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The transport properties of quantum dots coupled to noncollinear magnetic leads is investigated. It is found
that the conductance, and current, of the system in the strongly coupled regime is a nonmonotonic function of
the angle between the magnetization directions in the two leads. Because of many-body interactions between
electrons in the localized states of the quantum dot, induced by the presence of the conduction electrons in the
leads, the positions of the quantum dot states are shifted in a spin-dependent way. Thus, the physics of the
quantum dot is dynamically dependent on the angle between the magnetization directions of the two leads,
which in combination with spin-flip transitions explains the nonmonotonic behavior of the magnetoresistance.
The linear response conductance shows a rich complexity ranging from negative to positive magnetoresistance,
depending on the positions of the localized states. The nonmonotonic transport characteristics persists for finite

bias voltages.
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I. INTRODUCTION

Because of the fundamental complexities and far-reaching
technological possibilities, the interest in spin-dependent
transport in mesoscopic systems remain as high as ever.
Since the first measurements of giant magnetoresistance
(GMR) in Fe/Cr magnetic superlattices,’ GMR effects on
quantum dot (QD),>® and molecular>’-'? systems have been
reported. Moreover, magnetotransport has been studied for
normal or ferromagnetic metallic islands,''~'® and spin-
dependent transport from ferromagnets through quantum
dots.'”-?2 Recently, Kondo physics of QDs weakly coupled
to ferromagnetic leads have been extensively studied,?* 23
showing that a suppressed Kondo resonance due to the spin-
polarization of the leads may be restored by application of an
external magnetic field.

Thus far, the main focus has been devoted to systems with
collinear magnetic alignment of the magnetic layers, or
contacts.!”22 Recently, however, transport in systems with
noncollinear magnetization orientations was addressed.?6->
Particularly, it was shown that the diodelike features in the
transport characteristics of systems with one electrode being
half-metallic are significantly reduced when the magnetic
moments of the electrodes become noncollinear.?’

While one normally expects the maximal magnetoresis-
tance in two-dimensional layered systems to be given by the
resistance difference for antiparallel and parallel orientation
of the magnetic layers, this is not necessarily true for a QD
coupled to ferromagnetic leads. Because of the spatial small-
ness of the QD, its conductive states are zero-dimensionally
confined, hence, the physical picture compared to multilayers
is significantly different. The main reason is the, comparably,
large on-site electron-electron (Coulomb) interaction present
in QDs. Both theoretically and experimentally, it has been
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shown that the Coulomb interaction is in the order of or
larger than the level separation for QDs in the sizes of tens of
nanometers.>*3> The smallness of such systems allows one
to generate a single-electron current through the system. Be-
cause of the large Coulomb repulsion, double-electron occu-
pation of the QD will occur with a negligible probability.
Then, since electrons in the strongly correlated QD states
interact with the conduction electrons in the leads, the spin
states in the QD are influenced by one another, which may
lead to the two spin-channels becoming intermixed.

The mixing of the spin channels is an effect of kinematic
(many-body) interactions between electrons in the localized
QD states, which is induced by the presence of the conduc-
tion electrons in the contacts. By contacting the nonmagnetic
QD by magnetic contacts, these interactions cause a spin-
dependent shift of the localized state energies,'® which is
comparable to the widths of the states and should therefore
be measurable. The largest spin splitting of the localized
states is caused by a parallel magnetic alignment of the con-
tacts, whereas an antiparallel alignment gives the smallest
spin split. For arbitrary noncollinear magnetic orientation of
the contacts, the induced spin split becomes intermediate to
the limiting cases, as expected. Finite on-site Coulomb inter-
action gives rise to lower and upper Hubbard states, and due
to the renormalization caused by the kinematic interactions
there appear four states in the QD. The energies and spectral
weights of these states vary continuously with the magnetic
orientation of the leads. This gives rise to a nonmonotonic
dependence in the conductance, as well as in the magnetore-
sistance when the (equilibrium) chemical potential lies in the
vicinity of either the lower or upper Hubbard states, that is,
in the strongly coupled regime. In the weakly coupled re-
gime, however, the system behaves with a normal spin valve.
The different character of the transport properties in the two
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FIG. 1. The QD coupled to noncollinearly oriented ferromag-
netic leads. The global reference frame and the magnetization M’ of
the left reservoir coincide, while the magnetization M of the right
reservoir is rotated by the angle ¢. In the figure, the bare transition
energies, AY =g, and Ag”=80+U are indicated.

regimes can be explained by the variation of the current den-
sity at the chemical potential—a variation that is caused by
the dynamical shift of the QD state energies and their corre-
sponding spectral weights, and spin-flip transitions that occur
with finite probability in noncollinear configurations. The
nonmonotonic dependence in the conductance on the relative
angle of the noncollinear magnetizations in the leads is pre-
dicted to be an effect of electron correlations, since the renor-
malization due to kinematic interactions vanishes at zero on-
site Coulomb repulsion. Although the nonmonotonic
characteristics of the transport properties are most striking in
equilibrium, the behavior persists in nonequilibrium.

