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dc response of a dissipative driven mesoscopic ring
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The behavior of the dc component of the current along a quantum loop of tight-binding electrons threaded
by a magnetic flux that varies linearly in tindey,(t)=®t is investigated. We analyze the electron transport in
different kinds of one-dimensional structures bended into a ring geometry: a clean one-dimensional metal, a
chain with a two-band structure, and a disordered chain. Inelastic scattering events are introduced through the
coupling to a particle reservoir. We use a theoretical treatment based in Baym-Kadanoff-Keldysh nonequilib-
rium Green'’s function, which allows us to solve the problem exactly.
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[. INTRODUCTION and van Haeringen suggested that a dc current can be gener-
ated in that device by elastic scattering introduced by weak
The impressive development of nanoscience places thdisordert® The possibility of “resistive” behavior originated
detailed understanding of quantum transport in mesoscopi@ pure elastic scattering processes generated a series of in-
systems among the main Cha”enges of condensed matt@resting discussions and CritICI.SIQHS:!'?MOSt Of the ideas of
physics. A rich variety of devices and structures, includingthese works are based on adiabatic descriptions where the
simple metallic wires, as well as complex molecules, wherénergy levels of the ring define minibands in a parametric
electrons are driven by some external force, are the Subjeggprese_ntatlon as periodic fu_nct|ons of the flux. Within that
of experimental and theoretical investigation. The driving@diabatic framework, scattering processes form small gaps
field can be established by attached leads at different chemp€tween the so-defined minibands while the time dependence

cal potentials, a magnetic flux when the system is bende felfzelge;dn dg'ﬁsin;'esrzstgnZear:elr”;uennr;g“enr% %(gsoiiisnthtehrg.cl)nn-
into a ring or time-dependent fields. Transport properties ' g arg P 9

like the conductance of the system, depend strongly on itt:ept of localization in the energy space as a consequence of

microscopic details but they may also depend on the undeéelsé%gjnesrehxi\{ﬁogteZ?Sseir)%?i%?d against the possibility of dc
lying driving mechanism. The discussion of the role of dissipative effects in the

A simple quasi-one-dimensional annular system threadeg}tjyen ring was introduced on the basis of a phenomenologi-
by a magnetic flux is one of the paradigmatic devices (4| equation of motion that describes the relaxation via in-
discuss the fundamentals of quantum effects dominating thé'asnc Scattering processesp) of the time-dependent ocC-
electron transport. Several outstanding experintehsnd  cupation of a miniban8The main argument was that the dc
theoretical work$® have been devoted to the investigation of response should vanish in the limit of vanishing and strong
phenomena related to the Aharanov-Bohm effect in rings enrelaxation, while it should peak at some intermediate regime.
closing a static magnetic field. There is, however, relativelyFor small electric fields, the behavior of the current is also
less literature related to the case where the field changes found to follow a linear, i.e., ohmiclike, dependence as a
time. Among the latter category of problems, a very interestfunction of the induced electromotive for¢emf). These no-
ing example corresponds to that of a magnetic flux with aable predictions have not been examined in more detail dur-
linear dependence on timé,(t) =®t, which induces a con- ing many years. Quite recently, the effect of inelastic scatter-
stant electric field along the ring. ing in the dc behavior of that system has been stutfiéd.

This problem was discussed by Biittiker, Imry, and Land-that work a pure “clean” system is consideréicg., without
auer in the early times of the theory of quantum transport.any kind of elastic scatteringNonohmic behavior has been
Their motivation was to search alternative schemes to calctifoeund in the dc current versus emf characteristic curve within
late the conductance of a system to that proposed bthe limit of small ISP, while the dc current is found to de-
Landauer, where the sample is placed between two resererease continuously as the strength of the ISP increases. The
voirs at different chemical potentials. As first discussed infact that no tendency toward a vanishing component of the
that seminal work, such device isolated from the externatic current is observed as the dissipation tends to be sup-
world, is not appropriate to observe a dc current since th@ressed is rather surprising, since the limit of pure Bloch
electrons inside move coherently displaying Bloch oscilla-oscillations in the isolated system seems not to be recovered.
tions and producing a pure ac response. In a subsequent work In this work we consider a ring threaded by a flux with a
Buttiker and Landauérshowed that when a dissipative linear time dependence and we analyze in detail the role of
mechanism is added to that system a dc current is estallissipation in that system. We study the clean one-band sys-
lished. Biittiker also showed that a concrete element to introtem as well as the effect of two different kinds of elastic
duce inelastic scattering events and dissipation is a lead coseattering processes: a periodic potential with a two-
necting the loop to a particle reservdiBoon later, Lenstra sublattice profile and a random potential. The effect of in-
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elastic scattering is modeled by means of the coupling to a

particle reservoir through an external lead. We use a recently

proposed theoretical treatment based on Baym-Kadanoff- T
Keldysh Green's functioff which enables a full out-of-
equilibrium description of the time-dependent problem, with-
out introducing any kind of adiabatic assumptions or _
approximations. As far as no many-body interactions are
considered, that treatment leads to the exact solution of this
problem. Thus, one of the aims of this work is to analyze the
case of the disordered driven ring in the limit of weak ISP,
which has focused several efforts but has never been tackled
with an exact method. The formalism based on Green'’s func-
tion is particularly appealing to deal with the coupling to  FiG. 1. (Color onling Scheme of the setup. The system indi-
external leads and reservoirs. These elements can be intrgated in the red box defines the reservoir with chemical potential
duced by means of physical models and they can be cory, .

