T 0,05+
0 20 40 60 80 100120140160 180 0 20 40 60 80 100120140160 180 0 20 40 80 80 100120140160180 0 20 40 60 80 100120140160 180
O, rotation angle ©, rotation angle © rotation angle © rotation angle
38 38
3.6 AP 40 AP 364 AP 40
24] 4] AP
304 304
{,E‘ 3.24 — 3.2
. E
o] 3.04 = o 301 -
5 & e 20
- 2.8 o ‘O_ 2.8 o
B 26 = ~ =
=5 — 2.6+
% 10 @, 104
244 P S a4 P
P
2.2 0 22 o4 P
0 20 40 60 80 100120140160180 00 oO1 02 03 04 05 0 20 40 60 80 100120140160180 -0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30
O, rotation angle current [mA] © rotation angle current [mA]

FIG. 9. Co/Cyg/Co, spacer thickness: 48.51 A; for the nota-  FIG. 11. Co/Cy,/Co, spacer thickness: 51.98 A; for the nota-
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FIG. 12. Co/Cy,/Co, spacer thickness: 53.71 A; for the nota-
tions used, see Fig. 1.

barrier to return to the ground stagearallel configuration
From the entry showing the magnetoresistance versus cur
rent, it is evident that at the critical current the magnetore-
sistance jumps by about 20%. Ror 21 the situation is even
more dramatic, SincAE,(®) has quite a large maximum at
90°, the AP configuration being only slightly less energeti-
cally favored than the P configuration. In this particular sys-
tem the meaning of the critical current is quite obvious: it
simply is the maximum in thé(®) vs ® curve. The same
situation, even more impressive, pertains for25, since
now the parallel and antiparallel configuration are virtually
degenerated in energy, separated, however, by quite a barrie
The figures fom=20, 21, 23, 24, 25, and 27 are perfett
initio analoga for the schematic effective two-level energy
diagram mentioned in Sec. I: the energy displayed in dkis
hoc scheme is nothing but the twisting energy, the schematic
abscissa being the relative angle between the two orienta
tions of the magnetization.

The system with 26 Cu spacer layers is in particular in- _
teresting, since a noncollinear configuration is the groundg
state. In this case a tiny currebout 0.05 mA in this fig- %
ure) produces a magnetoresistance that can be either O%Z
1.5%, or about 6%. It should be noted that the energy barriei®
between the ground state and the parallel configuration is
minute: the system can almost freely oscillate between mag
netic configurations for values @ <60°. Another interest-
ing case seems to be for 30 Cu spacer layers, which shows
strong deviation fronAEfjl)((@) at about® =90°, not enough,

AE(©®) [meV]
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FIG. 13. Co/Cy,/Co, spacer thickness: 55.45 A; for the nota-
tions used, see Fig. 1.
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(ground statgand the P configuration. For<90® < 100° the tions used, see Fig. 1.
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AE(©,®) [meV]

28); and (3) if this slope changes sign, a more complicated
behavior pertainge.g.,n=21, 22, 25, and 26 In the latter
case the system either remains in the switched configuration
(n=21 and 2% or because of a noncollinear ground state
oscillations in the magnetoresistance between zero and a few
percent can occur when a very small current is applied
=26). The so-called telegraph noise seems to refer to the
jumping between such minima in the twisting energy, the
jumping rates obviously being connected with the barrier
between these minima. The current needed to switch a con-
figuration from parallel to antiparall€br vice versarefers
———r——T——— to the largest value df(®).
940 7 The present results suggest that the efficiency of current-
driven switching can considerably be optimized by varying
the spacer thickness: theoretically in using a spacer thickness
of about 43 A(25 layers of Cii perfect switching can be
achieved such that the system remains in the switched state
930- | after the current is turned off. Further theoretical investiga-
tions using the approach presented in here can include inter-
diffusion effects at interfaces or refer to different kinds of
9.25| g magnetic slabgleads such as for example permalloy, a sys-
tem, which because of anisotropy effects in the magnetore-
sistance perhaps is even more complicated than the present
920 — 5260 30 im0 Co/Cul/Co trilayer.
@ [deg] Altogether correlating the twisting energy and the corre-
sponding resistance with the current yields a very consistent
FIG. 15. Top: Twisting energy as a function of both rotation view of the complexity found in current-driven experiments.
angles for the system with 25 spacer layers of Cu. Bottom: precesClearly enough this correlation suffers from the fact that up-
sional energy a®=90°. to-now no quantum mechanical description for the Gilbert
damping factor was found and that a linear response theory
currentl(®) varies almost linear, changes slope, and variesKubo—Greenwood equatipiis used to evaluate the electric

9.35[- -

(107 meV]

AE(O=n/2,®)

again almost linear fo® > 100°. transport properties, i.e., that the current had to be formu-
For n=31 no more interesting effects are observed: thdated as a scalar quantity.
twisting energy can be described in termsAELl)((a); in Finally, it must be noted that the experimentally observed

order to switch from parallel to antiparallel or vice versa acfitical switching currents are by a factor of about 10-100
current of about 0.35—0.6 mA is needed. It should be relarger than the ones obtained. It is recalled however, that an

called that all values of(®) quoted in this section refer to ideal Co/Cu/Co trilayer was assumed while most experi-

\/7<AO>SI/<7min>S|:1 in Eq.(44). ments are based on rather complicated nanostructures such
In Fig. 15, the rotation of the magnetization around the as, for example, nar_10p|llars anq therefore, although a consis-

axis (preces'sioh is shown forn=25. As can be seen the tent approach was introduced in order to evaluate switching

precessional changes in the twisting energy are very smafmes in tﬁarms ofab |r:_|t|o ptaramet.ers,l the fqueitlon of a
This figure justifiesa posterithe approach taken to evaluate comparable Cross sec iqoinit area is also of quite some

and discuss the switching time,;,. Importance.
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