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Vibrational coherence in electron spin resonance in nanoscale oscillators
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We study a scheme for electrical detection, using electron spin resonance, of coherent vibrations in a
molecular single electron level trapped near a conduction channel. Both equilibrium spin currents and non-
equilibrium spin and charge currents are investigated. Inelastic side-band antiresonances corresponding to the
vibrational modes appear in the electron spin resonance spectrum.

DOI: 10.1103/PhysRevB.78.113307

Inelastic effects arising due to coupling between charge
carriers and local vibrational modes (vibrons) in nanoscale
electronics devices have gained enormous interest recently.
Peaks and dips often observed in the differential conductance
of molecular electronics devices! may indicate strong effects
from electron-vibron coupling. Effects from vibrons have
been investigated>? in molecular quantum dots and single
electron transistor, in Josephson junctions,4 and in surfaces
using scanning tunneling microscopy.’

The interplay between vibrons and charge carrier is ex-
pected to generate dynamical signatures also in the spin-
current or spin-dependent transports. Such dynamics should
consequently be observable in electron spin resonance
(ESR), which will thus allow for electrical detection of both
spin and vibron modes. In this Brief Report, we apply the
ESR setup®’ to a molecular quantum dot with electron levels
coupled to vibrons and we show the emergence of antireso-
nances in the spin current at frequencies equal to integral
numbers of the vibrational mode. The antiresonances can be
explained as interference between opposite spin tunneling
electron wave functions traversing different molecular exci-
tations. Such information would be useful not only to the
conventional semiconductor industry, but also to different
research directions such as spintronics and molecular elec-
tronics. Distinct from earlier work on ESR setup,7 we are
addressing the different signatures arising from the electron-
vibron coupling, which will manifest in both equilibrium
spin-current and nonequilibrium spin-dependent transports.

We model the resonator to be oscillating with frequency
wy, where the vibrational motion is weakly coupled to the
electrons with strength N\. We consider the dynamics of a
single molecular level g, coupled to external thermal baths.
The level is spin split by the external magnetic field By, €,
—&1=w,=gugB,, where g and u; are the gyromagnetic ratio
and Bohr magneton, respectively. The spins are coupled by a
rotating magnetic field B,(cos w,sin w,f) applied perpen-
dicular to By and we assume 2gupB; << w),w,. We employ
the model H="H_ +H  ;+H, where

Hy= > [e,+ Nd +a) + Ung/2]n,

g
~ gupBi(did e + dldie") + wa'a, (1)

describes the molecular states, while H,. =2, &1, and Hy
=2, kc,t(,dg+ H.c., are the Hamiltonians for the bath and the
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tunneling, respectively. Here ¢}, and d|, create an electron
with spin o=7,] in the bath and molecule, respectively,
(ngy=c} cro and n,=d' d,,). The operators a" and a denote
creation and destruction of the vibrational mode.

We transform the system into the rotating reference frame
of the magnetic field through H =eStHe Sr+i(d,e51) e,
with the unitary transformation S =—i(w;t/2)[n —n,
+2(ng —nyy)], in order to eliminate the time dependence
from the Hamiltonian at the cost of introducing a shift in the
electronic energies, i.e., sfgz gr+ow;/2 and s‘;=80+ ow,/2,
where the factor o= 1. The spin split of the conduction
channel electron energies originates from the magnetic
pumping field through the hybridization between the local-
ized level and the conduction band. The pumping propagates
energy from the molecule to the conduction channel and gen-
erates the spin chemical potentials u,=—0w;/2 (with refer-
ence to e;=0) in the conduction channel. The frequency of
the oscillating magnetic field can thus be regarded as the
(spin) bias applied to the system. Despite the spin imbalance,
however, the charge chemical potential is still w=(u,
+ 0 l) /2=0.8

Although the system itself is to be considered in equilib-
rium, the one-photon imbalance between the spin channels
generates a nonequilibrium condition for the two spin pro-
jections of the electrons. An electron in the spin-down chan-
nel can thus tunnel into the local spin-down level srf. The
rotating magnetic field flips the spin projection of the local-
ized electron and thereby the electron can tunnel into the
spin-up channel and a stationary current builds up by re-
peated tunneling.

