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We investigate in a nonperturbative way the dynamics of aetated quantum capacitor. We find that the
many-body correlations do not disturb the universal loggtrency relaxation resistance per chanfglw =
0) = h/4e? ensured by the Korringa-Shiba rule whereas the intergoetatf the quantum capacitancg,
in terms of the density of states fails when strong correfetiare present. The AC resistargg(w) shows
huge peaks (with values larger thayi4e?) at fw =~ +I'*, whereT™* is the renormalized level broadening.
These peaks are merged to a single one at 0 when a finite Zeeman field is applied comparabl&to The
observed features @t,, being most evident in the Kondo regime, are attributedeéa#meration of particle-hole
excitations in the contacts accomplished by spin-flip pgees in the dot.

PACS numbers: 73.63.-b, 74.50.+r, 72.15.Qm, 73.63.Kv

Introduction.— Optoelectronic devices such as light the charge relaxation time upon the action of time-dependen
sources emitting single photons on demand are of an enopotential.
mous interestin quantum information. Recently, its saligte So far several aspects of AC conductance for RC quantum
analogue, @uantum capacito(QC), was created by Féw#  circuits have been addressed|[18-25] focusing mostly on the
al. [1], in which a quantum dot (QD) was coupled to a singlespin polarized case. Therefore the understanding on the ef-
reservoir via a quantum point contact. Fast time-contdolle fect of many-body correlations in RC circuits is still misgi
variations of fractions of nanoseconds on the dot gate poterThis Letter attempts to fill this gap, offering a physical-pic
tial produced the single-electron source of emitting etats  ture of the influence of many-body interactions on the dynam-
in a desirable quantum state. Previously, Galellal. [2] ics of QCs. We consider a QC formed by an ultrasmall QD
showed that the QC could act as a RC circuit with a quanand calculate it€”, and R, by using their relations with the
tized resistance as predicted in a series of seminal works [3charge susceptibility in the linear response regime. We per
5]. The experimental interest in the AC properties of mesoform a thorough study by tuning the QD from the resonant
scopic conductors [6-11] has been revived recently due ttunneling regime to the Kondo regime. In the Kondo regime
the experimental confirmation of the quantization of both th virtual tunneling transitions between the dot and the reser
AC current [1] and the quantum resistance [2]. In a coherenflip efficiently the dot spin resulting in a many-body singlet
conductor the AC transport is highly sensitive to the in&rn spin state with binding energy given by the Kondo energy
distribution of charges and potentials that need to be ealcukgTy. First, we find that the Korringa-Shiba (KS) relation
lated in a self-consistently manner to ensure a gauge aviari [2€], valid only in the Fermi-liquid regime, ensures the gua
and current conserving description. For a macroscopioapa tization of R, even in the Kondo regime as long as the fre-
tor the low-frequency dynamical conductance depends on twquency is low enoughfw < kpTy. However, it is pointed
elements: the geometrical capacitaii¢ceand the resistance out that the relation of’, with the localized DOS should be
R. Classically, the electric field on the surface of the metall revised when the charge dynamics is frozen due to Kondo cor-
plates is completely screened arids characterized solely via
Coulomb forces. However, Bittiket al. pointed out that for
a coherent nanoscale system that rule statement is notrlong
valid, since electric fields penetrate at distances of tideror
of the Thomas-Fermi screening length [3) 4, 12, 13]. Con-
sequently, the capacitance for a coherent conductor, terme
aselectrochemical capacitancdepends on the geometry, on
its physical properties and particularly on its densitytates
(DOS) through the quantum capacitarf¢e Even more sur-
prisingly, the resistance becomes quantized independeftl
the value of the transmission through the mesoscopic corfIG. 1: (color online) (LEFT) lllustration of a quantum cajtar
ductor [14-17]. To distinguish it from the DC resistance, and (RIGHT) second-order tunneling processes that genassingle

R, is calledcharge relaxation resistancend together with ~ Particle-hole pair in the conduction band without [(a)] amith [(b)]

1 v—1 . : . aspinflip in the dot. Filled and empty arrows in the contadidates
Cu=(C""+ Oq )7" defines the RC time for a QC, thatis, particles and holes, respectively. Here we assikpe> 0.