In this paper, the tunneling transport characteristics of a
single-level QD attached to magnetic contacts in arbitrary
noncollinear magnetic alignment is studied (see Fig. 1). The
states in the QD are described in diagonal form, which en-
ables the possibility to freely vary the electron-electron in-
teraction parameter U. Thus tunneling through the QD via
the two-particle state is also included. By means of an equa-
tion of motion combined with a diagrammatic technique*
for the nonequilibrium many-body operator QD Green’s
function (GF), the many-body effects leading to the sug-
gested results are included. The GF then is self-consistently
calculated for each value of the chemical potential u, bias
voltage V, rotation angle ¢, and temperature 7, in order to
account for fluctuations of the local QD properties under
influence of the external variations. Choosing this method is
motivated since it has previously** been shown to provide
the essential nonequilibrium physics of single-level systems
beyond the self-consistent Hartree-Fock, Hubbard I, approxi-
mation (HIA).35-38

The paper is organized as follows. The QD system is de-
fined and the equations for the transport calculations, and the
local physical properties of the QD are briefly derived in Sec.
II. The linear response conductance and nonequilibrium
transport properties of the system is discussed in Sec. III,
while the paper is summarized in Sec. I'V.

II. MODELING THE SYSTEM

Consider a single level QD coupled to external contacts.
Although the magnetization directions in the two contacts is
noncollinear, it is useful to introduce a global spin reference
frame, where the x direction lies along the direction of the
charge current (see Fig. 1). As the global z direction is arbi-
trary around the x axis, there is no restriction in choosing it
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along the local magnetization direction of the left reservoir,
since its magnetic orientation is fixed, whereas the magneti-
zation of the right reservoir is rotated by the angle ¢ in the
global xz plane.

Suppose that the bare quantum dot level is spin degener-
ate at the energy &, and that the on-site Coulomb repulsion is
U, here the level spacing of the QD is assumed to exceed the
thermal broadening. Hence, the energy of the QD is given by
HQD=EUsodgd,,+ Unin|, where d! (d,) creates (annihilates)
an electron in the QD, whereas n,,=d2dm and o0=1,], is the
spin projection in the global reference frame. In many cases,
the Hubbard U is the largest parameter of the theory.’*-32
However, in order not to make any restrictions on the corre-
lation strength, the objective is to formulate a theory with a
complete freedom in the strength of the Coulomb interaction,
e.g., 0sU<. Thus, the Hamiltonian H,p is transformed
into diagonal form by introducing the Hubbard operators3>-3
XPi=|p)(q|, which describe transitions from the |g) state
and/or configuration to |p). The energy of the QD is,
hence, given by HQDzﬁpEph”, where hP=XPP, with
the energies {E,E,,E;}={0,&4,2e0+U} for the states
{l0).[o),[2)=]1 1)}

The energies of the contact reservoirs are, for simplicity,
given by Hyp=Ssc 1/rEsChiChss Where cf; (cx), k € L/R cre-
ates (annihilates) an electron in the left or right (L/R) contact
at the energy g;, with spin s. The ferromagnetism of the
leads are modeled in the spirit of Stoner theory in the sense
that a strong spin asymmetry in the density of states is as-
sumed. The density of states is, moreover, approximated to
be energy independent (while using structured density of
states in real ferromagnets may modify details of the results,
it will not change the general physical picture). The tunnel-
ing interaction between the left reservoir and the QD is given
by (local reference frame coincides with the global)

M= 2 Wioldy) ci, X+ He), (1)
koeL

where vy, is the tunneling rate between the left lead and the
QD, whereas = ,(d,)*X“=(0|d,|0)X"" +(a|d,|2)X??. Here, &
is the opposite spin of o. The corresponding energy for the
interaction between the QD and the right reservoir is given
by, with the rotation of the magnetization direction included,

Hir= > {[(vsc), cos ¢12 —vi_c]_sin $/2)(d;)"
keR

+ (UgsChy Sin B2 + vy _cj_ cos ¢/2)(d))IX* + Hoe},

where v, is the tunneling rate between the right lead and the
QD. Here, the spin s=+ in order to distinguish between the
global and local reference frames. The expression given in
Eq. (3) can be conveniently rewritten by introducing the ro-
tated QD operators
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(d+) (cos /2 sin ¢/2> (dT> @
d_) \-sin¢/2 cos¢/2)\d, )
Hence, Eq. (3) becomes

Hig= 2 (Voldy) i X +He.). 3)
kseR

A. Transport equations

The basic formula for the stationary current used in this
paper is given by**-#!

J(p) =~ %tr Im f {r*-r%(¢)16™ (v, ¢)

+ [l = fr@) TG (0, ) — G (o, P) }dw,
(4)

where 'R is the coupling between the left and right lead
and the QD, whereas G="7 is the lesser-retarded or ad-
vanced GF for the QD. The explicit ¢ dependence of the
right coupling is appropriate since the spin dependence of the
coupling varies as the magnetic orientation of the right lead
is rotated. As will be shown in the Sec. II B, this angular
dependence of the right coupling introduces an angle depen-
dence of the QD GF. In Eq. (4), the Fermi function for the
left or right lead at the chemical potential u; is denoted by
Jur(w)=flo-pg).

