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Single-spin dynamics and decoherence in a quantum dot via charge transport
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We investigate the spin dynamics of a quantum dot with a $pireund state in the Coulomb blockade
regime and in the presence of a magnetic rf field leading to electron spin resdiE8®e We show that by
coupling the dot to leads, spin properties on the dot can be accessed via the charge current in the stationary and
nonstationary limits. We present a microscopic derivation of the current and the master equation of the dot
using superoperators, including contributions to decoherence and energy shifts due to the tunnel coupling. We
give a detailed analysis of sequential and cotunneling currents, for linearly and circularly oscillating ESR
fields, applied in cw and pulsed modes. We show that the sequential tunneling current exhibits a spin satellite
peak whose linewidth gives a lower bound on the decoherenceTyroéthe spin% state on the dot. Similarly,
the spin decoherence can be accessed also in the cotunneling regime via ESR-induced spin flips. We show that
the conductance ratio of the spin satellite peak and the conventional peak due to sequential tunneling saturates
at the universal conductance ratio of 0.71 for strong ESR fields. We describe a double-dot setup which
generates spin-dependent tunneling and acts as a current (@mero bias and as a spin inverter which
inverts the spin polarization of the current, even in a homogeneous magnetic field. We show that Rabi oscil-
lations of the dot spin induce coherent oscillations in the time-dependent current. These oscillations are
observable in the time-averaged current as function of ESR pulse duration, and they allow one to access the
spin coherence directly in the time domain. We analyze the measurement and readout process of the dot spin
via currents in spin-polarized leads and identify measurement time and efficiency by calculating the counting
statistics, noise, and the Fano factor. We point out that single spin dynamics can also be accessed with STM

techniques.
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[. INTRODUCTION which a superposition of opposite spin states of a single elec-

tron remains coherent. Thus, coherent manipulations of elec-
The coherent control and manipulation of the electrontron spins, e.g., gate operations for quantum computation,
spin has become the focus of an increasing number diust be performed faster thah,. We note that typically
experiment¢8 From measurements it has become evidenf2<T1-~ Thus, from the sole knowledge Gf, no lower
that the phase coherence of electron spins in semiconductopQUnd forT, follows. It is thus of fundamental interest to
can be robust over unusually long times, exceeding hundreddVestigate possibilities of how to gain access to the decoher-
of nanosecondsThus, spins of electrons are suitable candi-€"¢€ timeT, for a single spin confined to a quantum dot.

o . ' : L . The loss of phase coherence of many but independent
dates for applications in the field of spintronics, in particular__." "~ . . .
for quanturF:\pinformation processiﬁg?% This has rr?ade it SPINsS IS described by the dephasing ﬂrﬂg » where inho-

desirable to understand in more detail the coherent behavidf9enetties in the Zeeman terms lead to a further suppres-
. : . ) sion of phase coherence for the ensemble but not necessarily
of single electron spins which are confined to nanostructure

U an individual spin, thu§'s <T,. In recent experiments,
such as quantum dots, molecules, or atoms, and to point tQ, . . :
ways of how to access the coherence time of a single spin? was measumd in bulk .GaAs by using ultrafast.ume-
experimentally. It is the goal of this work to address thisresolveld optical methods, yielding values b} exceeding
issue and to propose and analyze transport scenarios invol&po ns.

ing a quantum dot attached to leads and with a spin-1/ However, the measurement of the decoherence e
ground state %or a single spin has—to our knowledge—not been reported

We first remind ourselves of some basic notions in spir%et (although it is expected to be within experimental reach

q ics. When the el o d iven the known single-photon sensitiyityA first step into
ynamics. en the electron spin Is exposed to an eXte”‘. is direction are spin-echo measurements on an ensemble of

magnepic fi.eld, this_leads to a Zeeman splitting, and th_e SPiRpins, where dephasing due to inhomogeneities of the mag-
dynamics is described by the standard Bloch equatidns. hetic field is eliminated. Indeed, such measurements being

These are characterized by two time scales(ltvgitudina) performed more than 30 years ago on P donors in Si, re-
relaxation timeT,; and the decoherence tinig (transverse ported T, times up to 500us2* However, it appears desir-
relaxation. The spin relaxation tim&, describes the life- aple to have a more direct method for single-spin measure-
time of an excited spin state, aligned along the external fieldments. To achieve this via direct coupling to the magnetic
and is classical in the sense that its definition does not inmoment of the spin is rather challenging due to the ex-
volve the concept of quantum superpositions. Suth time  tremely small magnetic moment, although it is believed to be
of a spin in a single quantum dot was measured recently viaithin reach using cantilever techniqu@sdere we concen-
transport and was shown to be longer than a fewtrate on a further approach based on transport measurements.
microsecond$, in agreement with calculatiof8. On the  The key idea is to exploit the Pauli principle which connects
other hand, the spin decoherence timegives the time over spin and charge of the electron so intimately that all spin
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properties can be accessed via charge and charge currentghich allow us then to estimate the measurement time. In
especially in the Coulomb blockade regfief a quantum  Sec. IX, we discuss coherent Rabi oscillations of the dot spin
dot attached to leads. Indeed, concrete scenarios based and their occurrence in the time-dependent current. In Sec.
such a spin-to-charge conversion have been proposed in the we show that Rabi oscillations can also be observed in the
past?vllvz“_%and it is our goa| here to further elaborate on time-averaged current if pU|SEd ESR fields are applied. In
these concepts and to report on a variety of new results weec. XI, we point out that our results also apply to scanning
have obtained. tunneling microscopy(STM) devices, and we finally con-
There are two classes of spin decoherence contributiorgude in Sec. XIl.
we have to distinguish in the following. First, rare tunneling
events of electrons onto and off the dot change the spin state Il. QUANTUM DOT IN ESR FIELD
on the dot and in this way contribute to the decoherence of
the dot spin. We account for this decoherence microscopi-
cally in terms of a tunneling Hamiltonian. Second, there are We consider a quantum dot in the Coulomb blockade
intrinsic decoherence contributions from processes whictiegime®® which has a spir- ground state. The dot is as-
persist even if the dot is completely isolated from the leadssumed to be tunnel coupled to two Fermi-liquid ledesl,
This decoherence is taken into account phenomenologicall®, at chemical potentialg,. We start from the full Hamil-
in the master equation developed in this work, with an in-tonian
trinsic decoherence rafg, *. The goal then is to show that
this T, time can be extracted via current measurements, re- H=Hieaq™ Haort Hese(t) T Hr, @)
gardless of the microscopic processes leading,toSuch a  which describes leads, dot, ESR field, and the tunnel cou-
phenomenological approach to intrinsic decoherence makgsiing between leads and dot, respectively. For the leads we
the purpose of our considerations clearer and is applicable t@ke Hlead:EIkrrelkclTkaCIk(r: WhereCITkzr creates an electron
different types of decoherence mechanisms, e.g., based @i |ead | with orbital statek, spin o, and energye, . We

hyperfine and spin-orbit couplings. The microscopic study ofgescribe the coupling with the standard tunnel Hamiltonian
such intrinsic decoherence, being an important subject in its

own right, is not addressed in the present work. ot

The outline of this paper is as follows. In Sec. Il, we HT:%}(’ tipCikodps+H-C., @)
define the system of interest, a quantum dot with spin-1/2
ground state in the Coulomb blockade regime tunnel couplewith tunneling amplitude, and Wheredgg creates an elec-
to leads and in the presence of an electron spin resonant®n on the dot in orbital statp. In Eq. (1), Hye IS time
(ESR field. We derive thégeneralizefimaster equation for independent and includes charging and interaction energies
the low-energy dot states in the sequential and cotunnelingf the electrons on the dot and coupling to a static magnetic
regime by evaluating the tunnel coupling to the leads microfield B, in z direction. The dot spin is coupled to a magnetic
scopically in order to obtain tunneling rates, decoherenc&SR field,B,(t)=Bocost), linearly oscillating in thex di-
rates, and energfStark shifts. For this we need to include rection with frequencyw, thus Hegg=—3gugBy(t)oy.
diagonal and off-diagonal matrix elements of the reducedsuch an oscillating field produces Rabi spin flips when its
density operator. The stationary current through the dot anﬂ'equency is tuned to resonanae=A,, as shown below.
its dependence on the ESR field is discussed in Sec. lll. Wghen, the total Zeeman coupling of the dot spin is
find a spin satellite peak in the sequential tunneling current,
whose linewidth as function of the ESR frequency gives a 1 1 1
lower bound for theT, time. Thus, via the stationary current, —59ueB(1)- o=—5A.0,— SAc08wt)ay,  (3)
the T, time can be accessed in a regime that is experimen- .
tally accessible, as will be demonstrated by concrete numeriith electrong factor g, Bohr magnetorug, and Pauli ma-
cal examples. We show that the ratio of this satellite peakfices o;. We have defined\,=gugBy and the Zeeman
and the main peak saturates at a universal conductance ralitting A,=gugB;. Ideally, we assume that the Zeeman
for strong ESR fields. In Sec. IV, we extend our results to thesplitting of the leadsAF**is different fromA,, and A2
even-to-odd transition, i.e., for the case where therbois <ep, Wheregg is the Fermi energy, such that the effects of
average one electron less on the dot. In Sec. V, we explain d@he fieldsB, and B,(t) on the leads are negligiblsee be-
mechanism for a spin-inverter device which inverts the spidow). Such a situation can be achieved by using materials of
polarization of the current passing through two dots coupledlifferentg factors and/or with local magnetic fieldsB(, or
in series in the presence of a homogeneous magnetic field. B,).
Sec. VI, we consider rotating ESR fields which allows usto We are neglecting photon-assisted tunnelifiBAT)
obtain the exact time evolution of the dot states and theiprocesse$>?” in which oscillating electric potentials of the
decay rates. In Sec. VII, the cotunneling current through théeads provide additional energy to electrons tunneling onto
quantum dot away from the sequential tunneling peak is disthe dot. We note that PAT contributions to the current can be
cussed. We show that tAg time can also be accessed in this distinguished from ESR effects since the former contribu-
regime. Invoking spin-polarized leads, a readout proceduréons do not show resonant behavior as a functionBef
for the dot spin is proposed and analyzed in Sec. VI, whereand/orw, and they lead to several satellite peaks instead of
counting statistics, noise, and the Fano factor are calculatedne as for ESR effectésee below. Further, if one avoids

A. Model Hamiltonian
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=1. Otherwise, to obtain antiferromagnetic filling, Hund’s
Ep, rule must not apply. This can be achieved by breaking the
orbital degeneracy on the dot, e.g., by using asymmetrically
shaped dots or an appropriate magnetic field>? For an

