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We consider a molecular transistor, where the molecule is placed between two fully oppositely spin-polarized electrodes in an
external magnetic field. We take into account quantum oscillations of the molecule centrum of mass along the axis, connecting two
electrodes. The electric current and conductance are calculated using the equations of motion method and the perturbation theory over
the energy level broadening (weak tunneling limit). The Franck-Condon blockade of the current emerges for a strong electron-vibron
interaction. However, in our model for the certain values of an external magnetic field, the low-temperature current in the Franck-
Condon blockade regime increases. The matter is that the electron energy level in the dot come into voltage transparency “window”
depending on the field value. The temperature dependencies of the resonance conductance peaks are also obtained. They show an
anomalous (non-monotonic) behavior at intermediate temperatures for a wide range of external magnetic fields in the case of strong
electron-vibron coupling. The anomaly occurs due to the interplay of the values of external magnetic field and temperature.
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Po3rsiHy TO MONEKYIISIpHUI TPAH3HCTOP, IE MOJISKYJIa MOMIIIIeHa MK IBOMa ITOBHICTIO MOJIIPU30BAHUMHU 3a CITIHOM €JIEKTPO/IaMH,
y 30BHIIIHBOMY MarHiTHOMY I0Ji. BpaxoByrOThCSI KBAHTOBI OCIMJISIIIIT IIEHTPa Mac MOJCKY/IHM B3JOBXK BICi, 110 3 €THYE CICKTPOIH.
EnexTpuuHuii cTpyM Ta KOHJAKTaHC PO3Pax0BaHi 3 BUKOPHCTAHHIM METO/LY PiBHSIHB PyXy Ta Teopii 30ypeHb 3a IMPUHOIO PiBHS eHeprii
(cnabxe TynemoBanHs). [Ipu cunbHil €e1eKTPOH-BIOpOHHIN B3aemoxil BuHukae Opank-KonnoniBebka 6nokana ctpymy. OjHaK, B HaIiii
MOJIETTi P EBHUX 3HAYCHHAX MArHITHOTO 1oJisi cTpyM B peskumi @pank-KonnoniBebkoi Onokanu 36iibiyerses. [Ipudnta 1nsoro B
TOMY, 1110 €IIEKTPOHHUII piBEHb Ha MOJIEKYJIi ITOTparIsie A0 “BiKHA” MPO30POCTI 32 HAIIPYTOIO 3aJI€XKHO BiJl BEIMYNHH 30BHIIIHBOTO MOJISL.
Takox oTpHMaHi TeMIEpaTypHi 3aJIe)KHOCTI PE30HAHCHUX ITIKiB KOHAAKTaHCY. BOHM MaloTh aHOMajbHY (HEMOHOTOHHY) TOBEIiHKY
MpH MIPOMDKHHUX TEMIEpaTypax y MIMPOKOMY Aiana30Hi 30BHIMIHIX MAarHiTHHX IIOJIiB MPU CHJIBHINM €JIeKTPOH-BIOPOHHIHM B3aeMoii.
AHOMaJis BUHUKA€E Yepe3 HaKJIaAaHHs e()eKTiB BIUIMBY 30BHIIIHFOIO MAarHITHOTO MOJIS Ta TEMIIEPATypH.

Ki1ro4oBi ci10Ba: 0THOCIEKTPOHHE TYHETIOBAHHS; MOJICKYIISIpHUE Tpan3ucTop; Ppank-KoHnoHIBChKa O10Kaa; CIHOBI QLIBTPH.