In numerical calculations it is often convenient to rewrite
the expression for the current in terms of only the lesser and
larger GFs, e.g., G=~/~. This is possible because of the
relation*> G -G ~=G’"—G*“. The current is then given in the
form

K== 2wt [ G (D16 0.0)

+H[1 = f(@)IT = [1 = fr(0) IT($)}G (0, ¢))dw.
(5)

In equilibrium, this expression provides an account of the
conductance of the system through the formula

oJ

av

G, )

V=0
2

<
h
XTH($)G(w; p)dw, (6)

Re J 'f:g cosh™ WtrFLG’(w; b)

where u is the equilibrium chemical potential, 'R is the
tunneling rate between the left and right contact and the QD.
For low temperatures, the function 8 cosh™(Blw—pu]/2)/4
— &8(w—- ), meaning that the expression in Eq. (6) qualita-
tively yields the equilibrium QD density of states, although
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with altered amplitude, as the chemical potential is swept
passed the positions of the transition energies.

B. Physics of the quantum dot

As was seen in the previous paragraph, Sec. IT A, the
conductance and/or current is given in terms of the local
properties of the QD. These properties are obtained from the
QD GF

(TSd,(0)d, (1)

go’o”(t’t,) = (_ l) = (do')a(dj;-')gGul;(t’t,)’

(TS)
(7)
(summation over double indices) where
a I; !
G111 = (- p TEXEOXAD), ®)

(TS)

Here, a,b, denote Fermi-like (single-particle) transitions in
the QD, whereas b is the conjugate transition of b (e.g., if

XP=XP4, then X’=X%). Note that the Hubbard operators de-
scribe changes in the configuration of the QD, here meaning
that one electron that is either added or removed from the
QD. In Eq. (8) the action S=exp[—if fg_iﬁ H'(1)dt], where the
disturbance potential

H' (1) = Up()h° + 2, Uy (DX + Uy (9)

’
oo

contains the time-dependent source fields Ug(f). These
sources are used for the generation of a diagrammatic expan-
sion of the QD GF in terms of functional derivatives with
respect to the source fields. The integration is carried out
along the contour in the complex plane, circumventing
the positive real axis starting and ending at 7, and
to—iB (B '=kzT), respectively.*> For convenience the nota-
tion G j(t,t")=(=i){TX*(1)X"(t')), is introduced in which
the subscript U denotes the dependence of the GF on the
disturbance source fields. Physical quantities are obtained
from the GF in the limit Ug(t) — 0, for the fields not actually
applied to the system. The defined GF is well suited for
studies of nonequilibrium phenomena and is easily converted
into real-time GFs by means of the usual rules for analytical
continuation (see for instance Refs. 34 and 43.

Following the procedure in Ref. 34, the equation of mo-
tion of GFs Gy,;(iw), Gzz(iw), are in the model

H:HL+HR+HQD+HTL+HTR (10)
given by
(iw =AY = 88 o = PouiVioo) Gosalio)
= Pooa+ 1o(Pooi Voo + 025) G aaliw)

+ 205506 052(i®) + 2522,G paliw) (11a)
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(iw- Ag(—r = 05— P525Vi25) G inalio)

=Py + 1o(Ps2uViog + 1500 50) Gogalio)

+20550G057(i®) + 25205G pliw). (11b)

Here AO is the bare energy for the transition a, whereas 6A;
is the renormalization energy due to kinematic
interactions.!?3* The spectral weight of the GF (end factor) is
denoted by P,j(1)=(T{X,X"}(t)),. The interaction propaga-
tor Vai;EValg(iw)=Ek.veL,R|Uks|2(dZ)ﬁ(dx)b/(iw_‘gk‘v)’ and the
indices b denote summations over the transitions {0 T, 0 |, |
2, 7 2}. The “backward” notation in V,j is chosen since this
provides a direct interpretation of Eq. (11) in terms of matrix
multiplication. The prefactor 7,=(a|d,|2) accounts for the
selection rules among the involved transitions, where
7 =1,-1, whereas (0|d,|o)=1 for both o=1, .

As can be seen from Eq. (11), the general structure of the
GFs G, can be written as G,,=DzP.j,, where D,z and P,
are the locator and end factor, respectively.®® The locator
contains the local on-site properties of the GF, that is, the
energetic position and width of the QD transition. The end
factor, on the other hand, carries the spectral weight of the
GF, which, in general, can be interpreted as sum of the popu-
lation numbers of the involved states. The structure of Eq.
(11) also provides the equation of motion directly as the 4
X 4 matrix equation