A ?{% additional electron on the dot, we assume fo#1 the

ground state to be the singl®=(|11)—|11))/V2;i.e., the
triplet state|T,)=|11) has higher energy, which again can
ﬁ— ——————— be achieved by tunin@,.? The energyE,, of the dot, in-
128 cluding charging energy, is defined bij,m)=E,,|m).
We shall give a brief overview of the energetics involved
in tunneling through quantum dots in the Coulomb blockade
_______ iA regimé® and in the presence of the Zeeman splitting and an
0 “7 z ESR field. For simplicity, we assume that there is no
electron-electron interaction on the dot apart from the clas-
sical charging effect(Our work is not restricted to such an
Ep, assumption, since we only require a spimround state and
a large enough singlet-triplet spacing on the ddhe total
ground-state energy of a dot with antiferromagnetic filling is

\\
\\
\\
\

Eg N
U(N)= o+ gN 4
/\ 4 7T ( ) kzl Ek ¢ ( )
Hq ‘ . - —
Eg—-A) Ho for N electrons on the dot. Here, the single-particle energy of
e - the kth electron,s‘kf=sk+(—1)"Az/2, contains orbital and

_____ Zeeman energy contributions. The charging energ)E(')"s
éw iAz = (N.e— QG)ZIQC, with gate charg®g . and dot gapacitance
C. Itis convenient to define the chemical potential of the dot,
Moo N+1)=U(N+1)—U(N), which is the energy re-
FIG. 1. Quantum dot coupled tanpolarized leadsl =1, 2 with quired for an electron of lealdto tunnel onto the dot, which
chemical potentialsy;. The sequential tunneling regintes>u«,  containsN electrons initially, i.e., tunneling onto the dot oc-
>Eg—A,>pu, (for E;=0) shown here corresponds to the satellite curs for ;> pgor.>> In the Coulomb blockade regiméT
peak in the sequential tunneling current; cf. Sec. lll Aand Il B and < g2/C (k: Boltzmann constaht no sequential tunneling
Figs. 2 and 3. Heres (E7, ) are the singlettriplet) levels and the  cyrrent flows through the dot if the chemical potentials of dot
Zeeman splitting is\,=gugB,>kT. (a) If the dotis initially inthe  and leads are such thagkgm(N)<pq, wo<pgof N+ 1).
spin ground staté(), sequential tunneling is blocked by energy However, in the sequential tunneling regime > uqo(N
conservation(b) If the dot spin is excited by an ESR fieliRabi +1)> u,, single electrons tunnel from lead 1 onto the dot

flip), spin-up electrons can tunnel from lead 1 onto the dot, forming, ' then on into lead 2 producing a sequential tunneling
a singlet. Then, spin-up or -down electrons can tunnel into lead 2t:urrent ’

(e}

thus PAT effects are excluded. Finally, electric rf fields can B,(t). A full analytical description of the current flow is

be ‘f."l\ll(i'.ded altog?t_h(ejr, us(;n_g a setup as 'g Rte_f. 28: _There, trH‘Jerived in the following sections based on a time-dependent
(}SC' ating currentm UC? ina supetr_cor]i ucting VWBtI an h master equation. Here, we just intend to give a qualitative
r sou_rce) gen_e%ages_ only a magnetic 1t component in epicture to provide some intuition for the underlying physical
near_—ﬂ_eld regiort,” with an the eIectnc_ component that is mechanisniit will not be needed later gnWe define a time-
negligibly small for o<w;,, where wy is the plasma fre-  yoh0ngent chemical potential of the dot, given as the energy

quency. Finally, for transport and ESR experiments in quan;eq ired to add an electron at timeWe consider the two

tFL;;]ngg Sa?qn(;pgiis with and without quantum dots we refer tOchemical potentialg.J., for initial spin-5 dot state| o), i.e.,
' ' As=piN+1)=Es—E; and Ag=pul(N+1)=Es
—E|, which simplify to Ag;=Eg, andAg =Egs—A,, re-
spectively, forE;=0. Note that theug,, is loweredif the dot

The electronic states of the quantum dot can be assumasl excited into staté|), since the Zeeman energy, has
as follows. For an odd numbé¥ of electrons on a dot with already been provided by a Rabi spin flip due to the ESR
antiferromagnetic filling, the dot has a spinground state. field. Therefore, we can identify the regindes; > uq,>Ag
The topmost(exces$ electron can be either in the spin > u,, where a sequential tunneling current will flow through
ground statg1) (o, eigenstatpor in the excited statg|) the dot only after exciting the dot spin by a spin figee Fig.
(see Fig. L This assumption is automatically satisfied\if  1). In other words, the dot can be opened and closed via the

B. Dot spectrum and energetics
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ESR field, which thus allows one to modulate the currentthe contribution ol ggg(t) to M. With these approximations,
This (dynamica) dependence of the current on the dot spingq. (5) becomes in the interaction picture
can be exploited to measure tfig time and the Rabi oscil-

lations of the dot spiR® as we will explain in detail in the . . | t |
following. po(t) = —iLesgt) pp(t) — deTM'(T)PD(t—T)- (7
C. Systematic treatment of sequential tunneling The rapid decay oM (7) also justifies the Markovian as-

The electronic states on a quantum dot interact with thejfUmption that the system has no memory about its past, i.e.,
environment(heat bath, in particular with the Fermi leads, thatpp(t) depends only opp(t) and not onpp(t— 7). This
which provide and take up electrons. The state of the comapproximation is performed in the interaction picture, to
bined system, dot and environment, is given by the full denkeep track of the dynamical phase of the off-diagonal ele-
sity matrix p(t). The states of interest are the electronicments ofpp. Systematically we proceed as follows. Since
states on the dot, described by the reduced density matrix ¢he integrand in E(.7) only contributes for smalt, we may
the dot,pp=Trgp. Here, T is the trace taken over the leads expand the integrand inr, M(7)pp(t—7)=M(7)[pp(t)
(environmeny, averaging over théunobserver degrees of —Tblo(t)+0(72)]- We then replace}'D(t) in the integrand
freedom of the environment. The diagonal elemepts by using Eq.(7) iteratively. However, sincév (7)~O(L2),
=(n|pp|n) of the density matrix of the dot describe the oc- o (o, neglect the part gfh(t) which is O(L2), since it
cupation probab|I|'F|es of the dot levels, withiuein) corresponds to a higher-order term in our Born approxima-
=E,|n). The off-diagonal elementg,,=(n|pp|m)=pr, . - ol .
describe the coherence and the phase of superpositions of Jin- The remaining part OF’D(t) .result_s fromL gsg, which '
states. can also be disregarded since, in the integrand, the ESR field

between leads and dot is switched only acts on the time scale,<1/A,. We then extend the

The tunnel couplindd ¢ . L . L
on att=0. Prior to this, the dot and leads are assumed to b&PPE" integration limit in Eq(7) to =, with negligible con-

uncorrelated such that the full initial density matrix factor- Uoutions due to the decay dfl(7). lThereIfore, the second
izes asp(0)=pp(0)pg, Wherep is the density matrix of term in Eq. (7) becomes—{[od7M(7)}pp(t). Next, we
the leads in thermal equilibrium at; ,, and at temperature €valuate the matrix elements, n,=(b[(M |n%<m|)|c> ex-
T. Next we derive the master equation for the reduced der/ICilly in the interaction picture, which yield

sity matrix pp by making use of the superoperator

i34 ; _ ; o
formalism?>” In the fol.lolwmg,. we sefi=1. Starting frgm the _f d™ lbclnm( )= 5bc5nm( W,,— 5bn2 Wm)
von Neumann equatiop= —i[H,p] for the full density ma- 0 k
trix and using standard manipulatiotfspne finds the time — (1= 8u) Sond
nm n¥mc

evolution of the reduced density matrix

1
: . v, , , X|i€nmt > E (Wkn‘*'ka)}a
PD(t)z_l[Hdot+HESR(t)1PD(t)]_fodt M(t,t")pp(t’), K
(5) ()
. with the ratesW (see below and energy shiftse,, (Stark
M(t,t’)=TrBLT(Te*‘ftfdt"QL(‘"))LTpg, (6) shifts). These shifts are small; e.g., the one betwgenand

|T) is given by
with time ordering7 and the Liouville operators defined by
L(t)X=[H(t),X], LtX=[H+,X], and equivalently fot 4y, 1 w n vi
Licad» andLgsg(t). The projectors are defined §&=1—P 5€H:E 2 PJ; dffl(f)( e—Ag e—Ag )’ ©)
and szpgTer. The kernelM [Eq. (6)] is a superoperator ! !
describing processes involving tunneling of electrons to anénd similarly for Ses; and Seg; . For |uj—Ag,|>KT, the
from the leads. We consider here only sequential tunnelingnergy shift becomes
processes and refer for a discussion of cotunneling contribu-

tions to Secs. Il F and VII. Thus, we work in Born approxi- yll Ag ?’|T Ag
mation by retaining only the terms in lowest order lof; 56”:2 (Z—In —AT oo A ) (10
i.e., we replacé by Lo=L—L+in Eq.(6). For further evalu- ! T KT 3sy T T B

ation of M, it is self-consisteni{see below to neglect the
effect of the ESR fieldlgsg(t); i.e., we replace g by L gt
+Leagin M. This removes explicitly the time dependence o
M, making it time translation invarianM (t,t’)=M(t—t').
We find thatM () decays on a time scale.~1/KkT, i.e., the
correlations induced in the leads bl decay rapidly. Since
:thS decay is typlcall_y much faster than th_e Rabi flips pro- stE WlSLv Wlsf ?’|Tf|(As¢), (11)
uced by the ESR field;.<1/A,, we may indeed neglect T

which, for y/=7v/, reduces to de;;~X(y/2m)In[|w
§~Agl/lm—Agl] and, thus, to a small correctiofve ;|
=< yIn(A,/KT), for Au<A,.

The sequential tunneling rates in E§) are
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: ) A
Wis=2 Wis, Wis=y([1-fids)], (12 pL1=—i0zp i cogwt)(p;—p)) =V ipyy, (19
- ; ; _ (Ag —m)/kT1-1 - :
with the Fermi functlonf|(A51)I [1+e Sli | -of psi=—iAgps—Vspsi (20)
lead |. The ratesWs;, W;s, Wg;, and W, g are defined
; | - - :
analogougl_y as functions of; and f(Ag;), and W,,=0. ps;=—iAs ps— Vs ps - (21)
The transition rates
Here, the time evolution of the matrix elements,,
yi=2mu|t]|2  yi=2mv |t}? (13)  =(n|pp|m) of the density matrix of the dot is described for

the stategn)=|1), |1), |S); e.g., for the diagonal element
consist of(possibly spin-dependent densities of states;  we write p;=(1|pp|1), for the off-diagonal elemenipg;

at the Fermi energy and tunneling amplitutfe' . (Spin-  =(S|pp|1), etc. The rateW,,, describes transitions from
dependent densities of states are considered in Sec. VIII fatate|n) to |m). Equationg16)—(18) are rate equations with
spin readouj. For later convenience, we define for=1, | gain and loss terms, up to the contributions from the ESR
field. Then, the population of, say, stdte) is changed by
Yo=(y{+yDI2, y=(y"+yhHi2. (14)  dp, after timedt by the following contributiongEq. (16)].

