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We analyze the spin-dependent conductance and spin polarization of a double quantum dot in a T-shape con-
figuration coupled to ferromagnetic leads in the presence of external magnetic field. The calculations are performed
with the aid of the numerical renormalization group method. We show that in the antiparallel configuration, finite
magnetic field can give rise to the full spin polarization of the current, which can be controlled by tuning the dots’
levels. On the other hand, for parallel configuration enhanced spin polarization can be generated by an exchange
field due to the presence of ferromagnetic leads and can be also tuned by changing level position or external mag-
netic field. The magnetic field can be thus used to improve the spin-resolved properties of the system.
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1. Introduction

Transport properties of double quantum dots (DQDs)
have recently attracted a lot of attention [1]. Since the
behavior of such systems mimics the behavior of real
molecules, DQDs provide ideal playground to examine
various correlations at the nanoscale. When only one of
the dots is directly coupled to the leads, while the sec-
ond dot is coupled indirectly through the first dot, the
interference between different conduction paths can give
rise to the Fano effect [2]. On the other hand, in the
case of strong coupling between the DQD and the leads,
the electronic correlations can give rise to the Kondo ef-
fect [3]. In fact, transport properties of T-shaped DQDs
are determined by the interplay of the Fano and Kondo
effects [4, 5]. Another interesting effect occurs in the
presence of external magnetic field. It was shown that
the conductance through the system can be then fully
spin polarized, and the sign and degree of spin polar-
ization can be controlled by the position of the DQD’s
levels [6].

In this paper we study the spin-polarized conductance
of T-shaped DQDs coupled to ferromagnetic leads in the
presence of external magnetic field. It is known that the
presence of ferromagnetic leads gives rise to an exchange
field that acts in a similar way to an external magnetic
field, splitting the dots’ levels [7, 8]. By using the nu-
merical renormalization group (NRG) method [9, 10], we
show that one can obtain full spin polarization P of the
linear conductance in DQDs with ferromagnetic contacts
without the need to apply magnetic field. We also ana-
lyze how the presence of external magnetic field modifies
the spin-resolved transport properties of the system.
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2. Model and method

We consider DQD in a T-shape configuration cou-
pled to ferromagnetic leads, whose magnetizations can
form either parallel or antiparallel configuration, see
Fig. 1. The Hamiltonian of the system has the form,
H = HF+HT+HDQD' Hy = ZT:L7R Zko’ 87'kgcikacrka
is the Hamiltonian of ferromagnetic leads, Hp =
Y r=L.R ko Vrko (chrkg + cikgdlg) is the tunneling
Hamiltonian and the DQD Hamiltonian reads

]{DQD:z:&‘jgnjg—l—z:lf(Cl]igdzg‘|‘H.C.)—|—(]2’/121~’n,2¢7 (1)
jo 4

with nj, = d;gdjg. Here, ¢,k (d;,) annihilates an elec-
tron with spin o, carrying momentum Ak in lead r (lo-
cated on dot j), correspondingly, and e,k (€j0) is the re-
spective single-particle energy. We assume that only the
second dot is interacting, with Us denoting the Coulomb
correlation parameter. In the presence of magnetic field,
the dots’ levels become split, €, = € + 0 B/2, where B
is the external magnetic field applied along the z-th di-
rection and gup = 1. The coupling between the first dot
and the lead r is given by I'e = > 7pro|Viko|?, where
pro denotes the respective spin-resolved density of states.
The coupling can be rewritten as ., = (1 + op)l./2,
where p is the spin-polarization of ferromagnets (p;, =
pr=p),and I, =Igr =1/2.

The linear conductance through the system can be
found from the Meir—Wingreen formula,
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where f(w) is the Fermi-Dirac distribution function and
<<dlg\dig>>‘"et denotes the Fourier transform of the re-
tarded Green function of the first dot, which we calculate
with the aid of NRG [9, 10]. In calculations we assume
the following parameters (the first dot is noninteracting):
U, = 05D, I' =0.02D, t = 0.04D and p = 0.4, where
D =1 is the band halfwidth used as energy unit.
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Fig. 1. Schematic of DQD in a T-shape geometry cou-
pled to ferromagnetic leads with either parallel or an-
tiparallel alignment of magnetizations. The first dot is
coupled to the leads with strength I'y(r), and to the
second dot via hopping t.

3. Results and discussion

In the following, we analyze the behavior of the spin-
resolved conductance G, and the spin polarization P,
defined as P = (G — G})/(Gy + G), in both the an-
tiparallel (AP) and parallel (P) magnetic configurations
of the system.
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Fig. 2. Dependence of the linear conductance GAF

(a) and spin polarization PAF (b) on e1, for different
strengths of magnetic field B in the antiparallel configu-
ration and for e; = —U,/3. The z-axis for £; € [—0.5,0]
was multiplied by 3 to zoom in the range where the most
interesting features occur (curves are smooth in homo-
geneous scale). In (a) curves for different signs of B
overlap.

In the antiparallel configuration, for left-right symmet-
ric systems as considered here, the couplings for spin-up

and spin-down DQD levels become equal and the system
behaves as if coupled to nonmagnetic leads, except for
additional factor of (1 —p?) in G,. Figure 2 shows the
linear conductance and spin polarization in the antipar-
allel configuration as a function of ¢; for eg = —Us/3.
As can be clearly seen in Fig. 2a, for B = 0, there is a
strong antiresonance in GA¥ due to the Fano destructive
interference. It occurs for ey = ¢g = —I'/6. The fact
that ¢ # 0 comes form the lack of electron-hole symme-
try in the system, since e = —U/3. We note that for
g9 = —Us/2 the conductance in the presence of B was
analyzed in Ref. [6] for nonmagnetic leads.

