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Many-Body Approach to Spin-Dependent Transport in Quantum Dot Systems
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By means of a diagram technique for Hubbard operators, we show the existence of a spin-dependent
renormalization of the localized levels in an interacting region, e.g., quantum dot, modeled by the An-
derson Hamiltonian with two conduction bands. It is shown that the renormalization of the levels with a
given spin direction is due to kinematic interactions with the conduction subbands of the opposite spin.
The consequence of this dressing of the localized levels is a drastically decreased tunneling current for
ferromagnetically ordered leads compared to that of paramagnetically ordered leads. Furthermore, the
studied system shows a spin-dependent resonant tunneling behavior for ferromagnetically ordered leads.
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Spin-dependent tunneling [1] and tunneling magnetore-
sistance [2,3] have recently been studied extensively. Con-
cerning spin-dependent tunneling through a quantum dot
(QD), or similar interacting regions, the main focus has
been to investigate the effects of a magnetic field applied
over the interacting region [4—7]. The opportunity of
changing the magnetic properties of the leads, leading in
and out of the QD, by an external magnetic field or by
spin injection and thereby altering the output current, has
thus far been a peripheral topic. There are theoretical re-
ports of spin filters and spin memories [8] in which the
spin polarized current is controlled by the Zeeman split-
ting of the localized levels in the QD. Another suggestion
is a three-terminal system in which two of the leads are
in antiferromagnetic order [9]. The source-drain current
is manipulated by the magnetization direction in the third
terminal. However, these studies are formulated in terms
of single-electron properties and, in addition, they cannot
be directly transformed into a time-dependent situation. To
our knowledge, there is no theoretical report of inducing a
large spin polarization in the QD by simply spin polarizing
the conduction band.

In this Letter, we use a many-body approach to demon-
strate that there is a large spin-dependent renormalization
of the levels in an interacting region, e.g., a QD, due to
the magnetic properties of the leads, which could be used
in magnetic sensor applications. By shifting the magnetic
ordering in the leads, from paramagnetic to ferromagnetic,
the levels in the interacting region experience a spin split
due to kinematic interactions with the conduction bands.
In fact, as we will show, the conduction electrons with the
spin projection ¢ interact kinematically with the localized
level of the opposite spin &. This effect, in turn, causes
a drastic increase (up to 150%) of the tunneling current
through the interacting region when the conduction bands
are changed from a ferromagnetic to a paramagnetic or-
dering. Having this result at hand, we suggest a single-
electron device that is sensitive to the magnetic ordering
in the contacts and is responding with an altered output
current.
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To be specific, we are interested in an interacting region
with a single level, which is taking part in the conduction,
in the presence of a large Coulomb repulsion U. Such a
system corresponds to the experimental reality of a small
QD at low temperatures and small voltages kgT, V < U
[10], where kp is the Boltzmann contant. The interacting
region is coupled, via tunneling (mixing) interactions vy,
to two contact leads characterized by free electrons and
the chemical potentials w; and wg for the left (L) and the
right (R) leads, respectively. A voltage applied over the
system giving rise to a difference u; — ugr # O results
in a charge current from the higher to the lower chemical
potential. The system can be realized with the degenerate
Anderson Hamiltonian [11], with two conduction bands,
in which the localized states in the interacting region are
described by Hp = > » EpXPP, where the Hubbard op-
erator XP?" = | p)(p'| represents the transition from the
state |p’) to | p) [12]. The summation is taken over the
state labels p € {0,1,1} (p = 0 corresponds to the local
vacuum whereas the doubly occupied state | 1]) is excluded
because of the large U). A conduction electron with the
energy &, in the lead @ = L, R is created (annihilated)
by c;fa (¢ko), ko € a. The Hamiltonian of the system
can be written as

