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Low-frequency noise in tunneling through a single spin
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We propose measurements of low-frequency noise in the tunneling current through a single molecule with a
spin as an experimental probe for identifying a mechanism of the spin-dependent tunneling. A specific tail near
the zero frequency in the noise spectrum is predicted; the amplitude and the width being of the same order of
magnitude as the recently reported peak in the noise spectrum at the spin Larmor frequency. The ratio of the
spectrum amplitudes at zero- and Larmor frequencies is shown to be a convenient tool for testing theoretical
predictions.
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Tunneling currents via a microscopic system, such as aurrent-current correlation function and discussed the depen-
quantum dot, or a molecule, or an atom with a localizeddence ofR and linewidthI” in the current power spectrum on
spinl~ attract considerable attention in the context of thethe applied voltage/ between leads, the applied magnetic
problem of quantum information processing. The tunnelingfield By, and the temperatur€. They also obtaine®- and
current depends on spin-dynamics and thus encodes its feR=dependence on the degree and orientatigg of electron
tures; at the same time, the tunnelitlmeasuring current  polarization in the rightta=R) and left{a=L) current leads
influences the spin dynamics itself. Thus the tunneling via an the steady statéthis state is established during the tran-
single spin current measurement can provide information ogient time after the voltage or tunneling matrix elements are
spin orientation and its dynamics and offer an example of aswitched on'® As a result, several qualitative features of
indirect-continuous quantum measurement. both average tunneling current through the spin and noise

Recent experimeritsusing scanning tunneling micros- Spectrum at the Larmor frequency were explained. The quan-
copy on a single molecule with a spin have shown a protitative agreement with the experiment was not achieved, yet
nounced peak in the current noise spectruf(w) the model’is attractive and warrants to be explored further.
=((8)?),, located at the spin Larmor frequenay, =B, The task now is to identify experimentally accessible effects
Here B, is the external magnetic field, whilg is the gyro- that could test the underlying physics of the tunneling-
magnetic ratio. through-a-spin phenomenon. _

There were several attempts to explain the experimental We propose measurements of the low-frequency noise
results. A possible relevance of the spin-orbit interaction ha§-FN) in the tunneling current as such a probe. In this paper
been suggestédRecently, Levitov and Rashbaoticed that We develop a theory of LFN of the tunneling current adapt-
in the systems with the low space symmesych as a dot or N9 the _model of_ Ref. 10. We pre_d|ct a ta|l_ near zero fre-
a molecule near the surfacehe nonvanishing orbital mo- duency in the noise spectrum having the width of the_same
ment of tunneling electrons couples them to the mediatin@rder of magnitude as that of the peakaat The LFN is
spin. They suggested that this mechanism may lead to a si§xPressed through the same quantities as the noise at the
nificant effect of the spin oscillatory component on the tun-Larmor frequency, and thus the rafi=P(0)/P(w ) turns
neling current. A mechanism based on direct exchange déut to be a function of the bias voltaye magnetic fieldB,,
pendence of the tunneling barrier was addressed by severd$ Well as of polarization of the leads and of tunneling cou-
authors® It was also suggestedhat an external magnetic Pling. Thus the experimental study of behavior of the param-
1/f noise can serve as a source of the sharp peak at tHferp offers a unique tool to check on our understanding of
Larmor frequency. tunneling through a localized spin.

Yet to understand experimental restit®t only the exis- Low-frequency noise of the tunneling currevife use the
tence of the peak in the current power spectrum is to béame notations as in Ref. 10: voltage is measured in the
explained, but also the origin of the large signal-to-noise€Nerdy units, thus we write just V instead of eV, furthermore,
ratio and its weak dependence on the orientatioBofAn B stands forgugB, T stands forkgT, and w representsio.
important step toward the formulation of such a model has'hus in our notation®=w,. The Hamiltonian is that of the
been done by Bulaevskii, Hruska, and Ortiz who included intwo-leads Kondo modéF-*®where the direct tunneling term
the model the nonrelativistic exchange coupling of a singldS also included:
spin 1/2 and the tunneling electroh¥ Their approach that H = Ho+ He+ Hr Hy = Hogr+ Hy
followed® was based on the Keldysh formaliSivand the
Majorana-fermion representatitnfor the spin, thus taking 1
into account the nonequilibrium effects in spin dynamics ex- He= 2 | €wboo’ = =Bu: Goor |ChroCanots
plicitly. They found the spin distribution function and the ana,o’ 2
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1) while the wavy line corresponds to the correlation function
R (ﬁ)wqu’sl(t) ,0S,(0)],),. This way we arrive at the natu-