(iol = A= 3)G(iw) =P, (12)

where A%= dlag{ATO,ATO,AgL,AgT} (diagonal matrix) con-
tains the bare transition energies, / is the identity matrix,
whereas the self-energy matrix X (iw) can be written as
3 (iw)=PV(iw)+SA. In this form, the interaction matrix is
given by

vE ok
V=ViiVR=vVLy (a'VR éR (13a)
Sy 0 8, O
2
Uko! 0 4, 0 -9,
vi= > owd”™ ' i IOED

koelL iw_sk(r 50'T 0 50'T 0
0 -6, O Oy

vR=2 % (¢)< 0 5 )R(tﬁ) (13c¢)
kseR ~ Cks Q]
where
[ cos G2 sin P2
R(¢)_<—Sin 2 cos ¢/2> (14)

and where o, is the z component of the Pauli spin vector. The
coupling matrix I'“/F is related to the retarded form of the
interaction propagator, e. g I'YR=—2 ImVYR(w+i6). In this
paper the coupling F is parametrlzed in terms of
pL/R (TR-r")m, by letting T'% k_l“o(l +p;)/2 and

l—F0(1+pR)/2 where FO—FL/R+FL’ Here, I'“® defines
the coupling between the spin channel o in the left or right
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lead and the QD. By this procedure no essential physics is
lost, as discussed in Ref. 24. In terms of the spin-dependent
parameters p, the coupling matrices to the left and/or right
lead become

1+p, 0 1+p, 0
r 0 1- 0 -1+
FL:_O PL Pr (153)
2 l+pL 0 1+pL 0
0 _1+pL O l_pL
g,
FR=<7R ~7R> (15b)
o
I'y( 1+ pgcos sin
yR:—O( I-’R. ¢ P ¢ ) (15¢)
2\ prsing 1—p;cos

Finally, it is important to note that the end-factor matrix P is
block diagonal, e.g.,

P= ,
0o P,
where
1= &
N“ No+ N,
and

(1\72+Nl N} )
P2=

explicitly interpreted as sums of the population numbers of
the involved transitions. For a thorough survey of the
method, the reader is referred to Refs. 33, 34, and 43.

From Eq. (12) it is clear that the equation of motion can
be rewritten in the form of a Dyson-like equation, e.g.,

G=g+gVG, (16)

where g=(iwl-A°~'P is the QD GF in the atomic limit.
Accordingly, one finds the retarded and/or advanced GF as

Gr/a _ gr/a + gr/avr/aGr/a’ (17)
and the lesser and/or larger GFs as*

G</> — Grv</>Ga. (18)

Now, consider the renormalization energy OA o= 5Aﬁ0
+ 5A§0 for the transition X%, where
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5Aﬁ0 = 2_ E |Uko|2
TreL

oAk, = 20S
27TkeR
il

2
+ é(mska —f(w)]s'k”"—*_'w - o)~ fl@)]) =

e~

2 T keR

|Uk+|2 v |2

([f(sk+) f(w)] o~ Ulen) - f(w]

This expression gives a correction to the transition energy,
e.g., AUO=A20+ SA , arising because of kinematic interac-
tions between particles in the different QD states induced by
the presence of the reservoirs. The added contribution, the
so-called loop correction,'??** is a many-body effect that
provides a bias voltage dependent shift of the transition en-
ergy. In addition, the shift strongly depends on the electronic
and magnetic properties of the reservoirs. Thus, for instance
magnetic contacts and/or spin-dependent tunneling probabili-
ties induce a spin split in the QD, although the QD is non-
magnetic in the atomic limit.'>3** In the present case, this
shift becomes strongly influenced by the noncollinearity of
the magnetization directions of the contact reservoirs.

Analogous expressions can be derived for the other shifts.
In fact, the renormalization term JA in the self-energy is a
full 4 X4 matrix, in general, and reduces to the case dis-
cussed in Ref. 34 only for collinear configured magnetic (and
nonmagnetic) leads. In this sense the transition energies for
the spin-flip transitions involved are also subject to renor-
malization due to the magnetism in the leads. However, the
above expression [Eq. (19)] is displayed in order to illustrate
some of the properties that are quite general to the loop cor-
rection. For instance, in both Egs. (19a) and (19b) it is leg-
ible that the shift depends on the bias voltage through the
presence of the Fermi functions. Thus, if a transition energy
of the involved locators lies in the vicinity of the chemical
potential of one (or both) reservoir(s), the shift will be larger
than otherwise. The importance of this fact has previously
been clearly demonstrated.!®*>*-47 It is also important to
note that, although the energies for the transitions between
the empty and singly occupied states are pushed downward
from their corresponding bare energies due to the shift, the
energies for the transitions between the singly and doubly
occupied states are pushed upward.

More important in the present context, though, is that the
shift strongly depends on the magnetic properties of the res-
ervoirs. This is clear from Eq. (19), showing an explicit spin
dependence of the couplings between the reservoirs and the
QD. Hence, only when the couplings are equal are the in-
duced shift of the QD transition energies exactly equal. In

f M{ 2 Im[ D, o(@) + 7D’ 5 s0(w) [}dw

2
s | {([f<sk+> —f(w)]g':"—i'w cos® @72+ [fler) = o)==

)sm ¢ X {=2 Im[Dg1o(w) + nlDTzTO(w)]}}dw
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(19a)

