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Abstract

The nonequilibrium Green’s function approach and canonical transformation technique are
applied to spin-polarized electron transport through a single-molecule quantum dot connected
to two ferromagnetic leads in the Kondo regime. A joint effect of electron—electron interactions
with finite U and electron—phonon interaction (EPI) leads to a zero-bias anomaly of tunneling

magnetoresistance (TMR), the phonon-enhanced negative zero-bias TMR being closer to its
experimental value. An effective exchange field on the dot in parallel alignment of
magnetizations results in an EPI-dependent splitting of the Kondo peak and EPI-dependent
shifts of Kondo satellites. The strong Franck—Condon blockade due to molecule vibrations is

also discussed.

1. Introduction

Recently, the single-molecule quantum dot has been proposed
as a promising candidate for functional elements due to the
miniaturization of electronic devices. The single-molecule
device has a number of interesting features, which are closely
related to many-body effects including the electron—electron
interaction (EEI) and electron—phonon interaction (EPI).

The Kondo effect, which manifests itself in the zero-bias
conductance peak or sharp peak of density of states (DOS) at
the Fermi energy, was found in bulk metals and semiconductor
quantum dots years ago, but has attracted intensive attention
again recently in the molecular quantum dot (MQD) [1, 2]
due to convenient manipulation. If a tunneling electron travels
through a ‘soft” MQD, as opposed to a ‘hard’ semiconductor
quantum dot, the molecule can deform from a sphere to a
prolate ellipsoid, giving rise to the quantum excitation of
internal vibrational (phonon) modes. The current-induced
phonon degrees of freedom open inelastic transport channels
and give strikingly new physics, such as a series of equally
spaced features in differential conductance spectra [3]. The
side peaks in the transmission probability or spectral function
due to the EPI were found in early theoretical works [4—6]. The
phononic effect exists not only in the sequential tunneling but
also in the Kondo regime. Recent experiments [7-9] showed
that the vibrational sidebands survive in the Kondo regime
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in nonmagnetic single-molecule transistors, and theoretical
efforts [10] were made to understand their origin.

On the other hand, the development in spintronics
motivates the study of magnetic tunneling devices where
the nonmagnetic lead (N) is replaced with a ferromagnetic
lead (F). The F/MQD/F tunnel junction exhibits many novel
characteristics. For instance, Kirchner er al [11] suggested
that a quantum critical point with non-Fermi-liquid behavior
can be realized in this magnetic tunnel junction. On the
transport aspect, it was argued that the zero-bias Kondo
peak may be split due to an exchange magnetic field for
parallel (P) alignment of two leads’ magnetizations [12—17].
As pointed out by Choi er al [17], such an exchange
magnetic field arises from the charge fluctuations. Very
recently, the theoretical prediction has been verified by the
experiment [18]. At the same time, a negative zero-bias tunnel
magnetoresistance (TMR) as big as —80% was observed in
the Ni/C—MQD/Ni tunnel junction [18]. Although it can
be qualitatively explained by the conductance peak splitting in
the P configuration, there has been a quantitative discrepancy
between the experiment [ 18] and theoretical results [12, 19-21]
in the zero-bias TMR anomaly. Motivated by the recent
experiment [22] where the N/Cq—MQD/N junction shows
many inelastic characteristics, we have investigated the
vibration-mediated transport through an F/MQD/F system and
obtained an oscillating TMR with bias voltage due to strong
EPI [23]. To the best of our knowledge, there is no other
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theoretical study devoted to the vibrating effect on the spin-
polarized electron transport through an F/MQD/F junction,
although there have been many investigations on nonmagnetic
junctions [24-27].

