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Spin-dependent transport through an interacting single-level quantum dot coupled to ferromagnetic leads
with noncollinear magnetizations is analyzed theoretically. The transport properties and average spin of the dot
are investigated within the nonequilibrium Green function technique based on the equation of motion in the
Hartree-Fock approximation. Numerical results show that Coulomb correlations on the dot and strong spin
polarization of the leads significantly enhance precession of the average dot spin around the effective molecular
field created by the external electrodes. Moreover, they also show that spin precession may lead to negative
differential conductance in the voltage range between the two relevant threshold voltages. Nonmonotonous
angular variation of electric current and change in sign of the tunnel magnetoresistance are also found. It is also
shown that the diodelike behavior in asymmetrical junctions with one electrode being half-metallic is signifi-
cantly reduced in noncollinear configurations.
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I. INTRODUCTION an effective exchange field, which exerts a torque on the
electron spin and makes the spin precesses by a certain angle
Current interest in electronic transport and spin effects imefore the electron leaves the dot. In the first order approxi-
mesoscopic tunnel junctions is stimulated by their possiblenation, the spin precession is driven by the Coulomb inter-
applications in microelectronics and spintronics devices. action on the dotdescribed by the Hubbard correlation pa-
One of the most widely studied spin-dependent effects inrameterU) and disappears wheld tends to zero.
magnetic tunnel junctions is the tunnel magnetoresistance In this paper we extend the earlier descriptfdn& of

(TMR). This phenomenon appears as a change in the JUN%lectron tunneling through a QD with noncollinear magneti-

tion resistance when magnetic moments of external elecz'ations by going beyond the first order approximation. In
trodes rotate from a parallel alignment to a noncollinear oné

(or to antiparallel alignment in a particular casSuch a order to calculate the tunneling current and spin precession,

rotation of magnetic moments may be induced, for instance!’© employ the nonequilibrium Green function technique and

by an external magnetic field. The TMR effect may occur ir]Iimit ConsiQerations to the_ Hartree_-Fock approxima_\tior?.
planar junction$;® mesoscopic double-barrier junctiofrs, Hence, b_e5|des the sequen_tlal tunneling al_so _the contrl_butlon
granular system¥:11and others. When the central part of q due tp hlgher orde_r tunneling processes is mcluded_ in the
double-barrier junction is sufficiently small, the interplay of description. Numerical results show, that spin precession also
discrete charging by single electrons and spin dependence 8Kists in the limit ofU=0. However, Coulomb correlations
tunneling processes can lead to additional interesting featur&ignificantly enhance the precession. This, in turn, may lead
in the corresponding transport characteristics. to negative differential conductance in a certain bias voltage
Up to now, most of theoretical works on transport throughrange. We predict that symmetry of the junction, barrier
guantum dot$QDs) coupled to ferromagnetic electrodes was height, and spin polarization of magnetic leads may signifi-
limited to collinear, i.e., parallel and antiparallel magneticcantly influence spin dependent characteristics of the dot. In
configurations?8 It is only very recently when transport particular, it is shown that the diodelike behavior in asym-
in systems with noncollinear magnetizations wasmetrical junctions with one half-metallic electrode is par-
addressed®2? In particular, it has been shown that the di- tially suppressed in noncollinear configurations. However,
odelike features in transport characteristics of systems witthe suppression is much less evident than that obtained
one electrode being half-metallic are significantly reducedwithin a simplified theory neglecting the exchange interac-
when magnetic moments of the electrodes becoméons between the dot and leaids.
noncollinea® However, this behavior was studied only in ~ The paper is organized as follows. In Sec. Il we describe
the sequential tunneling regime. model of the system. The theoretical method is described in
In recent papefd-22spin precession in electron tunneling Sec. Ill, where the equation of the motion method is used to
through an interacting quantum dot was studied theoreticallgerive nonequilibrium Green functions of the dot. Transport
in the first order approximation with respect to the tunnelingcharacteristics are calculated in Sec. IV, whereas relevant
Hamiltonian. Such a precession takes place when magnetimumerical results on tunneling current, magnetoresistance,
moments of the leads are noncollinear, and occurs becaused spin precession are presented and discussed in Sec. V.
an electron entering the dot in a tunneling event is subject t&inally, a summary and general conclusions are in Sec. VI.
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z parameter, whereas andc, are the corresponding creation
Y and annihilation operators for electrons with spin orientation
X o=1(]). Finally, the tunneling termH,, in Eq. (1) takes the

form

He=Hy+H!, (4)

where the first term describes tunneling through the left bar-

FIG. 1. Schematics of the system considered in this paper. ThEier'
coordinate systems used to describe states of the dot is also shown.
I _ | |
Hi= > (ThadjC; + Thajc)) + h.c., (5)
Il. MODEL k