H = Z skgczgckg + ZE,,X””

ko€L,R 14
+ > (Wil X% + He). (1)
ko

The dynamics of the operator X° is given by the Heisen-
berg equation of motion,

0
iEXO" = [X%, H] = AY X0
+ Z[sz(XOO + X ero + U5 X7 )
k

(note that o and & denote opposite spin projections). It is
the last term in this expression that gives the mixing in-
duced spin-dependent dressing of the localized level. For
a clarification of this fact, let us consider the difference
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of the diagram expansions for standard fermion operators
and Hubbard operators. When one is dealing with the ex-
pectation value of N operators, 7y = (T l_[f]:1 1:), Wick’s
decoupling of two operators 7;, n; results in the anticom-
mutator {n;, n;}. In the case of standard fermion opera-
tors, this anticommutator is a scalar, ¢;;, and the number
of operators in the expectation value is, therefore, decreased
by two, my = ZC,’]F,’j?T;\;_z, where F,’j = <T7]l’)’)]> is a
fermion propagator. Now, in the case of Hubbard operators
the anticommutator becomes yet again an operator, P;;.
The number of operators in the expectation 77y value is,
thereby, reduced only by one, my = ZD,;,- ml\f_l, where
D;j = (Tn;m;) is a propagator of Hubbard operators,
implying that one has to make a decoupling also with P;;,
since it remains in the expectation value 77 —;. The terms
in the perturbation expansion coming from the decou-
plings with P;; give rise to the kinematic interactions and
are characteristic for strongly correlated electron systems.

In our particular case, the decoupling in the first step gives
X3 X0t = (X% + X7 iy + X7 ¢ 5, whereas
the kinematic interactions are, in the second step, generated
by the commutator [X%7, (X + X7%)ci s + X%¢py] =
X% ¢;,. This effect is clearly seen to arise solely due to
correlations.

The density of electron states (DOS) for each spin pro-
jection o in the interacting region is given by p,(w) =
—1/7ImG!, (@), where the Green function (GF)
Goo(t, 1) = (—i)(TSX7 (1)X7O(¢'))/(TS), with § =
exp[—i f(;lﬂ JH'(t)dt)]. The Hamiltonian,

H'(1) = Up()X™ + DU, ()X + U,s()X77],

is a time-dependent disturbance to the system, by which

a perturbation expansion of G, is generated through

functional differentiation with respect to the fields Ug(r)

[13]. The equation of motion for the GF of the interacting
| region is

(3
2
ot

Here, A% = E, — E, is the bare transition energy,
Ra-a-/(t) = (Sa-g-ri(S/(SU()(t) + i(S/(SUa-/(,([) and
AUyo(t) = Uy(t) — Ug(t). The expectation value
Poor = (T{X%7 X7 N/(TS) = 6,5Ng + Nyy is the
sum of the population numbers Ny and N, corre-
sponding to the transitions [00] and [0/ ], respectively.
Physical quantities are obtained as Ug(r) — 0. In this
limit, all expectation values which do not conserve the
longitudinal component of the total spin vanish, although
their functional derivatives may not. The propagator
V(r(t’ tl) = ZkEL,R |vka'|2gk0'(t,t/)’ where 8ko is the GF
of free electrons in the lead «.

We look for a GF of the form [13] Ggq(t,t') =
Dyoi(t,t")Pyqi(t'), where the locator D, provides the
essential physical information when all the P¢ are approxi-
mated by constants. A more detailed study [14] shows
that taking into account effects of §P;(r)/6Us(t') only
marginally modify our results. If we neglect all functional
derivatives in Eq. (2), the Hubbard-I approximation [13]
is recovered. By also calculating the first functional
derivative of the GF, for which the only nonvanishing
contribution is

Ry3(t")Goo(t",1") = —iDgo (1", 11)To(t1, 12317)
X G(ra'(tZ’ tl) s
we find the first order equation in the tunneling interaction
V. Here, we have defined the zero vertex Io(¢;,1,;t1) =
8dz,(11,1)/8Uso(t7) = =8(t1 = 0)8( — 17) [13],
where d is the locator of the interacting region for van-
ishing tunneling interactions with the leads. The Dyson
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A(();-o - AUUO(t)>Gzr(r/(tatl) - U&G(I)Gé'a'(t»tl) = B(t - tl)Pa'a"(t) + [Pozr(t+) + R(ra'(t+)]

