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Abstract

The behaviour of the magnetization in a ferromagnetic metal/nonmagnetic
insulator/ferromagnetic metal/paramagnetic metal tunnel junction is studied, using the
nonequilibrium Keldysh formalism. The two ferromagnets are described using the single-band
Hubbard model. The left one is treated in the mean field approximation and the right
ferromagnet within a (nonequilibrium) spectral density approach which takes interactions
beyond the mean field into account. When a voltage is applied to the junction we observe a
change of the relative orientation of the two magnetizations, which can be switched from
parallel to antiparallel alignment and vice versa. This switching appears in a self-consistent
way, so there is no need to use half-classical methods like the Landau-Lifshitz—Gilbert equation
one. The dependence of the critical voltage at which the magnetization changes its sign on the

model parameters can be studied in a systematic way.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Current-induced switching of magnetization was proposed
by Slonczewski and Berger independently of each other in
1996 [1, 2]. Shortly afterwards it was confirmed by several
experimental groups [3-5]. The idea behind this effect is the
following: electrons in the conduction band of a ferromagnet
will align their spin direction with the magnetization to
minimize their energy. By applying a voltage they can
be transported through a nonmagnetic layer (either metallic
or insulating) to a second ferromagnet. Thus there is a
transfer of spin angular momentum between the ferromagnets.
This can act as a torque on the second magnetization.
If the current densities are high enough (typically >10°—
107 A cm™?) this torque can be sufficient to destabilize the
magnetization and switch its orientation relative to the first
ferromagnet. Slonczewski showed that this effect can be
modelled in the framework of the Landau-Lifshitz—Gilbert
equation which was also used by several other authors [6-10].
However, this equation has several disadvantages. It is a
semiclassical, macroscopic equation which does not take the
quantum nature of spin into account. The magnetization
is treated as a classical vector which can take arbitrary
orientations in space. Strictly speaking, this is not correct,

0953-8984/10/026003+09$30.00

since it consists of averages over spins which are quantized.
Another problem is that several important parameters such
as the Gilbert damping are still not completely understood
on a microscopic level [11, 12]. Furthermore it is hardly
possible to treat the electron—electron interaction, which may
play an important role for the switching, above the mean field
level. To address these shortcomings we want to formulate
a microscopic theory which is able to model current-induced
switching of magnetization without relying on the Landau—
Lifshitz—Gilbert equation.

The paper is organized in the following way. In the next
section we will present the model Hamiltonian. Since it will be
a non-trivial many-body problem it cannot be solved exactly.
Therefore we developed an approximate solution which will
be derived in section 3. The numerical results from the theory
will be discussed in section 4. The paper finishes with a short
summary in section 5.

2. The model

The Hamiltonian of the system is identical to the one used
in [13]:

H = Hy + Hy + Hy+ Hgi + Hr + Hrp + Hp. (1)

© 2010 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic representation of a tunnel junction with applied voltage V. Two ferromagnets L and R are divided by an insulator I. To
the right of the second ferromagnet there is a paramagnet which acts as an electron reservoir. The black arrows symbolize the magnetization
direction, which is always up in the left ferromagnet and can be varied in the right one.

Hi (r) describes the left (right) ferromagnet, H; the insulator
and Hp the paramagnet. The two ferromagnets are given by
the Hubbard Hamiltonian

Hy = Z(GkM -

kyo

annw o ()

iyo

VM)CIT(M(, Ckyo +

where M stands for either L or R. c(T) is the annihilation

(creation) operator of an electron w1th wavevector k;; and
spin o in the region M. The Hubbard-U,, determines the
interaction strength, 71;,,, = c;ercng is the occupation number
operator and Vj, is a voltage-dependent shift of the centre of
gravity.

The insulator and paramagnet are assumed to be non-

interacting.  Thus they are described by the following
Hamiltonian:
Hy =) (e, = V¥)dy ,die  (X=LP). (3)

kyo

The construction operators in the non-interacting regions are
denoted by the letter d. Vx is the shift of the centre of
gravity which is a result of the applied voltage V. We choose
Vo=0,Vi =V/2,Vg = V and Vp = V. This choice will
lead to the behaviour shown in figure 1. The sign convention
is chosen in such a way that positive (negative) V will shift the
right regions to lower (higher) energies compared to the left
ferromagnet whose centre of gravity defines the zero point of
energy.