We consider a single-level QD coupled to two ferromag-whereas the second term corresponds to tunneling through
netic metallic leads by tunneling barriers. Magnetic momentshe right barrier,

in the external leads lie in a common plane and form an
arbitrary anglep. To describe electron spin we will use the
local and global quantization axes. The local axes are deter-
mined by the local spin polarization in the leads. The global
quantization axigthe axisz in our casgis assumed to coin- +[Tiaf-cos¢/2) + Ty, sin(¢/2)]c } + h.c., (6)
cide with the local one in the left electrode. Spin projection
on the local quantization axes will be denoted@ss+ for  and h.c. stands for the hermitian conjugate terms. The tun-
majority electrons ang=- for minority electrons, whereas neling termsH! and H} have different forms because the
projection on the global quantization axis will be denoted ascorresponding local and global axes are parallel for the left
o=T7 ando=]. Axis y of the coordinate system is normal to electrode and noncollinear for the right one.
the planexz determined by the spin polarizations of the
leads. Geometry of the device and the orientation of the co-
ordinate system are shown schematically in Fig. 1.

The whole system can be described by a Hamiltonian of
the general form

H; = 2 {[Theaf.cod¢/2) - Ti_a_sin(¢/2)]c,
k

Ill. GREEN FUNCTIONS OF THE DOT

To calculate electric current in nonequilibrium situations

we will make use of the nonequilibrium Green function de-
H=H,+H, +Hy+H,. (1) fined on the Keldysh contod?f. The causual Green function
of the dot is defined a@agr(e)z(<cg|c;,))e. Writing equa-

Th rmH ri he | =l) and right(v=r) elec- . . .
ete v describes the leftv=1) and right(v=r) elec tion of motion for((c(,|c(+,,)>e, one arrives at

trodes in the noninteracting quasiparticle approximation

— v At *
H,= Ek B;_skﬁavkﬁavkg, ) (€= €(ColC, M= 8y + % [Ths({@nglcs e
whereey, is the single-electron energy in théh electrode +Tﬂk<<ark,e|c+r>>5005(¢/2)
for the wave vectok and sping, whereasa:kﬁ anda, are 7
the corresponding creation and annihilation operators. The —,BTL[B«afk_,;Ic;,>>ésin(go/2)]

termHy in Eq. (1) describes the QD, « %) )
+U(C,N_g]C e 7
Ha= 2 edC,Co + Uniny, &)

(o8

where 8=+ for o=1 and B8=- for o=]. Applying equation
wheren,=c’c, is the occupation operatosy denotes the of motion to the four Green functions on the right-hand side
energy of the discrete level) is the electron correlation (rhs) of Eq. (7), one finds

(e = ei{(aglCh e = ThgllC,leh e (8)
(e~ ehe)((@nplCh)e = Tegl{ColCh ) cOs 9/2) + BTis(Co lc, M Sin(el2), (9)
(e e p){(@nplCh))e = Thgl{C_lCh N COL2) = BT 4(C,lch ) esin(@l2), (10)
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(6 €&~ U)<<Can—a|cz/>>e = <{Ca'n—o'l C;'}> + Ek: [T;;,I[;<<a|kﬁ|cj—r'>>e + T;,r8<<arkﬁn—a|C:;/»ecoi@/z) - IBT*k£ﬁ<<a1’k—Bn—o'|C;f»eSin((P/Z)

- le—ﬁ<<ca'a|T(—BC—U|C:/>>5 - TLI—ﬁ<<C(Ta|k—BCt0'| C:—’>>e - TL—ﬁ«Co’a:.k—ﬁc—oJC;/>>5C01 (10/2)