cisely represented by self energies, avoiding further assump-

tipns about the. boundary conditions. We_ considgr tWotight binding model withN sites and lattice constard
different electronic models for the lead: One is described by} /N \We also consider the possibility of elastic scattering

a constant density of states anq a very Wide b?‘“‘?" while .thﬁl the system, described by a local energy with a prafile
other is represented by a semi-infinite tight-binding chain, | =1 N. The Hamiltonian is
We show that the dc response does not depend qualitativew B
on the latter details. In all the cases, our results indicate that
the dc current tends to a vanishing value as the coupling to B .
the reservoir goes to zero, displays a maximum, and then Hing =~ Th (€791 + €cfi0) + 2 ecf, (2)
decreases as that coupling becomes stronger. For clean sys- =1 =1
tems, the position of the maximum shifts towards very low
ISP strengths as the emf decreases and as the length of théh the periodic conditionN+1=1. The time-dependent
ring increases. phase ¢t attached to each link, withp=®/(PyN), being
The system considered here, actually lies in the categor§Po=hc/e, accounts for the presence of the external magnetic
of the so-calledatchetproblems, since the induced electric flux.
field by itself is not able to produce a dc response, needing The termH, describes the reservoir. We consider two
the aid of some additional rectification mechanism. This mo-models of noninteracting electrons with a bandwiditand a
tivates the analysis of the transport properties of this systerahemical potential, for this system(i) a wide-band model,
in the framework of recent symmetry arguments proposed t@efined by a constant density of states and a very lsvge
examine rectification processes in ratchet systems in thand(ii) a semi-infinite tight binding chain with hopping am-
presence of time-periodic field®:22Such arguments provide plitude W/2, which corresponds to a semicircular density of
further support to the idea that dissipation is an essentiggtatesp,(w)=40(|w| - W) W2 - w?/ WA,
ingredient for this system to have a dc current irrespectively The last term oH,
the particular nature of the elastic scattering along its circum-
ference. _ T t
The paper is organized as follows. In Sec. Il we present Hia = = TalCiCa* CaC), ©)
the model and the theoretical approach to analyze the behav-
ior of the current. In Sec. Ill we present the results. Sectiorfepresents the connection between the ring and the reservoir.

IV is devoted to summary and conclusions.

N N

B. Dynamical equations and symmetry properties

Il. THEORETICAL TREATMENT In Refs. 20—-22 an interesting connection has been sug-
A. Model gested betv_veen the rec_tification proper_ties of the system and
. ] o ~_ the underlying symmetries of the equations of motion in sev-
~ We consider the device sketched in Fig. 1. It consists in &rga| ratchet problems. The main idea is that the symmetries
ring threaded by a magnetic flux with a dependence on timgs the equation of motion that change the sign of the velocity
of the formd,(t) =Pt, in contact to a particle reservoir with \yould lead to a vanishing dc component of the current. We
a chemical potentiak, through an external lead. The full now turn to follow the lines suggested in those works to
system is described by the following Hamiltonian: carry out a similar symmetry analysis in our problem.
_ Let us first consider the simpler case of the ring isolated
H =Hiing(t) + Hy + Hy,, @D from the reservoir, the problempis described Wy, alone.
where the first term, representing the ring, depends explicitlf-or the sake of simplicity in the notation we shall adopt a
on time due to the presence of the time-dependent flux. Weystem of units wheréy=1,%=1. The relevant equation of
consider noninteracting spinless electrons described by motion is the Schrodinger equation
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. d dG; (t,t
~i % 0 = ey D), (4 ﬁi_) Gi(tDeyg(t) + ex(HGE 1.0
being ey (t) ==Ty(€7 #5141 +€ 8 1-1). We have adopted the : NG , ,
Einstein summation rule over site indexes. The current in the dt’[E,k(tt GkJ(t t)+2 (Lt )G (0
isolated ring results
IO = €Ty Ime 4y (0, (1)]. (5) SRR SHLOBL. 42
eT, Im[e
Tt n S being Gf\(t,t") =[GR(t' ,)]* and SA(t,t) =[SR(t" )T
The matrix elements of the Hamiltonian satisfy In the Ham|It0n|an limit, ER(t t )= g<(t t )=0, in the
Sl*k(_ £) = gy (t) = 8ﬂ|(t) (6) absence of many-body mteracuons Makmg use of the prop-