The coupling between the vibrational and electronic de-
grees of freedom is decoupled by the canonical transforma-
tion 7?(=eSPhH,fe_ rh with S,,=(\/ wg)(a’—a)Z,n,. Through
this transformation the energy levels of the localized states
are turned into E,,=sff—)\2/wo, while the charging energy

U=U-2\?/ wy and the tunneling Hamiltonian is changed
into 2, (viscr d.X+H.c.), where X=exp[-(\/wy)(a"-a)].
In the present Brief Report we assume that a weak coupling
between the electronic and vibrational degrees of freedom
and the spin currents through the system are small. It is then
justified to neglect narrowing effects on the tunneling be-
tween the conduction channel and the molecular level.”

In the atomic limit and U =0, the molecule is reduced to a
simple driven two-level system. It is characterized by a co-
herent weight transfer (Rabi oscillations) between the two
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spin states, which is complete at resonant rotating frequency
w;=w,. The spin oscillation period of T=2m/(), where
=\JA?+4(gupB,)? is the Rabi frequency and A=w,—w, de-
notes the detuning from the resonance. We transform the
molecular electron operators by

d c cos —sin
)=l oGy ) e

d | sin ¢ cos ¢
where tan ¢p=2guzB;/(1—A). The molecular electronic
states are diagonal in the new representation, giving the mo-
lecular Hamiltonian EUEofjrCU+ Uc%'cTcIc | with E,=(&+¥€,
-0Q)/2=eyp—N\*/ wy— /2.

The spin-o current /,, is preferably written as

L= J LA @)G7 (@) +[1 - £,()]G(@)}do, (3)

where I'j=u,I", [=273,|v,|*8(w—¢,), and
sin> ¢ sin ¢ cos ¢
. (4)

sin ¢ cos ¢ cos® ¢

where 7 is the y component of the Pauli matrix vector
whereas f,(w)=f(w— u,) is the Fermi function for the spin o
channel.

The current contains the lesser (greater) Green’s functions
(GFs) G<(>)={G;(£_,>)}o.a.r. They can be calculated using
G=H=G"2=>)G, where, e.g., the retarded GF is defined
through G/ _,(t)=(-i) 0(t)<{cg(t),c;,(0)}> and similarly for
the advanced one. The canonical decoupling procedure of the
electron-vibron coupling casts the GF into the product of
electronic and vibronic parts as

G(r,-o-! (t) = (_ l) 0(t)<{5(r(l)’ Ez-' (0)}>electron<X(t)XT(0)>vibr0n

= é;gf(t)<X(t)XT(O)>vibron7 (5)

u=7u 7, u= (

with ¢,(f)= e Helectron! Ue—iHelectron’ and X (7) = e/ Mvivron’ X ¢~ Hvibron!,
The renormalization factor caused by the electron-vibron
coupling is calculated as (X()X(0))yipron=e""", where
() =(N wy)[ng(1—e" ) +(ng+1)(1—e]  with np
=(eP0—1)"1.19 We then calculate the electronic GF 5;0, in
the mean-field approximation, in which the Kondo resonance

effect is neglected. For arbitrary on-site charging energy, its

Fourier transform is given by G’ (w)=0 and G’ =G,

where
w-E,~(1=(n)U

G'(w) = ~ ~ (6)
(w=E +il'2)(w=-E,-U)+i{nzyUI'/2

and (n,)=Im[G; (w)dw/(21). We then find

Giw) = N G S 1 ()"0 2Gl (0~ nay), (7)

n

where I,(z) is the nth modified Bessel function and z
=2[N/ wo|Nnglng+1].

In the case of weak electron-vibron coupling, the contri-
butions to the self-energy 3 from the electron-vibron inter-
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action is negligible, hence, the lesser (greater) self-energy
can be approximated by

2<:lfTFT+llel’ 2>:_ZFT_ZF1+2< (8)

This leads to the spin-o current I,=el?[7[f (w)
—fs(w)]dw/h, where the transmission coefficient

T=|G}(w) - G'(w)|*sin* ¢ cos® ¢. 9)

We notice that the transmission 7 is equal for the two spin
channels, which is expected in the stationary regime, thus
giving the total spin current /=X ,7; I,=2I;. The form of
the transmission coefficient suggests that the spin current can
be interpreted as an interference between tunneling electron
wave functions in the conduction channel, which are coupled
by the molecular level.