L /_\
ral expression for the low-frequency noise,
Tryr Ter Pw) =([3(1),8(0)].), = (A1/(SHX6S),.  (4)
— =B, To be concrete let us restrict ourselves to the case of fully

polarized electrons in the leads. Then there exists the average
o ye current proportional to the average sp{8), and given by

the expressiof
FIG. 1. Schematics of the physical system. The electronic tun-

neling current is established by a dc voltage (V) =1o(V) +14(V) -(S), (5)
H.=-gugBo- S 1) lo(V) = 7e(1 +mg - m)TopdV, (6)
1{(V) = 2me(mg + M) TeTE2p2V. (7)
= T T _ e |
Hrer = E ,C““”(T““)”‘T'C“”'””T““_TW S Ot In the above equationg, is the density of states per spin
o (DOS) of the leads at the Fermi leveihen leads are differ-
ent p5=p5pR wherep§ is the DOS in the lead); m, means
He= >, Chy (%RL)M,CLn,U, +H.c., the direction of electron spin polarization in the coordinate

system with thez axis parallel to the total magnetic field,

B=B,+B+. HereB, is the external magnetic field whiB

R is the additional dc magnetic field produced by tunneling
(Tr oo’ = ToOyer + TS -Gy, (2)  electrons.

The derivative dl/ Sy =1.V), see Eq.(5), may be
whereczno(can(,) creategannihilate$ an electron in the left found in Ref. 10, and we turn to calculation of the spin
or right lead(depending onx € {L,R}) in the eigenstate  correlation function. In the equilibrium, the fluctuation-
and with spino. Further,e,,=€,— 1., Wheree, is the energy  dissipation theorem yields:
in the staten and i, is the chemical potential in the lead OT (1 — P
while & represents the three Pauli matricéﬁx), T(Ffé), and (6, = coth2Im (@) = w
T(Le;) are tunneling matrix elements due to the exchange in- 2T o+ 17

teraction for the electron tunneling from the leads to the molere (S)7 is the equilibrium average spin, ard, is the
ecule with the spin 1/2, whild@ is the direct tunneling ma- decay rate for the, fluctuations

ltrlx Igler(;\gnt. hWe t"’llke lthe_m das r%aldngmbﬁrs. Th;;p'n Far from the equilibrium the fluctuation-dissipation theo-
ocalized in the molecule is described by the opersdor ., generally speaking does not apply. However, in a non-

=(S..§,,S). Figure 1 sketches the physical setup we want (0, jijibriym, but yetstationary state one can still use the

study and which basically represents the model Hamiltonianag it of formula(8) with the appropriate expression for the

H. ; _
average spi =(1/2)h¢(b).
The electrical current operator can be written as ge spirkS,)=(1/2)h(b)
_ 21 -h(,b)] B _V
=4 =

(h=-ie D chu®FadooCimy®+H.c. (3 0S="" a0 Ppes

T,
nn’ o0’

nn’ o0’

(8

9

Hereh;(b,v) is the function calculated in Ref. 10:

Since the spin-dependent tunneling amplitli'd@, Eq. (2), o 2b(1 - mg,m,) — 20(Mg,— M,) + b6,
contains two terms, the current can be schematically pre- == Z ,
= . VP T ¢ (L -meam) - ¢ (Me,— M) + B(b) 6y
sented by two verticesT,=T,6,,, corresponding to the
spin-independent tunneling, anﬂ‘SET(Fff)S Oy, COITE- Taq1-m3) + T2, (1-n%) Vv
sponding to the spin-dependent part. 0, = T2 ' = T
(ex) RL