In this paper we focus on the phonon-assisted particle
transport through an F/MQD/F junction in the Kondo regime.
The phononic effect gives rise to the Franck—Condon factor
and modifies relevant parameters (such as the tunneling matrix
element), making a great impact on the Kondo effect. A
series of phonon-induced Kondo satellites appear in the DOS
and tunneling conductance. In the P configuration the Kondo
resonance is split and the Kondo satellites deviate from the
locations of those in the N/MQD/N junction [10]. The splitting
span is narrowed with increasing EPI strength. Another
interesting result is that the Kondo peaks in differential
conductance undergo a strong suppression in the vicinity of
zero bias, leading to the Franck—Condon blockade. In the
present work the Franck—Condon blockade appears in the
Kondo regime with intermediate coupling, different from what
was addressed in the sequential tunneling regime [28], the
cotunneling regime [29], and the pair tunneling regime with
attractive Coulomb interactions [30]. Finally, the zero-bias
TMR ratio is found to be modified by the molecular vibration,
depending nonmonotonically upon the EPI strength. The EPI-
enhanced negative zero-bias TMR ratio may be about 12%
more as compared with that in the absence of EPI, and closer
to its experimental value. This paper is organized as follows.
In section 2 we present the theoretical model including the
EEI and EPIL The Keldysh nonequilibrium Green’s function is
applied to study the spin-polarized electron transport through
an F/MQD/F junction in the Kondo regime. In section 3 we
show the variation of Kondo peaks and Kondo satellites with
U and EPI strength. In section 4 we calculate differential
conductances in the P and antiparallel (AP) configurations.
In particular, the Franck—Condon blockade is addressed and
a large negative zero-bias TMR is presented. Finally, a brief
summary is given in section 5.

2. Theoretical model and method

Consider a single-level molecular quantum dot connected with
two F leads, whose magnetic moments are assumed to be
collinear (P and AP). Such an F/MQD/F tunnel junction can
be described by the Anderson—Holstein model and the model
Hamiltonian can be written as H = ),  Hy + hwoa'a +
Hp + Hy. Here H, = Zka skg,aczmackg,a is the Hamiltonian
for electrons in the left (@ = L) or right (¢ = R) F leads
where CZM (cko.w) 1s the creation (annihilation) operator for
the electron with wavevector £ and spin ¢ in lead «, and
&ko.« 15 the spin-dependent single-electron energy. In the
phonon Hamiltonian a ' (a) creates (annihilates) a phonon with
frequency wy. With the EEI and EPI included, the molecular
dot Hamiltonian reads

Hp = Z[S" + )\(aT +a)lng +Unyny, (1)

o

where n, = d'd, is the number operator of the spin-
o electron on the MQD with single-level ¢,, A is the EPI

coupling strength, and U is the on-site Coulomb repulsion
parameter. The average of n, can be controlled by modulating
the gate voltage. The traveling electron can hop between
the molecule dot and leads, which can be described by the
tunneling Hamiltonian, Ht = Zka,aeL,R T/m,ac,zwcl(7 + H.c.,
with Ty, o the spin-dependent tunneling matrix element.

Following Meir and Wingreen [31], by use of the Keldysh
nonequilibrium Green function formalism, the current through
the system turns out to be

.
l, = —

_ FL,UFR,O'
~ 2nh

do[fL(@) — fr(w)] eo T Ty Im G (),

2
where G"(w) is the retarded Green’s function for the dot
electron in which the correlations due to both EEI and EPI,
together with coupling to the leads, are included. Ty, =
27 Py.o Zk |Tkg,a|2 is the level-width function with p, , the
spin-dependent DOS at the Fermi level in lead «. fi.(w) and
fr(w) are the Fermi distribution functions of the left and right
leads, respectively, in which the chemical potentials measured
with respect to the Fermi energy at Vi, = 0 are given by
UL = —Ur = eVpias/2 With Vs the bias voltage applied to
the junction.

Performing a canonical transformation, H =¢He™* =
Ho+ haoa’a, with s = A /wy Y sl (a" —a), to decouple the

entanglement of electron and phonon, we obtain

Hy = Z Ska,aczq,acka,a + Zggna + UnTnl

ko,aeL,R o
+ Y (TiwaClyads +He). 3)
ko,ael,R

This transformation renormalizes relevant parameters as &, =
¢ —Aand U = U — 2A where A = gwy with g =
(A Jwo)?, and Troy = Tio.o X With X = exp[—1/wo(a’ — a)].
The renormalized tunneling matrix element Tka,a contains the
phonon operator, indicating that the electron hopping processes
between the dot and leads have been subject to modification of
inelastic scattering, in which new phonon tunneling channels
develop accompanied by polaron formation. The renormalized
electron (i.e. polaron) Hamiltonian I:Iel, which includes the
joint effect of EEI and EPI, becomes a typical Anderson
model if Tkg,a is approximately replaced by its expectation
valte Tiow = Thow(X) = Tioue SO0+ with Ny, =
1/[exp(wy/ksT) — 1] the phonon number. This approximation
is reasonable provided the relaxation time of phonons is
much shorter than the time of the electron transport through
the dot so that the phonon subsystem remains in thermal
equilibrium. The same approximation has been adopted by
other works [10, 23, 32, 33]. In the polaron representation the
original MQD Green’s function can be written as