erty of the matrix elements of the Hamiltonié®) and of the
Hence, the inversioh— —t followed by the complex conju- symmetry property of the Green's functlon; L)
gation of Eq.(4) leads toyj (—t)=(t) which, when replaced =-[G; {(t’,)]*, the property(7) for the time- |nverS|on opera-
in Eqg. (5), results in the following property of the current:  tion on the current is recovered.
I(=0 == I5%(). @ Itis easy to verify that any nonvanishing self-energy cor-
rection that fails to satisfy the propertieX; (t t')
Since in our reasoning we have not assumed any particir S (t,t')=0, SR(t,t")=s,(t)8(t-t'), with s;(t)=s (t)
lar form for the energy profile;, the criterion of Refs. 20-22  =s;;(-t), breaks time-reversal symmetry in the equations of
rules out the possibility of a dc current as far as time-reversamotion. In particular, any self-energy represented by kernels
symmetry is preserved in the device irrespectively of theof the form
particular model assumed for the elastic scattering processes.
Another symmetry operation that changes the sign of the SRtt) =-i0t-t' )J _{ 2 IMSR(w) peiett),
current is spatial reflection, however, the latter is not a sym-
metry of the Schroédinger Eq4).
In the more general case, when inelastic scattering pro- i [ do R (et
cesses are considered, the relevant equation of motion is the ik (tt") =i f Z_f(w){‘ 2 Im2(w)]}e . (13
Dyson equation for the Green’s function. In the framework
of Baym-Kadanoff-Keldysh formalism the latter has a matrix with Im[E,k(w)] #0, being f(w) the Fermi function, will
form and one must work with two independent Green’s func-break time-reversal symmetry in the equations of motion for

tion: the retarded Green’s function the Green'’s function and will break the prope(®) for the
. time-dependent current.
R N — ’ Tryr
Gij(tt") = =i0(t - t')[cM),cit")D, (®) In our problem, the effect of the exchange of particles and
and the lesser Green’s function energy between the mesoscopic system and the reservoir can
_ o be exactly written in terms of a self-energy correction at the
Gy(t,t") =i{cj(t")ci(1). (9  site =1 of the tight-binding ring®2425The retarded and
The latter determines the mean values of the observables. |ﬁsser components of this self-energy are
particular, the current through a bokidl +1) is written as zﬁi(t -t)= 5.,15k,121R(t—t') =—i0t-t")|T,P
Ji+1(t) = 26 RETHe "G5 (1,0)]. (10)

dw RPN
. .. 3 X f 2_pa(w)e lw(t-t )(Si,lgk,l!
The Dyson equation for the matricial Green’s function ™
leads to the equations of motion for the retarded and lesser

component® K=t =8 1627 (t-t)
R g2 [ de io(t-t')
—|—G X(t,t) - GR(L)ey(t) =i[T,] S [(@pi(w)e” 8 161
(14)
=at-t)g;+ f dfG (bt )Ekl(t ), 0 wherep, (w) is the density of states of the reservoir and the

Fermi function isf(w)=1/(e®“ #«)+1). In our calculations
_ _ we consider zero temperature, i.é(w)=0(w-pu,). The
- IEG (t,t) = Gy (t,t)ey(t") wide-band model leads to a constant imaginary retarded self-
energy, 3Nw)=io, and 37 (0)=if(w)o, being o
=|T,|?m/W. The dissipative nature of the coupling to the
reservoir manifests itself in the fact thEﬁ(w) has a finite
(11) imaginary part. As discussed above, this breaks time-
inversion symmetry in the dynamical equation, removing the
while the evolution for the lesser component at equal times isnversion of the current under this symmetry operation. Ac-
given by cording to the criterion of Refs. 20-22, a nonvanishing net

f d[GRLI)SG(U", 1) + GR(t ) 3R, 1)],
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current is possible, since symmetries of the equation of mo- The set(18) and(19) describes the process of the closing
tion leading to an inversion of the time-dependent current aref the biased chain by means of an effective time-dependent
broken. hopping Ty\(t) that pumpselectrons with a frequencyd
through the bond1N). This set involves, in principle, an
infinite number of equations. In the numerical procedure,
The formalism leading to the evaluation of the currentupper and lower energy cutoffs,, A, are chosen such that
along the ring has been presented in Ref. 19. In this subsed, <E,<A,, Ov.
tion we summarize the main equations and we defer the Starting from its definitio{10), the current along the ring
reader to this work and references therein for further detailscan be written
Following Ref. 19, it is convenient to perform a gauge