In order to get a finite current through the junction the four
regions have to be coupled. This is modelled by a hybridization
between neighbouring regions (M = L,R; X =1, P):

Hyx = Z (€kkaC|T(M{,dea +h.c.). 4)
kykyxo

The strength of the hybridization is determined by the
coupling constants €, x, Which we assume to be wavevector
independent and real, i.e. €x,x, = €yx = €xyu. They will

be treated as parameters since it is not possible to determine
them self-consistently within the proposed theory. Since Hyx
couples regions with different chemical potentials the system
will be out of equilibrium and the Keldysh formalism [14] has
to be used for the subsequent calculations.

The central quantity for the discussion of current-
induced switching of magnetization is the nonequilibrium
magnetization mpg of the right ferromagnet. It can be expressed
through a lesser Green function defined as Gy ,(t,1") =

i(cltka (t")cxyo (1)) in the following way:

mgR =:nR4~—-nR¢
1
2mN/ dEZ Gy (E) = G (B)], (5)

where nr , = (iir ») is the occupation number of particles with
spin ¢ in the right ferromagnet. The first step for calculating
the lesser Green function is to determine the retarded one,

Gy o (E) = ((Ckyo: Cfo))- This task can be solved in a
straightforward way by the use of the equation of motion
method. One finds for the Green function

1

E . 6
Wl = T A O

The two different self-energies which appear in the denom-
inator are related to the interactions due to the Hubbard
term (Zf(RU(E )) and the transport due to the hybridization
(Akyo (E)). The interaction self-energy is defined in the usual
way:

(E)Go (E) = (([exeo. HY' i e oV (D)

kR(T

where Hi™ is the Hubbard part of the Hamiltonian (2). The
transport self-energy follows immediately from the equation
of motion approach. Thus we will just state the results here. Its
retarded and lesser components are given by

Z G E) +) gy (E)  (8)

kp

Al (E) =

kRa
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G\ (E) is the Green function of the insulator when it is

only coupled to the left ferromagnet:

1
Gt (E) = : ©)
i E—ey — ZkL Gi/llglr(La(E)

The equilibrium Green functions of the left ferromagnet and
the paramagnet, g, ,(E) and g, (E), are given by

1
E — e, — 2, (E)

8kyo (E) = (M =L,P). (10)
Since the paramagnet is assumed to be non-interacting its self-
energy is simply Xy (E) = —i0". The self-energy of the
left ferromagnet which is not trivial due to the interactions will
be specified later on. Now that the retarded Green function
is known, the lesser Green function follows from the Keldysh

equation which in this case reads [15]

(Zoo(E) + Ag o (B)) Gy o (E)P. (1D

The lesser transport self-energy was already given in (8) where
the lesser components of the two Green functions on the right-
hand side are

Gro(E) =

Gir (E) =Y g (B)GL (B (12)
ki,
and
gr o (E) = =2ify(E)Img} (E) (M =L,P). (13)

fu(E) is the Fermi function of the lead M with chemical
potential py. The potentials are closely connected to the
applied voltage by the relation pup, — up = V. Apart from
the interaction self-energies the above expressions form a
closed set of equations for calculating the magnetization of
the switching ferromagnet. The determination of the right
interaction self-energy is no easy task, due to the fact that the
Hubbard model is not exactly solvable and that one cannot use
equilibrium relations, such as the spectral theorem, which often
play an important role for the self-energy calculations. These
difficulties can be overcome by a so-called nonequilibrium
spectral density approach (NSDA) which we will present in
detail in the next part of the paper.

3. The NSDA

The NSDA is based on a high-energy expansion of the retarded
Green function. By means of its spectral representation, which
still holds in nonequilibrium, it can be expressed using the
spectral density Sio (£, 1) = 3= ([Cor (1), o (1141

* Skeo (E)
E dE/ =R 2
ko () = / E—E

N

! EOO/ dE’ (E>S (E)
- kro
E =J- E
(n)
& My
- Z Entl’

n=0

(14)

In the last step the definition of the spectral moments

oo
M = / dEE" Sy, (E) n=0,1,2,... (15)
—00
was used. Alternatively the moments can be calculated using
the following relation:

M =([.. [k, Hl—, H]— ...

kro

[H....[H ¢, 1. 115 (16)
The total number of commutators within the anticommutator
on the right-hand side has to be equal to n. This relation
is quite useful because it allows one, at least in principle, to
calculate the moments exactly to arbitrary order with a given
Hamiltonian. The Green function (6) can be rewritten as