G'(t) = G"(O)(X(OX ) +0OG=(OUX )X )pn

—(XTX(®))pn). @)
where G'(1) = —i0()([d,(1),di]})a and G=(t) =
i(did, (1) with dy(1) = efo'd e 1Ha" are the retarded

and lesser Green’s functions associated with Hamiltonian (3),
and X (1) = e'ffm' Xe Hm!  The Franck—Condon factors
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are given by (X (/)X )pn = exp[—® ()] and (XTX(1))pn =
exp[—®(—1)], respectively associated with electron and hole
transport, with ®(r) = g[Ny(1 — eloot) 4 (Npn + D(1 —
e~")] [33]. As has been discussed previously [23, 32],
exp[—®(#)] and exp[—D(—r)] are generally different from
each other. The Fourier transformation of G"(¢) in equation (4)
can be easily obtained as

Gy (w) = i Lo{[1 = f5 (@ = nwy) ]G (@ — nay)
o _+Oonwo>é; (@ + nay)}, (5)
where
fo(@) = [TLo fi(@) + Tro fi(@)]/(TLo +Tro),  (6)
and L, = e $@Nmthenan/2bl [ 190 /Now(Npn + 1] with

I,(x) as the modified nth Bessel function. By use of the
equation gf motion (EOM) approach [34], the retarded Green
function G (w) in equation (5) is obtained as
Gy ()
1 —(nz)
w—8, — % +UE (0—8;, —U — %5 — 35 )
(ns)

8, —U—5f, — U5, (0—8,—Ef, — £3,)7"

@)
where the retarded self-energies due to coupling between the
dot and leads and due to the EEI are given by

< de Ty,
X, () = m o
ozeL R Tw—¢&
~r ds -
23(7 (w)
aeL R

|
X( + - ~ ~>7
W—&—E;+E wHe—5,—8;—U (8)

E;a(a)) / a,&fc{(s)
ael LR

+

1
< Yo Th T d)
w—6—8;+8 wHe—5,—8:—U
2 () = 2 () — 5 (w),

with Ty s = e @M+, . The averaged occupation number
(no) of the particle on the MQD is given by

dw - .
n ):—/Ffa(w)ImGG(w), ©)

which can be evaluated self-consistently by equations (5)—(9)
with spin & opposite to o.

In the Kondo regime in which both charge and spin
fluctuations play an important role, the dot bare level &, should
be renormalized to &, [12, 13, 19, 20, 35]. As a result
of the renormalization, the original degenerate dot levels are

0.6- '

PP,

0.0 . . S
-3 -2 - 0 1 2 3

® (wp)

Figure 1. Density of states po; + p, as a function of energy w in
parallel alignment of magnetization in the absence of EPI (dashed
line) and in the presence of EPI with & = 0.5 (solid line). The other
parameters are U = 50.

split, equivalent to the contribution of an effective exchange

magnetic field gug BY;" = “(f") (Ti") namely
gugBG" = —Re ) f = u®
ael,R
[ )
X
“MNex nwy — “%i”) —e+nwy+ U + & “(i")

- 1 1
l<8:|:na)0—8fm) —S:I:na)o+U+“(i")
(10

which is appropriate for the finite U case [19, 20, 35]. In
the present work this self-consistent procedure is applied not
only to the phonon number n = 0 case but also to finite n
cases. The latter comes from the self-energy fllra (w £ nwo)
included in é; (w £ nwy) of equation (5), where +n (—n)
corresponds to the electron (hole) transport accompanied by
n-phonon emission. The level splitting in the P alignment can
be regarded as a result of the effective exchange magnetic field
coming from the two F leads with parallel magnetization.

