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The nonequilibrium Kondo effect is studied in a molecule quantum dot coupled asymmetrically to two ferromagnetic

electrodes by employing the nonequilibrium Green function technique. The current-induced deformation of the molecule

is taken into account, modeled as interactions with a phonon system, and phonon-assisted Kondo satellites arise on both

sides of the usual main Kondo peak. In the antiparallel electrode configuration, the Kondo satellites can be split only

for the asymmetric dot-lead couplings, distinguished from the parallel configuration where splitting also exists, even

though it is for symmetric case. We also analyze how to compensate the splitting and restore the suppressed zero-bias

Kondo resonance. It is shown that one can change the TMR ratio significantly from a negative dip to a positive peak

only by slightly modulating a local external magnetic field, whose value is greatly dependent on the electron-phonon

coupling strength.
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1. Introduction

When a quantum dot (QD) with local odd-spins is
coupled to two external electrodes, at low enough tem-
peratures, the local spin can be screened by the spin
of a conduction electron coming from the electrodes,
resulting in the so-called Kondo effect (anomaly). The
Kondo anomaly is generally detected by measuring the
resonant conductance peak at zero-bias voltage or the
sharp peak of density of states (DOS) at the Fermi
energy level. While the normal Kondo effect,['? as-
sociated with electronic transports through a QD at-
tached to normal metal electrodes, is well-understood
both in theory and in experiment, there has been great
interest in understanding the ferromagnetic Kondo
effect,®4 where the QD is coupled to ferromagnetic
metal electrodes.!”!

Several years ago, different theoretical methods
were devoted to this field. Studies of some meth-
ods, involving scaling arguments,3! the equation of
motion,® the noncrossing approximation,[”) and the
numerical renormalization group,!8! suggested that the
zero-bias Kondo peak should be split for the parallel
(P) alignment in magnetic moments of two ferromag-

netic electrodes. However, the slave-boson mean-field
method and other theories®1% predicted opposite re-
sults. Recently, the dispute has been mediated, and
the splitting of the zero-bias Kondo peak was first ob-
served experimentally by Abhay et all'l in a Cgo-
molecular QD tunnel junction. Then, an experiment
was repeated in a similar setup with a semiconduc-
tor QD2 instead, where not only the splitting of the
Kondo resonant peak but also its restoration is demon-
strated by applying an external magnetic field. An
external field with B = 1.2 T can completely compen-
sate the effective exchange field induced by the leads’
magnetism and makes the splitting of the Kondo peak
disappear. As a further exploration, Hauptmann et
al¥3] replaced the semiconductor QD with a carbon
nanotube QD and observed additionally that the ef-
fective exchange field itself and hence the local spin
polarization can be tuned and reversed merely by tun-
ing the gate voltage. It is theoretically revealed that
the underlying mechanism of the Kondo peak split-
ting is attributed to charge fluctuations. Owing to
mismatch in the DOS for the spin majority and spin

minority, the charge fluctuations associated with the
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electron tunneling into and out of the dot will renor-
malize the bare energy level in the dot. As a con-
sequence, the spin-degenerated energy level is lifted,
equivalent to the contribution from an effective ex-
change field.[3:14:15]

On the one hand, with further shrinking in the
size of spintronic devices, molecular spintronics!*f or
nanospintronics'” have emerged rapidly as a new
branch of spintronics. Compared to conventional
electronic devices based on semiconductor QDs, such
molecular-scale electronic devices have a very small
size and manifest themselves with pronounced dis-
crete dot levels as well as large charging energies.
Therefore, the molecular tunnel junction provides a
powerful tool to observe the Kondo anomaly.1?:18:19]
As opposed to “hard” semiconductor QDs, molecu-
lar QDs are “soft”.

els through a molecular QD, the molecule will de-

If a tunneling electron trav-

form from a sphere to a prolate ellipsoid, giving
rise to the quantum excitation of internal vibrational

(phonon) modes.[20:21]

For instance, in nonmagnetic
single-molecule transistors,['2%:22] the electron tun-
neling spectrum shows inelastic vibrational sidebands
even in the Kondo regime. For the same reason, it is
expected that electron—phonon interaction (EPI) can
modulate the transport of spin-polarized electrons in
a molecular QD connected with ferromagnetic elec-
trodes. Due to the participation of the phonon modes,
there appear lots of interesting phenomena in spin-
tronics, such as the oscillation of tunneling magnetore-
sistance (TMR) with applied bias voltage,?>?4 the
vibration-mediated Kondo effect,[?26] and the spin
valve effect.[?7]