The populatiorp, is increased when the dot is previously in
state|S) (with probability ps), and a spin| electron tunnels
out of the dot with probabilityV, sdt. However, the popula-

So far we have considered only coupling to an environ-ion p, is decreased when the system was already in state
ment consisting of Fermi leads. However, the electronic dot1), and a spin, electron tunnels onto the dot with probabil-
states are affected also by intrinsic degrees of freedom sudty Wg,dt. The spin-flip ratesV, and W, enter Eq.(16)
as hyperfine coupling, spin-orbit interaction, or spin-phonoranalogously. In the absence of an ESR field, the off-diagonal
coupling, which lead to intrinsic spin relaxation and decoherelements[Egs. (19)—(21)] of the density matrix decouple
ence. Treating such couplings microscopically is beyond thérom the diagonal ones and decay with the decoherence rates
present scopésee, e.g., Ref. 20Thus, we treat these cou- V,,,=Vnn.
plings phenomenologically by introducing corresponding In the presence of an ESR field, the diagoft&ds. (16)
rates in the master equation. First, the s@laxationrates and (17)] and the off-diagonalEqg. (19)] matrix elements
W;, and W, describe processes in which the dot spin isbecome coupled by the term proportionalAq. This cou-
flipped. We can assumé/; >W,,, for A,>KT (consistent pling of populations ¢, andp,) and coherencep( ;) shows
with detailed balancey; /W ;=e":’¥T). These relaxation the coherent nature of Rabi spin flips and makes it apparent
processes correspond to the phenomenological ralg 1/ that we are studying a resonant process, which requires that
=W, +W,,; see also Sec. Il E. Second, the rat&,lde-  we takeHggg fully into account.
scribes the intrinsicdecoherenceof the spin on the dot, The current ,=e(dg/dt) from the dot into lead 2 is de-
which is present even in the absence of coupling to the leadfined by the number of charges) that accumulate in lead 2
This type of decoherence destroys the information about thafter timedt. With probability ps, the dot is in stat¢S) and
relative phase in a superposition pf) and||), without  a chargee will tunnel into lead 2 with probability W?s
changing the populations of the opposi'te spin states. F0f+WfS)dt. However, if the dot is in statd ) or||), a charge
mally, this leads to a decay of the off-diagonal matrix ele-may tunnel from lead 2 onto the dot, reducing the number of
ment p|;. Including the decoherence contribution Bt charges in lead 2. Thus, in total we obtain for the current in

D. Master equation

[Egs.(8) and(11)], the total spin decoherence rate is lead 2
_ Wi tWs 1, 15 l=e(W:s+Wo)ps—eWgpi—eWg p; . (22)
i 2 T,

The current in lead 1],, is obtained analogously and is
0given by Eq.(22) after changing sign and replacing the index
2 by 1. We show in Sec. lll thdt =1, in the stationary limit,
due to charge conservation.
Finally we note that Eqg20) and(21), which describe a
superposition of an odd and an even number of electrons on
. the dot, decouple from Eq$16)—(19) and are thus not of
p1=— (W +Wsp)p + Wy p +Wisps relevance for our considerations. Further, since the coupling
—A,cogwt)Imlp;;], (16)  tothe leads is switched on only &0, initially the number
of particles on the dot is well defined. Thereferg andpsg,
. vanish att=0 and at all later times, as seen from E(X)
pi=Wiip1 = (W +Ws))p +Wispst Accoswt)Imlp 1], ang (21). In particular, no superposition of a state with an
(170  even and a state with an odd number of electrons on the dot
) is produced by the coupling to the leads, since this would
ps=Wsgp;+Wsg p —(W;s+ W, g)ps, (18)  require a coherent superposition of corresponding states in

i.e., electrons tunneling onto the dot further destroy spin ¢
herence on the ddsee Sec. Il E for an interpretatipn

With the above results, we obtain from E§) the master
equation of the dot,
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the leads; however, for times larger than (which is typi- Ill. STATIONARY CURRENT
cally the casg we can safely neglect any coherence in the

S We now consider the stationary currdnin the presence
Fermi-liquid leads.

of a continuous-wavécw) ESR field. Therefore we calculate
the stationary solutiop(t—«) of the master equatiorEqgs.
E. Decoherence and measurement process (16)-(21)]. We will apply the rotating-wave approximation

We elucidate the connection between spin decoherend®WA), where only the leading frequency contributions of
and measurement, first in the absence of leads and ESR fieldesr @€ retained. Higher-order contributions would include
We consider a coherent superpositieff )+ || ) as the ini- the simultaneous absorption of two photons and the emission

tial state of the dot. This pure state corresponds to the re2f @nother photon. In lowest order, only single photons can
duced density matrix pT(0)=|a|2, PL(0)=|,3|2, and Pe absorbed or emitted, producing a spin flip on the dot. To

perform this approximation, we write\ ,cos(wt) =3A (e
+e7'“Y: j.e., we decompose the linearly oscillating magnetic
field into a superposition of a clockwise and an anticlockwise
rotating field. Integrating Eq$16), (17), and(19), one finds
that forw~A,, the anticlockwise rotating field leads to rap-
idly oscillating terms in the integrands, which nearly average
to zero. Therefore, we retain only the clockwise rotating
field, which is given by the term proportional ®“' (see
also Sec. V). Note that since only one field component con-
tributes, the field amplitude is halved. This leads to the pe-

p;1(0)=a*B, and the master equation contains only the
ratesW,; , W;, and V;=1/T,. The off-diagonal terms
p“=p}‘l , decay with the decoherence ting,, p ;(t)
=e Y2742 . (0), while the diagonal termgoccupation
probabilities decay with the spin relaxation time, = (W,
+W; ;) tandp (t)=p{%e YT p (0)—p$ toward their
stationary valug{'=W/(W; +W,;) andp;=1—p,. In
total, for T,<T,, we can picture the decay pf, as

( la|? aﬁ*) Tz( a2 0 )Tl(lﬁq 0 ) 23 riod T, of one Rabi oscillation,

B 1B 0 |7 p) 4o
Tog=—-. (24)

Ay

i.e., the off-diagonal terms vanish first on the time scgle
and then the diagonal ones equilibrate on the time sEale The RWA is valid forA,, V|, |A,— w|<wo (see, e.g., Ref.

As shown in Sec. Il C, when electrons tunnel onto the dot37) and is well justified for the parameters considered here.
the decoherence ratg ; [Eq. (15)] and thus the decay of the In the stationary case and using the RWA, the dependence of
off-diagonal elements are increased further. We note now thg, andp, [Egs.(16) and(17)] on p |, is eliminated, leading
formal equivalence to the quantum measurement pro@ess to the effective spin-flip rate
the o, basig, where the dot spin is projected onjto or || ),
and thus the off-diagonal matrix elements vanish. This pro- AZ Vi
jection can be understood as a decoherence process. Con- Ww=§ m
versely, we can consider the decoherence due to tunneling as @52 i
a measurement performed by the tunneling electrons. Wghich is a Lorentzian as a function @ with maximum
note that this process isveeakmeasurement in the following WSaX:AQSVu at resonance=A, .
sense. The electrons in the leads attempt to tunnel on the dot, Now it is straightforward to find the stationary solution of

(25

but only with small probability=Ws,, are these attempts suc- the effective rate equations for, p, andps,

cessful. Thus, the currehtwhich carries away the informa-

tion of the dot state to the observer, is formed by these suc- p1=n[W;sWs + (W, + W, ) (W;st W g)],  (26)

cessful electrons, while the unsuccessful electrons are not

detected. Another way to say this is that a given electron p1=n[W sWs;+(W; +W,)(W;s+W,g)], (27

from the lead has only a small probabilis\Ws,, to “mea-

sure” (i.e., decoherethe dot state. ps= [ Wg;Ws| +Wg (W, |+ W,,) +Wg (W +W,)],
(28

F. Cotunneling contribution to the sequential tunneling regime  where the normalization factay is such that,p,=1. We
We work in the sequential tunneling regime, defined byS€€ from Eqs(26)—(28) that the effective spin-flip rates are
p1>Ag >p, One can see that higher-order— W; +W, andW ;+W,,; i.e., the ESR field flips up and

cotunneling—contributions can be neglec for ~ down spin with equal rat&,, . . .
<A, KT, andAu<A,, the regime of interest here. Most V\T/e can now calculate the spinpolarized current in Ie_ad
importantly, the cotunneling contributions 10, are of the 2 '2:e_WLfsPs—eV\é1P1 [cf. Eq. (22)]. The result is dis-
order y2/A, (see Sec. VI i.e., they are suppressed com- Played in Eq.(Al) in the Appendix. The spin- polarized

pared to the sequential tunneling contributions by a factor oFU.”e”“% is obtained from Eq(A1) by interchanging with
/A, (=5x107° for the parameters of Fig.)3Formally, | In the numeratofthe denominator remains unaffected by

the cotunneling contributions to the master equation can bguch an interchangeThe currents in lead 1.}, are ob-
absorbed intoT; and T,. For a discussion of cotunneling tained from the formulas for,'* by changing sign and inter-
currents away from the sequential tunneling resonance seshanging indices 1 with 2. Note that generally# 1)}, since
Sec. VII. the ESR field generates spin flips on the dot, and thus the
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spin on the dot is not a conserved quantity. However, the
stationary charge curreht==% 1/ is the same in both leads,
I=1,=1,, due to charge conservation.