= BTal(Cori gm0l Co) SIN(@12) = T, L 4((CopClo|Ch ) COL 0/2)

= BTi(CotripCl,|C, ) eSIN(@/2)]. (11)
[
Now, the Hartree-Fock decoupling scheme is applied to T2 T, |2
the higher-order Green functions generated on the rhs of Eq. Sos(€) = E % + 2 chosz(w/Z)
(1), Kk € €8¢ Kk L€ &
Tl .
<<avkiﬁn—0'|cz-/>>5 - <n— ><<avkiﬁ|c-;-/>>ey (12) + e—gl Slnz((P/Z) (20)
kT

<<Caavﬁﬁcig—|c;!>>e - <Ctgca><<avﬁﬁ| CZ—’>>E! (13)

1 Tl T
21(6):52 ([Llr_% sine. (21)
({ColegCoolCy))e =0, (14 k \€7 8 €78

. ] As follows from Eq. 15, the full self-energsi(e) is given by
which closes the set of Eq&7)—(11) and allows one to find a 3(6=3(e)+g O (&) -gLe).
solution for the causual Green functioBg,(e). Here,(...) Having found the causal Green functions one can calcu-

means the quantum statistical average value of the appropiisia  the retarded(advancell Green functions GR(A)( e
ate operator. oo’

The solution may be written in the compact form of the:G”"’(Eii 7).
matrix Dyson equation G%(E) - [g%(e) _AE(F){_(G)]/B, (22)
G(e)=[1-g(e2 V(] "g(e) =[1- g V(Z()]'g(e),

15 G\(e) =[g,(e) + AXT() /B, (23

where GR(e) =[gf(e) + ASF(e) /B, (24)
(o= {GM(E) Gw(f)]’ (16) GR (e =[df (e - AS§.(e) 1B, (25)

Gji(e) G\l
where
and g(e) denotes the corresponding Green functions in the A=gTRT(6)gi(6) _gTRl(e)g?T(e)’ (26)

matrix form of the uncoupled dot, with the matrix elements

e—eg-U(L-(n_)) B=1-{g%(a25.(e) + g (25 (e) + [ (e)

Jool€) = : (17)
(e-eg)(e-2g=U) +gf (912} + [ (aaf () - g (9aF (e)]
Uy X {28.(e35(0) -~ [ER(913. (27
n-
—ol€) == > , 18 The retarded self- iR, d3R iven b
Uy—o(€) (e=og)(e=£a-U) (18 o fo?n:igs ed self-energi&f, (e) and>R(e) are given by
with (n_,,)=(c*_c,). In turn,g©(e) is the Green function of . 1, 1 [D+eVi-€| .
the dot in the absence of both Coulomb interaction and cou- 20.(€) = - EF1(6)|:_|n<m> + I}
pling to the Ieadsgf;,(e)=5m,/(e— €))L !
Finally, the self-energg.%(e) is given by _ %[FL(E)COé(:p/Z) + T ()sir(/2)]
So4(€)  2a(e) ] 1 [D+eV -
30e) = [ , 19 (28T e
97 500 3000 o x [W'n(D s E) + |] (28)
with and
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SR(e)=- i[r:(e) ~T"()]sin (p{ih(Etz—xr;:) . i} , ()= -n)/z, (37)

(29) (§)=Im(n;)), (39

where (S0 =Re(n;)), (39
(9= 277% |TV“|25(E_ €ie) (30 wheren;, n;, andn,, are calculated self-consistently, as de-

scribed above.
for v=I,r. It has been assumed that the lower and upper In turn, electric current flowing from theth lead to the
edges of the electron band at zero bias are @tand D,  dot is given by the formufd
respectively.

' ; ie (" d
In the following we assume: 3= - 2—€Tr(FV{G<(e) +1,(e)[GR(e) - GA(O),
Tu(e=T.=To(1£p) (31) -
and (40)
I(e)=T,=alo(1p,), (3 Wit
when € is within the electron band and zero otherwise. The _ 1+p O
) ) I=r, (42)
parametersp, and p, describe the spin asymmetry of the 0 1-p
coupling to the left and right electrodes, respectivElyjs a
constant, and the parametertakes into account asymmetry and
between coupling of the dot to the left and right electrodes. .
The correlation Green functioB~(e) can be calculated r, :Foa<l TP Cose  prsine ) (42)
from the Keldysh equation p,sing 1-p,cose
G~(e) = GR(e)2~(e)GA(e), (33)  Thus, taking into account Eq&2)—(34), together with Egs.