C. Evaluation of the Green'’s function and the dc current

2 L e dow
'zrza)msformanon in the fermionic operators of the Hamiltonian It = ZeThf — R4 (w)
¢y = exint]cy, (15) Ghito+ PIGHLo+PI*], (29
according to which the Green’s function for the positionswhere we have useGA|(t t')= [GI 1(t",0]*. Therefore, the
m,n on the ring transforms as evaluation of the time- dependent current is reduced to the
R o . AR , evaluation ofofl(t,w) obtained from Eq(19). This quantity
Cmn(bt') = expli p(mt=nt) JGy,p(L1). (16) displays an oscillatory behavior as a functiontpfvith the
Defining the Fourier transform period 75=27/® of the Bloch oscillations. The dc compo-
g nent does not depend on the bofidl+1) chosen for the
w _ 4! . . . .
GRA(tt) :f ;Gﬁmn(tv“’)e o(t-t) (17)  calculation and it is defined as
B
the resulting equation for the retarded Green'’s function is 1
v Joe= = | dtd a0, (24
—F B
Gn(t,©) = Gy (@) = G (o + D) Ty (DG 1(w) 0
- Gm,l(t, W= (I))TlN(t)GN‘n(w), (18) I1l. RESULTS

with This section is devoted to analyze the behavior of the dc
—R —R current(24) as a function of the induced erntf, the strength
Cmat,w) + Gn (L o+ ®) (DG y(w) + G4 (t o of ISP, and the chemical potential,. The strength of ISP is

- ®d) TlN(t)GN () :Gml o) related to the degree of coupling between the ring and the

' ’ reservoir. In the case of the wide-band model, the parameter

—R —R o sets that measure. In the model with a semicircular density
Ghn(t,0) + GR(to + D) Ta(DG] (@) + GRa(t o of states, that measure is given By/W. In our calculations,
- D) TG Nw) = (e} mn(®@), (190  we fixed W=4T,, and changed . All energies will be ex-
: it . . pressed in units of the hopping paramelgr We shall ana-
whereTyn(t)=[Tya(t)]* = Tye™. For each timg, the solution |76 three different energy profiles for the tight-binding

of the above set of linear equations provides the completg,ode| that define a clean one-band chain, a chain with a

exact solution of the problem. two-sublattice structure, and a random potential.
The equilibrium Green’s functio, ,(w) corresponds to
the problem of an open chain in contact to the reservoir. It is A. Clean one-band ring
obtained from the solution of the Dyson equation This case corresponds =0, I=1,... N in Eq. (2). In

0 R the limit of vanishing dissipatiofthe ring isolated from the
Grun(@) = () + Gpa(@)25(@)gip(0), (20 reservoij the systen? is despcribeﬂé by thg Hamiltontdg,(t)
where alone, the problem has time-reversal symmetry and a vanish-
ing dc current is expected. In fact, fey=0, H,j,4(t) can be
(21) easily solved by performing a Fourier transform to the

gm n(w) E AmAn—

E,+in space. The retarded Green’s function can be calculated ana-
tically, resultin t,t")=-i0(t-t")Z, explik(m
is the Green’s function of the chain isolated from the reser—y 4 g ( ) (t=t) % explik(
voir. It can be expressed in terms of the eigenvalEgand n)}exp-i/} dse(S)}, W'th ek(s) —2T, codk+¢s), beingk
eigenvectorgy)=3,A"|l) of the Hamiltonian —2 nw/L,n=0,. _ . N. The current can also be obtained ana-
o1 lytically, resultmg
0=- ThE (¢l ¢l 0) + E Vi+e)cc, (22 J(0) =T, sin(k+ ¢t), (25)
k

whereV,= ¢l is the scalar potential due to the induced elec-where the summation extends over the set of occugied
tric field. states.
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04 ——T ent frequencies is achieved whaw ~ AE,, the latter being
L the mean energy separation between two eigenenergies,
03 N=20 AE,=(E,,;—E,)~4T,/N. Whether such interference will be
Q9 constructive or destructive and give rise to a large or a small
i @:\)\(er‘%; -y component of the dc current is a question without an obvious
ﬂ802 —g‘,‘;‘i‘v\{' B o, e 00102030405 answer, particularly in the case of smdl| where the num-
L o g @\@\ : ber of coupled frequencies is very large. On general grounds,
,'\b‘ qo,_ e ®o.g one expects that such an effect would strongly depend on the
0.1 —g\ ‘\Q‘;’g‘\@:m ®og. ﬁj;@‘@*e»&; underlying symmetries of the model. Related discussions
" °\\§~e:§~313_§1_5 9-0 :‘_*H have been recently presented in problems of pumping intro-
ol 0-?%%8-&%-::-:§3§ duced by microwave field& 28 where the Floquet represen-
Odr——T——T7 T 1 7 tation of the wave function is used, leading to a structure of
- T the solution containing a mixing of frequencies that differ in
0.3 ke N=200 the frequency of the pumping field. In our problem, it be-
L Q\n i comes apparent that such interference is constructive regard-
S0l /g,ii%:.& - _ ing the magnitude ofly. and for this reason, in the weak
- | &y D\nf’ng:&g‘;\}_._ i coupling limit, the current grows linearly as a functiondf
ol _.’,/ 0@\3‘23@&3‘»&%‘_&3}, reaching a maximum atI)~AE_V. The decrease ford
‘0-00-&0‘_3*;:32: > AE, can be understood by noting that the number of reso-
i nances is approximatelyT¢/®, becoming smaller a® in-
00_ : 0'2 : 0'4 : 0'6 : 0'8 : ‘Ll creases. The maximum df; as a function ofo can be also
' e ' interpreted in terms of a combination of components of the