A. Spin satellite peak

In this subsection we discuss the stationary current
through the dot, in particular, its behavior as functionwof
= (uq+ u2)/2 or, equivalently, as a function of the gate volt-
ageVy. We will see that an additional sequential tunneling
peak(satellite peakwill appear due to the ESR field. Before (b)
explicit evaluation of the current, we briefly describe this
situation in qualitative terms. We assume a large Zeeman
splitting A ,> A u, KT, with applied biasA u=u1— u,>0. If
the potentials are such that>Ag; > u,—i.e., the chemical
potential of the dotrelative to the ground statg)) is be- .
tween the chemical potentials of the leads—the state of the Es—A, s
dot changes betwedn) and|S) due to sequential tunneling
events, leading to the standard sequential tunneling peak in FIG. 2. The stationary current[Eq. (A1)] vs u=(u1+ uy)/2
I(u) at u~Ag; . and ESR frequencys. We takeT=70 mK, Au/e=6 uV, B,

However, we also have to consider the regitg > u, =05 T,9=2,T;=1 us, T,=100 ns,y;=5%x1CF s %, andy,
>Ag;> u,, s shown in Fig. 1. Without an ESR field, the =5v4, i.e., A,=10kT and Ax=kT. The width of the sequential
dot relaxes into its ground stafé) (sinceW;;<W; ), and tunneling peaks in(u) is determined by _the temperature; see Eq.
the sequential tunneling current through the dot is blocked3D- (& The currentl (1, ) shows a spin satellite peak near
since the chemical potentidls, of the dot is higher than =Es—A; (for E;=0) due to the ESR field. Note that the spin
those of the leads. However, if an ESR field generates Rafstellite peak is slightly shifted from this positigree Eq.(35)],
spin flips(on the dot only, the current flows through the dot Which '(?J“d'cateq by tﬂ;;j'”e dEs— A, (light gray ling in (a.
involving the statd | ), sinceAg, is lower thanu,. There- Here,B,=1.4 G, i.e.W, "=y, at resonance and=Ag, . (b) The

fore, a sequential tunneling current appears also for gate volr—urrentl () for W, =0 (dotted ling, y4/5 (solid line), y, (dashed

. . o . ine), and dash-dotted line The position of the spin satellite
agesyg corresponding ts 1€, H() eXh!bItS a spin pea)k as fugnyétii)n ofv,, is shovfn as bFI)ack dots and thz connecting
satellite peak due to the ESR field@at=Ag . This new peak solid line.
is shifted away from the main peak hy, (Fig. 2. The
presence of such a satellite peak and its sensitivity to changes
in B, allows identification of spin effect Further, we note
that via the position of the peak Ifw), 1(B,), or I (x), the Around the spin satellite peak, it is possible to measure
Zeeman splitting and also thefactor of a single dot can be W,, via the current and thereby access the spin decoherence
measured. Such a measurement could provide a useful tectime of the spins state on the dot. For this, we identify a
nique to studyg-factor-modulated materials, where théac-  regime where the Rabi spin flips on the dot become the
tor can be controlled by shifting the equilibrium position of bottleneck for electron transport through the quantum dot
the electrons in the dot from one layer to another by electrisuch that the current becomes proportional to the spin-flip
cal gating'! Note that measurement of the peak positionrate W,,. For kT<Au and Wg*<maxW, ,y} we obtain
would also allow to access the Stark shifisq. (9)]. We  for the stationary curreriEq. (29)]
consider now the analytic expression for the currenés
tgrll\ilser;g;iﬁ]qé(,il),_for tieArnglrnge Sf thi me:zte_llge p;ezk. In (@)= 2ey1y,(W ;1 +W,) ; 30

R S Y R s S . R y1(y1+ y2) Wy (y1+275)
>KkT, and thusf|(Ag;) =0, W, =0, andW,s= y; . For sim-
plicity, we considery,=y/ =1y here(cf. the Appendix for ~see Fig. 3. We have usall;;<W, here. In the linear re-
pumping due toy/ # y{). The expression for the stationary sponse regimekT>Ax and for WoP<maxW, |, ¥f1(Ag

0.15

<
B
~

o

I

B. Spin decoherence timeT ,

current[Eq. (A1)] considerably simplifies to +Au/2)}, the current is
_ ey1Y2 (W +W,)Au  [Ag—u
Hw,p)=2e(W; +W,)y172[ f1(As)) —fa(As)) ] = cosh 2
M 11 1Y2LT1(As 2(Ag| I (w) 271+ 7)) KTH(T) h KT (31
X{(2y=W; =W, )[ v1f1(As)) + v2f2(Ag)) ]
_ The currentl (1) shows the standard sequential tunneling
1
+Ay(Wy + W +2W,,)} (29 peak shape, determined by the usual cosh dependence on

temperature, which is slightly modified by
For a plot ofl vs w and u and some explanations of its
characteristics, see Fig. 2. h(T)=2W, +(2y—W, )f1(Ag +Aul2). (32
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0.1

---------------- 0.71
<
= 2/T; r(W.,)
0 w/2m
1475 A/2m 1476 [GHz| o e 50
w

FIG. 3. The stationary curredf{w) [Eq. (30)] for kT<Au, h ie of th ) h li ‘
B,=05 T, 82:0.45 G, T;=1 us, T,=100 ns, =5 FIG. 4. The current ratio of the main and the satellite peak as

x 10 s, andy,=5y4, i.e., satisfyingV™< 5, <1/T,. Here, the a function of the effective spin-flip rat&/,, [Eq. (37)]. The dashed
linewidth gives a lower bound for the intrinsic spin decoherenceIIne ShOV‘.’S ttleos%u?tlogénffor W.> v at the universal conduc-
time T, (shown schematically by the arrgywvhile it becomes equal tance ratior~0.71[Eq. (38)].

to 2/T, for BY=0.08 G andW™<y,=5Xx10° s '<2/T,, where
l(w=A,)=~1.5 fA.

wese=Bsm o I W Tw raw, | 9
Most importantly, the currert{ ) of the satellite peakEqs.  The position of the main peak is

(30) and(31)]_|s proportional to the spm-fllp'ratww. Thus,. KT (W, +2W,, +3W,+2y

I(w) or, equivalently,I(B,) has a Lorentzian shape with po=Ag + —-In

resonance peak ai=A, of width 2V ;. SinceV ;=1/T,, 2 [ Wi+ Wy +2W,+2y
this width provides a lower bound on thgtrinsic spin de-  An experimentally accessible quantity is the ratio of the two
coherence timd, of a single dot spin. For weak tunneling current peaks or, equivalentlyfor linear responseA u
Y1<<2[T,, this bound saturates; i.e., the widtk'2 becomes <kT), the ratio of the conductancesr(W,)

2[T,. Note that the current also shows resonant behavior for | (uesp/l (1o) =G(unesr/G(ro). For this, we evaluate
Ap=0 andy/# vyl [Eq. (A2)]; i.e., a lower bound foff,  the stationary current at the gate voltages defined by Egs.

. (36

can also be measured via a current due to pumping. (35 and(36), and find, forAu<kT andW,; <W,,,

We point out the similarity of our proposal to ESR W 2
spectroscopy’ where absorption or emission linewidths of 2W,| 1+ 14 @
the ESR field provide information on decoherence. In con- ( 2W,+2y 37)

trast to these techniques, we are considering here linewidths Wo)= AW, \BW,+2y+(TW,+27) "
in resonance of the current, which allows us to access eve,

inal . : | ¢ b d dbe Fig. 4. On the one hand, for small spin-flip ralas,
f;lrt]gli spins, since very low currents can be measure acc%% the ratior is 4W,,/y; i.e., at ESR resonance(BY)

For Egs.(30) and(31) we have assumed thef,, is small :(9“582)2/(2\/“7’)' If. the _tunnellng rates and field
es_trengths: are known, this provides a further method for mea-
suring a lower bound of the single-spin decoherence time.
Qn the other hand, this peak rafig. (37)] can be used to
measure the ratiw,, /vy, useful for estimating the additional
peak broadening due to other limiting processes, as discussed
in Sec. lll B; cf. Eqs(33) and(34). It is noteworthy that the
ratio r saturates folW, >y at the universal conductance

fore, we have neglected the contributions\Wf, in the de-
nominator of these expressions. To take these contributio
into account, we note thav/,/(a+W,,) as a function ofw
is still a Lorentzian, but with an increased widtw
=2V |;J1+W,?a. Therefore, the current(w) has the

linewidth ratio
Wo(3y1+47,) 5+2.6
w=2V \/1+ - , (33 ro= ~0.71. 38
H Yyt v2) T Wi (y1+272) 33 0 7+443 (39
for kT<Au [Eg. (30)], and For a larger bias, but stih u<A,, and forw,> v, the ratio
becomes

W=2V | 1+ WD 4—f,(Ag +Au/2)]/h(T), (34)

Ap| _ (V3+2e2T)2y, + (2+ 3e#™T)2y,
for kT>Au [Eq. (31)]. Since the linewidth is increased by "o |7/~ N ApikTy2,, 1 0@hulkTy2 '
this correction, the inverse linewidth is still a lower bound (2 \/§e )7 (\E 2e )72 (39)

for T,.
For v,= 75, the numerical value of, remains 0.71 for all

valuesA . Generally,rq is between 2/3for y,>1y,) and

3/4 (for y;<7,), wherer, takes these extremal values for
For increasingV,,, the satellite peak in the currehtu) Au>KT.

increases while the main peak decreases, as shown in Fig. Note that the current at the satellite peak is never larger

2(b). Further, as function okT, the peak is slightly shifted. than at the main peak. This asymmetry is best explained in

Explicitly, for 1y, =7,l andA,>Au, KT, we find from Eq. the limit Au>KkT, when the ratio becomeisy(«)= (27,

(29) the position of the satellite peak: +3v,)/(3y1+47,). Since W,>v, the Rabi spin flips

C. Universal conductance ratio
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equilibrate the populationg; andp, . Thus, the stationary Dot 1 Dot 2
populations of the states arps=7W,, and p,=p,

= pWoyu, Where = 1/(W;,+2W,,) is a normalization fac-
tor, nesr at the satellite peak, ang, at the main peak. The
ratesWin(our) include all processes of electrons tunneling into
(out of) the dot. Note that at the satellite pepk= wgsg, a
spin-up electron tunneling from lead 1 is the only process
where an electron tunnels onto the dot, iW,,(xtesR = Y1,
whereas at the main peak= w4, the only tunnel process out
pf the dot is an electron with spin down into the .right lead, g 6 Spin-inverter setup, where the ESR field generates
I.e., Wou( o) = v2- At the satellite peak, both spin-up and spin flips on dot 1 and the (additional) dot 2 acts as a spin filter,
-down electrons can tunnel from the dot to lead 2; thus, theiowing only spin-| electrons to tunnel into lead 2. We consider
current is given byl(uesp) =2v2ps=2y1Y2Mesr, With  the regime |rpp|<|rpp |, Es~E3, Al#A?, and E5>pu,>E5— AL,
nesr= 1/(3y1+47v,). At the main peak, electrons can tunnel for i=1,2. The allowed transition sequence is schematically given

tpp tpr,)

E} /“\ESZ, ™
™\ 1
A 2 ?
) Hi C taw
EL-A!

_______ 'uz

—
=

from lead 1 onto the dot, and the currentl{gwo) = v1(p;

+p)=2v1v2m0, With 79=1/(2y,+37,). Thus, the con-
ductance ratio is given ag= ngsr/ 179, and we immediately
obtain ry(e) in accordance with Eq(39). Therefore, the

by T DiDs 21D — iD= Er@s > DDl (see

text), where “«»”” means a coherent tunneling process.

reason forr,<1 is that at the satellite peak three out of four Scribes an electron tunneling out of the dot, the stationary

tunnel processes contribute W,,, and thusngsg< 7o,
while only one contributes at the main peak.

