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Tunable Kondo Effect in a Double Quantum Dot Coupled to Ferromagnetic Contacts
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We investigate the effects induced by ferromagnetic contacts attached to a serial double quantum dot.
Spin polarization generates effective magnetic fields and suppresses the Kondo effect in each dot. The
superexchange interaction Japy, tuned by the interdot tunneling rate z, can be used to compensate the
effective fields and restore the Kondo resonance when the contact polarizations are aligned. As a
consequence, the direction of the spin conductance can be controlled and even reversed using electrostatic
gates alone. Our results demonstrate a new approach for controlling spin-dependent transport in carbon

nanotube double dot devices.
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The study of spin-polarized transport in quantum dots
(QDs), motivated by potential application in spintronic
devices, has recently drawn a lot of attention both theo-
retically [1-4] and experimentally [5-7]. Ferromagnetic
contacts affect the dot charge dynamics so that spin-
dependent tunneling rates differently renormalize the dot
level for each spin orientation [1,2,4]. This is reflected in
the appearance of an effective magnetic field in the dot
[8-12] which suppresses the many-body Kondo state
[11,12], routinely observed at low enough temperatures
in QDs. However, this Kondo state can be fully restored
by properly tuning the QD level position (€) via a gate
potential [9,10]. When the polarizations in the ferromag-
netic electrodes are noncollinear, the induced effective
magnetic field depends on the relative orientation of the
two easy axes, but it can, again, be compensated [13].

Double quantum dots (DDs) offer promising perspec-
tives in quantum spintronics such as spin-based quantum
computation [14], Pauli spin blockade [15,16], spin pump-
ing [17], etc. Moreover, they offer a natural experimental
realization of the two-impurity Kondo (2IK) problem
[18-20]. The interplay between the single-dot Kondo
effect and the interdot interaction has been extensively
studied theoretically [21-24] and confirmed experimen-
tally [25,26].

Coupling DDs to ferromagnetic contacts [27,28] adds a
further experimental handle to the system, which is distinct
from applying an external magnetic field, and brings about
interesting spin-dependent transport properties. In this
work we investigate the role of injecting spin-polarized
charge carriers in serially coupled DDs (see upper inset in
Fig. 1). We find pronounced transport phenomena due to
the coupling with ferromagnetic electrodes which are not
present in single dots, but emerge in more complex devices
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due to the interdot coupling. For generic parameters (more
precisely, in the absence of the particle-hole symmetry),
ferromagnetic contacts induce an effective magnetic field
in each QD. We show that for parallel orientation of the
magnetization in both electrodes these induced effective
fields can be compensated by properly tuning the interdot
tunneling amplitude ¢, thereby restoring the Kondo state.
Furthermore, we demonstrate that the sign of the spin
current in the DD setup can be changed by gating the
dots and varying the interdot tunneling ¢ or the level
positions €.

The DD device (Fig. 1) is described by the two-site
Hubbard model

_ t
H = Z €akoCoioCako T Zenw + Ungihy
k,a',a o,T

— 1Y (dlydry + He) + Y (Vacl,,do, + He).

ko,a
(1)

Here c,;, annihilates an electron with wave vector k and
spin o =1, | in the electrode « € {1,2}, while d,,
destroys an electron with spin o in the dot «. Each dot is
connected to a contact with hybridization amplitude V,,.
Ferromagnetic contacts are described by spin-dependent
tunneling rates: 'y, = 7|V,|*v,, with v,, the spin-
dependent density of states in the contacts. Polarizations
are parametrized by p,, defined through I',;=
I+ py)/2, Iy =T - p,)/2; we assume the total
hybridization strength I" to be constant and equal for
both contacts. In this work we consider the case of col-
linear polarization between the leads with parallel (P)
(p1 = p» = p) and antiparallel (AP) alignment (p; =
—p, = p). The energy zero is fixed at the Fermi level,
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ie., Er = 0. We solve H using the numerical renormal-
ization group technique [29].