9 H]*’

EG} , (E) = 1+ (e + =, (E)+ AL, ()G, (E). (17)

Inserting the expansion (14) and the corresponding expansions
for the self-energies

00 Cl((m) 00 l((m)
o o
Do (B) =D 2%, Ao (B) =D —2= (18)
m=0 m=0

into this expression yields a system of equations for the
unknown coefficients Cl((':; which determine the interaction
self-energy. Since the spectral moments on each side of the
equation are not energy dependent, the relation can only hold
if the prefactors of the 1/E terms are identical in every power
of n. Comparing them leads to the following expressions for

the first few self-energy coefficients:

(1)

M
0) kro (0)
kro — (S) — kg — DkRa (19)
kro
@) M\ 2
Cl((l) _ My _ (Mkka> _ Dl((l) (20)
RO 0) 0) RO
MkRa MkRO'
©) ) 7702 M3
C(2) _ MkRO' _ MkRaMkR(f + MkRa _ D(2) (21)
kpo ™ M(O) M(O) 2 M(O) kgo
kro ( kRa) kro

To solve these equations one needs the first four moments
of the right ferromagnet and the first three moments
of the transport self-energy. But even without their
explicit knowledge one can make some important statements.
The ansatz (18) will always lead to a real self-energy,
i.e. quasiparticle damping cannot be taken into account by this
method. The advanced and retarded self-energies will thus
be equal, Xy (E) = Zg  (E). Additionally one can show,
e.g. by using the ansatz of Ng [16], that real self-energies

always lead to vanishing lesser self-energies, i.e. £  (E) = 0.
Therefore the Keldysh equation can be simplified to
G (E) = A, (B)|Gy, (E)I%. (22)

The next step will be the calculation of the spectral moments
of the right ferromagnet which are given by

1 Cike-(R. —R.
M, = = SRR R ey, H]
iRJR

[H...[H c},l- .. ]-1).

H]fa

(23)
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This is a tedious but straightforward procedure. Here, we will
give only the results:

Mo, =1 e

My = €t + Urnir @

ME, = &+ 2Wreinr o + Udne o + Y &y (26)
X=LP

MS{L — Gk + Z ZekReRX + T, XERX)

=LP

+ Ur :3€|€RnR,—O’ +2 Z ERxMR—0 + Bl,—a(kR)}
X=Lp

+ Ul%{((2 +nR g )€k, + TorR)NR 0 + Bs.—¢ + Br.—»
+ By, (kg)} + Upng . (27)

To.x is the centre of gravity of the band in region X and the
band corrections which appear in the third moment are defined

as
By _o(kg) = Z 3 e Ry ROT,
X=LPig jrix
x (T,Rlx< i odiy—o) — T (d] o cip—) (28)
Bs o= — Z Trje{Ch o Civo@nigo — 1) (29)
lRJR
Br o = ﬁ D0 Thildd) yciioCnige — 1)) (30)

X=LP irix

BW,*O’ (kR) Z TIRJR —ikg: (R'R R’R) (<an o'an a)

iRJR

2 Pt Pt
—NR, ¢ — (C‘quC‘jR—qciR—UciR(T> - <chqciR_quR—(TciR(7>)'

€19
All the correlation functions which appear in the above
equations have to be calculated within the Keldysh formalism.
For B; _,(kr) this is quite easy, because it can be reduced
to another known quantity. Fourier transformation to the
wavevector dependence leads to

By (kg) = Z D e (erx (o iy o)

—LP qrkx

- GXR(dEX_quR—a))

21
=3 2 D err Im((eq gy o))
X=LP qrky
Z Y anerx Re(Gy g o): (32)
X=LP qrky
where the ‘mixed’ Green function Gg (1) =

i(cjlk_(7 (t")dk,—o(t)) was introduced. On the other hand one
can show that

(Ng) = i(lH, N§]-)

=i) ([H. fig]-)
qr
=-2 Z Z erx Re(Gy g, )

X=LP qrky

(33)

Therefore Bj _,(kr) will be proportional to the time-
dependent change of total particle number in the right

ferromagnet. Since the theory is not explicitly time dependent,
this term will always be zero. Thus B; _, (kgr) will vanish and
can be neglected.