PaccMOTpEeH MOJICKYJSPHBIH TPaH3UCTOP, II¢ MOJEKYJa MOMEILICHa MEXIY JBYyMs MOJHOCTBIO MOJISPH30BAHHBIMU 10 CIIUHY
9JIEKTPOIAMH, BO BHELITHEM MarHUTHOM I10J1€. Y YUTHIBAIOTCS KBAHTOBBIE OCIIMILISIINK IEHTPA MACC MOJICKYJIBI BIIOJIb OCH, COSIHHSIOIIEeH
AMEKTPOBL. DIEKTPUISCKUN TOK M KOHIAKTAHC PACCUUTAHEI C MCIOIF30BAaHUEM METO/Ia YPaBHEHHUI ABIKCHUS M TEOPHU BO3MYIIICHUIT
T10 YIIMPEHUIO YPOBHS dHepruu (ciaaboe TyHHenupoBanue). [Ipy cuiibHOM 2JIeKTPOH-BHOPOHHOM B3aUMOJICHCTBIH BO3HHKaeT DpaHk-
Konnonosckast Grmokazma Toka. OfHaKo, B Hamleld MOJENHN IPH ONPEIETeHHBIX BeIMYMHAX MarHUTHOTO IOJS TOK B peknMe DpaHk-
Konnonosckoii 6:1oxazp! yBenmauBaercst. [IppauHa 3TOro B TOM, YTO 2JIEKTPOHHBINH yPOBEHB YJHEPTUH HA MOJICKYJIE ITOIaJaeT B «OKHOY»
IIPO3PAYHOCTH 10 HANPSDKEHHIO B 3aBHCHMOCTH OT BEJIMYHMHBI NOJIs. Taroke IOIydeHbl TEMIIepaTypHbIC 3aBUCUMOCTH PE30HAHCHBIX
ITUKOB KoHJakTanca. OHM HIMEIOT aHOMaJIbHOE (HEMOHOTOHHOE) TTOBE/ICHHE TP MTPOMEKYTOUHBIX TeMIIepaTypax B IIMPOKOM JIHaIia30He
BHEILIHUX MarHUTHBIX MOJICH ITPU CHIIBHOM 2JIEKTPOH-BHOPOHHOM B3aUMOACHCTBIN. AHOMAINS BOZHUKAET U3-32 HAJIOKEHUsI 9P PEKTOB
BJIMSTHUS BEJIMYUH BHEIIHETO MAarHUTHOTO MOJIST M TEMITEPaTy L.

KiroueBble cj10Ba: OIHOICKTPOHHOE TYHHEIMPOBAHHUE; MOJCKYIApHbIA Tpansuctop; Ppank-KonmnoHoBckas Onokana;
CIHMHOBBIE (QUIIBTPBI.

Introduction there are the effects based on the vibron-assisted tunneling

The branch of mesoscopic physics covering the single [4, 5]. The transport properties of tunnel devices change
molecular transistors is a rapidly developing one. The when the electronic states on the electrodes couple to the
experimental realization of these challenging devices has low-energy vibrational states of the molecule. It is well
become feasible since the 2000th [1-3]. Among the novel known [6] that the current through a molecular transistor

phenomena, predicted to be observed in these systems, is a step-like function of the bias voltage with the so-
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called Franck-Condon steps. Each step appears when a
new inelastic vibron channel opens due to the extension of
an energy “window”. For large electron-vibron coupling
constants A = 2 the tunnel current is strongly suppressed.
A strong suppression of the current at low bias voltages in
molecular transistors is called the Franck-Condon blockade
[6] or the “polaronic” blockade.

The vibrational subsystem strongly influences on the
resonance conductance and temperature dependence of the
conductance peaks. The electron-vibron interaction leads
to a rapid decay of the conductance at low temperatures due
to the Franck-Condon narrowing of the tunnel broadening
of the resonant energy level.

A model of the single-molecular transistor is taken to
be used in spintronics. We place the vibrating quantum dot
(QD) with a single electronic energy level between two fully
spin-polarized electrodes (Fig.1). The magnetization vectors
of the electrodes are antiparallel. An external magnetic field
perpendicular to the plane of magnetization is applied. For
this configuration of the magnetization of the electrodes,
the electric current is blocked (“spin blockade” [7]). The
external magnetic field induces the spin-flips in QD and
lifts the “spin-blockade”. The model was suggested in [7]
to study the shuttling of the spin-polarized electrons. In
[8], the theory of magnetic shuttle was developed by using
the same model we use. The influence of a partial spin
polarization of the electrodes on the mechanical instability
in molecular transistors was studied in [9], [10].

u=0

Fig. 1. Model. The vibrating quantum dot containing a
single electronic energy level is placed between two fully
spin-polarized electrodes (index L=T,R=l) with the
chemical potentials 1 , = & £ €V /2. The magnetizations
of the electrodes are antiparallel (arrows). The direction
of the external magnetic field is perpendicular to the
direction of spin polarization of the electrodes. Graphic
interpretation of levels arrangement is given. The level
in the quantum dot is shifted due to the electron-vibron
interaction. The Zeeman splitting produces the levels
&, =& TQugH /2.