In the following we assum&g,” <T,. Since we are inter-
ested only in low frequenciegy<B,V, only thez compo- _ +_ _
nent should be kept. Thus the current noise can be expressed ¢(b) =b coth(bi2), "= (v +b) £ $(v-Db). (10
by the schematic diagram shown in Fig. 2. The left and righEquation(10) makes sense providadg,# 1 andm,,# +1.
electron blocks are nothing but the derivativeld (S,),  Otherwise, ifmg,=1, m_,=+1, the self-consistency equation

FIG. 2. Skeleton diagrams for calculation of
the low-frequency noise. The wavy line corre-
sponds to the correlation functidtﬁﬁ)m.
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e T _ b\ ¢(b)(2 +6)
a — @ @ hf(b,v)—tanl‘<§)m. (11

--

T Here 9=(T? + T2/ T3,. We would like to emphasize that
b —em e = e e 4 e , matrix elementsT,, describe electron tunneling from the
lead « to the spin site and back whilg g describes spin
mediated tunnelingpetweerthe leads. Thus the value éfis

c = {_'W:}_ 4 {N‘z extremely sensitive to the location of the spin with respect to

w the leads. For the perfectly symmetric configuratidn
=Trr=T_Rr, therefore #=1/2. Since bothT, and Tig in-

e crease dramatically with a decrease of the distance from the
_ spin to the corresponding lead so dakwith an increase in

d e asymmetry. As a result, in the asymmetric configurations the
average spin is actually equal to its equilibrium value. This
was noticed, in particular, for the similar problem of the
electron tunneling mediated by the presence of the structural
two-level system in Ref. 18. However, for symmetric con-
figuration the spin coupling to the electrons tunneling be-

®
é
®
i

{N"Hz tween the leads is as strong as its coupling to the electrons in
f i} — % + ’%’ + % any of the leads. As a result, the average spin is controlled by
.5, the combination of electron energy distributions within both

%—wﬁ: of the leads, and it is out of equilibrium provided>1. The

S -~ tunneling electrons reduce the spin magnetization which
+ + % % drops as 1V at largeV.
""" - Substituting Eq(9) into Eq.(4) we obtain
FIG. 3. Schematic diagrams for calculation (@?),,. Dashed or al \?
lines represent auxiliary fermions, while the verti&sandS, rep- 0= "7 £ > (—) [1- hfz(v,b)]. (12
ex) "t Fz (9<Sz>

resent the tunneling amplitudds,” o, and T(FfLX)oX, respectively.
Using the expression from Ref. 10 for the spin-dependent

part of the current,

is an identity and the spin steady state can be any. B _ (& 2
Equation(9) can be derived, e.g., using the technique de- 9119(S) = 1{(V) = 2me(mg+ M) ToTr PV,

veloped by Abrikosov;' where a 1/2-spin was interpreted as we arrive at the final expression for the low-frequency noise:

a pseudo-Fermion with the Green functiogio)(e)

=(eFB/2-\+id)L. Here\ is an auxiliary “chemical poten- P,=Pwil- h?(v,b)] ZZFZ 5,

tial” which is sent to infinity eventually. This trick allows o +17

one to remove extra unphysical states that appear because

Fermi operators have more extended phase space than spin Po = [27To T poTIA (Mg, + My )2, (13

operators. The method was elaborated by Maleev for the casgis result agrees with calculations by Shnirmenall3 A

of dynamical defects in gIassé%Schematlg diagrammatic low-frequency tail in the current noise spectrum has been
representation of the correlation functiofS”),, is given in 554 predicted for tunneling through an equilibrium two-level
Fig. 3. Derivations can be carried out similarly to Ref. 16 system in Ref. 3.