In a recent paper,2%l we have studied the EPI in-
fluence on the Kondo effect in a single-molecular QD
symmetrically coupled to ferromagnetic electrodes,
where the vibration-mediated spin splitting of Kondo
satellites occurs for the P magnetic alignment but not
for the antiparallel (AP) one. In the present paper, we
will focus on another two aspects: 1) the vibration-
mediated Kondo satellites can be also split for AP
alignment when there exist asymmetric couplings be-
tween dot and leads. Moreover, the split Kondo sub-
peaks in differential conductance for the P and AP
alignments show different tilted profiles with respect
to the bias voltage, and thus the TMR ratio exhibits a
considerable asymmetry with respect to the bias volt-
age; 2) the suppressed zero-bias Kondo resonance due
to spin splitting can be restored by applying an exter-
nal magnetic field, whose magnitude is significantly

dependent on the EPI strength. This paper is orga-
nized as follows. In Section 2 the theoretical model
is presented. In Section 3 the influence of the cou-
pling asymmetry and the external magnetic field on
the Kondo anomaly is discussed. Finally, a brief sum-
mary is given in the last section.

2. Model and method

The Hamiltonian for an electron—electron inter-
acting molecular QD, coupled to two ferromagnetic
electrodes and to a phonon bath, can be written as a
typical Anderson—Holstein model:

H:HL+HR+th+HD+HT. (1)

The first two terms describe the non-interacting elec-

tron reservoirs Hy, = >, skg,acla oChoa (@=L, R),
i

where Choa

(Cko,a) is the creation (annihilation) op-
erator for an electron with energy €iqs,q, Wave vector
k, and spin o. Free phonon mode Hy, = hwoa'a,
with the vibration frequency wg and the creation (an-
nihilation) operator af (a) for a phonon, is applied to
simulate the molecular deformation. The molecule is
assumed as a single energy-level QD, Hp = ) _[e, +
eVg+Aa' +a)|dl d, + UdTrdeIdi, where df (d,) cre-
ates (annihilates) a dot electron with spin o, A is the
EPI coupling strength, and U is the on-site Coulomb
repulsion between electrons. The energy level e, of
the QD is controlled by a gate voltage V,. When an
external magnetic field B is exerted on the spin of
the dot electron, the Zeeman energy enters the en-
ergy level in the form ey = €9 £ gupB. The last
term in Eq.(1) is the tunneling Hamiltonian, given
by Hy = Z,W’a Tkg’acla’ada -+ H.c. Due to the elec-
tron tunneling between the dot and leads, the dot en-
ergy level is broadened by the bandwidth function,
I'noe = 2Tpa,ey |T;w70¢|27 with pq,, denoting the
DOS of o-spin electrons in lead « at the Fermi level.

It is easy to derive the formula of the current
through the system by using the Keldysh nonequilib-
rium Green function approach[28]
2

dw
Iy = —— g[fL(w) — fr(w)]
FL,G'FR,G' r
mlm Go(w), (2)

where G7(w) is the retarded Green function for
1/{1 +
expl(w — pa)/ksT)} is the Fermi-Dirac distribution

a o-spin electron in the QD. fo(w) =

function in lead «, with the electrochemical poten-
tials p1, = —pr = €Vhias/2, where Viiag is an applied
bias voltage.
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In order to calculate the retarded Green func- &y = €¢ — ghwy, U = U — 2ghwy with g =
tion G (w)we should eliminate the electron—phonon  (\/hwg)?, and the tunneling matrix elements Tho o =
coupling part in Hp by using the canonical trans- Ty, ,X with X = exp[—A/hwo(a’ — a)].  Assum-
formation with s = A/hwo Y, did,(a’ — a). After  ing the phonon bath remains in thermal equilib-