Compared to that of the first band correction, the
calculation of By, _,(kgr) is quite a bit harder, since it will
depend on the wavevector. However, in other works it was
shown that this dependence can be neglected without changing
the magnetic behaviour of the system very considerably [17].
Thus we will only use the average over all wavevectors:

1
Bw.—o =+ > Bw, o (k)
kg

= Tor{nr,—o (1 = 1R —¢) — 2{ftiy—oTigs )} (34)

For ir = jr there is a close resemblance between By, _, and
Bs,_,. They can be combined to a single-band correction:

BSW -0 = BS ot BW -0 = _TO,anR,fa

+ = Z(TlRJR

iRJR

Tor) (€] s Cix—o Qo — 1)) (35
The higher correlation function which is part of this band
correction can be reduced to a single-particle Green function.
In order to show this one first has to multiply

[H, C,R o= ZTlRiRC,TR,G + URﬁiRaC,TR,(7
S S 0
X=LP ix

with ¢, _, from the right and then to form the average to get

+
Z Tthz (ClR—a CjR70'>
IR

+ Ur(figo €} _oCjna) + Z Z Tiie(d}, o Cle—o)-

X=LP ix

([H.cl 1 cjpo)=

(37

On the right-hand side one notices the correlation function of
interest, apart from a trivial commutation. With the help of the
Heisenberg equation of motion the left-hand side can also be
reduced to a one-particle Green function:

0
([H, ¢} _1-(Dcj—a(t)) = —i—(c] _, (1)eju—o (@)

ot
9
=—-=G;, (1
ot JRIR— U( )
19 -
=== d EG5, ,(E)e F "
2m 9t i
i SE(—
= _Z/_ dE EGy ,(E)e 0. (38)

The two remaining correlation functions can be replaced by
lesser Green functions, too:

i o

(C;R—a(f)cjk—a(f/)) = _E/_ dEGT,, L(E)e EC=D
(39)

(d], o (D)oo () = ——/ dEGS,, _,(E)e E¢0,

(40)
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Putting these equations into the expression (37) for t = ¢’ and
transforming to wavevectors leads to

- T _ i ikg (R —R;
<niR0CiR*ngR*O'> = 2ANUs %:e Re(Rjg Ry )

x/ dE|:(—E+€kR)G|?R_q(E)

[e¢]

+ > ZG;Rng(E)eXR}.

X=LP ky

(4D

The ‘mixed’ Green function Gy, is closely related to the
Green function of the right ferromagnet through the relation

Z Z Gigkyo €xR = Giyo Akpo - (42)

X=LP ky

Applying the analytic continuation rules given by Lan-
greth [15, 18] to this equation to get its lesser component yields

< _ < < a
§ E Gikyo€kike = Okpo Ao T Oigo Bkpo -

X=LP ky

(43)

Thus the integral core can be written as

[(—E+ )G o+ D Y Grg o€xrl

X=LP ky
= (_E + €ky + A{(R—U)GI?R—O’
+ Gr AI?R—UGﬁR—(T(GiR—U)71

kr—o

= - EIL:R —0 Gl?Rf(f (44)

which leads to the following expression for the correlation
function:

Aot ) _ 1 ikg-(R; —R;, )
(n,chiR_ac]R_(,) = _ZJTNUR E e jr ~Rig
kg

oo
x f dESY_(E)Gy,_, (E). (45)
—00
Therefore the band correction Bgw, _, reads
i
Bsw. o = —Torns _, — —— —T
sw, ORMR, 5 ~ 5 %:(Equ 0.R)
o 2
X /_oo dE[(U_REkR_”(E) — I)GkR_G(E)]. 46)

The last remaining band correction is By _,. Its structure is
very similar to that of Bgw _,. Thus the calculation of the
higher correlation function runs along the same lines as were
shown above. For the sake of brevity we will not go into the
details of this calculation. The result is

i > a
Brg=—7— ;/_w dE|(E — e, — T, _,(E))

2 2
x (U—RELRAE) - 1) Gi (E)+ U—RA.ERg(E)}
47)

All non-vanishing band corrections which are part of the
third moment can be merged into a single one which we call
BR’,UI

nr,—o (1 = R —¢)Br —o = TorNg _o + Bsw.—o + Br,—o
_ Z/wdE 2 (E) —1
N ) Ug &=

2
X (E — Tor — Zt o (E))Gy._, (E) + —RAERU(E)}.

U
(48)