(40)—(42), one obtains the final symmetrized expression for

< (0)< :
whereX<(e) can be related t&'?<(¢) via the Ng Ansatz, electric currentd=(1/2)(J,—J,), in the form

which gives
e 1"2 +00

3%(e)=- 2 [ PR(e) - 2O%()]f (o), (34) J= 4:“7%0 de[f,(e) - f.()]j(e), (43)
andf,(e) is the Fermi-Dirac distribution function for theth where
electrode,f (e)=1/{1+exd(e—u,)/kgT]}, with the electro-
chemical potentialg, =eVi=eV/2 andy,=eV,=-eV/2. The j(€)=2(1+p)(1+p, cose)GR ()G () +2(1 - py)
energy is measured from the Fermi level of the leads in equi- R R
librium. X(1-pr COS(p)Gu(e)Gu(e)

The average values of the occupation numbérs) +[(1+p)(A-p,cose)+(1-p)(1+p, coseg)]
=(c}c,) and({n,_,»=(cic_,) (Which enter the expressions for R R R R
Green functionshave to be calculated self-consistently by X[Gy()Gy () + G[1(e)Gyy ()]
using the formulas +(1+p)p; sin (,D{GTRT(E)

y=im[” oz @ (Gl + Gli(o] + G4l + Gl
— 2 +(1=p)py S'”‘P{Gu(f)
and X[GF (€) + Gf ()] + G[| ()[GF () + G ()]}
d (44)
(Ng_g) =1 f —EGim(e)- (36) . .
_w 2T The current formula derived above can be applied to any

magnetic configuration of the system, and thus can be used
IV TRANSPORT CHARACTERISTICS to determine TMR. Generally, TMR is described quantita-
tively by the ratio
Having found the Green functions, one can calculate elec-
tric current, spin accumulation, and spin precession on the MR = Rle) ~R(¢=0) _ J¢=0) - I(e)
dot. To do this we calculate the average values of all the R(¢=0) J(o) '
three spin components, which are related to the diagonal and
off-diagonal occupation numbef&gs. (35 and (36)]. The  whereJ(¢) is the electric current flowing through the system
corresponding relations may be written(@pin components when the angle between spin polarizations of the leads is
are measured in the units 6§, andR(¢) is the corresponding electrical resistance.

(45)
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Bias Voltage [V] FIG. 3. Bias dependence of the average spin componégys;
(@, (So (b), and(S) (c) for indicated values of the angle. The
FIG. 2. Bias dependence of electric currémt differential con-  other parameters are as in Fig. 2.

ductance(b), and tunnel magnetoresistan@, calculated for indi-

cated values of the angle. The inset in(a) shows electric current

between the lower and higher threshold voltages¢geR/3. The

parameters assumed for numerical calculations &e0.1 eV,U

=0.4eV,['(=0.01 eV,p=p,=1, a=1, andT=100 K.

In noncollinear configurations a monotonous suppression
of the tunneling current with increasingtakes place in the
whole bias voltage range, and the current disappears for
¢=q. This is a typical(perfec} spin-valve effect. Suppres-
sion of electric current is due to an electron residing on the

V- NUMERICAL RESULTS dot, whose spin orientation prevents it from tunneling to the
A. Symmetrical junctions drain lead. In the extreme case of antiparallel configuration,
o=, the electron that has tunneled to the dot from the fully

In a symmetrical case both barriers are identieet1,  polarized source electrode blocks transport through the junc-
and the electrodes are made of the same ferromagnetic méen since it cannot tunnel further to the oppositely polarized
terial, p=p;. Consider first electronic transport in a sym- drain lead. This scenario holds as long as spin-flip relaxation
metrical junction with fully polarizedhalf-metallig external  processes are absent.
electrodesp,=p,=1, and with the dot level above the Fermi  The steps in current-voltage characteristics give rise to the
level of the electrodes at equilibriurag> 0. narrow peaks in differential conductance displayed in Fig.