Green'’s function from different frequencies. In fact, the ef-

FIG. 2. (Color onling dc current as a function oF in a ring  fect of increasing ISP is to spread the spectral weight of the
with N=20 sites for different values of the induced electric field peaks ofG?n‘n(w)_ Thus, for strong coupling the interference
$=0.01, 0.02, 0.04, 0.06, 0.08, 0.1, 0.2, 0.3, @pper pangland  jnvolves a large number of frequencies but with a I@p-
with N=200 for ®=0.2, 0.3, 0.4, 0.3lower pane}. The chemical  proximately constantweight. For lower ISP, the amplitudes
potential of the reservoir ig,=—1. The plots corresponding to the gn pe large for frequencies closeEp but tend to be van-
lowest and the highesb are drawn in white and black symbols, ispingly small in between. The result is that there is a maxi-
respectively, while grey symbols correspond to intermediate valuesmum in Jyc at some strength of ISP that seems to scale as
Inset:Jyc versusd characteristic curve for different strengths of ISP «®, at least, within the regime@ > AE,. On the side of
corresponding tar=0.05,0.2,0.8(red circles, green squares, and strc;ng Coupfing, where the resonanet effects are highly
blue diamonds smoothed, the resulting dc current is relatively smalten-

The behavior of the dc current in the coupled system at %lstent with the idea that resistance increases with) £

. ; ; ; haves linearly within a larger range ®f

fixed chemical potentiglk,, for different strengths of ISP and € o .
® is analyzed irF: Fig. Za.dLA wide-band modelg\]/vas assumed for_. The effecF of.the length of_the ch_eun vy e}nalyged n
the reservoir in these calculations. The dc current displays F'g' 2. The first issue to note is that in this=200 sites ring

maximum which shifts to lower values of as® decreases. (€€ 'Iower panel of Fig. 1, the d.c current fbr=0.2 remains
growing for the smallestr considered. Instead, fak=20

L 0
Qé(;g\évn; ﬂ;? '(;ré?gn?J%C%zﬁsogﬁg(a;)h:\/g\r/:etrsgva]{:ngﬁonand _the same parameters, the current (_jecrease_s d_own from its
= maximum(cf. upper panel of Fig. R This behavior is con-
Gy(t, ) also develop a structure of peaks that get sharpegistent with the picture of constructive resonances: The con-
From the practical point of view, this turns harder the evalu-gition ® > AE, is achieved in this case at lowér, while the
ation of the integral inw Eqg. (23), preventing us from ex- |arger number of peaks increases the probability of reso-
ploring the range of/T,<0.05. However, we think that the nances and the current remains large, within a larger range of
range considered is enough to infer the trend toward0. @, For larger fields and for larges, the qualitative and
The characteristic curvely, versus® are shown in the inset  quantitative behavior is essentially the same as that observed
for particular values ot within the regimes with low, inter-  jn the smaller ring.
mediate, and strong coupling to the reservoir. In the latter Regarding the effect of the model for the reservoir, it
limit, the dc current remains linear within a wide rangedof  pecomes clear from the results of Fig. 3 that it does not play
while for weak coupling, the departure from linear responseany relevant qualitative role since we can identify in these
takes place at smadb. plots the same features observed in Fig. 2. In Ref. 26 an
To study the origin of this peculiar behavior we mustnteresting connection have been found between the behavior
analyze the structure of the Eqd8) and(19). At each time  of J,_ as a function off> whenT2—0 and the underlying
t, the Green’s functio@ﬁm(t,w) contains a combination of a symmetries of the Hamiltonian. The plots of Fig. 3 corre-
large number ofv componentgseparated iMw=®) of the  sponding to the two highest em{$=0.4,0.9, where the
Green’s function(20). In the weak coupling IimitGﬁln(w) is  decrease to a vanishifig, can be cleanly captured within the
sizable only within a neighborhood of tiéfrequenciesE,.  shown a range of2, suggest ay.x T2 behavior asT>— 0.
Therefore, aesonantcombination of components at differ- This is even more clear in the plot déc/Ti versusTi shown
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0.1+ L) hYeY ~ = 7
/ﬁ “O.g. o2 1 1 1 N
- % 0006 ] =25 -2 -15 1 05 0 05 1 15 2 25
0059 o-g K,
0, 0'2 . 0'4 : 0|6 . OI8 : '1 FIG. 4. (Color onling dc current as a function of the chemical
: : T2 ’ ’ potential of the reservoifrepresented by a wide band modédr
o two values of the em®=0.1, 0.5(solid and dashed lingsnd two

f strengths of ISRr=0.05, 0.85(thick black and thin red lingsre-

FIG. 3. (Color online dc current as a function of the strength o
( 9 9 spectively, for a ring witiN=200 sites.