where electron dephasing rates due to pseudo-spin defects pccording to Eq(13), the effect is strongly dependent on
were calculated. A similar procedure was also used for caly degree of electron spin polarization. Here we note that the
culation of the energy relaxation time of the electrons in apolarization can arise not only due to spin-dependent tunnel-
thin wire due to magnetic impuritie. The correlation func-  jng amplitude, but also as a result of electron motion through
tion is given by the diagram shown in Fig(a3 where the  the molecule where the localized spin is located. Indeed, as it
thick dashed line corresponds to the auxiliary fermite). s known for semiconductor structurtsthe electrons tun-

An important feature of the calculation is that for calculation ne|ing through the barriers with no inversion center become
of (8S)),, one has to calculate the self-energy up toftheth  spin-polarized if the tunneling electron has a component of
order inT(Fff)aX as shown in Figs.®) and 3c), see also the wave vectork; parallel to the barrier plane. The difference
Appendix in Ref. 15. The wavy lingFig. 3(d)] corresponds between the tunneling exponents for opposite spin direction
to the S-S, propagator and the solid lines represent tunnel<can be estimated as y(2mk/%2)kd where y characterizes

ing electrons. This propagator was actually calculated in Refan efficiency of spin-orbital interactiowhich for typical

10. A similar complication arises when calculating t8¢  semiconductors is of the order of Fferg cn?) while d is
(namely, Tg| 0,S) vertex part, see Figs(® and 3f). When the tunneling length. Of course, there is a difference between
mg=m_ (except form,,=*1), the result is the same as for the organic molecule and a semiconductor. However, the ap-
unpolarized electron’: parent absence of any pronounced symmetry in the consid-
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ered situation can result in a finikg which will, in turn, lead r, 2 q —hfz(v,b)

to a spin polarization. In particular, fdg=10Fcm™ (two I0=8F— 1+ 0lo)h(v.b)

orders of magnitude less than typical atomic valaed for z v

the values ofy two orders of magnitude less than the esti- It is rather difficult to provide realistic estimates for the ratio
mate given above, the degree of spin polarization can be df , /T', since spin relaxation and dephasing can be produced
the order of 10* which is larger than the spin polarization of both by tunneling electrons and by some degrees of freedom
electrons in metals aB~1 T. Thus the factor mentioned in the leads. The contributions of the tunneling electrons to
above can significantly increase the coupling of the tunnelind”, andI’, are calculated in the Bloch-Redfield approxima-

Mg+ M,

Mgy +M

electrons with localized spin.
Comparison with the noise at Larmor frequenégcord-

tion in Ref. 13. What is important is that in genera|
=1,/2, and the ratid" | /T", can be measured experimentally.

ing to Eq.(13), the low-frequency noise is represented by aThe dimensionless functio(v,b) grows monotonously

Lorentzian tail with the widtH",. At «— 0

Po= Pylwmo= 2P 1 —hi(v,b)II;% (14)

with v for a givenb, it tends to 1 ab > b, the plotF(v) shifts
slightly downwards as parametierincreases. Thus the ratio
p can be of the order of unity.

In conclusion, we have calculated the low-frequency

Let us compare this result with the maximal value of thenoise power in the tunneling curref(0), and demonstrated

noise at Larmor frequency?, . According to Ref. 10, for

that the ratiop(V,T)=P(0)/ P(w,) is the universal function

fully polarized electrons the magnitude of the noise near thef dimensionless voltage and magnetic field, kY7 and

Larmor frequency aV¥V>B is given by the expression

I,
Pw - P]_[UZ + Ub hf(Uab)]m7

Py = (7ToTaipeT)?Me, +my %, (15

At V<B, P,=0. Comparing now noise magnitudes at
—0 and atw— o, respectively, a> B, we have

CPL= Plume, = (PUT [0+ vbhi(v,b)],

|__

the ratiop="Py/ P, being

ogueB/KkgT, respectively. This opens the route for identifica-
tion underlying mechanisms of the noise in tunneling current
by comparison of the measured dependencp(¥fT) upon
voltage and temperature with the obtaing@v,T). We also
noted that spin polarization can be obtained due to intrinsic
spin polarization while tunneling through a complex mol-
ecule.
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