X f Vo(t,t")G oo (t", 1) dt" + [Pys(t™) + Ros(t™)]
0

X [ Vo (t,1")Gs o (¢, 1) dt". )
0

equation for the locator D, generated by the zero vertex,
the loop correction, is graphically given by

o

>
—_ >
(¢

—

o

+ —>
o

where the single and double straight lines symbolize the
locators d and D, respectively. The wiggly line denotes
the effective interaction V. We draw attention to the fact
that the localized level with the spin projection o interacts
kinematically only with the conduction electrons of the
opposite spin ¢ and it is this effect that gives the possibil-
ity of a large magnetoresistance (MR). The renormalized
transition energy A, is given by the equation

_ Z |vk6'|2 f(Aa_'O) B f(ské') i

Ago = Agy =

kEL,R Aa_'o - &g (3)
where f(w) is the Fermi-Dirac distribution function. Note
that results similar to Eq. (3) have been obtained earlier
by other methods for different models in equilibrium [15].
However, in none of these earlier studies the explicit spin
dependence on the conduction electrons of the opposite
spin projection, which is present in Eq. (3), was found. For
constant mixing v and conduction band density of states
pZ, the shift, given by Eq. (3), clearly has a logarithmic
divergence at the chemical potential of the lead «. Obvi-
ously then, for certain choices of parameters, Eq. (3) has
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more than one solution, as illustrated in Fig. 1. Since the
renormalization of At (solid line) depends on the dressed
transition energy Ajy (dashed line), there may be several
divergences around the chemical potential. All such
solutions correspond to possible excitations of the QD.
However, the interesting solution for each spin is that with
the lowest energy. In Fig. 2 the dressed transition energies
Ao (solid line) and Ao (dashed line) are plotted as a func-
tion of the spin polarization in the leads, defined as the frac-
tion (Wy* — W|*)/W, where W is the high energy cutoff
for the constant conduction band density of states in the lead
a, and W is half the bandwidth of the conduction band.
Throughout this Letter, we consider only the case when the
polarizations in the two leads are the same. For nonpolar-
ized leads, the localized spin T and spin | levels collapse
into a twofold degenerate level. As the spin polarization in
the leads becomes nonzero, the dressed transition energies
for the two levels become distinct and, as the polarization
increases, the renormalization of the T level decreases. In
the limit of completely spin polarized conduction bands,
the renormalization vanishes and Ay — A?O.

The splitting of the localized levels in the interacting
region due to the magnetic properties in the conduction
bands directly influences the tunneling current. Of particu-
lar interest is a comparison of the cases when the two leads
are in either paramagnetic or ferromagnetic order, since
these are the relevant states in magnetic sensors. Below,
we show that the different magnetic phases of the leads
imply a severe change in the magnitude of the tunneling
current through the system.

In the stationary regime, the tunneling current through
the interacting region, symmetrically coupled to the leads,
is given by (for a detailed discussion, see Refs. [22,23])

e —W,+2W
p= e X [ NAe) - faelp o) de,

0 HL:uR:O
-0.2
B
304
<
-0.6 |

-0.8 -0.6 -04 -02 0
energy (meV)

FIG. 1. The graphical solution of the renormalization [Eq. (3)]
for the spin 1 (solid lines) and spin | (dashed lines) level in
the interacting region. The bare transition energy AV = —0.1
relative to the chemical potential w, = 0, the coupling strength