{([f(sk+) f(w)] b k*' = sin® ¢/2.+ [fler) - f(w)] I "" — cos ¢/2){ 2 Im[Df (@) + 7, D’ (@) ]}

w)sin ¢ X {=2Im[Dg; o(w) + anzzw(w)]}}dw

|Uk |2

- sin® ¢/2> X {=2 Im[Dj; 19(w) + 7D 5;0(0) T}

(19b)

contrast, the induced shifts are distinct whenever the cou-
plings are unequal. This is illustrated in a simple example for
the left part of the shift, EASO. Assume that the magnetization
directions in the two reservoirs are collinear, so that all off-
diagonal locators vanish. For simplicity, also assume that U
— o, which leads to that propagators involving transitions
between the one- and two-particle states can be neglected.
Putting Djy, o(0)=1/(0—A% +i5), where A?OzA(jo (=A%)
by construction, and where 6> 0 is infinitesimal, reduces Eq.
(19a) to

,U«—A(L)o
0 b
m—W—Aj

L
a

2

SA% = — log

where it has been assumed that the system is in equilibrium
(urr=m) and W is the width of the conduction band in the
reservoir. For sufficiently large W, the ratio in the logarithm
lies in the interval (0, 1), hence 5AIL,0 < 0. Assuming that W is
large is not a severe restriction since W~ 1 eV for normal
metals used as contact reservoirs in real systems. Hence, the
difference

L L
p-Ag [T

0
m=W=Aj

1
SAL — SAL = —1
10 10=5 og

vanishes only if ['*=T"%. Note that the difference becomes
negative (positive) if I’ %<Ff (F%>Ff), meaning that Ay,
<Ap (A1p>A))). Consequently, contacting the QD by a
magnetic reservoir to the left induces a spin split in the QD.
The same argument can be used for the right contact and is
certainly valid for finite U. The argument also holds for non-
equilibrium situations, however, the equations become
slightly more cumbersome to handle. It may also be noted
that spin-dependent renormalization discussed here is consis-
tent with the scaling result discussed in Ref. 23.

The spin-polarizing shifts of the transition energies in-
duced from the left and right reservoirs provide a combined
effect. This means that the induced spin split of the transition
energies is maximal when the reservoirs are magnetically
parallel, whereas the spin split is minimal for antiparallel
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A_(OVT,, Ays ()T,

FIG. 2. (Color online). The angular dependence of the dressed
transition energies in equilibrium (solid) and nonequilibrium
(dashed) at the bias voltage eV/I'y=5. The bare transition energies
A?TO, A(Z){? are included for reference. Here, {&y, U, u}/T(={0,2,0},
and the spin asymmetry p;,z=0.85 at T/1'j=0.08.

magnetic alignment (see Fig. 2). By a continuous rotation of
the magnetization direction in the right reservoir (0<¢
<), the induced spin split will therefore continuously go
from its maximum to its minimum, as can be seen in Fig. 2.
Especially, in equilibrium (solid) the minimum spin split is
zero when I':=T® whereas in nonequilibrium (dashed) the
finite bias voltage yields an unequal induced shift from the
left and right reservoirs, which cause a difference between
the state energies even in the antiparallel configuration, as
can be seen in Fig. 2.

It should be pointed out that the renormalization because
of kinematic interactions is a pure many-body effect, which
is a characteristic feature of strongly correlated electron
systems.!?384-47 Mathematically, it arises due to the non-
trivial anticommutation relations between the Hubbard op-
erators. Physically, however, the many-body effect is a result
of the coupling between the correlated localized QD states
because of the Coulomb repulsion and the hopping and mix-
ing between the localized and delocalized states in the QD
and the leads. This leads to the fact that the energy shift of
the localized spin T state is influenced by the electron density
in the other QD states which, in turn, are influenced by the
presence of the delocalized electrons in the leads. Therefore,
the energy of the spin | state becomes affected by the elec-
tronic and magnetic properties in the spin | channel.

Before leaving this section, it should be emphasized that
correct values of the dressed transition energies are found
only by solving the equations from self- consistent calcula-
tions. This is clear since the shift SA; depends on the dressed
locator D;E, hence the end-factors P, of all other transi-
tions. In solving the system of GFs, the self-consistent loop
contains several steps involving calculations of the transition
energy shifts, defining the retarded and/or advanced and the
lesser and/or larger QD GF, respectively, and calculating the
population numbers N,=Im [[G,, o(®)-G,,, (w)]do, N,
=-3,Im [G,, o(w)do, N,=-2,Im [G,,, (0)dw, N,z
=—i [[Gysp0—Goms(®)ldw, subject to the condition 1=N,
+3 N, +N,*® The self-consistent calculations have to be
performed for all bias voltages, angles, positions of the tran-
sition energies, and couplings between the reservoirs and
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G(9)/G,

FIG. 3. Conductance G(¢)/G, (Gy=¢*/h) as function of the
rotation angle ¢/ and equilibrium chemical potential u/I",. Here,
{e9,U,kgT}/T(={0,2,0.08} and the spin asymmetry p;,r=0.85.

contacts. Consequently, the present results account for the
physics of the system in a fashion that goes far beyond any
master equation or conventional mean-field approach.