IV. EVEN-TO-ODD SEQUENTIAL TUNNELING

Up to now we have considered sequential tunneling cur
rents with odd-to-even transitions of the number of electron
on the dot. Now we consider a different filling on the dot,

with even-to-odd transitions. The state witheven is|§)

(involving different orbital states as fd6)), and the states
with N+1 are|T) and|]). This system can be described
with the same formalism as before, but with the tunneling

ratesWs = 3 Wg, , W;s=3W g,

Wg =1[1-fi(A 9], Wefi(a39,

S| - (40)

and with Ws;, W5, W,
The master equation of this system is given by HG$)—

(21) upon replacing the subscrip&by S. Since W s de-
scribes an electron tunneling onto the dot, wheMasg de-

(a) (b)

;Mz

(L
23 ‘ H2 1
Ty 44
b b 4

07 Y? 0 :
s sy
FIG. 5. (a) Setup for measuring,, with u;>E > u, (for Eg
=0). A lower-lying state occupied by a singlétorresponding to
state|S)) illustrates the antiferromagnetic filling of the déb) Dot
which should act as spin filter, allowing only spjnto pass. How-
ever, in the setupgb), the singlet-triplet spacindj:i—Eg is too
small compared tdh u= u,— u,. Here, if the initial dot state if[ )
(shown in gray, an electron with spin from a lower-lying state
can tunnel onto the right dot, leaving a triplet on the @uack),

NS =

-+

thus the spin filter does not operate properly. This problem disap-

and WI@ defined analogously.

current through the dot is given by EQ2) after changing its
sign and replacing the subscripts, resulting in
l,= —e(wﬁg+wf§)p5+e STpT-i—eV\élpl. (42)
By comparing Eqs(11) and(12) with Eq. (40) and Eq.(22)
with Eq. (41), we find that the formulas for the current are
modified by the replacement§(Ag)—[1—f,(A;9], ¥
—9!, I|=—=1}, and analogously for opposite spins. For
completeness, we give in the Appendix the formula for the
stationary current [Eq. (A3)], which is obtained by apply-
ing the above replacements to E@1). In Sec. Il B we
have identified the regime of the spin satellite peak, which
can be used to measure the decoherence Timd-or the
setup considered here, an analogous regime:.isA g
>u,>Ays; see Fig. %a). The current at the spin satellite
peak is then given by Eq&30) and(31) in the corresponding
regimes, after interchanging; with v,, replacingf;—(1
—f1) andAg —A 3.

For antiferromagnetic filling of the dot, one can use
particle-hole symmetry to show that the two cases, odd-to-
even and even-to-odd transitions, are equivalent. Indeed, the
tunneling from, say, a spifi electron from the dot into the

lead,|T)—|S), can be regarded as a sgirhole which tun-
nels from the lead onto the dot, which was initially occupied
by a spin| hole and now forms a hole singlet, i.él,)
—|S,). With this picture in mind, above modifications be-
come obvious.

V. SPIN INVERTER

In this section we describe a setup with which spin-
dependent tunneling{ # y/ can be achieved. Alternatively,
spin-polarized lead9gsee Sec. VIl for details or spin-
dependent tunneling barriers could be used. This setup,
shown in Fig. 6, consist of two dots, “dot 1” and “dot 2,”
which are coupled in series with interdot tunneling amplitude
thp. Dot 2 acts as a spin filt#rand is coupled to the lead 2

pears if the number of electrons on the dot can be reduced down IWith tunneling amp”tUdeDLz' We write the Zeeman splitting

Zero.

A‘Z’, the energyEﬂ of state|n), and the chemical potential
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A% with an index for dotd=1,2. We assume that dot 2 . ltop| 2T,
remains unaffected by the ESR field, which can be achieved, Y= I > 2 5 (43
e.g., by applyingB, and/or B, locally or with differentg (Ag—Ag)"+(12/2)

factors for dot 1 and dot 2. This assumption is taken into h in il _ idered h d is al .
account by choosing 1+ A2 In the spin filter regime considered here, dot 2 is always in

state|7). Thus, tunneling of an electron with spinwould
involve the triplet levelEy, on dot 2, which is out of reso-

A. Spin filter nance, and thus' is suppressed to zefop to cotunneling

We briefly review the concept of using a quantum dot ascontributions, see Sec. I)FThe state of dot 1 and the cur-
spin filter?* as it is important for the description of the spin rent through the setup is again described by the master equa-
inverter. If the dot is initially in statd1), only a spin|  tion [Egs. (16)—(21)] with the tunneling ratesVg =W’g
electron can tunnel onto the dot, forming a singlet. Most:ng:o andwfsz ¥'. Thus, we can use all previous re-
importantly, the Zeeman splitting in the dot should be suchyits for one dot in Sec. IlI A, but witI7£—> W, ygﬁoy and
t_hat.Az>A5l—,u2. This ensures proper operation of the Sp'.nfz(AsT)=0- Note that even for zero biasu =0, a pumping
filter: because of energy conservation, only the electron with. . .ant flows from lead 1 via the dots 1 and 2 to lead 2 see
spin | can tunnel from the dot to the lead, leaving the dotEq_ (A2) and the Appendi#2 We point out that this setup
always in statd1) after an electron has passed. Therefore(see Fig. G acts as apin inverter i.e., only spind electrons
the sequential tunnelin_g current is sQirpoIarized._Th(_are IS are taken as inputead 1, while the outputlead 2 consists
a small spint cotunneling current, howeV(zar, which is SUp- ot gpin-| electrons. In particular, the spin inverter does not
pressed by afact@ﬁyma){kT,Aﬂ}/(En—Es) -Note thatfor  require a change in the direction of the external magnetic
efficient spin filtering, it is favorable to have the singlet statefield 2°
|S) as ground state with an even number of electrons on the
dot, since the denominator of the suppression factor can be-
come large, i.eEr —Eg>A,. Otherwise, if the triplet state

[T,.)=]11) is the ground state, only spih-sequential tun- It is interesting to studyotating magnetic fields in addi-
neling current can flow through the dot. However, the spin- tion to linearly oscillating fields as studied above. With ro-
cotunneling current involves the triplet sta@,)=(|7])  tating fields, it is possible to calculate the time evolution of
+[17))/V2, and the suppression factor is given by the density matrix of the dot exactly. In particular, the sta-
ymaxkT,Aut/(A,)% i.e., the cotunneling current is not sup- tionary solution of the master equation is obtained in a con-
pressed efficientl§? trolled approach and no rotating wave approximation is nec-
essary. However, rotating fields are experimentally more
difficult to produce than linearly oscillating fields.
We consider a clockwise rotating field with amplitude
For implementation of the spin inverter, the Zeeman split-8° ' described by
ting in dot 2 should be such thA§>A§l—,u2, ensuring that
dot 2 acts as a spin filter. The coupling of dot 2 to the lead 1
shall be strong such that electrons escape rapidly from dot 2 Hesg= — ZAL[UXC(:)g ot)—oysin(wt)], (44
into lead 2. This leads to resonant tunneling with resonance
width T';=27v |tp |2 We requirel’ ;<A — p,, i.e., that

the broadened level of dot 2 be aboug. This excludes

VI. ROTATING ESR FIELDS

B. Implementation of the spin inverter

whereA | = ZgMBBf . Thus, forA,= A, we have chosen the
S X amplitude of the rotating field to be only half the amplitude
contrlbutlons'from electrons tunneling from lead 2 onto dot ¢ (o linearly oscillating field, since both lead to the same
2, as shown in Ref. 40; . ) effective spin-flip ratew,,. Using Eg.(5) we immediately

~ We calculate the rateg' andy" for tunneling from dot 1 obtain the master equation, which is given by E4$)—(21)
via dot 2 into lead 2 in &-matrix approactf“*We use the  after the following replacements. The last terms in ()
tunnel HamiltonianHt=Hpp+Hp,,, whereHpp describes  and(17) become= (A, /2) Im[e'“'p ], respectively. Equa-
tunneling from dot 1 to dot 2 and,, , from dot 2 to lead 2. tion (19) is replaced by
The transition rates ar&V=2x|(f|T(&j)]i)|?s(ei—e;),
where lead 2 is initially at equilibrium and with tlematrix - : A
yaed p11=—iAgp i tigme " (pi=p )=V py . (45)
Hr| . (42 We transform to the rotating frarié ), =e'“"?|1) and||),

=e 'Y |) such thatp;=e '“'p!,. This transformation

We take the leading order i pp and sum up the contribu- removes the time dependence of the coefficients in the mas-

tions from all orders iHp, . We then integrate over the final ter equation, which we shall now write #h=Mp). The

states in lead 2 and obtain the Breit-Wigner transition rate oequations foq')rsT and,b'Sl decouple and we write the remain-
an electron with spirj to tunnel from dot 1 to lead 2 via the ing part of the superoperataft as matrix in the basis
resonant leveE3 of dot 2, {p}.p] .ps,Rep| 1, IMp 1},

T(Si): lim H+

n—+0

n=0 \ & +i7—Hgor—Hiead
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— (W +Wg) Wiy
Wi —(Wp +Wsg))
M= Wg; Ws,
0 0
A l4 ~A, /4

The master equation can now be solved exactly by calculat-

ing the eigenvalueg; of M. Since the total probability is

conserved,En,}n=0=Eannmpm, where n is summed
over the diagonal elements amd over diagonal and off-
diagonal elements gy . By considering linearly indepen-
dent initial conditions forpy, we see thak ,M,,=0, for
everym. Thus, adding up the rows it for the diagonal
elements ofpp gives zero, which is satisfied explicitly by
adding the first three rows in E¢46). Therefore,M does
not have full row rank and there is an eigenvalyg= 0 with

PHYSICAL REVIEW B5 195321

W, s 0 —A, /2
W, s 0 A 12
—(W;s+W,g) 0 0 (46)
0 -V (A-w)
0 ~(Ay—w) =V

VII. COTUNNELING

We now consider the cotunneling regitfie® Ag;, Ag
>u1, u>E|, E;, where the number of electrons on the
dot is odd; thus the state on the dot is describedhyand
||). The leading-order tunnel processes is now the tunneling
of electrons from lead onto the dot, forming a virtual state
In), followed by tunneling into leadl’. The spin state on the
dot changesr— o'. This process is called elastic cotunnel-
ing for o=0¢' and inelastic cotunneling far# o'. Note that
in the absence of an ESR field, the dot relaxes into its spin

eigenspace describing the stationary solution. The eigenvalqnd state and no inelastic cotunneling processes, exciting

ues of M are

1 2 2
0.~V 1, =3W, = S (Zw+V V(= V )= AD) |,
(47)

the dot spin, occur foA u<A,. However, if an ESR field is
present, the dot spin can be excited by spin flips. Then, in-
elastic cotunneling processes, which relax the dot spin, can
occur. These processes either contribute to transport or pro-
duce a particle-hole excitation in lead 1 ofs®e Figs. )

with Sy=W+W, +W,; and where we have considered and 7c)].