3. Density of states

In what follows we present some numerical results for Kondo
resonances. The spin polarization of the two F leads the
same is defined as P = (py — p;)/(py + py) with py (p)
the electronic DOS for the majority (minority) spin subbands.
The renormalized level-width functions are given by I', =
e 8CNm+ D (1 + 0, P) and ['gy = e 8@t D p0(1 + 0, P)
where the sign £ stands for the P or AP magnetization
alignment of the two F leads. Several parameters are taken
in the numerical calculations: P = 0.31, 19 = I'gg = 0.2,
and &4 = &, = &y = —0.45 with phonon frequency wy as the
energy unit. The temperature is given by 7/ Tx = 0.05, with
Tx the Kondo temperature at A = 0 [17].

The spin-resolved DOS can be obtained as p,(¢) =
—(1/7) Im G (¢), in which the expression for G (¢) is given
by equation (5). In figure 1 we plot the total DOS, p4 4 p,, as
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Figure 2. Density of states for Kondo resonances (a), and phonon-assisted Kondo satellites for hole (c) and electron (d) with U = 20 (dashed

(0)

line) and U = 50 (solid line) in parallel alignment of magnetization. The effective exchange fields B (solid line), Be(,; Y (dashed line), and

B(+l)

i~ (dotted line) as a function of U are given in (b). The other parameters are A = 0.5.

a function of incident electron energy  in the P magnetization
configuration for Vi, = 0. In the absence of EPI, in addition
to an elastic resonant peak at w = &y = —0.45, there appear
two sharp Kondo resonance peaks separately located on both
sides of Fermi energy Er = 0, as shown by the dashed line in
figure 1. Unlike in an N/MQD/N junction, in which the single
Kondo peak is exactly located at Ef, the double Kondo peaks in
the F/MQD/F junction are at £(&{” — &{”), exhibiting a large
splitting 2Be(?f) with gug = 1 taken. When inelastic phonon
channels are turned on, shown from the solid line in figure 1,
a series of smaller phonon-assisted Kondo satellites appear
on both sides of the Kondo peaks. Their positions are @ =
+(nwy + Be(fjfm)), deviating from w = Znwy where there are
sharp lineshapes due to the Fermi distribution function, which
becomes a unit-step function at low temperatures [10, 32].
It is worth mentioning that the positions of phonon-assisted
Kondo satellites are exactly at w = Znwy in N/MQD/N
junctions [10].

In figure 2 we plot the blowups of the DOS for the Kondo
peaks (a) and Kondo satellites (c) and (d). As indicated from

figures 2(c) and (d), there are two types of Kondo satellites:
the holelike Kondo satellite at —wg — Be(f_f " and the electron-
like Kondo satellite at wgy + Bé; D Both of them arise from
the phonon emission in the process of spin exchange for the
hole and electron tunneling through the MQD from one lead
to the other, as will be discussed below. One can further
find that either of the shifts Be(f; Y for the holelike Kondo
satellite in figure 2(c) and Be(;f” D for the electron-like Kondo
satellite in figure 2(d) is smaller than Be(?f) for the Kondo
peak in figure 2(a), and that Béf;l) is not equal to Be(g Y due
to asymmetry of the electron and hole in the system under
consideration. The U dependence of Be(?f) s Béf;l), and Béf'; D
is presented in figure 2(b). A comparison between solid and
dashed lines in figures 2(a), (c) and (d) indicates that, with the
correlation parameter U enhanced, the splitting becomes larger
and the Kondo peaks become higher.

Figure 3(a) shows the variation of the Kondo resonances
with the EPI coupling parameter A. It is found that with
increasing A the splitting span of the double Kondo peaks
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Figure 3. Density of states for Kondo resonances with A increased from top to bottom in (a) and phonon-assisted Kondo satellites with X as

indicated in (c) and (d). The effective exchange fields B’y (solid line), B;"

(dashed line), and Be(g b (dotted line) as a function of A are given

in (b). The magnetization is in the parallel alignment and the other parameters are the same as in figure 1.

becomes small due to the parameter renormalization by the
phononic effect. In addition to Be(?f), either Be(f;l) or BV
is a monotonically decreasing function of A, as shown in
figure 3(b). At the same time, both Kondo peaks and their
background are monotonically lower with X increased. When
X is large enough, there appears a strong suppression of DOS,
which will have a great impact on transport properties, which
will be seen in figures 5 and 6. In figures 3(c) and (d), there is
no Kondo satellite at . = 0 because it is of EPI origin. Another
characteristic of figures 3(c) and (d) is the nonmonotonic
dependence of the magnitude of the Kondo satellite on A.
It first increases with A and then decreases, exhibiting a
maximum at a certain value of A. This nonmonotonic behavior
is attributable to two types of competing mechanisms. One is
that a stronger EPI can enhance the phonon emission through
which the phonon-assisted Kondo spin singlet forms, favorable
to formation of Kondo satellites. The other is that an increasing
X can reduce the effective coupling between the dot and leads,
ie., Tyo =e 8@Vt with g oc A2, which is unfavorable
for the Kondo satellite.