that, equation (1) is transformed into H = eHe™ = rjum in the process of the electron tunneling, one
Hey + Hpy, where may replace T;m,a approximately with its expectation
Ha = (o +eVy)dhdy + Udldydld, value,2429300 Ty = Typ o (X) = Tho,qe” 9N +1/2)
o with Npw = 1/[exp(hwo/ksT) — 1] as the averaged
+ Z Ek‘macla,ackma phonon number. Thus, the renormalized Hamiltonian
koo for electrons H, becomes a typical Anderson model,
+ Z (Tko,acla,ado + H.c.). (3) and the corresponding retarded Green function GQ (w)
ko,a can be obtained with the help of the equation of mo-
Here, the resulting parameters are renormalized, i.e.,  tion (EOM) approach,®!
|
ar(w) = _ _ _1- <d§fia> - _
w—Eg—eVyg =Yoo+ Ul1(w—Er —eVyg—U — Yo — Xog) 7!
+ __ ddo) ~~ : (4)

w — 50 — GVg - U — Ego — UEG-Q((U — 50 — 6‘/g — EG‘O — 203)71

The average occupation number of electrons on the QD, (d:ﬁ,d5> with spin & opposite to o, is evaluated with a self-

consistent equation, (n,) = — fdw 1/7r fo(w)Im G7(w) with f,(w) = [[LofL(W) + TRofRW)]/IL.o + IR o)
The self-energies in Eq.(4) are 5§ (w) = 3", [de(1/27)(Ta,s/(w — €)), and
de ~ 1 1
Z / 6 a o‘ 1 < o — + = ~ - = > (5)
a€L,R W—€—E +E wWHEks —E;—E5—2eVy—-U

with A;—1(c) = fs(e), Aizale) = 1 — fy(e), Aizs(e) = 1, and [, = e 9Nt = In the wide-band
approximation, one can assume I, = I10(l + 0,P.) and I'ry = I'ro(l £ 0,Pr) with a constant I,o =
(I'at + I'ny)/2 and sign +(—) standing for the P (AP) magnetization alignment. The spin polarization of the
ferromagnetic electrode « is described by Py = (pat — Pa,t)/ (Pat + Pa,l)-

The relation between the Fourier transformation of the Green function G(t) associated with the original
Hamiltonian in Eq.(1) and G(t) associated with the dressed Hamiltonian in Eq.(3) can be found?$252] to be

Z Lo{[1 = fo(w — nhwo)| G (w — nhiwo) + fo (w + nlice)Gh (w 4 nhwo) }, (6)
n=—oo
where L, = e~ 92NentDenhwo/2keT], 124, /Ny (Npy, + 1)] with I,(z) as the n-th Bessel function of the complex
argument.

It is noted that in the Kondo regime both charge and spin fluctuations play an important role. The charge
fluctuations will lead to renormalization for the bare energy level &, in the QD.[?6:1415:32] The renormalized
procedure is introduced theoretically by employing a self-consistent calculation. For the case of normal metal
as leads, the renormalized procedure will keep the energy level €, unchanged, but for ferromagnetic leads, it
will give rise to spin splitting between two spin-degenerated energy levels, & and €, due to the presence of
magnetism. The self-consistent calculation follows from the renormalized group spirit and is confirmed to be
comparable to the renormalization group scaling analysis,®! not only accounting for the spin fluctuations but
for the charge fluctuations. Here, the self-consistent calculation is extended to account for the inelastic scatter

(polaronic effect). As a result, the energy 55,* ™ is renormalized to be a(in) with the shifted part beingl3:6:14:15,32]

§(EM) = gEn) g, = Re[Z7 (&, £ nhwo) + X7, (&, £ nhiwo)]

de 1 1
= _Re Z / fa a o ( (in) + ~ vg‘in) ) ) (7)

a€LR £ nhwy — €5 —e £ nhwy+U +¢€
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where the sign +(—) corresponds to the electron (hole)
transport, accompanied by n-phonon emission. The

(£n) J(£n)
) )

spin splitting between & and € is equivalent

(En) _

to the role of an effective exchange field, gupB . ~ =

J(En o(En
e (055 — 0e7).