ISP for a model with a semicircular density of states with band-
width W=4. Different plots correspond ©=0.1, 0.2, 0.3, 0.4, 0.5.
The plots in white and black symbols correspond to the lowest andhe density of states of the central system dressed by the
the highest®, while the grey ones correspond to the intermediatecontact with the two chains.

values. The chemical potential of the reservoiruis=-1. Inset: In order to define the conductance for the device of Fig. 1,
Detail of the behavior ofly, for low ISP. Red circles and blue let us note that the induced electric field E=d/(Lc).
squares correspond t=0.4,0.5, respectively. The behavior is Therefore, if we make the standard assumption that for small
consistent withJyc T2 whenT% —0. ® the current can be written ak.=o.E, being o, the con-
uctivity, the conductance of the chain is defined frégp

in the inset. This defendence can be understood by notlnngELl Therefore, in units wheréc=1), the conductance for

that whenAE,+® > T /W, the retarded Green'’s function en- i

tering the evaluation 08, ,.4(t) [see Eq.(23)], can be re- small enough bias is

placed by the ones for the uncoupled rif@rresponding to J

Ti:O). Hence, for small enoug'ﬁi, the time-dependent cur- G= ;’i" (27)

rent and also the dc componeljt become linear ilTi. This

is in perfect agreement with the analysis done in Ref. 26 for |1 \ye adopt the expressiof26) as aphenomenological

a linear device pumped with a laser in configurations with.,54el for the conductance of our system, we obtair fne

bro1l_<r<]en tt)me-rgverts],al sym]rcnetrty. tthe chemical potential €SUIt Shown in Fig. 5. In the limit of weak coupling, this
€ behavior ot as a tunction ot the chemical potential ,opayior s consistent with an effective density of states ap-

is shown in Fig. 4. It is remarkable that a semicircular shap : : oo i
can be identified in the envelope of these functions. As men%rommately constant along the bandwidth, Taking into ac

tioned before, the density of states of a semi-infinite tight-cOunt its ~sum rule, it should bepe“(.’““)we)("““'
binding chain of bandwidthv, is proportional to a semicircle ~4Tn)7/4Th. The large average value bfindicates a large

of radiusW/2. This motivates the comparison of the conduc-éffective hopping from the dot to the semi-infinite chains
tance of our device with the conductance of a quantum dotWes~ 12,8 for ©=0.01, 0.1, respectively. The details of
which has two semi-infinite tight-binding chains with hop- the model used for the reservoir do not influence the final
ping elementsT,, and chemical potential, attached to its behavior ofl". In fact, all the features in the weak coupling
left and to its right, through a hybridization amplitudes.  regime observed within the wide-band model for the reser-
The latter corresponds to the usual configuration employegoir are also obtained with a reservoir with a semicircular
in a Landauer-like calculation of the conductance through alensity of stategcf plot in dashed lines of Fig.)5In the

dot connected to a left and a right lead. Assuming that atrong coupling limitw.s~ 3 is approximately the same for
small biasV is applied between the left and the right, the both fields and a fine structure of wide peaks is distin-

conductance of such a system is given by a Landauer-likguished inpeq(i,). The effective parametets and w,g do

formulef® not have any straightforward significance in the context of
e our original model and the parallel between the driven ring
Gt = N = epo(ua)T, (26) and the dot connected to semi-infinite chains is purely heu-

ristic. However, it is remarkable the similar behavior of the
where po(,ua):\f'ﬂﬁ— ,ui/Tﬁ is the density of states of the conductance of the two devices. It suggests that although the
semi-infinite chain and’=wW2per(w,) /47, being pe(n,)  chain that forms the ring is made up by a discrete chain with
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FIG. 5. (Color onling I' (proportional to the effective density of 0.005 .’,5 Q°‘°‘°0~o-03_'$
statesper(u,) Obtained by assuming a model for the conductance L ;,; -~ 009
based on a dot coupled to two semi-infinite chains for the case of a 5
ring with N=20 sites and a wide band model for the reservoir. Thick 00 : 0|2 : 0|4 : Ol6 ' O|8 : '1
and thin solid lines correspond ¢6=0.05 andr=0.85, respectively. ) ) o ' '
Black and red lines corresponddo=0.01 andd=0.1, respectively.
The plot in blue dashed lines correspondte 0.1 and a model of FIG. 6. dc current as a function of for two different chemical
reservoir with a semicircular density of states with=4 and T2 potentials in a ring oN=200 sites with a two-band structure de-
=0.1. fined by €,=0, €.=0.2, and a reservoir with a constant density of

states. Different plots corresponddo=0.05, 0.1, 0.2, 0.3, 0.4, 0.5

a finite number of sites, the dressing due to the mixing of guPper pangland®=0.2, 0.3, 0.4, 0.5, 0.6, 0.7, O(®wer pane).