While for B = 0 the suppression of GAT is complete,
the presence of magnetic field weakens this effect and
leads to finite conductance. This is due to the fact that
finite B removes spin degeneracy and the conditions for
Fano destructive interference become different in each
spin channel. Then, if GAY — 0 for given 1, GAP # 0, so
that the total conductance, GAP = G$P+G¢AP, is finite in
the whole range of €1, provided B # 0, see Fig. 2a. This
holds even for very weak B, while for strong magnetic
field a dip in GAF changes into a wide peak, reaching
GAP = 2(1 — p?)e?/h. Another feature visible in Fig. 2a
is the approximate symmetry of the linear conductance
around the point 1 = &g.

G™P does not depend on the sign of B, only on its mag-
nitude, this is contrary to the spin polarization, which is
shown in Fig. 2b. Since for B = 0 nothing perturbs the
spin SU(2) symmetry, PAY = 0 in this case. However,
even as tiny magnetic field as B = I'/100 is sufficient
to cause PAP to reach +1. In agreement with intuition,
the change of sign of B leads to the change of sign of
PAP and all the curves are approximately antisymmetric
around e, = £9. Nevertheless, the dependence of PAP
on & for B = £1I"/100 is highly non-trivial. It displays
two local maxima with PAP ~ 1 and two minima with
PAP ~ —1. On the other hand, the dependence of PAF
on 1 for stronger B is less spectacular, i.e. the achieved
values of PAT are now much smaller, |PAF| < 0.1, see the
curves for B = +1I" in Fig. 2b. This holds also outside
the range of Fig. 2, for —15I" < ey < 157".

Consider now the case of parallel magnetic configu-
ration. Now the couplings for spin-up and spin-down
are different leading to different level renormalization for
each spin direction. This gives rise to a spin splitting of
the levels even in the case of B = 0 [7]. The magnitude
and sign of this ferromagnetic-contact induced exchange
field can be tuned by changing the level position. More-
over, it is clearly an interaction effect since it vanishes for
vanishing Coulomb correlations and at the particle-hole
symmetry point of the model. In the case studied here
with noninteracting first dot, the exchange field develops
in the second dot. The hybridization of the second dot
is Iy, = t?/I,, and, clearly, the dependence of I, on
p is opposite to the that of I, [7, 8]. Consequently, for
given levels’ position, the sign of exchange field is oppo-
site as compared to single dot case. This is reflected in
the B-dependence of G and P, as discussed in the sequel.
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The dependence of linear conductance GF and spin po-
larization PY on ¢; is shown in Fig. 3. One can see that
even for B = 0 the suppression of the conductance due to
Fano destructive interference is only partial. Due to the
presence of exchange field, Fano antiresonances in differ-
ent spin channels are shifted against each other, leading
to finite conductance GF for all ;. Moreover, the spin
polarization is very high, P¥ ~ 1, except for the point
where G¥ is minimum, at which the spin polarization
changes sign and becomes P¥ ~ —1. Thus, without any
external magnetic field, due to the presence of exchange
field, one can obtain perfect spin polarization of the linear
conductance, which can be tuned by changing the level
position. This undoubtedly interesting result is analyzed
in more detail in Ref. [11].
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Fig. 3. The same as Fig. 2 calculated for the parallel
magnetic configuration of the system.

In the presence of magnetic field, the operation of the
device can be changed. If one turns on small negative B,
see the curves for B = —I'/100 in Fig. 3, the Fano an-
tiresonance becomes restored and P is almost constant
showing only small dip without any sign change. This is
due to the fact that this magnetic field compensates the
splitting induced by the exchange field. Note that this
is contrary to single dot case, where to compensate for
exchange field one needs to apply B along the magnetiza-
tion of the leads (B > 0) [8]. This is related with different
dependence of the couplings on p discussed above.

For small positive field, see the case of B = I'/100 in
Fig. 3, the minimum of GF is slightly shifted and a bit
shallower, while the dip of PP reaches —1 and is wider
as compared to the case of B = 0. This can be under-
stood by realizing that positive B enhances the splitting
induced by the exchange field. The splitting can be en-
hanced further with larger B leading to even broader
minimum in both G¥ and P¥, see the case of B = I'/10

in Fig. 3. Interestingly, a second minimum of P¥ oc-
curs at €1 &~ —1.65I". At this point G¥ is enhanced and
exhibits a small local maximum.

The change of sign of B is in this case qualitatively
equivalent to change of the curve to its mirror image with
respect to the point where G has minimum. This is
due to the fact that for |B| 2 I'/10, the magnetic field
surpasses the exchange field, thus decreasing its influence
on transport. In fact, for magnetic fields of the order
of the coupling strength, |B| = I', the spin polarization
becomes much suppressed, it is clearly smaller than unity
and does not change sign.

Finally, we note that large spin polarization is also
present in the case when the first dot is interacting. Then,
the exchange field plays an important role on both dots
and it can lead to further enhancement of the range of
parameters where perfect spin polarization occurs [11].
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