The discussion above is suitable only for the P
magnetization configuration. In the AP configuration the
situation is quite different, in which there is neither splitting
of the Kondo peak nor Bé:f”) for I'yy = T'ro. Since the

exchange fields arising from the left and right leads have
opposite directions and cancel each other out, the Kondo effect
in the symmetric F/MQD/F junction with the AP configuration
is similar to that in the N/MQD/N junctions. The further
calculations show that if I'ry # I'ro the spin splitting appears
even in the AP alignment. In order to capture the physics of
phonon effects, here we focus attention on the symmetric case
of FLO = FR().

4. Differential conductance and tunneling
magnetoresistance

We now study nonequilibrium transport properties of the
F/MQD/F junction subject to a bias voltage. Figure 4 gives
a schematic depiction of spin-polarized electron tunneling
through the MQD. In the P configuration, there are two split
levels on the MQD: é%“” = &y — %Be(;fr") and é(fn) = &y +
%Be(;fr"), e.g. withn = 1 in figure 4(a) and n = 0 in figure 4(b).
As a spin-down electron on the Fermi surface tunnels from the

left lead onto the dot, it will inhabit the upper level éiﬂ); at the

same time, a spin-up electron on the lower level E?F") tunnels
out to the right lead. The Kondo resonance is a consequence
of formation of a Kondo spin singlet, i.e. a kind of high-order
process with spin exchange. In the absence of EPI, the elastic
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(a)
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Figure 4. Schematic diagram for formation of the Kondo spin singlet
for the n = 1 Kondo satellite with an electron emitting one phonon
(a) and the Kondo peak (b).

Kondo tunneling process is shown in figure 4(b), in which the
Kondo resonance appears for applied bias e Vy;,5 equal to spin-
exchange energy Be(?f) = éio) — “%0). Participation of phonons
makes matters somewhat complicated. Figure 4(a) shows the
inelastic process leading to Kondo resonance formation, in
which a phonon of w is emitted. In this case, there will appear
a phonon-related Kondo satellite at bias Be(;;") + nwy with
n = 1. At low temperatures under consideration, only phonon
emission is relevant because there is no available phonon in the
MQD, which has been confirmed in our calculations. Similar
to the electron tunneling processes in figure 4, there are elastic
and inelastic resonance tunnelings for holes, the corresponding
biases equal to —Be(?f) and —Be(f;") — nwy, respectively.

In figure 5 the differential conductance defined as G, =
01, /0 Vyias 1s plotted as a function of bias Vi, for the P (a)
and AP (b) configurations. An important distinction between
them is that, while in the AP alignment there is a zero-bias
conductance peak (ZBCP), in the P alignment it splits due to
appearance of Be(?f) so that a zero-bias conductance dip (ZBCD)
forms. As the bias increases up to values of e Vs = :l:Be(?f),
there appear sharp conductance resonances, corresponding
to the process in figure 4(b). Such a difference between
ZBCD and ZBCP behavior for the P and AP configurations,
respectively, may lead to a negative zero-bias TMR ratio,
which is defined as TMR = (Gp — Gap)/ G ap. The electron—
phonon coupling is taken to be A = 0, 0.25, 0.5, 0.75, and
1 for curves from top to bottom in figure 5. It is found
from figure 5(a) that with increasing XA the splitting distance
between the Kondo sub-peaks of Gp decreases. Another
difference between Gp and Gap is that smaller peaks of Gp
appear at e Vijas = :I:(Be(fif D4 wo), which are the combinative
contribution from the phonon resonance and Kondo phonon
satellites, corresponding to the process shown in figure 4(a).