The goal of the present paper is to study polaronic
effects in the tunneling of the spin-polarized electrons
through a vibrating quantum dot in an external magnetic
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field. The average current is calculated using the equations
of motion method and the perturbation theory over the
level width I". The obtained current-voltage characteristics
(Fig. 2(a,b)) and temperature dependences of the resonant
conductance peaks (Fig. 3(a,b)) illustrate a specific feature
of this device to increase the current even for a strong
electron-vibron coupling. Furthermore, the temperature
dependences of the resonant conductance peaks show
an anomalous behavior at intermediate temperatures
depending on an external magnetic field.

The Hamiltonian and the equations of motion
The Hamiltonian of a vibrating quantum dot between
massive electrodes in an external magnetic field consists of
several parts
H,=H, +H,+H,,+H, +H, +H,. (1)
The Hamiltonian of electrons in two fully spin-
polarized electrodes (o = L,R =T, ) reads
q +
H, = zgkaakaaka (2)
ko
Here &, is the electron energy, &, () is
the creation (annihilation) operator for an electron with

momentum K and spin projection & =T, d . The single-
level vibrating quantum dot is described by the term

Ho = I:Id + I:Ib 3)

where
Hy =D &0:¢, 4)
H, =hob'b (5)

Here C*(C) and b* (D) is the creation (annihilation)
fermionic and bosonic operators respectively, @ is the
frequency of vibrations. Furthermore, the electron-vibron
interaction term

1 + +
Hiw = zgint (b" +b)c,c, (6)
o
describes the electrical coupling of electron in the dot to
the vibrational mode via the displacement operator and the
operator of particles number on the dot. Here &, is the
electron-vibron interaction energy. The term

q H + +
H,, =—g/'l2B (cic, +cc,) %

is the Hamiltonian of the electrons in an external magnetic

field, where 4 is the Bohr magneton, g is the gyromagnetic
ratio. The Coulomb interaction term reads

A

_ + +
H, =Uclc,cc,, (®)

where U is the Coulomb repulsion energy.
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The tunneling Hamiltonian describes the electron
tunneling between the electrodes and a quantum dot

ko~ o

H =Yt a; c, +h.c. ©)
ko

Here C)(C_) is the creation (annihilation) operator
for an electron in the dot with spin projection o, {_ is
the tunneling amplitude, which in general case depends
on the displacement of the molecule. In what follows, we
will assume the tunneling amplitudes to be coordinate-
independent. This assumption is verified for the case of
strong electron-vibron coupling (see, e.g., [11]).

Hamiltonian (1) is diagonalized in two steps.
Rotation at the angle @ =7 /4 leads to the elimination
of the term which is non-diagonal on spin projection. New
variables are the linear combinations of the dot operators
d,=(c+jc)/V2, (5=1,2;j,=—141). The
transformation provides the Zeeman splitting of the level
in the dot.

Next we apply an unitary transformation with the

operator V= exp(i Z AN,P)  where p=i(b" —b)/ V2

s=1,2
and N,=d/d, (the so-called Lang-Firsov or “small
polaron”  transformation [12]). The dimensionless

parameter A = —\/Ee‘im /h@ characterizes the strength
of the electron-vibron coupling. This results in the
“polaronic” shift of the electron energy in the dot, which

2 .
becomes &; =&, —Ah@, in the replacement of the

tunneling amplitude by tgs( p)= tasefmp, where T is
the matrix elements of the matrix

~ 1 +1 +1
T==t
2 -1 +1

and in the shift of electron-clectron correlation energy
U =U—-A%i®w. In what follows we assume that U
is small and neglect the effects of electron-electron
correlations.

The transformed Hamiltonian reads

(10)

H=H +H,+H,+H/, (1)

where
Hi=> (e, — 2 i, 0ugH)Ad, | (12
I:It’ - Ztose‘i”’akt,d5 +hec. (13)

kos
In order to calculate the current through the system,

we find the time dependences of the fermionic and bosonic
operators using Heisenberg approach. In a wide-band
approximation the time dependences of fermionic operators
become the functions of the partial energy level widths
[ =2nv(g )t . For a weak tunneling, we assume
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I'_, to be the smallest energy parameters of the problem,
which, however, cannot be neglected for the equations of
motion for fermionic operators. On the other hand, in the
perturbation approach with respect to I'_, the equation
for bosonic operator is reduced to a harmonic oscillator
equation.