The interference interpretation is especially appealing in
the context of electron-vibron coupling. For simplicity con-

sider the case of vanishing effective charging energy, U
=0(U=2\?*/ w,), although the arguments remain true for ar-

bitrary U. Then, the first factor in Eq. (9) can be written as
(setting w/“=E,Fil'/2)

GG~ | S OO
T (0= 0] —nw) (o - o] —nwy)

(10)

The main ESR peak is given at w;=w, such that Q
=2gupB, and E, =gy~ \?/ wy— ogupB,, corresponding to the
n=0 term in the transmission coefficient. Because of the
electron-vibron coupling, additional features in the spin cur-
rent are expected to occur at frequencies w;=w,+nwy, cor-
responding to the vibrational side bands. Due to the destruc-
tive interference between tunneling electron waves passing
through different conduction (spin) channels, these satellites
to the main ESR peak appear as dips in the spin current
rather than peaks.

In order to illustrate this argument, we consider the first
two terms in Eq. (10), which are the terms with n=0, 1,

PLRQ|G ()G () + B@)|G(0- 00) G (@ wg) b
+2 Re 10(1)11(2)@(&))51((())5‘{((1) - wo)éf(w — wp)eP0?],
(11)

where the first two terms add positively to the transmission
and peak at w=FE, and w=F +w,, respectively. The last
term, proportional to

Qf(wg+ i)
“(w—E; - wy—iT/2)(0—E, +iT/2)
Re Q/(wy+ i)
(0-E| - wy—il/2)(w - E; +iI'/2) ’

-R

+

(12)

is negligible at w,=w, since then E;~ E|, which leads to the
two contributions canceling each other. As w; — w,+w,, on
the other hand, we have E;+w,=E|, since )= . There-
fore, the first contribution in Eq. (12) roughly equals
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FIG. 1. (Color online) Equilibrium spin-current dependence of A
and U. Here, ©,=2, gugB,=0.2315, I'=4y5/25, and kzT=10, in
units of .

1/[1 + (T w)?]
C(w-E)?+(2)

(13)

while the second contribution is negligible. The expression
in Eq. (13) peaks around w=E| =~ E;+w, and contributes de-
structively to the total transmission coefficient in Eq. (11).
An estimate of the ratios between the third and first and the
third and second terms in Eq. (11) at o, = w,+ w,, yields the
lower bounds

1(z) Bwy/2 ‘ 1y(2) ‘

—— | P L(wy), B2l (wp), (14

214(2) e (@) 21,(2) e (@g), (14)
respectively, where L(wg)=wd/[1+(wy/T)2]=T?/[1

+(I'/ wy)?]. We, thus, find that the transmission is signifi-
cantly reduced when the detuning A equals the first vibra-
tional side band. Including the remaining contributions to the
transmission, i.e., summing over all n, provides similar re-
ductions in the transmission at all frequencies w;=w,+nwj.

We calculate the spin current by solving Eq. (6) self-
consistently. The equilibrium spin current through the mo-
lecular level is plotted in Fig. 1 as a function of the rotating
frequency wy, illustrating the main ESR peak at w;=w, and
the vibrational antiresonances at w;=w,+nw,, where n+0
(wo/ w,=1/2 in the plot). At vanishing correlation energy, the
spin current decreases for increasing coupling strength A,
which is understood as an effect of the density being distrib-
uted among an increasing number of vibrational side bands
for increasing electron-vibron coupling [cf. Fig. 2(a)]. In-
creasing spin current for increasing correlation energy can be
explained by the same effect [see Fig. 2(b)].
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It is easy to generalize the above theory to two leads and
nonequilibrium conditions. The voltage between the leads is
eV=p;— g and in each lead we have the spin imbalance
such that w,=(u,+mu, )/2, where y=L,R. The current I;,,
for the spin-o current flowing from the left lead into the
molecule is written as (with obvious notation)

IL()' = %f FL{FR?;[fL(r(w) _fR(r(w)] + FLI].:ULU(‘U) _fL(T'(w)]