Bias dependence of electric current and the corresponding(b), which occur at the lower and higher threshold voltages.
differential conductance are shown in Figga)2and Zb) for Apart from this, dependence of electric current on magnetic
selected values of the angfe The current-voltage curve for configuration of the system leads to the TMR effect, defined
parallel configuratior{¢=0) reveals typical steplike charac- quantitatively by Eq(45) and shown in Fig. @). The effect
teristics. Below the firsflower) threshold voltage the dot is increases with increasing angfeand tends to infinity when
empty and thus sequential contribution to electric current isp— 7 [therefore there is no curve in Fig( for ¢=1r].
exponentially suppressed. The first step in the current occurs An interesting feature of the current-voltage characteris-
at the bias, where the discrete le¥glcrosses the Fermi level tics is the negative differential conductance, which may oc-
of the source electrodghe dot can be occupied by a single cur in noncollinear configurations between the lower and
electron, whereas the step at a higher voltagaher thresh-  higher threshold voltagetetween the corresponding two
old) corresponds to the case whejt+U crosses this Fermi peaks in the differential conductanc&he negative differen-
level (the dot may be doubly occupigd tial conductance corresponds to some enhancement in TMR,
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rameterU (a) and the lead polarizatiotb). The other parameters 901
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as can be seen in Fig(@. The enhancement is particularly

significant for rather large values of the angiésmaller than FIG. 5. Bias dependence of the tunnel magnetoresistance in
). Physical origin of this feature becomes clear, when taksymmetrical junctions for indicated values of the lead polarization.
ing into account bias dependence of the average spin on thghe curves are plotted for the noncollinear configuratign,
dot in nonequilibrium situationspin accumulated on the =2#/3. The other parameters are as in Fig. 2.
dot).

As shown in Fig. 8a), the absolute value of the average transverse componentS). As shown in Fig. &), this
(S) increases with increasing and almost vanishes in the precession-induced component is significant in noncollinear
parallel configuration. In turn, the average value of the cases(see the case op=27/3) and in the voltage range
componentS,), vanishes for both parallel and antiparallel between the two threshold voltages. Just this enhanced pre-
alignments and is nonzero for canted configurations, asession is associated with a decrease in electric current,
shown in Fig. 8b). Similarly, the average value ¢§)) also  which leads to negative differential conductance.
vanishes in the collinear configurations and is nonzero in the As follows from the above discussion, the magnitude of
noncollinear ones. One should point here, that neither initialS,) is a measure of the spin precession induced by the ef-
spin state in the source electrode, nor the final state in thfective exchange field. In Fig.(4) we show(S) for different
drain electrode have nonvanishipgomponentperpendicu-  values of the Coulomb correlation parametér The curve
lar to the plane determined by spin polarizations of the twofor U=0 indicates that spin precession in noncollinear con-
leads. What is then the reason of nonvanishi(®)? This  figurations takes place also when there is no Coulomb inter-
can be accounted for by taking into account the fact, that aaction between electrons on the dot. However, as follows
electron residing on the dot experiences a certain exchandgeom Fig. 4a), the presence of such an interaction enhances
field resulting from coupling between the dot and leadsthe spin precession and also extends the voltage range where
which effectively acts as a local magnetic fiéfd?> Strength  the precession is significant.
of this molecular field and its orientation with respect to the The spin precession also depends on the spin polarization
global quantization axis depend on the applied bias voltagef external electrodes. This is shown in Figb¥ where the
and on the angle between the magnetic moments of the leadg.component of the average spin accumulated on the dot is
Thus, if an electron that has tunneled from the source leagdhown for several values of the parametgrsand p,. This
resides sufficiently long time on the dot level, its spin expe-figure clearly shows that the spin precession decreases when
riences a torque due to the exchange interaction, which respin polarization of the leads becomes smaller. This is rea-
sults in precession of the average spin around the moleculaonable since lower spin polarization creates smaller ex-
field, and consequently in a nonzero average value of thehange field.
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=0.1eV,U=04¢eV,I[(=0.01 eV,p=0.4,p,=1, «=0.1, and T

When the spin polarization rate of the leads becomes 100 K.