III. RESULTS
A. Equilibrium characteristics

A typical example of the equilibrium conductance
G(¢)/ Gy (Gy=€?/h) is displayed in Fig. 3 as function of the
rotation angle ¢/m and the equilibrium chemical potential
/Ty For ¢/7=0, that is parallel magnetic orientation of
the reservoirs, it is readily seen that the system is resonant at
four different energies due to the spin split of the QD level.
As the angle increases, the difference between the transition
energies Ay (A,)) and A, (A,;) decreases, which confirms
the behavior expected from Fig. 2. When studying the am-
plitude of the conductance G, it is striking that it is not a
monotonic function of the angle whenever w/I’j is in the
vicinity of any of the transition energies. From any linear
response mean-field theory it is expected that the conduc-
tance varies with the local current density; here j(w, )
~tr Im I''G"(w; ) TR($)GUw; @), at the chemical poten-
tial, and this picture is not altered here. However, the varying
positions of the transition energies as functions of the angle
provide an additional feature, namely, that the conductance is
not necessarily maximal for parallel or antiparallel alignment
of the magnetic reservoirs. It it also seen that the conduc-
tance is a strict monotonic function of ¢/ whenever u/I’
lies either above or below the transition energies A, and A,
or in the gap between them. Hence, the nonmonotonic char-
acteristics of the conductance is predicted to be a feature of
the strongly coupled regime, e.g., |A o—u|/To<<1 or |A,;
—u|/Ty<1. In the weakly coupled regime (e.g., Coulomb
blockade) the system returns to normal spin-valve character-
istics.

In order to better understand the different regimes of the
conductance one has to resort to study the current density at
the chemical potential. In Figs. 4(a) and 4(b) the spin-
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FIG. 4. (Color online). Spin-resolved j (w,) (a, b) current
density and (c, d) density of states p,(w,¢), for a few angles
¢/me{0,1/3,2/3,1} at (a) and (c), u/T'(=-0.9, and (b) and (d),
u/T4=0.3. The positions of the chemical potential (solid), /T,
and the bare transition energy (dashed), Ago/ I'p=0 and A(Z)(,/ ry=2,
are shown for reference.

resolved current density at different chemical potentials and
rotation angles is shown along with the corresponding spin-
resolved density of states of the QD, Figs. 4(c) and 4(d).
First, in the strong coupling regime [Figs. 4(a) and 4(c)], the
chemical potential Ay <u <A, at ¢/7=0 (dashed-dotted),
whereas u lies in the vicinity of A,g=A | at ¢/ =1 (dotted).
The current densities at the chemical potential in these lim-
iting cases are related such that j(u,0)<j(w,r), which is
expected since the total electron density at the chemical po-
tential is higher in the antiparallel configuration [see Fig.
4(c)]. Thus, an increase in the rotation angle is expected to
result in an increasing current density at w/I,. However, the
increasing current density at u/I’; eventually reaches a
maximum for a specific rotation angle 0< ¢ /7<1, and a
further increase of the rotation angle yields a decreased cur-
rent density; hence, the maximum current density j(,u,qb*)
> j(w, ) > j(w,0). This character of the system is not ex-
pected from the density of states [Fig. 4(c)], which shows a
monotonic increase of the density at u/I'y as ¢/ is varied
from O to 1. On the other hand, the density of states contains
less information about the system’s transport properties since
p(w, p) ~—tr Im G’ (w, ¢p). Hence, although effects of spin-
flip transitions are included into the QD GF, such make a
larger impact on the current density than in the density of
states. On a mathematical level this is understood because
the current density is a matrix product of four nondiagonal
matrices of which, at least, three contain information con-
cerning spin-flip transitions in the system in the off-diagonal
entries.

In the weakly coupled regime [Figs. 4(b) and 4(d)], the
chemical potential lies between the transition energies A,
and A,;, and the current density is readily seen to monotoni-
cally decrease as the rotation angle ¢/ varies from O to 1.
This is not surprising since the transition energies A;, and
A, lie closest to u/I'y when ¢/7=0 and then moves away
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FIG. 5. (Color online). Magnetoresistance MR(¢) as function of
the rotation angle for various values of the correlation strength U.
Here, u/I'y=-0.9 and other parameters as in Fig. 3

from the chemical potential as the ¢/ m— 1. Hence, both the
density of states and current density at the chemical potential
is monotonically reduced for increasing angles, resulting in a
monotonically decreasing conductance.

Note in Figs. 4(c) and 4(d), that both spin projections of
p(w, ) acquires a finite density around the position of the
opposite spin projection for ¢/ <1. This is best seen in the
spin | density. The reason for this is traced back to the fact
that the channels not are independent (e.g., there is a finite
probability for spin-flips to occur in the QD). Effects from
such events are taken into account since the full nondiagonal
matrix equation for the QD GF is solved in self-consistent
calculations. Therefore, the densities for the two spin chan-
nels are peaked around both positions of the QD states. At
¢=, however, the spin densities are only peaked around the
position of its corresponding state, which does not mean that
the channels are independent for this angle. Indeed, the spin
split itself is a result of the strong correlations between the
QD states.