¢ = 27|v,|2p% = 0.5, and the temperature kT = 0.175. The
conduction band density of states p% = 1/2W = 1/100. The
spin polarization in the conduction band is given by the lower
cut offs —W;" = =50, —W|* = —12.5 (units: meV).
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where T, = TLTR/TL + TK), T¢ =T%w)l,, =
2m|v,|?p, and f,(e) = f(& — wma), which has proven
successful in the regime we consider [24]. In the given
approximation, the retarded GF is

P(ra’
o — Ayo + i(TL + TRYP,,/2°

with A, given by Eq. (3) and P,, = Ny + N,, where
Ny, = —1/7 [ f(w)ImG!,  (0)dw and Ny + Nj +
Ny = 1. The corresponding DOS is shown in Fig. 3,
where the spin T and spin | are plotted on the positive and
the negative vertical axes, respectively. When the leads are
in a paramagnetic state (dashed lines), the dressed tran-
sition energies coincide having an equal probability. For
ferromagnetically ordered leads (solid lines), the Ay
transition becomes more likely (P = 0.69) than the Ao
transition (Py; = 0.39). At the same time, the transition
to the | level retains the strong influence from the spin 1
conduction electrons and therefore remains as large, or
larger, as in the paramagnetic configuration.

As for the tunneling current through the system, there
is a huge discrepancy in the current for a range of voltages
in the two cases, displayed in Fig. 4. In Fig. 4, the current-
voltage characteristics are shown for three cases in which
the leads are in paramagnetic (dashed line) and ferromag-
netic ordering with a minority spin percentage of 3.5 (solid
line) and O (dotted). For sufficiently small voltages, the
magnitude of the current is larger for ferromagnetic than
for paramagnetic leads. As the voltage increases, though,
the current becomes larger in the paramagnetic case, and
for certain voltages the change in the MR |Ry, —
R,,mI/R,,m can be as large as 150%, a large number in
view of existing experimental devices [25].

The solid line in Fig. 4, describing a spin-dependent
resonant tunneling behavior, represents a situation where
the spin polarization in the leads is such that there is only
a tiny fraction of the minority spin state present. As the
bias voltage is increased, the bottom of that subband even-
tually separates from the corresponding level in the inter-
acting region which gives a decreasing contribution from

Goolw) =

02 04 06 08
polarization (WT -W i)/W 1

FIG. 2. The dressed transition energies Ay (solid line) and
Ao (dashed line) as a function of the spin polarization (W;* —
W(*)/W{* in the conduction bands. The polarization in the two
leads are equal.
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FIG. 3. The equilibrium DOS of the interacting region for
paramagnetically (dashed lines) and ferromagnetically (solid
lines) ordered leads. In the ferromagnetically ordered case,
there is an amount of 3.5% of the minority spin in the leads.

the minority spin to the tunnel current. This results in a
tunnel current through the system that equals the current
of the majority spin state only. The inset of Fig. 4 illus-
trates a nonintuitive and extreme case of this situation with
very narrow conduction bands. Then, for a certain voltage
range, the current is decreased as the conduction bands are
shifted from ferromagnetic to paramagnetic configuration,
giving an up to 45% inverse MR.

In conclusion, using the Anderson model, we predict that
the localized level with a given spin state in a QD is strongly
renormalized, via kinematic interactions, by the conduction
band of the opposite spin state. For ferromagnetic leads,
the levels in the QD experience a spin split which results
in a spin-dependent tunnel current through the system. We
observe a change in the MR by up to 150% as the magnetic
configuration in the leads is changed from ferromagnetic to
paramagnetic, suggesting that our findings can be used in
devicing magnetic sensors. The effect is nontrivial which
is shown by the possibility of an, up to 45%, inverse MR.
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FIG. 4. The tunneling current through the interacting region
for paramagnetically (dashed line) and ferromagnetically or-
dered leads. For the ferromagnetic ordering, the minority spin
percentage is 3.5 (solid line) and O (dotted line). The inset shows
the situation where the conduction bandwidth is 2W = 2.8 meV.
I() = I() + I(),Ig = eF,,/ﬁ.
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