large number of frequencies tend to produce a structure such

that any site along the ring would feel as if placed betweerf?@Ximum in the two-band case takes placerat0.2 while
two semi-infinite leads. In spite of this resemblance, thd" the clean ringly remained growing for the lowest used
quantitative properties of the conductance are different froni 0Ur calculations. The comparison of the plots of the upper
the one which would be measured in a Landauer device witRan€l of Fig. 7 with those of the right panel of Fig. 3 shows
the chain forming the ring stretched and placed between twi'at the magnitude of the maxima in the weak dissipation
reservoirs, as already discussed in Ref. 30. In fact, neither tHéMit is smaller in the two-band ring than in the case of the
effective density of states at the site between the two effecS'®@n ring with the same number of sites in contact to a
tive leads nor the hopping element; correspond to the TESENVoir with the same characterlstlcs and W_lth the same
configuration of a noninteracting site coupled to two leadschemical potential. The behavior df. as a function of the
throughT, as in the original chain. chemical potential shown in Fig. 7 §hows that_thls is al§o Fhe
case for other values of the chemical potential and dissipa-
tion strengths. The smaller current for chemical potentials
within the lower conduction band, indicates that the presence
As mentioned in the introduction, one of our motivations of an energy gap in the structure of energy levels of the chain
is to analyze the behavior of the dc current in a disorderedontributes to a less efficient mixing of weights of the
system in order to explore the possibility of “resistive” be- Green’s function at different frequencies relative to the cor-
havior in the limit of vanishing dissipation. We found it in- responding one in the clean one-band case.
structive to study first an intermediate situation where the The effect of ISP on the magnitude of the current through
potential profile ise;=€., €n-1=€, N=1,...N/2. This the gap is shown in the lower panel of Fig. 6. Within the
structure defines two bands separated by an energy gapeak coupling regime, the current is vanishingly small even
which are the basic ingredient to discuss the effect of Zenefor fields significantly larger than the energy gép|e,

B. Ring with a two-band structure

tunneling. -¢€). This indicates that Zener tunneling alo@e., without
The dc component of the current as a functioncofs  dissipation is not enough to generate a dc response.
shown in Fig. 6 for a profile witke,=0.2, e,=0 and chemical The behavior ofl; as a function of the chemical potential

potentials of the reservoir within the lower baridpper is shown in Fig 7. An important asymmetry is observed be-
pane) and within the gaglower panel. In the first case, a tween the upper and lower bands, which is more pronounced
behavior similar to that found in the clean one-band modefor low fields. This is an indication of the relevance of the
(cf. Figs. 2 and Bis observed. Namely, a maximum of the interband processes generated by the coupling of the elec-
current that shifts to lowes as® decreases. The shift de- trons with the field. This discourages us from following the
pends, however, slower with in the present case: Taking as steps of the previous section in trying to make a parallel with
a reference the plot corresponding®a=0.2, we see that the a device based in two semi-infinite leads with the same band
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0.01 FIG. 8. (Color onling dc current as a function of the strength of
ISP for a ring ofN=200 sites with a random potential with ampli-
tude ¢,=0.2 and a reservoir with a constant density of states. Dif-

ferent panels correspond to different realizations of the random po-
tential. Black circles, red squares, green diamonds, and blue
triangles correspond t®=0.2, 0.3, 0.4, 0.5, respectively.

FIG. 7. (Color onling dc current as a function the chemical
potential for a ring withN=200 sites and a two-band structure
defined bye,=0, €,=0.2, and a reservoir with a constant density of
states. The upper and lower panels correspond to Weal.05
and strong(c=0.89 coupling regimes. Different plots correspond
to different fields®=0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8. The ones . ) o
corresponding to the lowest and the highest fields are plotted in Ve have studied the transport properties of a dissipative
thick black and orange lines, respectively. tight-binding ring driven by means of a magnetic flux with a

order realizations as well as the behaviorG®fs a function
of the system length is left for the future.