In Fig. 5, the equilibrium magnetoresistance MR(¢)
=[G(p)-G(m)]/G(m) =[G(p)—Gp]/ Gap as a function of
the rotation angle is shown for various values of the correla-
tion strength U, in the strong coupling regime. Here, the
subscript AP refers to the antiparallel magnetic orientation of
the leads; that is, ¢/7=1. In the noncorrelated limit U=0,
the system behaves as a normal spin valve. As the QD states
become correlated, the conductance varies nonmonotonically
with the rotation angle, in agreement with the previous dis-
cussion. Increasing the strength of the correlations yields a
remarkably high and relatively narrow peak in the conduc-
tance around the angle ¢ (u) (¢"(w)/7=0.8 in the figure),
depending on the chemical potential. As is known, the renor-
malization becomes increasingly important as the correlation
between the states grows larger. This, in turn, leads to the
fact that the spin split at ¢/ 7 grows larger with increasing U,
implying a reduction of the electron density in the region
between the state energies. Hence, it is expected that the
conductance should decrease at ¢/ as U grows, which is
confirmed in Fig. 5. One can also note that G(0)>G(m),
positive magnetoresistance MR(0) >0, for weak correlation,
whereas for sufficiently strong correlations the relation is al-
tered to G(0)<G(m), negative magnetoresistance MR(0)
<0.
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FIG. 6. (Color online). (a) J-V characteristics for various rota-
tion angles, (b) angular dependence of the magnetoresistance for
different bias voltages, and (c) detail of the J-V characteristics.
Here, u/Ty=0, whereas {eq, U, kzT}/T1={1.5,10,0.08}.

In the present paper all references to Kondo physics have
been omitted since the main focus is devoted to nondegen-
erate configured systems. However, in the antiparallel regime
for T2=T* the system becomes degenerate in the sense that
the spin split of the QD states vanishes. In this situation it
would be expected to find a restored Kondo resonance at the
chemical potential analogous to the results in Refs. 23-25. In
the weakly coupled regime it would therefore be expected to
find an enhancement of the conductance. This correlation
effect would nonetheless not crucially affect the results in the
strongly coupled regime, which is of main interest here,
since any Kondo resonance would be smeared out by the
main peak of the degenerate QD state in this regime.

B. Nonequilibrium characteristics

The nonmonotonic character of the conductance is closely
related to the strong coupling regime, as discussed in Sec.
IIT A. In nonequilibrium, this character is expected to be
present for bias voltages such that |A o—uzl/To<<1 or
|Ass— k| /To<<1, depending on which transition lies clos-
est to the equilibrium chemical potential. It is that the current
varies nonmonotonically with the rotation angle for bias
voltages only around the “first” resonant transition, since the
current gives an account of all available density within the
window between the chemical potentials of the left and right
leads. Thus, angular variations in the current density at
higher voltages cause negligible deviations in the current
compared to the total current. This is verified in Fig. 6, which
shows (a) the current-voltage (J-V) characteristics for vari-
ous rotation angles and (b) angular dependence of the non-
equilibrium magnetoresistance MR(¢p)={J(p)—J()}/J ()
={J(p)—J sp}/Jap for different bias voltages, whereas (c)
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FIG. 7. (Color online). Differential conductance for various ro-

tation angles, calculated as the numerical derivative of the J-V char-
acteristics in Fig. 6(a).

displays the J-V characteristics at low bias voltages. In this
case |A% — u|/Ty=1.5, whereas |A)_—u|/Ty=11.5. In Fig. 6,
it can be readily seen that the current varies nonmonotoni-
cally for low bias voltages, that is near resonance of A,
whereas the system returns to a normal spin-valve character
for larger biases. It should be noted in Fig. 6(a) that the
plateau between the resonance of A,y and A,; is wider for
large rotation angles than for lower. This is expected because
of the larger spin separation of the transition energies at
lower angles (c.f. Fig. 2). Especially, the distance between
the highest transition between the empty and one-particle
states (|0){o]), and the lowest transition between the one- and
two-particle states (|@)(2|) is minimal at ¢/7=0 and maxi-
mal at ¢/7=1 (see Fig. 2).

Now, although the current varies monotonically with the
rotation angle at bias voltages such that the first resonant
transition lies fully within the tunneling window, the differ-
ential conductance (dJ/dV) shows a nonmonotonic variation
with the angle for voltages around the “second” resonance
(see Fig. 7). However, this variation has little (or no) effect
concerning the overall angular variation of the current, as
previously discussed, which is also seen in Fig. 6.