We consider a case of the symmetric tunnel junction
(I'L =T'; =1"), thus the set of bound equations of motion
for fermionic operators on the dot is readily decomposed to
two independent differential equations.

The average electric current and the conductance
The operator of the electric current in the o(L,R)
-electrode reads

>
(oR
=

(14

where N = Zakt,aka are the particle number operators.
k

Then the average current can be expressed as

2e ;
|, = —?Ztas Im<Zaka(t)ds p(t)> 15)
s k b

where the average is taken with respect to the full
Hamiltonian. In perturbation theory, the average can be
factorized into the product of two averages, each depending
only on one type of quasiparticles — fermions or bosons. The
averages then can be taken with the unperturbed fermionic
Hamiltonian and unperturbed bosonic Hamiltonian,
respectively. Following the calculation procedure of [13],
we find that the steady state current can be written as a sum

of partial currents over “vibron channels”

=1, Zw: A(@) " {f(s) - Tale))} 16)

n=-o0 s=1,2

Here & = &, —Nha+ jSH~ ,H= gugH /2, and

.
T AR (T 2) a
is the maximal (saturation) current, fJ (¢)=

=(exp[(e—4,)/kgT]+1)"" are the Fermi-Dirac
distribution functions. The spectral weights A1 (w) are

ho

__-2%(l+2ng) 2kgT
A(w)y=e""""1 (z2)e 7 .

(18)

where |.(Z) denote the modified Bessel functions,

2=222n(1+ny)  n, = (exp[he/ K T]=1)" is

the Bose-Einstein distribution function.

55



Effects of the Franck-Condon blockade in tunneling of spin-polarized electrons in a molecular transistor

56

10
3
g
(-
~ 0.5F
by
05
0 1
10
eVihw
a
=
g
=
(-
= o5
by
|
|
|
, |
! |
ol - _‘|' , I
5 10
eVihw

b

Fig.2. Current-voltage characteristics of the molecular
transistor with spin-polarized electrodes in an external
magnetic field. 2(a): Current-voltage characteristics for
the fixed coupling constant 4 =3 and different values
of an external magnetic field: H/aw =0.1(curve 1), 1
(curve 2), 3 (curve 3), 7 (curve 4). The inset shows
the same dependences in the range of low biases.
2(b): Current-voltage characteristics for a fixed
value of the external field H/hw=2 for different
electron-vibron coupling constants: A =0 (dashed
line), A =2 (dash-dotted line), A =3 (solid line).
I'/ho=0.001, k,T /hw=0.01 for all calculations. We
set 4, ho=¢¢ and ¢,(V,)—¢. =0, where V, is the gate
voltage, thus =0 coincides with &,.
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Fig.3. Anomalies in temperature dependence of the
conductance resonance peaks. 3(a): The temperature
dependence G(K,T /7iw) in units G, = (KT / hw)G,, (T)
at a fixed value of the external magnetic field
H/hw=1 for different coupling constants: A =1
(dashed line), A =2 (dash-dotted line), A =3 (solid
line). TI'/Aw=0.001. Nonzero coupling causes an
anomalous behavior at intermediate temperatures. 3(b):
The dependence of (G,,..—G,,.,)/(G;T/hw) from
gugH /1o for A =3, which describes the presence of the
anomaly in a wide range of fields and its non-monotonic
behavior when the field increases. We set 4, =& and
&(Vy)—ée - 2Vho=0, where V, is the gate voltage.
Thus =0 coincides with &, — A*Ae for each curve.
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Differential conductance in the linear response regime

is defined as G = d% . From Eq. (16), one readily
0

gets Vo
6=G,MY A@)Y cosh?| 2|09
n=-w s=1,2 2kBT
with
et T ~
G. = — ¥(H 20
a (M) oh kT x(H) (20)

where x(H)=H?/(H?>+(I'/2)*) . Notice that the

current and the conductance equal zero at H=0 , showing
the “spin blockade” phenomenon in our system.