(2) (b)
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relations. More importantly, the AC resistangg(w) displays Y2 @) ‘ %0 0.2(b)

peaks atiw ~ +I'*, not present in a mean-field description E /\ /\ e 01 Relxcl

for the Coulomb interaction. Heil& is the renormalized level = R et "4101 i o

broadening of the major tunneling dot level aint = kT & S :g; o4 L]

in the Kondo regime. Third, a departure from the universal O T 30 _12"_‘1 o8 . SOvon

value for R,(w = 0) is achieved when an applied Zeeman oo 007 e T T

field Az is comparable td™. The enhancement i, at zero oA T ©: Fola' ) -

and finite frequencies is attributed to the creation of pheti 3 P \\j Zod

hole (p-h) excitations accompanying a spin-flip in the dot due g - N 504

to the strong Coulomb interaction, see . 1(b). Y S - E'O'Zedz—o.l v
Model.— The essential features of a mesoscopic RC cir- - : -

cuit in the presence of correlations can be well captureden t 1078 Tf @) . zof)_ ) T

Anderson model where an interacting single-level QD is cou- 3 i S

pled to a single-channel electron reservoir subject to skwea £ 34

time-dependent voltag€(¢) = V,. coswt. The Hamiltonian 103 €=-0.3 : o 9

of this system isH = H; + Hp + Hr. The lead part, “2x10% 0 20" -10-10%107 110710 10°

Hi = D plex + eV(t)]CleCkw describes the noninteract-

ing conduction electrons with energy (measured with re- FIG. 2: (color online) (a) Zero-frequency limits &, andC,, versus
spect to the Fermi energy- = 0) and spirny in the reservoir, ~ €a- (b) Typical spectral structure of the real and imaginanryspaf the
and the tunneling of electrons between the reservoir and thigharge susceptibilit.. (c,d) Enlarged views dfin[.] nearw = 0
dot is modeled byHr — Zk# [tdeck# n (h.c.)] in terms for two values ofe;. The dashed (blue) and dotted (green) lines are

. . . tangent lines at infinitesimally small and at points (indicated by
of energy—l_ndgpendent tunneling matrix eIemem, =t arrow) where the slope is maximal, respectively. (&R§w) in the
The hybridization between the dot and the lead is charactefpgarithmic scale. Herg = 0.04, andEc = 0.5.
ized by a tunneling amplitudE = wpg|t|? (po is the con-
tact DOS at the Fermi energy). The dot Hamiltonian reads
Hp =, len + eV ()] ny+2Ecnyny, wheren, = df,d,is  While the imaginary part of the susceptibility is obtained b
the dot occupation operator aii; = ¢2/2C is the Coulomb  the NRG procedure its real part is calculated via the Kramers
charging energy. The orbital level = e; — uAz/2is spin-  Kronig relation. Note that the NRG results for the finite-
dependent due to a Zeeman enefgyy. The time-dependent frequency linear response in the Kondo regime are known to
voltageV/ (¢) induces the polarization chargd%; (t) between be reliable as long as the perturbation is weak enough [30].
the dot and the gate, which in turn leads to the time-dependefVe focus on the zero-temperature case and use the contact
potentialU (t) = |e|Ny(t)/C inside the dot. Consequently, bandwidthD as the energy unit. We skt = 1 hereafter.

the applied voltage not only generates a curiény between No Zeeman splittingA; = 0.— Figure[2(a) shows our
the lead and the dot, but also induces a dot-gate displacenain results forR, and C, for the spin-degenerate case.
ment currentl;(¢t) = e(dNy/dt) = —C(dU/dt). Charge First, the zero-frequency limit of the relaxation resisn

conservation requires(t) + I4(t) = 0. Assuming that the R, (w — 0) is always close to the universal vallig4e?, re-
gate-invariant perturbatioWi (¢) — U (t) is sufficiently small,  gardless of values ef; and E¢. This value can be interpreted
the linear response theory leads to the relatidy) = as the composite resistance of two parallel resistors ad-res
g(w)(V(w) — U(w)), whereg(t) = (ie/h) ([Z(t),N])O(t)  tanceh/2e?, the well-known universal resistance per channel
is the equilibrium correlation function between the occupa [3-5,/120]. The NRG results show the quantization of charge

tion operatorN' = ZH n, and the current operat@ = relaxation even in the Kondo regime where many-body corre-
e(dN /dt). Note that the current-density correlation function lations are effective. The observed small deviations froen t
g(w) is directly related to the charge susceptibility(t) =  exact value/4e2, persisting even in the noninteracting case,