3. Numerical results and discus-

sions

In this section, based on the formulas outlined
above, we will discuss numerical results. In order
to describe the asymmetric coupling between the QD
and two ferromagnetic leads for convenience, we de-
fine an asymmetry factor as n = (I'o — I'ro)/lo with
Iy = Ito + I'ro. The factor n characterizes the dif-
ference between the left-dot and the right-dot tun-
nel barriers in an asymmetric double-barrier tunnel
junction with the molecular QD. The asymmetry be-
comes prominent with 7 increasing; in the extreme
case, n = 0, it corresponds to the symmetric situ-
ation, and n = 1 corresponds to the situation that
the right-dot contact is insulated. We consider the
ferromagnetic metal Ni as two electrodes, which is
extensively adopted in experiments!'' =13 and whose
polarization is regarded as P, = Pg = 0.31. Some
other parameters are fixed for our numerical calcula-
tions: U = 50, Iy = 0.4, kgT = 1074, eVe = 0, and
€, = €5 = €9 = —0.5 in the absence of external mag-
netic field B. All the energies are measured relative
to the phonon energy hwg.

We plot spin-resolved DOSs, py(;) = —(1/7)Im
GY(})(w), as functions of electron energy w for the AP
configuration in Fig.1, where the Kondo resonance and
phonon-assisted Kondo satellites are clearly observ-
able. For the symmetric coupling n = 0 (solid lines),
the curves of the spin-up and spin-down overlap at the
Fermi level and there is no spin splitting because the
effective exchange fields arising from two leads can-
cel each other out for the AP magnetic configuration.
The Kondo satellites are exactly located at energies
w = *tnhwy with n = 1,2....
tem is asymmetric, i.e. 1 # 0, spin splitting of the

However, if the sys-

Kondo anomaly appears. The spin-up Kondo peak,
together with its Kondo satellites, shifts to the lower
energy regime, and the spin-down counterpart shifts
to the opposite side. This shift is a consequence of an
effective exchange field Bé;ft"). The phonon emission
of holes is responsible for the left Kondo satellites and

the phonon emission of electrons for the right Kondo

satellites. With the factor n increasing, the magni-
tude of splitting between p; and p; is enhanced, and
the spin-up sub-peak becomes higher and higher but
the spin-down one becomes smaller and smaller, which
implies that spin-up electrons occupy the QD with a
larger probability than the spin-down electrons do. In
comparison with the case for the P alignment,!?®! the
shifted value of the Kondo peaks and Kondo satel-
lites in the AP alignment is obviously small. It is em-
phasized that the asymmetry in the tunneling rates
is essential to give rise to spin splitting for the AP
magnetic configuration but not for the P one.

0.6 .
(a) IS n=0.9

0.4

Pt

0.41

Pl

0.2 /,"‘ :

w(wo)

Fig.1. Spin-resolved DOSs, (a) py and (b) p, as functions
of energy w for the indicated asymmetric factor n. The
other parameters used are A = 0.5, B = 0, and Vpjas = 0
and the magnetic moment is the AP alignment.

In what follows, we will discuss the nonequilib-
rium Kondo effect when the system considered is sub-
jected to an applied bias voltage. First of all, we be-
gin with the differential conductance, G = G4 + G|,
with spin-resolved differential conductances defined
as Gp(p) = 0I4(1)/OVhias. Since the phonon-assisted
Kondo satellites in the differential conductance appear
at a large bias voltage and are not significant,?® we
focus on the main Kondo peak at a small bias voltage,
where although phonon-assisted channels may be not
open, the coupling of vibrational modes to electrons
still modifies the transport properties to a certain ex-
tent.

As exhibited in Fig.2, it is evident that there is a
significant difference in the differential conductances
G between the P and AP configurations. At the sym-
metric case with 7 = 0 (solid lines), the Kondo peak
for the P alignment splits into two sub-peaks, sym-
metrically located at the negative and positive bias
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voltages, while there is no spin splitting and only a
single peak is centered at the zero bias for the AP con-
figuration. The splitting of the conductance peak for
the P alignment has been observed in previous!!!] and
recent['213] experiments. Here, we further consider a
more realistic situation when the tunneling barriers of
the left-dot and right-dot contacts are different. With
increasing asymmetric factor n = 0, 0.3, 0.6, 0.9 in
turn from top to bottom, the Kondo peak for the AP
alignment gradually becomes split, which is the reflec-
tion of the splitting in DOS. It is interesting to note
that the splitting span for the AP case enlarges with
enhancing 7 but it is independent of 7 for the P case.
This can be understood from Eq.(7), from which it fol-
lows that the spin splitting 2guBB§?f) is approximately
proportional to I1,0+1IRro = Iy for the P configuration
and I 9 — I'rg = nlp for the AP case. In addition, as
7 increases, the differential conductances entirely de-
crease and eventually vanish at large ), independent of
the magnetization configurations. On the other hand,