+ TR 1 () = fra(w) o, (15)

where 7.=|G’cos” ¢+G'sin* ¢|*, whereas 7 is the transmis-
sion coefficient given in Eq. (9). Here, also f,,(0)=f(w
— Myo)- The expression for the current in Eq. (15) is obtained
by the observation that the lesser (greater) self-energy in this
case is given by

2<=i2f)(0'ri)('7 2>=_i2 (1 _fXO')FiJ(" (16)
Xo Xo

We identify the contributions in Eq. (15) with the first con-
tribution being the usual charge transport as derived by Meir
and Wingreen,” the second contribution is the one discussed
above in Eq. (3), and the third contribution accounts for the
spin current between the leads.

The charge current between the leads, I,.=2,I;,, becomes

L= 53 [ PN T (o) - fin(ello, (1)

which is just the sum of the different transmission contribu-
tions between the leads. As one would expect, /. lacks the
interference effects that occur in the spin current, which be-
comes clear by noticing that 7 .+7;=|G}[*cos’ ¢
+|G'[*sin* ¢. The spin current ;=375 I, , is given by

s= %f FL{erZULT(w) —fu(w)]

+ TRT fr1(w) = fry (@) + fri(@) = fr(w)]
+ FRTc[fLT(CD) — fri(@) + fr|(0) = f1(0) [}do,
(18)

which contains three contributions. The first contribution has
the same origin as discussed above in the single medium
case; the second contribution accounts for the spin current
between the leads; the third contribution stems from the spin
imbalance in the charge current, which arises from the spin-
biased leads.

The nonequilibrium spin current is plotted in Fig. 3,

Mw,=0.35 U/m0 =0

FIG. 2. Local molecular DOS for A/ w,
=0.35 and (a) U=0 and (b) U/wy=10. Other pa-
rameters are as in Fig. 1.
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FIG. 3. (Color online) Bias voltage dependent spin current for
N wy=0.35 and U=0. Other parameters are as in Fig. 1.

showing its dependence on the bias voltage. For low rotating
frequency, the spin current is dominated by transport that is
assisted by the rotating magnetic field, cf. first and second
terms in Eq. (18), which provides the main ESR peak and
vibrational antiresonances analogous to the equilibrium case.
Increasing frequency w; increases the potential barrier for a
molecular level spin flip. Hence, ac magnetic-field-assisted
transport becomes suppressed, in analogy with the equilib-
rium situation. The nonequilibrium conditions do, however,
enhance tunneling between the leads of electrons that do not
undergo spin flips when in the molecule, i.e., the contribution
from the third term in Eq. (18) increases.

We have, for simplicity, neglected effects on the vibra-
tional coherence from the environment, which is justified
whenever the dwell time of the localized electrons 7;'=T
< w,."? By studying the vibron mode lifetime 7, to the sec-
ond order in the electron-vibron coupling N\, we find 7;1
~N\T/ [7T(w3+l"2)]. In the present Brief Report we thus have
w,T,~ 10% for typical electron-coupling strengths and cou-
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plings between the local electrons with the conduction chan-
nel, which justifies the introduced approximations. Assuming
a vibron mode wy~ 1ueV provides a vibron lifetime at least
in the order of tens of nanosecond, which should be suffi-
cient for measurements.

The herein reported antiresonances are expected to occur
more generally within the ESR setup. In fact, we have stud-
ied the occurrence of the antiresonances in systems where
the local level is coupled to a general system with two or
more levels and we find that the antiresonances will occur
whenever the subsystems have direct interactions with one
another. The nature of the interactions may be, e.g., tunnel-
ing, Coulomb, spin-spin exchange interactions between elec-
trons, or (as discussed in the present Brief Report) fermion-
boson interactions.

In summary, we have studied a scheme for electrical de-
tection, using ESR, of vibrational coherence in molecular
single electron level trapped near conduction channel. We
have shown that the electron-vibron coupling generates anti-
resonances in the spin current at frequencies equal to integral
numbers of the vibrational mode. The antiresonances can be
explained as interference between opposite spin tunneling
electron wave functions traversing different molecular exci-
tations. Observations of the vibrational antiresonances do not
require extremely low temperatures and, since we are using
realistic parameters in the study, we believe that our findings
should be within experimental reach.
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