smaller than 1, electric current can flow also in the antipar-
allel configuration, contrary to the case shown in Fig. 2 for
pi=p,=1. Consequently, the TMR effect also becomes
smaller and remains finite fap=1r. In Fig. 5 we show the
TMR effect for different polarizations of the external elec-
trodes, and for a particular noncollinear configuratigm
=2m/3). The curves are symmetrical with respect to the bias
reversal. The central peak corresponds to an enhanced mag-
netoresistance in the current blockade regime. Such an en-
hancement of TMR in the blockade regime, where sequential
tunneling is suppressed, was also observed earlier for collin-
ear configuration? Although the sequential current is expo-
nentially suppressed in the blockade regime, the electrons
still can flow due to higher order processdige cotunnel-

ing). The other two broad maxima placed symmetrically on
both sides of the central peak, occur between the(tawer

and highey threshold voltages. The following features of
these two maxima are interesting to note. First, for small
values of the polarization parameters, the central maximum
is larger than the others. The situation changes with increas-
ing polarization factors, and now the central peak becomes
smaller for high spin polarizations of the leads. Second, the
two maxima become strongly asymmetric for large values of
the spin polarization factors, as clearly visible in Fig. 5. To
account for this behavior one should take into account bias
dependence ofS)) from Fig. 4b), which shows clearly the
corelations between the spin precession and height and shape
of the TMR peaks with increasing polarization.

equilibrium. Qualitatively similar behavior of electric cur- Fig. 7

205307-7

1.0

15
o [rad]

2.0

25

3.0

FIG. 8. Angular variation of electric currefd) and TMR(b) for
In the situation studied above the dot level was empty aindicated values of the bias voltage. The other parameters are as in




RUDZINSKI et al. PHYSICAL REVIEW B 71, 205307(2005

0.4 1.5 1
— 1.0
0.2 1 =
Ly 05
& 001 3
\(j} . .o :, 00 i
c
0.2 L 051
3
-0.4 1 -1.0 1
01 1.5 £
0.0 0.015 -
—~ -01 0.010 -
)
0.2 Il 0.005 - /\
3 . AN o T
03] &7 @ 0.000 £ ==t
-0. e\ 44 ———= = ~
04 ez -0.005 -
(c) . N i
0.008 - ™, 0.010
i ,\\.
i/' N -0.015 - Y
~ 0.004 - i) -1.0 05 0.0 05 10
@ o, Bias Voltage [V]
oW
5 S N . .
0.000 f \ 7 FIG. 10. Bias dependence of electric curr@t and the average
JI \1 value of they component of the dot spifb), calculated for indi-
F==== cated values of the angle andeq=-0.1 eV. The other parameters
-0.004 T " " . . in Fig. 7
45 10 05 00 05 10 15 are asinrg. /.

Bias Voltage [V . . .
fas Voltage [V] with respect to the bias reversal. The asymmetry is clearly

FIG. 9. Bias dependence of the average spin componégjs;  Visible in current-voltage characteristics and bias dependence
@, (Sy (b), and(S)) (c) for indicated values of the angle. The ~ Of TMR, shown in Figs. 7@ and 7b), respectively. For posi-
other parameters are as in Fig. 7. tive bias(the right lead is the source electrodéhe current

and TMR curves are rather uniform above the first threshold
rent, magnetoresistance, and average spin on the dot, hggltage. The current flows there for arbitrary value of the

been found for the situation when the dot level is below theangle@ and thus TMR is significantly suppressed. The situ-

Fermi level, and the dot is occupied by a single electron aftion changes diametrically when the electric current flows

equilibrium. Exemplary current-voltage characteristics arg" the opposite direction, i.e., when electrons tunnel through

shown in Fig. 6a), and the corresponding components of the dot from_ the left electrode to the rigCrIrta[f—metaIIid_ one.
the average spin on the dot are shown in Figh)6The Below _the first threshold voltage seque_ntlal tunneling is ex-
current-voltage curves display similar features as the curve@onem"”IIIy suppres_sed and only the higher-order tunneling
shown in Fig. 2a), with characteristic negative differential Processes are pOSS|bIe._When the energy leyainters the
conductance between the threshold voltages for noncollineé\"nn?“ng wmd_ow, electric current_ starts to flow through th_e
configurations. The main difference in the bias dependen nction but this takes place only in a small voltage range in

: : e vicinity of the first threshold voltage, where the charac-
3£|<t§ygésinag§r\;ep:;ﬁgo?%g ?r:;??nplzeizi((; at the lower threshol eristic resonant bump is observed. Above the bump, the cur-

rent is suppressed by an electron residing on the dot. When
g4+U crosses the Fermi level of the source lead, the current
increases again and finally saturates at a certain level.

