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Tunnel Magnetoresistance

for Phonon-Assisted Tunneling

through Quantum Dots

W. Rudziński
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Spin-polarized transport through a single-level quantum dot interact-

ing with a local phonon mode is studied in the frame of the nonequilibrium

Green-function technique. It is shown that strong electron–phonon interac-

tion gives rise to a significant current suppression, to additional resonance

peaks in the differential conductance as well as to oscillations of the tunnel

magnetoresistance. Also, a phonon-induced mechanism leading to a mini-

mum in tunnel magnetoresistance at zero bias voltage is explained.

PACS numbers: 72.25.Mk, 73.63.Kv, 73.23.Hk

1. Introduction

Electronic transport through discrete levels of single molecules, carbon nan-
otubes or suspended quantum dots (QDs) coupled to vibrational degrees of freedom
has been investigated recently in a number of experimental as well as theoretical
works (see e.g. [1–3]). The present work extends studies on polaronic transport
in mesoscopic systems to the case of tunneling through a single-level interacting
quantum dot coupled to ferromagnetic electrodes. One of the most widely studied
spin-dependent effects in such magnetic tunnel junctions is the tunnel magnetore-
sistance (TMR) defined quantitatively as TMR = [JP − JAP]/JAP, with JP and
JAP denoting electric current in the parallel (P) and antiparallel (AP) magnetic
configuration of the external electrodes, respectively.

2. Model

In the model Hamiltonian of the system, the left (l) and right (r)
ferromagnetic electrodes are taken in the noninteracting quasiparticle limit,∑

ν,k,σ εν
kσa+

νkσaνkσ, where εν
kσ is the single-electron energy in the ν-th (ν = l, r)

electrode for the wave vector k and spin σ (σ =↑, ↓). The term corresponding to the
dot includes the single particle energy level εd as well as the Coulomb correlations
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described by the Hubbard parameter U ,
∑

σ εdc
+
σ cσ +Un↑n↓. The phonon Hamil-

tonian includes the quantity ω0 describing the vibrational frequency of the phonon
mode and the electron–phonon interaction term with the parameter λ denoting the
strength of the electron–phonon coupling, ω0b

+b+
∑

σ λ(b+ b+)c+
σ cσ. Finally, the

tunneling part includes spin-dependent tunneling processes,
∑

ν,k,σ T ν
kσa+

νkσcσ +
h.c., where T ν

kσ is the tunneling amplitude. Spin asymmetry of the tunneling rates
across the left and right barriers is described by the parameters pl and pr. To cal-
culate the density matrix for the system we used nonequilibrium Green-function
method based on equation of motion in the Hartree–Fock approximation (see e.g.
[4]). The assumed strong electron–phonon interaction regime allowed us to elim-
inate the linear electron–phonon coupling terms in the phonon Hamiltonian by
using the Lang–Firsov-type unitary transformation [5]. Consequently, the electron
part is reshaped to the standard form of the Anderson Hamiltonian with renor-
malized energy of the dot discrete level, ε′d = εd − λ2 and renormalized Coulomb
charging energy, U ′ = U − 2λ2. The tunneling amplitudes are also renormalized,
describing the fact that the electron hopping is exponentially suppressed with in-
creasing parameter λ. Having found self-consistently the occupation numbers, one
can calculate the tunneling current from the Meir–Wingreen formula [6].

3. Numerical results

Let us discuss features of the polaronic transport through symmetrical tunnel
junctions, i.e. assume that both barriers are identical and pl = pr. The effective
dot energy level is assumed to be empty in the equilibrium situation, ε′d > 0 at
V = 0. Moreover, for clarity of our presentation, the electric current as well as the
corresponding conductance will be shown only for the P magnetic configuration.
The contribution from the AP configuration is always present in the displayed
TMR ratios.

As shown in Fig. 1a, for a positive effective charging energy, U ′ > 0, and in
the presence of strong electron–phonon interactions the exponential suppression
of the tunneling rates gives rise to a significant suppression of the electric cur-
rent in the whole bias voltage range (see the inset in Fig. 1a for details). Since
tunneling processes may be mediated by the phonon energy levels, then besides
the two steps in the current at which ε′d and ε′d + U ′ enter the tunneling window,
also additional Frank–Condon steps appear. Hence, phonon emission at T = 0
gives rise to vibrational side bands in the differential conductance (dotted line in
Fig. 1a), spaced at the phonon energy from the two elastic resonance peaks. The
corresponding TMR exhibits oscillations above the bias voltage region, where the
sequential tunneling current is exponentially suppressed. The amplitude of these
oscillations increases due to spin accumulation on the dot, which occurs between
each pair of phonon resonances.

If the polaron shift leads to a negative effective charging energy, then it is
known [6] that in the Coulomb blockade regime ground states with even numbers



Tunnel Magnetoresistance for Phonon-Assisted Tunneling . . . 589

Fig. 1. Bias dependence of the electric current J , differential conductance Cdiff in P

configuration and the corresponding TMR for (a) U ′ = 1 and (b) U ′ = −9. The other

parameters are pl = pr = 0.5, ε′d = 1, λ = 1 and T = 0. The energy is measured

relative to the phonon excitation energy ω0. The dotted and solid curves in the inset

in (a) show the difference between the electric current for the system without (λ = 0)

and with (λ = 1) electron–phonon interactions, respectively. The inset in (b) shows an

enlargement of the conductance peak at the zero bias voltage, occurring for the case of

negative U ′.

of electrons are favored and thus in parallel with single-particle cotunneling, se-
quential pair-tunneling processes also take place. To be more precise, at finite
U ′ < 0 two electrons can hop onto the dot simultaneously from (or out to) oppo-
site leads and charge transport may be dominated by tunneling of electron pairs.
As shown in Fig. 1b such pair tunneling leads to a conductance peak at zero bias
voltage. In magnetic tunnel junctions this feature results also in a remarkable
minimum of TMR at V = 0. Thus, the visible in Fig. 1a central maximum of
TMR originating from the single-electron higher-order tunneling processes is now
split due to pair-tunneling into two TMR maxima.

4. Conclusions

The present work reveals that for strong enough electron–phonon coupling
the exponential suppression of tunneling rates gives rise to step-like electric current
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behavior with additional Franck–Condon steps appearing at threshold bias volt-
ages at which phonon-assisted electron transmission takes place. Consequently, os-
cillations of the corresponding TMR have been observed in the nonlinear response
regime. When the polaron shift induces a negative effective charging energy, then a
competition between the single-electron cotunneling and pair-tunneling processes
leads to a splitting of the TMR maximum in the Coulomb blockade regime.
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