W=Wg,=Wg =W,s=W,g and resonancé ,= o for sim-

These cotunneling rates are calculated in a “golden rule”

plicity. If all \; are different, the time evolution of the den- approact;’ which is known to be consistent with a micro-

sity matrix is pp(t)==,c,eMp;.*3 The decay of the contri-
bution of the eigenvectorg, is exponential and generally all

scopic derivatiorf®

*x |2
decay ratea; are involved. Further, we see from the last two yy/'! :zmjzf def(e)[1—F/(e=A, )] > brorntion
eigenvalues in Eq47) that the decay rates gy may be a T ! TN A€
nontrivial function of the rates involved in the master equa- (49

tion. This should be kept in mind when one uses time
dependent ensemble properties, jpp(t), to measure intrin-

sic rates, e.g.T; andT,. We point out that the presence of
very small decay rates does not necessarily prevent a dec

of the initial conditions. If, say, the tunneling rates arewheretuS:tﬂ has already been introduced in B@3). The

smaller than the spin relaxation ralél<W,, it would be cotunneling current through the dot can be calculated b
interesting to study a density matrix which is described as & g 9 y

linear combination of the eigenvector with eigenvalue Zg?S;QEEUp(Sge contributing tunneling rates, as we have
—3W [Eg. (47)] and the stationary solutiopy, i.e., pp(t) q:c2),
=po+ce Wi, where the decay rateV8 is independent

of W; . However, such an initial condition always contains

‘where the possible spin dependencevdfas been absorbed
intot, A,,,=E, —E, is the change of Zeeman energy on
the dot, andA,,=E,,—E_ is the energy cost of the virtual
Htermediate state. Heré¢,,, are the tunneling amplitudes,

ler=e2 (W21, —W25 )p,,. (50

contributions from statéS) such that, in particular, it is not
possible to construct an initial spi-state which would de-
cay only with the slow rate /.

oo

We point out that by treating the cotunneling processes with

golden rule rates, only classically allowed dot states are con-

The (exac) stationary solution of the master equation cansidered. Thus, the number of charges on the dot is fixed and

be readily obtained from Edq46). By eIiminatinger from

no charge can temporarily accumulate as for sequential tun-

the coupled equations, we obtain the effective spin-flip rateneling. In particular, we have neglected quantum charge fluc-

_A? Vit

= 48
8 (w—A,)%+VF, 49

w

which is equivalent to Eq(25). Thus, all the results for the

tuations on the dot. Therefore, within our master equation

approach for cotunneling, the charge currents in both leads
are equall {(t)=1,(t). This equality is valid for “coarse-
grained” expectation values of the currdiaind other physi-

cal observables In this approximation, one smoothens out

stationary currents from Sec. Il apply and are exact for thehe quantum fluctuations by averaging over the short-time

case of rotating magnetic fields.

behavior; i.e., one considers only the behavior on time scales
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(a) (b) (©)
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FIG. 7. Cotunneling processes involving |S) for A.>A u. (a) Elastic cotunneling. The cotunneling sequence l@ﬂ @H @l, involving
the virtual state |S) on the dot with virtual energy cost A st~ M1- An equivalent process is possible when the initial and final dot state is [1),
however with a virtual energy cost reduced by A. . These elastic cotunneling processes contribute to transport and to spin decoherence, while
they do not contribute to spin relaxation (i.e., T;). (b) Inelastic cotunneling from lead 1 into lead 2 via the sequence T@H@H@l Note
that tunneling of an electron from lead 2 into lead 1 is also possible, since the energy gain A. from the dot relaxation is larger than the bias
A . (c) Inelastic cotunneling, where only one lead is involved. The process shown here leads to a particle-hole excitation in lead 1. While
it does not directly contribute to transport, it contributes to spin relaxation and spin decoherence of the dot.

larger than the lifetime 1Xg,—u) of the virtual states on andp;=1—p . We consider the case close to a sequential
the dot. However, when the charge imbalance due to th&unneling resonancébut still in the cotunneling regime
virtual states is taken into account in a microscopic treatAg,—u<Ey —Esg, such that the virtual energy cost of an
ment, one can find pronounced peaks in the n&ige) for  intermediate triplet state is much higher than that for a sin-
|| corresponding to the virtual energy cost, as was shown i iglet state. SinceByr —E,—u)/(Es—E,—u)<1, with u

Rel. 47, =(uqtumy)/2, we have to consider only cotunneling pro-

The melagS% cot;mr:rellmg prO\t/I.dbeSt. Sp'_? rele:xlanoa PIO"cesses involving statksS) in Eq. (49). For Au, kT<Ag,
cesses in addition to those contributing Tg, totaling in ~41<Eq_—Es, the relevant elastic rates are

WET=W, +3, W, For processes with'=I, particle-
hole excitations are produced in lehdVe are interested in A
the regimeA u<A,, where(inelastig cotunneling does not W§10=M —MZ (56)
excite the dot spin, i.eWS=W,; . In analogy to Eq(15), 27 (Asy—H)
we take a phenomenological total spin decoherence rate  The inelastic rates are, for lead indide$’ =1, 2,
V&T——+— > oW (51) o v AN =DAp
oo’ th: 2 (A — )(A TA— ) (57)
where all spin relaxation and tunneling processes are taken T 188 T RARs TR M
into account. The master equation for the dot in the cotun- A A('=DAu
neling regime and in the presence of a linearly polarized (58)

ESR field becomes A u’

CT —_ where EQq.(59) is valid for A,<Ag — u. Note that forA u
W”pﬁw”pl Axcogwt) Imlpyil. (32 <A, the inelastic rates can be rrlluch lardby a factor of
pl=WHpT—WTCIpl+AXCOE{ ot) Imp], (B3 A, /Aw) than the elastic ones, while their contribution to the
A current, W2} —Wi?=2W?1, is of the same order as for the
D= —ij i =% — 5. )—V\CT elastic rates
Py 1Az 2 codet)pr=p)~Viteir- (54 For W)™ W, <WE], we obtain the cotunneling current
Note that away from the sequential tunneling regime, therom Egs.(50) and (55)—(57),
master equation becomes much simpler while the formulas

for the rates are more involved. e Awyiys Ap Ag—n A,
For the time-averaged current we evaluate the stationarylct=5— ———— +eW, 7= 3— 7——+ +—
g . . . - w (AST — M) z S M S|
solution of the master equation in the rotating wave approxi (59

mation (see Sec. Il for linearly or exactly(see Sec. Vjlfor
circularly polarized ESR fields. This yields an effective spin-

flip rate W,, [Egs.(25) and(48), respectivelyand eliminates _ & Apyiys eW A_'“ (60)
Eq. (54). We obtain 27 (Ag —p)? 24,
W, +W, The first term in Eq.(59) results from elastic cotunneling
p = (55  with spin ground stat¢]) on the dot. The second term rep-
2Ww+Wu+Wu+E Wlttl resents the increased current if the spin is flipped into state
In’

||) before cotunneling occurs, since then both elastic and

195321-12



SINGLE-SPIN DYNAMICS AND DECOHERENCE INA.. .. PHYSICAL REVIEW B5 195321

inelastic cotunneling processes contribute to the current. The A. Counting statistics and signal-to-noise ratio

currentlcr is proportional toW,,, up to a constant back- - \ye analyze now the time dynamics of the readout of a dot
ground and thus shows, as a functionwgfa resonant peak at - gpin via spin-polarized currents. The goal is to obtain the full
w=A, of width 2V, . Thus, the intrinsic spin decoherence ¢oynting statistics and to characterize a measurement time
time T, is ac_cessmle in the cotunneling current as well as I, .. for the spin readout. While we have considered only
the sequential tunnelingsee Sec. Il B. Generally, the co-  gyeraged currents so far, we now need to keep track of the
tunneling current is much smaller than the sequential tunnelsymper of electrong| which have accumulated in lead 2
ing current, and thus it might seem more difficult to delect  gjncet=04° The time evolution obp(q,t), now charge de-

in the cotunneling regime. However, since the current a”Cbendent is described by Eq4.6)—(21), but with replace-

the decoherence rate due to tunneling are proportiongf to mentsW2gps(q) —W2eps(q—1) in Eq. (17) and W2, p,(q)
the small currents can be compensated by choosing more, |, 2 0 l(q+1) in E(lq.(18). Next. we consider theSldilstribu-
transparent tunnel barriers, i.e., larger Then, the current tion fsdnétion P (q,t) == pn(Q.1) :chatq charges have accu-
and the decoherence rate in the cotunneling regime can bﬁﬁulated in Ieald 2’ after tr}mqew’hen the dot was in staté) at
come comparable to the sequential tunneling values given iP:o For a meaningful measurement of the dot spin, the
Sec. lll B. For illustration we give the following estimates. ) '

B 0. B o ) spin-flip imesW; *, W' and 1A, must be smaller than
= = = =y,=5X )
Iior B,=1 '_I' Bx=2 G, g E LKL 5_109 s T tmeasand are neglected. Equatiof6)—(21) then decouple
=1 ps,T,=100 nsAg —p=4,, andAu=A,/5, the co- except Eqs(17) and(18), which we solve fop, =1 and for
tunneling current as a function of the ESR frequemngcys ' P1

0.17 pA away from resonance and exhibits a resonance e%&zl att=0. The general solution follows by linear com-
: b y Peination. First, if the dot is initially in staté]), no charges

max__ : H CT_ V o1
of IcT'=0.31 pA, with half-widthVy=3.41x10" s . tunnel through the dot, and thi(q,t) = 8. Second, for
the initial state||), we considerkT<Ax and equal rates

An electron spin on a quantum dot can be used as a single Pm=2a 8Ndps(d) = pm—2q+1, and Eqs(17) and(18) be-

spin memory (or as a quantum bit for quantum
computatiot?) if the spin state of the quantum dot can be .
measured. It was shown that a quantum dot connected to Pm=W(pm-1=pm), (62)
fully spin-polarized leadsA'®2%>¢->A,, can be used for

reading the spin state of the quantum dot via the charg
current?®® Such a situation can be realized with magnetic

with solution pp(t)=(Wt)Me WYm! (Poissonian distribu-
fion). We obtain the counting statistics

semiconductorgwith effective g factors exceeding 100 or (Wt)29e~Wt
in the quantum Hall regime where spin-polarized edge states Pi(aq,t)= ' . (63
are coupled to a quantum dBtIf the spin polarization (2g)! 2q+1

in both leads is], no electron with spin can be provided
or taken by the leadgsince v, =0), and the rate®Vs, and
W, vanish. Thus, if the dot is initially in statéf), no
electron can tunnel onto the d@he formation of the triplet
is forbidden by energy conservatioand| =0, up to negli-
gible cotunneling contributions. However, if the dot is 9 oWt _awt
in state|| ), a current can flow via the sequential tunneling F(t)= {9V >: E 3-2e (awtr1)—e
transitions 7([)— {)— ()T .Therefore, the initial spin state (am) 2 4(2Wt—1+e~ 2V

of the quantum dot can be detected by measuring the current (64)
through the dot. Note that for this readout scheme, it is not
necessary to have A,>kT on the dot; the constraint of hav-
ing spin-polarized leads is already sufficiently strong.