On the other hand, it is seen from figure 5 that with
increasing A the differential conductance quickly decreases and

eventually is closely vanishing in the vicinity of zero bias. This
conduction suppression behavior for larger A continues until
there appear phonon-assisted resonant tunneling processes.
From current /p versus bias curves, whose slope corresponds to
the differential conductance, shown in the inset of figure 5(a),
it can be seen that with increasing A the slope of the V-1 curve
gradually becomes flat in the bias range from —wy to @y, which
is the origin of conductance suppression. The same current
suppression also occurs for the AP alignment. Such a current
suppression arises from the change of L, in equation (5),
which is closely related to the Frank—Condon factor &(r).
L, decreases exponentially with A%, leading to the Franck—
Condon blockade for larger A. The physics underlying is that
a stronger EPI leads to more overlap between the electron and
phonon wavefunctions. The formation of polaron can trap the
transport particle and is unfavorable for conductance at low
bias. This case can be released until the bias voltage is high
enough to give rise to resonance (i.e. the process of emission
of a phonon). Phonon-assisted tunneling appears if e Vg
gets to the vicinity of *nwy. This Franck—Condon blockade
has been suggested recently in the regimes of the sequential
tunneling [28], the cotunneling [29], and the pair tunneling
with strong EPI [30]. In the present work this concept is
applied to the Kondo regime with intermediate EPI coupling.

Figure 6(a) shows the TMR ratio as a function of bias
voltage, exhibiting a change from negative to positive with
increasing Vypiys. Negative zero-bias TMR ratios are obtained,
which may be used to explain the experimental data [18]. It
is found that with increasing A the zero-bias TMR exhibits
a nonmonotonic change, having the maximal value of about
—62% at A = 0.5. This nonmonotonic dependence can
be also seen by the solid line of figure 6(b), in which the
variation of the TMR ratio is plotted as a function of A.
As shown by the dashed lines in figure 6(b), at zero bias,
Gap is always greater than Gp, both of them decreasing
with A increasing. Since Gap decreases faster than Gp, the
zero-bias TMR ratio (or Gp/ G ap) exhibits a nonmonotonic
change with L. The fact that Gap is always greater than
Gp at zero bias is closely associated with the formation of
the Kondo spin singlet in the tunneling process, as shown
in figure 4(b); and their A dependence arises from the
EPI-induced renormalization of parameters; e.g., L,(1?) in
equation (5) decreases exponentially with A2. Compared
with the TMR ratio in the absence of EPI, the electron—
phonon coupling makes the negative TMR ratio greater (its
maximum reaches about —62%). This result is in between the
experimental data (—80%) [18] and theoretical result (about
—50%) in the absence of EPI [12, 19, 21, 36].

5. Summary

In summary we have analyzed the Kondo effect in electron
transport through a single-molecule quantum dot coupled to
two F leads by applying the nonequilibrium Green’s function
approach and by taking into account the EEI with finite U
and EPIL In the P configuration, the Kondo peak in the DOS
is split, and a series of new phonon-induced Kondo satellites
develops on both sides of the Fermi energy. The positions
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Figure 5. Differential conductance as a function of bias voltage for A = 0, 0.25, 0.5, 0.75, and 1 from top to bottom in the parallel (a) and
antiparallel (b) configurations. In the inset there are /—V curves corresponding to (a). The other parameters are the same as in figure 1.
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Figure 6. (a) TMR ratios as a function of bias voltage with A = 0, 0.25, 0.5, and 0.75 and (b) TMR ratio (solid line), Gp, and G sp (dashed
lines) as functions of A at zero bias. The other parameters are the same as in figure 1.

of the Kondo satellites in the DOS deviates from those in the
N/MQD/N junction, for an effective exchange field is induced
on the dot by two F leads with parallel magnetizations. The
splitting of the Kondo peak and the Kondo satellites (electron-
like and holelike) are dependent upon both U and A. Another
interesting result is the Franck—Condon blockade in the Kondo
regime, where the current in the vicinity of zero bias is strongly
quenched by strong electron—phonon coupling. Finally, a

big negative zero-bias TMR ratio is presented, which arises
from the ZBCP behavior in the AP configuration and ZBCD
behavior in the P configuration. It is shown that the negative
zero-bias TMR effect depends nonmonotonically upon the EPI
strength. For an appropriate EPI, the zero-bias TMR can be
enhanced to reach —62%, which is greater than the —50%
obtained previously in the absence of EPI and closer to its
experimental value of —80%.
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