It should be noted that the possibility of obtaining a non-
monotonic angular dependence of the current is strictly re-
lated to that either A (—u <0 and A,;—u<<0, or A y—pu
>0 and A,;—u>0. The reason is that the widths of the
transition energies Py,lI'; and Pl are strongly spin-
asymmetric. For a majority spin o in the leads (here giving
F§/R>F§/R), the transition energies are related according to
Az <A 0<Ay5<A,, The width Py;l'; (Psol';) of the
transition  |[0)a]| (|o)(2|) is smaller than the width
Pyl (Pl ;) of the transition [0)(a] (|)(2|) (c.f. Fig. 4).
Consequently, the angular dependent shift of the transition
energy Ay (A,,) has a larger influence on the current den-
sity in the vicinity of the chemical potential than the corre-
sponding shift of the transition energy A,y (A,;). When all
transition energies lie on either side of the equilibrium
chemical potential, the first resonant transition is relatively
narrow (|0)(&| or |o)(2|), whereas the second and third are
wider as the bias voltage grows. Then, around the rather
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sharp first resonance, there may be a possibility to recognize
the angular variation of the transition energy in a nonmono-
tonic angular variation of the current. On the other hand, if
the transition energies A,y and A,z lie on each side of the
equilibrium chemical potential, then the first resonant transi-
tion (|0)(o] or |&)(2|) is sufficiently wide to smear out any
possible nonmonotonic angular variation of the current.
Finally, the difference between the present and earlier re-
sults is addressed. In a previous paper,>* the technique used
in the present paper was shown to provide the essential non-
equilibrium physics of a single-level system beyond the self-
consistent Hartree-Fock, or Hubbard I, approximation
(HIA).>>® For instance, it was shown that the introduced
loop correction, which gives a renormalization of the local-
ized state energies due to correlation effects, removes in-
stances of unphysical negative differential conductance
(NDC) that occurs in the HIA. This qualitative difference
was found both in nonmagnetic as well as in magnetic sys-
tems, which thus motivates the present study. Recent studies
on similar systems was performed by means of density-
matrix approach,”® which did not include the noncorrelated
case (U=0), and with nonequilibrium GFs in the HIA.?
Both of these approaches are unable to include the here-
discussed on-site correlations effects. In particular, the latter
study may yield conclusions of NDC, for certain configura-
tions, as an artifact of the approximation. By also including
effects of on-site correlations into the formalism, the occur-
rence of such NDC in the region between the one- and two-
particle transitions found in Ref. 29 cannot be supported. In
the present formulation, the HIA is obtained by omitting the
renormalization SA.'%3* Therefore, the QD transition ener-
gies remain bare, hence spin-degenerate, in the HIA although
the couplings to the left and/or right lead are spin-dependent.
Accordingly, there will be a larger energy gap between the
transition energies A?0=A?0 and A) i=A(2)T than with inclu-
sion of the loop correction. As the bias voltage varies in this
gap, the spin dependence of the leads (in terms of the cou-
plings T2 >TL®) provides a higher occupation of the tran-
sition |0){a]| (|&){2]) than for the other. This, in turn, leads to
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a decreasing current in the gap. The current then increases as
the “second” transition becomes resonant (see Ref. 34). An
example of the resulting current can be viewed in Fig. 8
(faint) at ¢/7=2/3.

When the loop correction is included, however, the gap
between the transitions |0){o] and |G)(2| is smaller, see pre-
vious discussion. In addition, the electron density is redis-
tributed such that the higher (lower) of the transition energies
Ao (A,)) and A (Ay;) acquires a significantly larger width
than the lower (higher). The redistribution of the spectral
weights then tends to prevent a sufficiently high occupation
in any of the transitions required for a blockade of the trans-
port. The plots in Fig. 8 display the current calculated with
the loop correction for various rotation angles, clearly show-
ing the absence of any significant NDC for all angles. Only
in the case ¢/m=0 is there a clear NDC, which is related to
the comparably large spin split of the transition energies A |,
and A, in the parallel configuration and the significantly
smaller width of the lower transition, which permits a suffi-
ciently high occupation of that transition in order to effec-
tively block the current in a small range of the bias voltage.
A deeper analysis of this particular case is, however, beyond
the scope of the present paper.

IV. CONCLUSIONS

It has been demonstrated that the transport characteristics
(equilibrium conductance and nonequilibrium current) of
single-level QDs with arbitrary correlation U, coupled to fer-
romagnetic leads in noncollinear magnetic orientation in the
strongly coupled regime display a clear nonmonotonic varia-
tion of the angle between the magnetic directions in the
leads. The behavior is related to electron correlations be-
tween the states and the presence of spin-flip transitions in
the system for finite angles (0 < ¢/ <1) between the mag-
netic orientations of the leads. The correlation effects tend to
induce an angular dependence of the transition energies, gen-
erating a decreasing spin split of the transition energies as the
magnetic orientation of the leads is varied from the parallel
to antiparallel configuration. Because of the spin-flip transi-
tions, the amplitude of the current density at the chemical
potential varies nonmonotonically with the rotation angle
that provides the nonmonotonic transport characteristics, al-
though the density of electron states at the chemical potential
displays a monotonic variation.

The nonmonotonic transport characteristics are absent in
the noncorrelated case (U=0), while its presence for U>0
leads to the conclusion that the effect is intimately associated
with electron correlations of the localized states. In addition,
the correlation effects included in the description tend to re-
move occurrence of NDC, found in the HIA,% for bias volt-
ages in the gap between the “first” and “second” resonance.
Since the transition energies spin split due to the spin-
dependent properties of the leads (and/or the coupling be-
tween the leads and the QD), the spectral weight of the dif-
ferent transitions redistribute, which leads to a reduction of
the gap between the first and second resonance.

Experiments on single-level QDs coupled to magnetic

045415-9



J. FRANSSON

contacts where the magnetization of the contacts can be ro-
tated relative to each other would be very intriguing and
would provide valuable information to the general under-
standing of magnetoresistive effects in nanostructured sys-
tems, as well as the significance of electron correlations in
nanostructured materials.
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