Experimentally,P,(q,t) can be determined by time series
measurements or by using an array of independent(dets
Sec. IX A). The inverse signal-to-noise ratio is defined as the
Fano factor’>*which we calculate as

with F| decreasing monotonically fror (0)=1 to F (t
—o)=3. Note that for dot spin1), only weak cotunneling
occurs with Fano factoF ;=1

If we are interested in the current and noise for long times

comes blocked due to spin relaxatiow(,). However, this =W *, we can follow the steps used in Ref. 52. We de-
blocking can be removed by the ESR field producing spircOuPle the differential equations with resiechkqmy taking
flips on the dot(with rateW,,). For W,<W; , this compe- the inverse Fourier transforpp(k) =2qe ™pp(q). Note
tition leads again to a stationary current with resonant structn@l, for k=0, we recover the density matripp=pp(k
ture, =0), where the accumulated charge is not taken into ac-
count. The probabilityP,(q,t) is then approximated by a

Y1V Gaussian wave packet ig space with group velocity/e
_\wwAa 2 1 2 :
yWs F (it 7IW,, (6 =wi W2g/(W3, +W?g) and widthy2F(1/e)t, and

from whichV ; (and 1) can be measured. Note that the (W32 +(W2g)?
relaxation rateW, is rather small; thus only small ESR o
fields can be used, which leads to small currents. (Ws, +Wig)

In the stationary regime and fdx,>kT, the current be-

(65
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is the Fano factot’ However, within this approximation, <A, the current isly(t)=1](t)=eylp (t) in lead 1 and
valid for Wt>1, we cannot access the short-time behavion 2(t)=|£(t)=87£ps(t) in lead 2°* Thus, the time depen-
where only a few electrons have tunneled through the dotgence ofp, and ps (and also ofp;=1—p —ps) can be
which is of importance for the readout process consideregijrectly measured via the currerits,; see Fig. 8.
here. Note that the electrons which tunnel onto the dot decohere
the spin state on the ddsee Sec. Il E Thus, to observe
B. Measurement time Rabi oscillations inly x(t) experimentally, the Rabi fre-
. . - . quency A, must be larger than the coupling to the leads
Using the counting statistics, we can now quantify theWsl; otherwise, the strong decohererfequivalent to a con-

measurement efficiency. If, after timeg,,, Some charges .. . S
g>0 have tunneled through the dot, the initial state of thetlnuous measuremgreuppresses the Rabi oscillatio@eno

. - . . effect; see Sec. IX L Then, however, only very few elec-
dot was| | ) with probability 1[assuming that single charges : e .
can be detected via a single electron transi$&ET) (Ref. trons tunnel per Rabi oscillation period through the dot. To

) L overcome the limitations of such a weak current signal and
5.1)]' However, if no charges were de_tecteqiz(O)_,_the o obtainl 5(t) experimentally, an ensemble average is re-
tial state of the spin memory was) with probability quired :

There are two possibilities to obtain averages: namely,
using many dots or performing a time series measurement.
First, many independent dots can be measured simulta-
neously by arranging the dots in parallel to increase the total
which reduces to +e WY1+ Wt), for equal rates. Thus, current. For example, an arragnsemblg of dots and leads
roughly speaking, we find that,.,=2W !, as expected, could be produced with standard techniques for defining
while the Fano factor is 05F <0.72. If, more generally, nanostructures or self-assembled, or chemically synthesized
the threshold for detection is at chargesm=1, Eq.(66) is  dots could be placed within an insulating barrier between
replaced by %E;T;&Pi(q,t). tv_vo electrodes. Second, time seri_es measurement over a

We insert now realistic numbers to obtain an estimate ofingle dot can be performed. For this, the procedure of pre-
the fastest possible measurement time which can be achiev@@'ing the dot to the desired initial state—applying an ESR
with this setup. For a fast spin readout, the tunneling rate§eld and measuring the current—has to be repeated many
and the current through the dot should be large, limited byimes (see Sec. VIII A _for counting statistics of the readout
the fact that the conductance of the dot should not exceed tH¥ocess Then, assuming ergodicity, the current average of
single-channel conductan@/h. In the linear response re- all these individual measurements corresponds to the
gime and for a small biasAu/e, the current is|  €nsemble-averaged value.
=ey Au/8kT<(Aule)(e?/h) for yi=y). Thus, the tun-
neling rates are limited by y'<8kT/h=1.76
X 10(T/K) s L. For W=y/=1.25x10 s 1 (corre- In Fig. 8, we plot the numerical solution of Eqel.6)—
sponding tkT<Ax and a current=1 nA) andm=1,the (21), showing the coherent oscillations pf andl,, for (a)
spin state can be determined with more than 95% probabilitgpin-polarized andb) unpolarized leads. The decay of these

for a measurement time of,.,=400 ps and with more than oscillations is dominated by the spin decoherence Yate
99.99% probability fortpeae=1 ns>3 Since this decay can be measured via the curiépt,(and

1/T,) can be accessed directly in the time dom@ee also
Sec. X, Ref. 55 and Fig.)9

2 1
Wg e Wis'—We Vst

1-P,(0t)=1—
: W5, —Wis

. (66)

B. Decoherence in the time domain

IX. RABI OSCILLATIONS OF A SINGLE SPIN

IN THE TIME DOMAIN C. Zeno effect

A. Observing Rabi oscillations via current When the rate for electrons tunneling onto the dt,, ,

The ESR field generates coherent Rabi oscillations of thé increased, the coherent oscillationspef p, become sup-
dot spin, leading to oscillations ipp(t). Since the time- pressedsee inset of Fig. @]. This suppression is caused by
dependent currentgt) in the leads are given by the popu- the increased spin decoherence rdie [Eq. (15)] and can
lationsp,(t) [Eq. (22)], current measurements give access toPe interpreted as a continuous strong measurement of the dot
these Rabi oscillations. First, we consider a dot coupled t&pRin, performed by an increased number of charges tunneling
unpolarized leads in the regime of the spin satellite geake ~ Onto the dot. This suppression of coherent oscillations is
Fig. 1 and Sec. Il A ForkT<Apu, the current in lead 2 is known as the Zeno effect. Since it is visible inpp, it can
I(t)=e(yh+ y5)ps(t); i.e., ps is directly accessible via be observed via the currenitg(t).
measurement off,(t).>* Further, fory]=vyi, the current in
lead 1 isl(t)=ey1(p, — ps), Which gives access to|(t), if
the ratio y, /7y, is known. We calculate the oscillations of  We now show that it is possible to observe the coherent
I1o(t) explicitly by numerical integration of the master equa- Rabi oscillations of a single electron spin even without the
tion [Egs.(16)—(19)]; see Fig. &). requirement of measuring time-resolved currents. This can

The measurement gf, can be refined by using the spin be achieved by applying ESR pulses of lengthand by
readout setup with spin-polarized lea@@ec. VIIl). ForkT ~ measuring time-averaged currentever arbitrarily long

X. PULSED ESR AND RABI OSCILLATIONS
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FIG. 8. Rabi oscillations of the electron spin on the dot in the
time domain. We consider the regime at the spin satellite peak,
Ag>u1>Ag>u, (see Fig. 1, and take T;=1 us, T,
=300 ns,A,=5WSs (corresponding t(B‘Qle G forg=2), and
py=1 att=0. During the time span shown here, fewer than three
electrons have tunneled through the dot on average. Here, the spin
decoherence is dominated by the tunneling process, \\&g;,
>1/T,. (a) Spin-polarized leads with the only nonvanishing tunnel
ratesWs; =W, s=4x10" s 1. The Rabi oscillations show up s _ _ S _
(dotted |ine’ P (dashed “n}?‘ andps (SO|Id "ne)’ which is diI'ECﬂy FIG. 9. Slngle-spln Rabi oscillations in the CUrre(ltp) gener-
visible in the current, sincej(t)o<p, andI}(t)=pg, for kT<Ag.  atd by ESR puilses of length. Here, An>KkT, Rabi frequency
In the inset, we show the case of large tunnelitdg =W, Ax:74><_1108 s (corresponding tg=2 andB,=20 G), y;=2
—10° s !>A,. As a consequence of the Zeno effésee Sec. <10° S°7 72=5y1, Ty=1 us, andT,=150 ns.(a) Evolution
IX C), the Rabi oscillations are suppressed. Furtherand ps are of the denery mqtrlx for unpolarized I(?ads where a pulsg of length
indistinguishable sincé|) and|S) equilibrate rapidly due to the tp=200 nsis switched on dt=0, obtained by numerical integra-
increased tunnelingb) The time-dependent currents in unpolarized tion of the master equatiofEgs. (16—(19)]. (b) Time-averaged
leads, | 1(t)=ey1(p, —ps) andl,(t)=2ey,ps, for KT<Apu, and currentl (t) (solid ling) for unpolarized leads and a pulse repetition
%T: 7|i=4>< 10’ s7%, for1=1,2. time t,=500 ns. We also show the current wheye and y, are

. increased by a factor of 1.&lotted ling and 2(dash-dotted ling
times. Then, the time-averaged currelft;) as function of  (c) Time-averaged curreri(t,) (solid line) for spin-polarized leads,
t, gives access to the time evolution of the spin state on thg}=2x10's"%, y,=5y}, yi,=0. The pulse repetition time,
dot for both polarized and unpolarized le&d$n particular, =10 us is chosen larger thah,. Again, we show the current for
since arbitrarily long times, and thus a large number of electunneling ratesy} , increased by a factor of 1(lotted ling and 2

trons, can be used to measurethe required experimental (dash-dotted line Note that in this figuretp<.T1; i._e., most elec-
setups are significantly simpler compared to setups whicfons tunnel through the d.oy after the pulse is switched off, thus the
aim at measuring time-dependent currents with high resoluinéar background is negligibly small.

tion. N ) )

We assume a rectangular envelope for the ESR pulse with [N addltlon to the exact nurr_lerlcal evaluatllon of the master
lengtht, and repetition time, (thust,<t,). The time when equation(see Fig. 9, we now give an approximate analytical
no ESR field is present,—t,, should be long enough such expression for (t,). We first consider the case of unpolar-
that the dot can relax into its ground stdfe; i.e., at the ized leads at the spin satellite peeec. IIl A); for the case
beginning of the next pulse, we haye=1. We calculate of spin—polari;ed leads, see below. For this, we need to
I(t,) by numerical integration of the master equat[&ys. evaluate the time average of H@2). ForkT<Au, we get
(16)-(19)] and by subsequently averaging th@me- 1
dependentcurrent[Eq. (22)] over the time interva[0t,]. — r
The results are shown in Fig(l for unpolarized leads at I(tp)=e(y)+ Yﬁ)afo dtpg(t). (67)
the spin satellite peaksee Sec. Ill A and in Fig. 9c) for
spin-polarized leads in the regime for spin read@eate Sec. First, we consider timeswith O<t<t,, for which an ESR
VIIl). In both casesl(t,) as a function of pulse lengtty ~ field is present, angp oscillates with Rabi frequency,
shows the Rabi oscillations of the dot spin; i.e., the Rabisee Fig. @) for t<200 nd. Qualitatively speaking, when
oscillations can be observed in the time domain even withoup(t) is integrated in Eq(67) up tot,, the oscillating con-
time-resolved measurements. tribution averages nearly to zero, and we obtain a back-