Thus the first four moments of the right ferromagnet are
known.  For the determination of the self-energy one
additionally needs the first three moments of the transport
self-energy. It can be split into two parts which describe the
coupling to the insulator and the paramagnet, respectively:

Abo(E) =Y eqGu (E) + ) eppgiog (E)
ki kp

(m)
_ i ZX:I,P ka Eﬁkar:a

m+1
m=0 E

00 D(””)

L Z kro )
Em

m=0

(49)

The first two moments of both the insulator and the paramagnet
are almost trivial. For X = I, P one finds

MY =1,

kyo

(50)

By comparison with these moments the first three Dl((’:; can be
easily determined:

DY =0 (51)

Dy, =) ey (52)
X=LP

DY, = exxTox (53)

This is all the information that one needs to calculate the
coefficients of the interaction self-energy. Putting the moments
into equations (19)—(21) yields

C) = Urng. —o (54)
Col = Ugng o (1 — ng —q) (55)
C = Ugng o (1 — g —)(Br—o + Tox)

+ Ugng,—o (1 = nr —6)*. (56)

For high energies it is permissible to restrict the expansion (18)
to the lowest orders of 1/E. Therefore the following
approximation should be valid in this limit:

C(l) (2)
Tp o (E) = C 4 —Xo 4 ko

E E?
C(l) C(z)
0) kro kro
=l + 1+ +oe
ot T Mo
0
~ O o
N Ot o
— CI((|R)
Ro
E —Br_o— T
— Unnn s R—o — lOR 57)

E—Br_o—Tor — Ur(1 —np _5)



J. Phys.: Condens. Matter 22 (2010) 026003

N Sandschneider and W Nolting

0.8 T T —
a)

0.78

0.76

Magnetization
=]
~
N

L L 1 L L
0 01 02 03 04 05 06

Evp(eV)

3 T T T T T T T T T T
b — —
emr=0.5eV
2r —ey=0.6eV| |
—_ I —emi=0.7eV] 1
> 1 -
L I
a0
o L |
2l 7
S -
2F .
_ = L | i | i | i L L L L =
-1.5 -1 -0.5 0 0.5 1 1.5

Energy (eV)

Figure 2. (a) Magnetization of the right ferromagnet as a function of the strength of hybridization €, between the insulator and the
ferromagnets without applied voltage. For comparison reasons the absolute value of the antiparallel magnetization is shown. (b) The QDOS
of the right ferromagnet for different hybridization strengths and parallel alignment. Only the lower Hubbard bands are shown. Parameters

from table 1 were used.

This is the main result for the NSDA self-energy. It formally
coincides with the equilibrium spectral density approximation
(SDA) [19], but they are by no means equal, because of the
band correction Bgr _,. In equilibrium it can be calculated
using

1
mr o (1= nr o) BRY, = ) (e, = Tow)
kg

(o]
X / dEfR(E) (Ui(E — €ky) — 1) Ske—o (E),  (58)

—00 R
which is obviously not the same as (48). However, one can
show that the NSDA band correction is reduced to (58) in the
equilibrium limit €1, egp — 0, i.e. the SDA is a limiting case
of the NSDA.

4. Numerical results

For the numerical evaluation of the theory we used the mean
field approximation for the left ferromagnet, %)  (E) =
Upny,_o. On choosing Uy, large it will become a half-
metal, i.e. only electrons of one spin direction are present
near the Fermi energy. The spin axis of the left ferromagnet
is chosen as fixed, so its majority electrons will always be
spin up. Thus its magnetization is positive. The right
ferromagnet is aligned parallel (antiparallel) to the left one if
its magnetization is positive (negative). We already showed
that the proposed theory is indeed able to model current-
induced switching of magnetization in another paper [13].
The magnetization shows a hysteresis-like behaviour in the
dependence on the applied voltage. This can be explained
in terms of the quasiparticle density of states (QDOS) of the
two ferromagnets. A hybridization between two bands will
lead to a repulsion between them. How strong this repulsion
will be depends on three factors: the hybridization strength,
the energetic distance of the bands and their spectral weight.
The repulsion only acts between bands with the same spin.
With these observations it is possible to completely explain the
magnetization behaviour.