IV. SUMMARY AND CONCLUSIONS

L e e e e I
structure of the ring, since the latter would have two sym- — @=0.1
metric bands. — oos |
001 — 348 pr e .
C. Ring with a random potential ﬁg " ,,jj"f ) MV‘E{\/ A
This final subsection is devoted to analyze a disordered 0.005- /ffr ‘ﬂ\”&\\ﬁ -
ring, with a random potentiadj=¢,y,, being -1I=y <1, a | / RS
random number. The dc current as a function of ISP strength o
for a fixed chemical potential is shown in Fig. 8 for four 0 |l' : : : : : : : : : : : —
different realizations of the random potential. In all the cases - ]
a similar behavior is found: The current exhibits a wide and 0.03+ Pl .
mild maximum at intermediate coupling and tend to zero in | i
the limit of vanishing ISP. The magnitude df at the 90.00 i
maxima is smaller than in the two-band ring and significantly =
smaller than in the clean one-band system. As mentioned in 1
the previous subsection the small current in the limit of weak 0.01 n
coupling to the reservoir can be interpreted by noting that the 1

formation of energy gaps in the structure of the energy levels
of the chain tend to break the resonant behavior presented in
the clean chain for small fields in the weak coupling regime.
For small enouglw, the trend is)y.> o, as in the clean limit. FIG. 9. (Color onling dc current as a function of the chemical

~As a function of the chemical potential, the dc currentpyiential for a ring ofN=200 sites with a random potential with
displays fluctuations that become stronger in the strong colsmpiitudee,=0.2 and a reservoir with a constant density of states.
pllng I|m|t (See F|g 9 The f|UCtuatI0nS bear a C|Ose resem- The upper and lower pane|s Correspond to Wéakooa and
blance with those observed in the behavior of the COﬂdUCstrong (0=0.85 coupling regimes. Different plots correspond to
tance of disordered quantum wires in Landauer-likedifferent fields®=0.1, 0.2, 0.3, 0.4, 0.5. The ones corresponding to
devices® A systematic analysis of the probability distribu- the lowest and the highest fields are plotted in thick black and violet
tion of conductanceés defined in Eq(27) over several dis- lines, respectively.
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linear dependence in time. Dissipation is introduced by coution of inelastic scattering, the maximum in the dc current
pling the mesoscopic ring to an external macroscopic systenakes place within the intermediate regime, becoming van-
that plays the role of a reservoir of particles and energy. Weshingly small in the limit of weak coupling. As a function of
have extensively analyzed the behavior of the dc componenhe chemical potential, the current displays fluctuations fol-
of the current along the ring as a function of the strength ofowing patterns that depend on the degree of inelastic scat-
dissipation and of the chemical potential of the reservoir foftering.

clean chains, chains with a two-band structure and energy Qur results are in agreement with the criteria based on

gap, and disordered chains. symmetry arguments suggested for ratchet probfm3ac-

We have analyzed the influence of the specific model asgqging to which a dc component of the current is possible
sumed for the reservoir and we conclude that this does n

I | t role. In th K i . th %rovided that the equations of motion of the system are not
piay any reievant role. in the weak coupling regime, e, . ant ynder symmetry operations that change the sign of
structure of the energy levels of the Hamiltonian describin

the ring, seems to play a relevant role. Such structure detgbe time dependent current. In the case of the present prob-
€ nng, > 10 play M j : [ém the only possible symmetry that may introduce such an
mines the way in which contributions from different frequen-

cies of the Green’s function couple through the pumpin inversion, is tir_ne rgver;;al_. This symmetry i§ an exact one in
term in Eqs.(18) and (19) %he pure Hgmllto_nl_an_ limit v_vhere the ring is isolated fro_m
in all the. cases we e;<pect a vanishing dc current in th the reservoir b_ut_lt is |mmed|ately broken when the coupling
S e %o the reservoir is considered. Furthermore, we have found
Hamiltonian limit (vanishing ISP. For the case of the clean

ring, we find that the current exhibits a maximum as a func-that the current grows linearly with the parameter that char-
tion of the ISP strength that seems to scale witFFor small acterizes the strength of the inelastic scattering. This behav-

enough® this maximum can lay very close to the limit of ior has also been found in other pumped systems with broken

o ) . . ime-reversal symmetrf The behavior of the dc current in
vanishing ISP. The range of fields where a linear behavior Oihe case of the two-band and N-bawiisorderedring is also
the dc current as a function df is observed depends on the 9

strength of ISP. It is wide for strongly coupled systems an [n agreement with the conclusions of Refs. 11-15, which
9 ) gy P y ave been devoted to argue against the possibility of resistive
very narrow for weakly coupled ones. Remarkably, the be—b

havior of the conductance of the system as a function of theehavior caused by Zener tunneling alone. In our case we
y Were able to solve the problem exactly and to examine de-

icnherir:]lc:l ?f:r?tr&trl]?l dct?tnvx?ig] rgpcrgggtcaen(i \ggssi d(e)}”gfafeosnzﬁéhils of the behavior of the current for different strengths of
9 q Y inelastic scattering. For this reason, we think that our results

two semi-infinite tight-binding chains with the same hopping rovide a robust support to the idea that dissipation is an

parameter as the original one, gttached to its left and rlghzssential ingredient to obtain resistive behavior in this sys-
sides through a very large hopping element. tem

In the ring with a two-band structure, the behavior of the
dc current within e_zach of the two conducting bands is S|m|Iar_ ACKNOWLEDGMENTS
to that observed in the one-band case. However, its magni-
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