Particle-hole  (p-h)  symmetric  case, 0 = €+
U/2 = 0.—The dot-1 spectral functions A,,(w) for P
and AP alignments are shown in Fig. 1. Because of sym-
metry, the dot-2 spectral function is given by A, (w) =
Aj,(w) for P alignment and A,,(w) = A _,(w) for AP
alignment. For p = 0 and small ¢ [Fig. 1(a)], the spectral
function shows a single peak (the Kondo resonance) pinned
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FIG. 1 (color online). Upper panel: schematic diagram of a
serial double dot for the parallel (P) configuration where the
majority spins of both reservoirs are aligned. ¢ is the interdot
tunneling amplitude, I' is the lead-dot hybridization strength.
The size of the arrow designates the minority or majority
character for the spins, while the color describes the spin
orientation: light gray (green online) for spin up and dark grey
(purple online) for spin down. (a)—(f) Spectral densities A; ,(w)
of dot 1 for P configuration; due to symmetry, A,,(w)=
A; ,(w). (g) Spin-spin correlation function at r = 0.192 for P
configuration. (h) Double dot phase diagram for the P case: the
three phases are the Kondo phase, the antiferromagnetic phase
(AFM) and the molecular-orbital phase (MO). Lower panel:
double dot in the antiparallel (AP) configuration where
the majority spins of both reservoirs are antialigned.
(i)—(1) Spectral densities of dot 1 for AP configuration; due to
symmetry, A;,(@)=A;_,(w). Parameters are € = —U/2,
U=7,and I = 1.

at the Fermi level. As ¢ increases, one moves from the
regime dominated by the Kondo effect to a phase governed
by the antiferromagnetic (AFM) coupling between the
spins [Figs. 1(b)]. The AFM regime is evidenced by a
double-peak density of states with peaks at w =
+Jarm/2 wWhere Japy = 412/U is the strength of the
superexchange interaction. For finite polarization, p # 0,
each dot is predominantly affected by the polarization of
the neighboring contact and only indirectly (thus weakly)
by the other contact, therefore P and AP arrangements
show in most cases rather similar behavior [compare
Figs. 1(a)-1(f) with Figs. 1(1)-1(1)]. For small ¢ and p
[Fig. 1(c)], the spectral weight at the Fermi level becomes
spin dependent, i.e., A;;(0) # A;(0), but there is no peak
splitting. The width of the Kondo peak is [11] T(p) =
Dexp{[—1/(v1Jx + v Jx)[tanh ™ (p)/p]} where v, Jx =
8I',/wU; thus, by increasing p the Kondo temperature is
lowered. When Japy = 2Tk(p), the Kondo effect is sup-
pressed and the spins from both dots bind into a local
singlet state; this is reflected in the peak splitting in the
spectral density of magnitude Jagy [Fig. 1(e)]. The corre-
lation function (S; - S,) which measures the dot spin align-
ment is shown in Fig. 1(g) for increasing p. The observed
crossover at constant ¢ as a function of p is found to be of
the same type as that found in the p = 0 model as a
function of z. In fact, the results of more comprehensive
numerical calculations indicate that there is a continuous
crossover line in the (p, f) plane separating the Kondo
phase from the AFM phase. In addition, there is a third
regime, the molecular-orbital (MO) regime, which occurs
for very large values of the interdot coupling.[30] There is
no sharp boundary between the AFM and MO regime for
two-electron occupancy at § = 0; these two regimes are
smoothly connected and there is no qualitative difference
between them. A schematic phase diagram summarizing
these results is shown in Fig. 1(h).

In spite of the general similarities between the P and AP
cases, we find remarkable differences between them in the
half-metallic limiting case of p — 1 [compare Figs. 1(e)
and 1(f) for the P case and Figs. 1(k) and 1(1) for the AP
case]. In the P case the spin-down spectral density at Ep
vanishes in this limit, while for the AP case it remains
finite. Conversely, for the P arrangement the spin-up spec-
tral function is finite at E, while for the AP case it goes to
zero. The difference is due to an interference effect that can
be studied analytically in the noninteracting (U = 0) limit,
with the result holding more generally. The analytical
solution for the spectral function in the noninteracting
case is given in the Supplemental Material [31]. For P
alignment, spin-down electrons become localized inside
the DD system in the p — 1 limit, while the spin-up
electrons can still flow between the contacts; the U = 0
spectral function for spin-down electrons has deltalike
peaks at w = =t and is zero elsewhere, while the spin-
up spectral function is finite at Er. For the AP case, in the
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p — 1 limit the spin-up electrons from the contact 1 can
enter both dots, but cannot exit at the right contact. The
U = 0 spin-up spectral functions thus show a peak at Ep
for the dot 2 and, consequently, zero spectral density at Eg
for the dot 1 due to interference. For the other electron spin,
the behavior in the two dots is simply reversed. The
difference in the p — 1 limit becomes even more pro-
nounced as 7 increases. In the Supplemental Material we
show how the spectral functions evolves as the interaction
U is switched on from zero [31].