one can notice that in the asymmetric case n # 0, the

|

Kondo sub-peaks for both the P and AP alignments
are asymmetric with bias voltage reversal and exhibit
tilted profiles on the whole. However, the tilted di-
rections of the conductance sub-peaks are different:
the right sub-peak is higher than the left one for the
P alignment but the left sub-peak is higher than the
right one for the AP case. In order to clearly see
the origin, the spin-resolved differential conductances
Gs with n = 0.3 are plotted in the corresponding in-
sets. When the applied bias voltage is reversed from
positive to negative, Gy reduces and G| enhances for
both the magnetic configurations. The competition
between them gives the variation of total conductance
G with bias voltage. For the P magnetic alignment,
reducing of G4 dominates and so the sub-peak in the
positive bias is higher than the one in the negative
bias. In contrast, the sub-peak in the negative bias
is higher than the one in the positive bias for the AP
alignment because enhancing of G| dominates in this

magnetic situation.

Fig.2. Differential conductances G as functions of bias voltage Vpias with n = 0, 0.3, 0.6, 0.9 for both the P
and AP alignments. Spin-resolved differential conductances G4y with = 0.3 for the P and AP configurations

are, respectively, shown in the corresponding insets. The other parameters are the same as those in Fig.1.

The different behaviors of conductance sub-peaks
in the P and AP will give rise to interesting tunneling
magnetoresistance (TMR). The TMR ratio is defined
as TMR= (Gp — Gap)/Gap, where Gp and Gap,

\
respectively, stand for the differential conductances
for the P and AP alignments. The phenomena of
large negative TMR in the Kondo regime have been

observed by recent experiment.!) In Fig.3, we plot the
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n-dependent TMR ratio vs. bias voltage, calculated
from the differential conductances in Fig.2. When the
experimental setup is asymmetric, one can notice that
with increasing n = 0, 0.3, 0.6, 0.9 in turn, the zero-
bias TMR exhibits a change from a single dip to two
dips located at the positive and negative bias voltages,
respectively. Furthermore, at large n the negative-
bias TMR reduces rapidly and its sign changes, while
the positive-bias TMR is dramatically enhanced,

_17:0 .
0.4‘_--77:0,3 H
..... 71 =0.6 ‘(l
ceme = 0.9 ~I;

0.2

e E PR

......

—0.4

—0.2 0 0.2 0.4
eV (wo)

Fig.3. TMR ratios as functions of Vs for n =

0,0.3,0.6,0.9. The other parameters are the same as those

in Fig.1.

and is accompanied by a very high TMR, peak. This
asymmetry in the TMR ratio with respect to the bias
reversal is due to opposite tilt directions in the differ-
ential conductances for the P and AP alignments.
From the above discussions, we know that the
magnetism of the ferromagnetic electrodes to a cer-
tain extent suppresses and splits the zero-bias Kondo
resonance due to the induced effective exchange field.
If an inverse Zeeman energy is provided in the QD by
applying an external magnetic field B, the effective
exchange field will be completely compensated and
the strong zero-bias Kondo resonance will be restored.
Restoration of the Kondo peak has been successfully
realized in experiments with carbon nanotubes!!3 and
semiconductor quantum dots!'?! coupled to ferromag-
netic electrodes. In order to understand the physics,
in the following we shall study the case of the non-
degenerated energy level, i.e. é, — E; = 2gupB. As
some results resemble those in the absence of EPI ad-
dressed by Utsumi et al,!*3! here we particularly focus
on EPI-mediated restoration of the Kondo resonance

in the presence of an applied magnetic field.