Now the dot is separated from both electrodes by non- For positive biasy >0, the curves in Figs.(@) and 7b)
equivalent barrierse# 1, and the electrodes are made of for different values of the angle reflect a monotonous an-
different ferromagnetic materialp, # p,. For numerical cal- gular variation of the current and TMR, shown also explicitly
culations we assump;=0.4,p,=1, anda=0.1. More spe- in Fig. 8 for a particular value of the bias voltage. For nega-
cifically, it is assumed that the right electrode is made of aive bias one observes a more complex and interesting be-
half-metallic material with electrons being totally spin polar- havior of the transport characteristics. First, the above men-
ized at the Fermi level, whereas the factor0.1 indicates tioned suppression of electric current between the two steps
that on average electrons can tunnel much easiéfréon)  is now less pronounced, and the corresponding angular varia-
the left electrode than t@rom) the right one. This asymme- tion of electric current and TMR is nonmonotonous, as
try between the left and right electrodes and barriers giveshown explicitly in Fig. 8 by the relevant curve. When the
rise to asymmetrical transport characteristics of the junctiomegative bias voltage surpasses the second threshold, the mo-

B. Asymmetrical junctions
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notonous variation of electric current and TMR is restored. It VI. SUMMARY AND CONCLUSIONS
is also interesting to note, that the TMR effect is enhanced in
the voltage regions, where electric current is suppresse(ii].
This is the region below the first threshold voltage, and for

negative bias also the region between the two threshold volt
ages. The latter one is particularly interesting as the TM

Using the nonequilibrium Green function approach we
ave calculated electric current, average value of electron
pin accumulated on the dot, and tunnel magnetoresistance
ue to rotation of the magnetic moments of external elec-
may change there sign from positive to negafisee Figs. rodes. .'t has been shown that the_ average spin Precesses by

a certain angle around an effective exchange field arising

7(b) and 8§b)]. | 3 |
Suppression of electric current by an electron of a giver{crom thg interaction between the dot af‘d electrodes. This
recession leads to a nonzero valug®y, i.e., of the com-

spin orientation localized on the dot can be accounted for b ) .
analyzing spin accumulated on the dot when a steady sta nent normal to the plane determined by magnetic moments
of both electrodes.

current flows through the system. This is illustrated in Figs. . L
9(a)-9(c), where part(c) shows the component induced by It has been also shown _that the spin precession is en-
spin precession. The spin precession is particularly enhancdtfced by Coulomb correlations and strong spin polarization
for negative bias between the two thresholds—exactly wher t.he Ieads_. The Spin precession IS _shown to exist also in the
Lmit of vanishing Coulomb correlations on the dot. More-

electric current is suppressed. The enhancement is a con . . .
quence of relatively long time that electrons spend on th&Ver the.mterplay of Coulomb correla‘qons and effective ex-
dot. change field may lead to a negative differential conductance
in the voltage range between the two threshold voltages. It
@as been also shown, that the diodelike features of the sys-
tem are partially suppressed when magnetic moments of the

electrodes become noncollinear.

The situation is different for the dot level lying under the
Fermi level, i.e., when the dot is already occupied by on
electron in equilibrium situation. The corresponding numeri-
cal results are shown in Fig. 10, where p@t shows the 26 .
current-voltage characteristics, and p@tthe average value In a recent paper, Redersehal. studied a related prob-
of the perpendiculay component of the average spin accu- lem of electr_on tunneling th_rough a quantum dot coupled to
mulated on the dot. The transport characteristics for Co”inea{srromagnetlc leads. In their case, magnetic moments of the
configurations were already accounted for in earliereadS were parallel, b.Ut the (.jOt was SUDJe.Ct to an external
publicationst® and their most interesting feature is the pro- magpnetic field noncollinear with the magnetizations.
nounced asymmetry with respect to the bias revediable-
like behavioj. For noncollinear configurations transport ACKNOWLEDGMENTS
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