General case, 6 # 0.—Away from the p-h symmetric
point, the spin splitting in each dot level €, is generated
by virtual processes proportional to the spin-dependent
hybridization functions: By = d€; — d¢€; with

POy LS L) P ST )
T w—€ e+tlU—w
Accordingly, at p # 0 and for general values of parame-
ters, the spectral function exhibits spin splitting (see
Fig. 2). For small ¢, this splitting is fully analogous to
that observed in single QDs [e.g., see Figs. 2(a) and 2(b)].
For a single QD, in the AP case there is no induced field
because of the direct compensation of the contributions
from both contacts. In the DD case, however, there is an
induced field in each dot for both P and AP cases, but
they differ in the direction of the fields: they are aligned
along the same direction for the P case (B = Boefr)s
while they point in opposite directions for the AP case
(Byeff = —Bjetr). In single QDs, the splitting can only be
restored by the application of an external magnetic field.
In DDs we find, in contrast, that the splitting compensa-
tion can also be achieved by the exchange fields due to
the interdot exchange coupling J gy for a specific value
of ¢ the compensation occurs [Fig. 2(c)] and beyond this ¢
value the splitting is shown again [Fig. 2(d)]. This can be
understood as follows: seen from dot 1(2), the exchange
coupling Japy between the dots can be regarded as an
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FIG. 2 (color online). Spectral function of dot 1 when the
system is away from the particle-hole symmetric point.
Parameters are U =7, =1, e = -U/2 + 1.

effective magnetic field: Bex. = JapmS2(1)- The exchange
field leads to a splitting between the molecular singlet and
triplet states. The effective field By, however, induces
splitting of the triplet states. When B, ~ |B.s/, there is
degeneracy between the singlet state and one of the triplet
levels. These two play the role of pseudospin degrees of
freedom and the problem maps onto an effective spin-1/2
Kondo model. The restoration of the Kondo effect is,
however, only possible in the P case while in the AP
case the splitting only grows larger when ¢ is increased
[see Figs. 2(e) and 2(f)]. Note that this type of restoration
of the Kondo peak has also been predicted in the 2IK
problem in an external magnetic field [32,33] and verified
experimentally [34].

Interestingly, all these features shown in the dot spectral
density are reflected in a measurable transport magnitude:
the linear conductance. We compute the conductance
through the DD system as a function of the interdot tun-
neling ¢ and the dot level position e for three values of p in
Figs. 3(a)-3(c). For p = 0 we observe the standard results
for the conductance of a DD: along the p-h symmetric line
the conductance is low in the small-¢ and large-7 limits, and
it peaks at the 2IK crossover point Japy ~ 27T. For very
large t, the conductance becomes high when one of the
molecular orbitals at energies € = ¢ is tuned to the Fermi
level, thereby signaling the MO phase and the Kondo effect
in the even or odd orbital. The 2IK crossover conductance
peak and the MO Kondo conductance peak are smoothly
connected in the (¢, €) plane by a high-conductance ridge
which reaches the unitary conductance, G = 2¢%/h. For
finite p the conductance ridge no longer reaches the unitary
limit. The influence of polarized contacts is more dramatic
for the P alignment, due to the interplay between J gy and
the effective fields. The spin-up and spin-down conduc-
tance G, as well as their difference, i.e., the spin con-
ductance G; = Gy — G|, show that the DD can behave as a
spin-filter device, see Figs. 3(d)-3(f). The maximum con-
ductance coincides with the restoration of the Kondo effect
when B, ~ |Bel|. G| exhibits a sharp peak in the (7, €)
plane; the narrow width is due to the weak hybridization of
the spin-down electrons that reduces the Kondo scale as p
increases. Gy, in contrast, exhibits much broader features.
As a consequence, one finds that the direction and the
amplitude of the spin conductance can be tuned by the
parameters € and ¢ (Fig. 3).

Conclusion.—Ferromagnetic contacts profoundly alter
the transport properties of serially coupled double dots.
The interplay between the antiferromagnetic exchange
coupling and the effective fields induced by the polarized
leads in the parallel configuration may reinforce the Kondo
effect. By tuning the interdot tunneling and the dot gates
the spin conductance reverses its sign. We propose double
dot carbon nanotubes attached to polarized contacts as the
best candidate to observe our predictions. In carbon nano-
tube quantum dots, large polarizations and much stronger
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FIG. 3 (color online). Conductance through the double dot
device. (a), (b), (c) Linear conductance for p = 0, 0.6,0.9 in the
parallel arrangement. (d) Spin-up, (e) spin-down conductance,
and (f) spin conductance for p = 0.6. Parameters are U = 7,
I" = 1. Shade scheme (color scheme online) is the same in (a)—(e),
but different in (f), as indicated by contour labels in (a) and (f),
respectively. The darker (red online) contour lines in (f) indicate
the reversal of the sign of spin conductance. The conductance is
expressed in the units of conductance quantum, 2¢% /.

Kondo states have been observed compared to semicon-
ductor quantum dots [35-38].
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