The obtained current-voltage characteristics are
plotted in Fig. 2(a,b), where the expected appearance
of the Franck-Condon steps of the current due to non-
zero electron-vibron coupling is observed. The current-
voltage characteristics for different values of an external
magnetic field and for fixed coupling constant A =3 at
low temperatures are shown in Fig. 2(a). The behavior of
the curves strongly depends on the value of an external
magnetic field because it controls the appearance of
quantum dot energy level in the bias voltage “window”,
[er +eV /2, ec —eV /2]. The fermionic level
£,(Vy) = &¢ in the dot is shifted on A, = -2’ due to
electron-vibron coupling and does not fall into transparency
“window” at low biases 8V < 24°fiw . By changing the
external magnetic field one can move the upper Zeeman
splitlevel (g, = —A*hew+ H ) to this window and therefore
strongly enhance the current at finite temperatures. Notice
that the Franck-Condon blockade of the current (current
is proportional to e ) at low temperatures KgT << 7@
and low biases (€V << i@ ) formally originates from
the summation in Egs. (16), (18) over non-positive N
(N =0,-1,...). By adjusting H , one can move dot level
to the transparency “window” and therefore increase the
current. Thus the current can be controlled in the same
way as it could be controlled by using the gate electrode.
However, the Franck-Condon blockade cannot be lifted by
the external magnetic field as the current is still suppressed
comparing to the low-bias current in the absence of
electron-vibron interaction.

Fig. 2(b) shows | =V characteristics at a fixed field

H =hw for different coupling constants A . The curves
illustrate that the device supports the low bias current,
while the Zeeman splitting of levels blocks it in the absence
of electron-vibron interaction when €V < H . Moreover,
the current increases for an appropriate field values H ,
when the electron-vibron coupling constant A increases.
Usually, for large coupling constants A, the current is
suppressed in SMT when the magnetic field is not applied.
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Now we passto the study of the temperature dependence
of the resonance peak of differential conductance at
V =0.Thecurves G(k; T /i) are shown in Fig.3 (a)
for a different coupling constant A at the fixed field value
H =hw. The asymptotic expressions for low- and high-
temperature conductance read

- I <<k,T << ho,

~ Aho
2kT

Atthelow temperatures, Kz T << /i@, the conductance
is suppressed due to the strong electron-vibron coupling. At
the high temperatures, K;T >> A, polaronic effects
vanish, and the conductance has the same behavior as that
for a quantum dot (in the first term of the relation obtained
in this limit), because all inelastic channels are open and
the Franck-Condon blockade is lifted. At intermediate
temperatures, KT 2 7/@, for strong electron-vibron
interaction the dependences are highly non-monotonic due
to the interplay between the temperature and external field
effects. An anomalous behavior is observed for the curves
at different values of the field.

In order to qualitatively describe this anomaly, we

G _

G, |1 ey

, kT >> 2ho.

introduce the local maximum Gl'max and minimum Gl'min
of the conductance in this temperature range (see Fig.3(a)).
The value G, . —G
the external magnetic field H , as shown in Fig.3 (b) for
A =3. For large values of the external magnetic field
H >> 2%hw, the difference G, . —G
zero, and the anomaly vanishes.

i1s a non-monotonic function of

l.max l.min

tends to

l.max l.min

Conclusions

The current in the single molecule transistor with
fully oppositely spin-polarized electrodes in an external
magnetic field is evaluated. The limit of weak tunnel
coupling I' / K;T << is considered. The current-voltage
characteristics demonstrate the Franck-Condon blockade
for strong electron-vibron coupling and show the standard
Franck-Condon steps. We show that in this model the
external magnetic field allows to control and increase low-
temperature current. It is also shown that the electron-vibron
strongly affects the transport properties of the system. The
current rises (in comparison with the current through a non-
movable quantum dot) at the voltages eV < H regardless
of the Zeeman splitting of energy level due to the vibron-
assisted tunneling. In addition, the low-bias current may
increase at the certain conditions, when the electron-vibron
interaction increases.

The dependence of the resonance conductance peaks on
the temperature is highly non-monotonic. This anomalous
dependence takes place at intermediate temperatures
kBT Z hCO, where there is a transition from the regime
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of the Franck-Condon blockade at low-temperatures to the
regime of 1/T -decay at high temperatures. In this region
difference between the local maximum and local minimum
of the conductance depends on the magnetic field in a non-
monotonic way. The obtained dependences can be used to
control the current and conductance in the magnetically
operated molecular transistors.
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