In this paper we want to study the parameter dependences
of the magnetization and their influence on the switching
behaviour. The variation of the critical current which changes
the sign of the magnetization is of special interest. It can
be plotted in the form of a phase diagram where regions
with parallel and antiparallel alignment are shown. At least
in principle, one has to plot two phase diagrams for each
parameter, one starting with parallel the other with antiparallel
alignment. On the other hand, one voltage semiaxis would
always be trivial, since e.g. for parallel orientation positive
voltages are never able to switch the magnetization. The phase
diagram would consist of one phase only. The same holds
for antiparallel alignment and negative voltages. Therefore
one can combine the two phase diagrams into a single one
by leaving out the uninteresting single-phase regions. In
the resulting phase diagram positive (negative) voltages mean
that the calculation was started with antiparallel (parallel)
orientation.

4.1. The hybridization strength

The magnetization of the right ferromagnet without any
applied voltage is shown in figure 2.  For vanishing
hybridization strength, €); = 0 eV, it is identical for the
two alignments. Since in this case the ferromagnet is only
coupled to the paramagnet, this is to be expected, because
there is no preferred orientation for the spin. Therefore
the distinction between parallel and antiparallel becomes
meaningless. The only difference between the magnetizations
is their sign. With increasing hybridization strength the
magnetization increases for both alignments. For small €y
the curves are almost identical. Above €y; ~ 0.3 eV a
small splitting becomes visible which gets enhanced above
ey ~ 0.45 eV. For higher hybridization strengths both
magnetizations grow approximately linearly and the slope of
the antiparallel curve is slightly higher. The reason for this
increase is the repulsion between left and right spin up bands.
It will be stronger for higher hybridization. For antiparallel
orientation the right spin up band will be above the left one,
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Figure 3. (a) Voltage-dependent magnetization curves of the right ferromagnet for different hybridization strengths €,;. (b) Dependence of
the critical voltage on the hybridization strength. Positive voltages start from parallel, negative voltages from antiparallel alignment. The cases
of positive (negative) voltages starting with parallel (antiparallel) alignment are not shown because they are trivial since the phases are always
stable, as can be seen in the left figure. Parameters from table 1 were used.

so growing €1 will move it to higher energies. Since spin up
is the minority spin direction in the right ferromagnet in this
situation, this results in an increase of the magnetization. For
parallel orientation both spin up bands lie at the same energy.
Therefore there is no big movement of the whole band, but
only a dislocation of spectral weight away from the common
centre of gravity which can be seen in figure 2. Thus the
magnetization will increase in this case, too, but not so strongly
as for antiparallel alignment. However, the relative difference
between the two orientations is not very large.

If the hybridization strength is too low, the V' = 0 phases
remain stable. This can be seen for the ¢ = 0.2 eV curve
in the left picture of figure 3 and also, in a more systematic
way, in the phase diagram on the right. There is only a
small change of magnetization: for negative voltages it is
slightly reduced, while for positive voltages it is increased.
But this change is not strong enough to destabilize the system.
Only if the hybridization exceeds a certain value will it be
possible to change the direction of magnetization by applying
a voltage. Since the current is proportional to the hybridization
strength that means that there is a critical current below which
it will not be possible to switch the magnetization. This is in
agreement with experimental observations [20]. The critical
hybridization strength is slightly lower for parallel alignment
than for antiparallel orientation (€ 0.27 eV compared
to €umn 0.31 eV). This disagreement is caused by the
already mentioned fact that in the parallel case the current is
determined by the majority bands while in the antiparallel case
it will be carried by the minority band. This leads to a lower
current, and thus a higher hybridization strength is needed to
reach the critical current density. After switching becomes
possible above the critical threshold, a further increase of
€)1 will lower the critical voltage, so a reorientation of the
magnetization will be easier. For higher hybridizations this
behaviour is reversed again, i.e. the switching point moves
to higher voltages. This is caused by an increase of the
magnetization itself as can be seen in figure 2. One should
note the asymmetric behaviour of the magnetization: the
transition from parallel to antiparallel is only possible for

Table 1. Standard parameters. In all subsequent calculations these
values were used, unless stated otherwise.

Occupation number n=0.7
Coulomb interaction strength (eV) UL = 20
Urp =4
Hybridization strength (eV) €1 =0.5
ERp = 0.05
Centre of gravity (eV) Ty =5
Tor =ToL. =0
Bandwidth (eV) W, =3
Wr=1
WR = 2
Wp == 5
Temperature (K) T=0

negative voltages, while the inverse transition happens for
positive voltages only. This is one of the hallmarks of current-
induced switching of magnetization [21].