DOS

—0.5 0 05
w(wo)

0
—-1.0

05 0 0.5 1.0
w(wo)

1.0 —1.0

Fig.4. Zero-bias differential conductances G as functions of applied magnetic field B with EPI strength X =
0,0.3,0.6,0.9 for (a) P and (b) AP alignments. The DOSs in (c) and (d) correspond to the curves of A = 0.6 in
(a) and (b), respectively. B = 0.14 is the magnetic field to restore the Kondo peak for A = 0.6.
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Figure 4 exhibits the differential conductances (a)
Gp and (b) Gap at zero bias as functions of applied
magnetic field B for different EPI strengths A. From
Fig.4(a) it can be seen that conductance Gp without
magnetic field B is small due to the splitting of the
Kondo peak. With increasing B, Gp increases and
shows a remarkable peak at a certain field (referred
to as a restoring field, e.g., B = 0.14 for A = 0.6),
which is evidence of restoration of the Kondo reso-
nance. In this case, the applied external field B com-
pletely compensates the effective exchange field and
smears out the splitting of the Kondo peak, as can be
clearly seen from the dashed line in Fig.4(c), where
double sub-peaks in the DOS are combined into a sin-
gle peak when the restored magnetic field is B = 0.14.
When the applied field B goes beyond the restoring
field, the conductance Gp in Fig.4(a) reduces again
due to the re-splitting of the restored Kondo peak in
an excess magnetic field BfBég). A different behavior
is presented in Fig.4(b), where the conductance Gap
reaches its maximum at zero B and decreases with
the field B in a monotonic way. This is because the
Kondo peak in the DOS becomes split when it is sub-
jected to the external field B, as shown in Fig.4(d). On
the other hand, from Fig.4(a) one can note that EPI
strength A has a significant influence on the restoring
field. When X increases, the peak of differential con-
ductance Gp shifts to the low magnetic field B, which
results from the shrinking of the effective exchange
field with increasing A. In addition, both values of Gp
and Gap reduce fast in strong EPI.

A great difference between the variations of Gp
and Gap with EPI strength X is shown to lead to an
interesting behavior in the TMR ratio. In Fig.5, we
plot the EPI-dependence of the zero-biased TMR ra-
tios vs. applied field B. When the EPI strength A in-
creases, the peak of the TMR ratio gradually transfers
from large to small field B owing to the reduction of
the effective exchange field B%;. The whole behavior
in the TMR ratio is dominated mainly by the behavior
of the conductance Gp in Fig.4(a). In the meantime,
there exhibits a non-monotonic behavior in the height
of the TMR peak with A changing, the highest TMR
peak appearing at an intermediate EPT strength (i.e.,
A = 0.6 for the chosen parameters). It is noted that
the TMR ratio is very sensitive to the applied mag-
netic field, and so a fast switch from the negative TMR
dip (about —50%) to the positive TMR peak (about
—130%) can be manipulated by slightly modulating
the external magnetic field, the magnitude of which

greatly depends on the EPI coupling strength A.

1.5

—A=0
{--- A=03
..... A=0.6

r T T T
0 0.1 0.2

Applied magnetic field B(gugwo)

Fig.5. Zero-bias TMR ratios for different EPI strengths
A =0,0.3,0.6,0.9 as functions of applied magnetic field B.

4. Summary

In this paper, we have analyzed the nonequilib-
rium Kondo effect in spin-polarized electron trans-
ports through a single molecular QD coupled asym-
with the
molecular deformation described as interactions of

metrically to ferromagnetic electrodes,

the QD coupled to a phonon bath. The asymmet-
ric coupling of QD to two ferromagnetic electrodes
is essential to give rise to Kondo resonance split-
ting for the AP configuration but not for the P one.
Since the effective exchange fields from two magnetic
electrodes cannot completely compensate each other
in the asymmetric AP configuration, both Kondo
peaks of the Kondo resonance and the phonon-assisted
Kondo satellites show spin splitting. The phonon-
assisted Kondo satellites mostly mediate the DOS
shape by the phonon energy. It is interesting to find
that the asymmetric coupling tilts the profile of the
spin-polarized Kondo sub-peaks in differential conduc-
tance, and the tilted directions are different for the two
configurations. As a consequence, the curves of the
double-dip TMR present a significant asymmetry with
respect to the bias voltage in high asymmetry. On the
other hand, we consider the compensation of the effec-
tive exchange field induced by the magnetism of leads.
It is shown that restoration of the zero-bias Kondo res-
onance can be realized by an applied magnetic field B.
A fast switch from the negative TMR dip to the pos-
itive TMR peak can be manipulated only by slightly
modulating the external magnetic field, whose magni-
tude greatly depends on the EPI coupling strength.
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