I[pA]

0
0 tp [ns] 200
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ground contributionl ; approximately proportional te(y£ — e ﬂ

+y§)tp/tr, i.e., linear int,, in agreement with Fig. (®). ' (tp)“EW_H[l_PT(tp)]' (69)

For experiments, this linearity dfy provides a first check

thatt, is sufficiently long such that the dot has indeed re-with equality fort,<T,. We point out that fory§> 1/T4, the
laxed into its ground state before the next pulse is applieditotal) decoherence of the dot spin occurs much faster than
We also give an upper bound fog by using the inequality its (intrinsic) relaxation. Then pulse lengtttg, for which
ps<ps =Wg /(Ws +Wg+W,9). This is seen as follows. Rabi oscillations can be observed, are limited,, 2N

For ps(t)>pT® we would haveps(t)<0, and thusps(t’)  >7¥1>W;,,. In this case, the current contribution fost,
>pT® for all 0<t’<t, which would be in contradiction to can be neglected since it is suppressed by a factor of
the initial condition ps(0)=0, hence indeegs(t)<pd®.  t,W; <1 compared to the contribution foet, [Eq. (69)];
From Eq. (67), we then obtainl_0<emin{y{,y;+ Vz}tp/tr- see Fig. &). Note that for spin-polarized leads, the relax-

. . _1 . .
Note that for pulse lengths,, over which the dot spin &HON t'”_"la\_NH is usually much longer than for_unpola_nlzed
evolves coherentlyt,y}=<1. Thus, by comparing the upper 1€ads.ys "; thus the required pulse repetition tihe>W,
bound with Eq.(68), we see that foly] < y, the background m|ght_ .beco.me very long. However, if one chooses a pulse
currenil- never becomes dominant repetition timet,=c/vy, for c>1, and with the relevant re-

0 .

. . . . laxation rate vy, the current is roportional to
Second, we considet,<ts<t,; i.e., the ESR field is g prop

o] *’}/t: . .
switched off, and the dot state relaxes into its ground statélltr)lf.odte h 1|/C’ |.e.|, md(_apendent .Ofy' hThus, rougfhly .
[T). Making the reasonable assumption that the tunnel prog,pea_ Ing, the slow relaxation rate In the case of spin-
: . X . polarized leads has no influence on the attainable maximum
cesses dominate the spin relaxatigny W, , we neglect

2 o] current since the decay frops andp, is much slower and
Yr:/tg I:slr?r'] VE\/e (tg%nacnﬂfuil?; th:ngogkt)rtg?]tlon terty to the thus per pulse there are more electrons passing the dot.
9 9. ytically To conclude, we would like to emphasize again that the
1

o o e vh+vh Rabi oscillations of the dot spin can be observed directly in
[(ty)—lo(tp) = C ﬁ[PL(tp)+pS(tp)]°<1_pT(tp)' the time domain by using pulsed ESR and measuring time-
ryitys averaged currenttsee Fig. 9. Observing Rabi oscillations
(68 also allows one to determink, in the time domain; see Sec.

55
We now give a physical explanation for E(§8). We IXB.

consider different tunneling eventgafter the pulse is
switched off and their contributions to the current, XI. STM TECHNIQUES AND ESR

rdtpg(t). Since we assume that gt the dot has relaxed
f‘p Ps(t & So far, we have considered a quantum dot coupled to

into its ground statdT) and thusps(t,)=p(t;)=0, it is  |eads. In this section, we would like to note that our descrip-
sufficient to consider only one pulse and to extend the upp&jion applies to more general structures showing Coulomb
integration limit to infinity. For the populatiop (t,) of state  pjockade behavior, such as Au nanopartidesr Cy,
|1), the only allowed transition i§, ) —|S) (neglecting again  molecules® which has been observed with STM techniques.
the intrinsic spin relaxation rat¢/; ). Thus, eventually this  Thjs justifies that instead of a quantum dot, we now consider
populationp | will be transfered tgs and thus to the current. 3 |ocalized surface state or an atom, molecule, or nanopar-
Note that sequences witf$)—||) contribute to the current ticle adsorbed on a substrate. This particle can then be
at a later time again, since the only possible decay into thgrobed with the STM tip by measuring the tunnel current
ground stateT) involves|S). Therefore, concerning current through the particle. The current arises from electrons tun-
contributions, we introduce the effective population=p,;  neling from the STM tip onto the particle and further tunnel-
+ps, which is the probability that at some later time aning, possibly through an insulating overlayer, into the bulk of
electron can still tunnel from the dot to lead 2. Thjdecays the substrate.
to state|1) with the rateys=y}+ y5, i.e., with the rate for In standard STM theory, the tunneling from the STM tip
the procesgS)—|1). In total, integrating ovepg(t) for t  to the sample is treated pertubativelyEvaluation of the
>t, yields [gdtp(t)e” 7s'=[p (t,) +ps(ty)]/vs, and golden rule matrix element, in the simplest model of a one-
with Eq. (67) we immediately recover Eq68), as expected. dimensional tunnel barrier, gives a tunneling amplitude,
Next, we consider the case for spin-polarized leads. Hereyhich is dominated by an exponential decay of the electronic
no spin relaxation process due to tunneling occurs and thevave function into the barrier; thug<e™*® [cf. Eq. (13)],
dot spin can only relax via intrinsic spin flips, given by the with k= 2m¢, tip-particle distancel, and barrier height
rate W, (corresponding to the relaxation tin¥g; we ne-  (roughly given by the work function of the tip and sample
glectW , for W, <W, ). Thus, we now consider the relax- In particular, the perturbative description of STM is equiva-
ation rateW, instead ofys. The relaxation occurs only lent to our treatment of the tunneling Hamiltonian in first
from||) to|1);i.e., the roles ofS) and|| ) are interchanged (sequential tunnelingorder. Therefore, if the particle of in-
compared to the case for unpolarized leads considered abowerest shows Coulomb blockade behavior and has aspin-
The above argument now applies analogously by consideringround state, the master equatidfgs. (16)—(21)] applies.
the (spin-polarized current in lead 1) 1(t)=e'y1pl(t). We  Thus, using an ESR field, coherent Rabi oscillations and the
obtain T, time of the spin state of the particle can be accessed via
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the current. Further, if spin-polarized tips and/or substrateslecoherence timé&,. We have shown that also the cotunnel-
are availabléspin-polarized STM such a particle can act as ing current has a resonant current contribution, giving access
single spin memory with readout via current. Note that theto T,. The coherent Rabi oscillations of the dot spin can be
tunneling rates from the STM tip into the particle can beobserved by charge measurements, since they lead to oscil-
controlled by changing the distandethus the total decoher- lations in the time-dependent current and in the time-
enceV ; [Eq. (15)], containing tunneling contributions, can averaged current as function of ESR pulse length. We have
be varied. This allows one, e.g., to vary the current linewidthshown how the ESR field can pump current through a dot at
2V, (Sec. llIB) and to suppress the Rabi spin flips for zero bias if spin-dependent tunneling or a spin inverter is
strong decoherenc&Zeno effect, Sec. IX L One apparent available. We have discussed the concept of measuring a
restriction of atomic or molecular systems is that it is diffi- single spin via charge in detail. We have identified the mea-
cult to apply a gate voltage to the particle, shifting its energysurement time of the dot spin via spin-polarized leads. Fi-
levels. However, the same effect can be achieved if the Fernmially, we have noted that the concepts presented here are not
energies in the STM tip and the substrate can be shifted, suanly valid for quantum dots but also for “real” atoms or

as by varying electron densities. molecules if they are contacted with an STM tip.
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APPENDIX: STATIONARY CURRENT

Here, we give the various formulas for the stationary current through the dot in the sequential tunneling regime and in the
presence of an ESR field. We have calculated the current by evaluating the stationary solution of the master®qoatibn
and with Eq.(22). For odd-to-even sequential tunneling, the spipolarized current in lead 2 is

2W,+ W, +W
I%zeyé(le(—1>'yﬁ,f|(Asl>f.,(AsT>+E (=1 yifi(As) + ¥ [ Fa(Ag) ~ Fi(As)T}

K I

W, —W
_EI %{(_ 1)|7£f|(Asl)+ ')/Ii[fZ(ASL)_"fI(AST)_2f2(ASL)fI(AST)]}

X

-1
> Yy Al-[1-fi(AgDIL-f (AT} + X (ww+vvofo>{yf+vf”[l—f.(Aso)]}) . (A1)

1,17 l,o#a'

The spin{ polarized currenl% is obtained from Eq(A1) by exchanging allf and | in the numeratoithe denominator
remains unaffected by such an exchandée currents in lead 1, are obtained from the formulas fof' by exchanging
indices 1 and 2 and by a global change of sign. The charge currgnt 5,1 and is equal in both leads=1,=1,, due to
charge conservation. For large Zeeman splitting> A .,k T, and around the spin satellite pegk;>Ag > u, (see Sec.
lIIA), we havef|(Ag;)=0, and the current is

I =e(W,+W, )[(y17a+ yvd) f1(As) — (vivh+ vivD fa(As ) H(2y =W, =W, )[ ¥1f1(Ag) + i a(Ag))]
F2(W,  + W +2W,) (v +yD} (A2)

for which we have given special cases in E@9), (30), and(31). Note that even at zero biasu=0, i.e.,f;=f,, a current
can be pumped through the dot, while the ESR field provides the required energy by exciting the spin state of? Tesdot.
requires spin-dependent tunneling rates, which break the symmetry between lead 1 and 2 and which determine the direction of
the current, sgng]vs— viv)) [Eq. (A2)].

For completeness, we also give the results for even-to-odd sequential tunneling, as discussed in Sec. IV. By applying the
replacements given in Sec. IV to EGAL), we obtain the spirj- polarized stationary current in lead 2,
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2W,+W,; +W
R R o 11 11 R
I£=ev£( % (_1)|7|Tff|(A¢s)[1_f|’(ATs)]+E| 5 {(=D'yifi(A 9+ 7 [f2(49- (89T}
1L
lT
—2 ———{=D'yif (A~ ¥[f2AA D+ (AP~ 2fz(ALs)f|(A¢s)]})
-1
X| 2 AL HA DA 2 (WotWor )y +97 |(AU§>}) : (A3)
1,17 l,o#o'
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