4.2. The Coulomb interaction strength

The dependence of the magnetization of the right ferromagnet
on the Coulomb interaction strength Uy is shown in figure 4.
A critical Ur. ~ 1 eV will be necessary to get a finite
magnetization for both alignments.  Above this critical
interaction strength the magnetization strongly increases and
will go into saturation for higher Ur. Compared to the
(equilibrium) SDA magnetization, which is shown as a dotted
line, the NSDA has a smaller critical interaction strength and
the transition to saturation is much faster. Also the saturation
value is higher. The last point is a consequence of the
fact that the occupation number of the right ferromagnet is
not fixed in nonequilibrium, contrary to the equilibrium case.
The value of ng = ngr4 + ng, is a result of the position
of the chemical potentials in the two leads. For n 0.7
in the leads we find ng 0.77 for the right ferromagnet
which is exactly the saturation value of the magnetization. The
relative orientation of the magnetization plays no important
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Figure 4. Magnetization of the right ferromagnet for both alignments
as a function of Coulomb interaction strength Uy without applied
voltage. For comparison reasons the absolute value of the antiparallel
magnetization is shown. The dotted line is the equilibrium SDA
magnetization. Parameters from table 1 were used.

role since the P and AP curves are virtually identical. Both
orientations behave in a similar way to the SDA, with the
above mentioned differences. The higher magnetic stability
of the nonequilibrium system results from the coupling to the
fully polarized left ferromagnet. This will obviously increase
the probability for creating a spin asymmetry in the right
ferromagnet.

The voltage-dependent magnetization curves and the
corresponding phase diagram are shown in figure 5. Since the
right ferromagnet does not have a finite magnetization below
Ur = 1 &V, there cannot be switching below this value either.
However, due to the current the magnetization will be non-zero
if a voltage is applied. For positive voltages spin up electrons
will flow from the left to the right ferromagnet, resulting in
a positive magnetization, i.e. parallel alignment. For negative
voltages the situation is reversed, which leads to antiparallel
orientation as can be seen in the phase diagram.

Above Ur = 1 eV there will be a finite magnetization
for both alignments, even without an applied voltage. For all
higher Coulomb interaction strengths the system will show a

I
®
T

N
AN
\

Magnetization
<

010 01 02
Voltage (V)

-0.2

transition from antiparallel to parallel for positive voltages and
from parallel to antiparallel for negative voltages, respectively.
Both from the voltage-dependent magnetization curves and
from the phase diagram one can conclude that the critical
voltage needed for switching the magnetization increases with
increasing Ugr. Since the right magnetization also grows
with increasing Uy this is a direct consequence of the higher
magnetic stability of the system. Therefore higher voltages
(currents) are needed for a reorientation.

5. Conclusion

We developed a microscopic model of a magnetic tunnel
junction for the description of current-induced switching
of magnetization. The ferromagnets were described using
the single-band Hubbard model and the coupling between
the regions was simulated by a hybridization between
neighbouring bands. Since the Hubbard model is not exactly
solvable we further developed the so-called NSDA which
allows a self-consistent calculation of the magnetization taking
into account interactions beyond the mean field level. For
the numerical evaluation the left ferromagnet was treated
in the mean field approximation and the right one in the
NSDA. It was shown that the repulsion between the bands due
to the hybridization is responsible for getting the switching
behaviour. The dependence of the critical voltage at which
the magnetization switches its sign on the model parameters
can be studied in a systematic way. We presented results for
a variation of the hybridization strength €,,; and the Coulomb
interaction strength Ug of the switching magnet. The results
indicate that a certain critical €,y is necessary to get switching.
This is in qualitative agreement with experiment, because the
tunnelling current is also proportional to €. With increasing
Ur the magnetic stability of the ferromagnet is enhanced. Thus
switching will be more difficult. This is also an expected
result. Therefore we conclude that the model is indeed able
to qualitatively describe the phenomenon of current-induced
switching of magnetization.

0.3

0.2

S
=

Voltage (V)
o

-0.1

Ur(eV)

Figure 5. Left: voltage-dependent magnetization curves of the right ferromagnet for different Coulomb interaction strengths Ug. Right:
dependence of the critical voltage on Ug. Positive voltages start from parallel, negative voltages from antiparallel alignment. Parameters from

table 1 were used.
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