—i ([N (¢), N]) ©(t), which is preferable for numerical com- are attributed to the finiteness of the contact bandwidth
putation, via the relatiop(w) = iw(e?/h)x.(w). Then, with  which introduces a frequency-dependent real part into te d
the help of[(w) = —Ij(w) = —iwCU(w), the dot-lead self energy Re[X(w)] = —(T'/27) In |(D — hw) /(D + hw).
impedanceZ (w) = V(w)/I(w), which is experimentally ac- Its presence slightly violates the Fermi-liquid assumpio
cessible, is given by (w) = 1/(—iwC) + 1/g(w). There-  and, consequently, the KS relation is not exactly fulfilled s
laxation resistance and the quantum capacitance are then gkat the universal value is not recovered: Sifeg>:(w)] in-
pressed in terms of the charge susceptibility as creases withu in magnitude, the deviations are larger as the

Ry(w) 1 2/h 1 resonant level becomes far fratp = 0. The universal value

4 5 =Re { : } =Im [ - } (1) can be restored by setting all the relevant energy scales to b

hfe 2miwxe(w) ] Co(w) 2mixe(w) much smaller tha) [31]. Second, the quantum capacitance,
The numerical normalization group (NRG) [27, 28] treats theC, exhibits two remarkable consideratior(®: at the degen-
Coulomb interaction in a nonperturbative way being the moserate pointse; ~ ep andeqg + 2E¢c ~ ep, C,; shows two
adequate method for computing the charge susceptibily [2 pronounced peaks [see FIg. 2(a)], which is consistent with




the known understanding thét, is proportional to the dot zo @ N ?; o

DOS paot(er) [3,14,112], and(ii) C, remains quite small in Sl ' o 18 ) :;12

the Kondo regime although the DOS at the Kondo resonant = | | } EAETERET e

level pinned at the Fermi level achieves its maximum value. “—915 o1/ 4 \\-;_0-1

It implies that the Kondo resonant level, even though it can -’; N

open a tunneling channel, is not a real level which can hold 0" 10~ 107 }0~ 107 107

real charges and cannot contribute to the capacitance.eklenc o Ra(@ /el 17

in the presence of many-body correlatiarigis not, always, 107 ~ 0.7

directly related to the DOS. o by @ 5’%5\3;\'0_
The frequency dependence®f(w) andC, (w) is analyzed 5, Ligg /021 RN

in Fig.[d where the the behavior of the real and imaginary part 10+ Coz T o o

of the charge susceptibility.(w) is shown, see Fi@l2(b) for R RS IR s (R 0.3 =0

eq = —0.3. The imaginary part of.(w) reflects the cou- ® 10° OV

pling between the ground state amd excitations due to the
dot-lead hybridization. Since the spectral density of ipldt ~ FIG. 3: (color online) (a,b}?,(w = 0) andCy(w = 0) versusAz
p-h excitations increases with energ¥m[x.|| would grow for annotated values Qfd. with Ec = 0.2.. The enlarged view of
monotonically wilhl|. Honever, a i) puts an upper 1 ) e 2 S e st 0 it oo
!imit o the energy fop-h excita_tions [l .Z O(D)] resulting regime €. = —0.1). (d) R, (Zw =0) ve?susAZ for different values
in the observed nonmonotonic behavior fat[y.]. More-  t'm as annotated. Hefe = 0.02 is used.
over, Im[x.| has two kinks alw| = min(|eq], |eq + 2Ec])
since beyond this frequengyh excitations accompanied with
a charge excitation contributestm[y.] as well. Aninterest- R, (w = 0)|max ~ 100x h/4e? for e, = —0.15. Furthermore,
ing structure appears ihn[x.] nearw = 0, see Figs[12(c) the peak is exactly located &, = T'*(Tk) for the fluc-
and (d) for two dot level positions; = —0.1 (correspond- tuating valence (Kondo) regime. The peak height increases
ing to the fluctuating valence regime) and= —0.3 (Kondo  as the the effective hybridization decreases so it is thk-hig
regime). Close tav = 0, Im[x.] depends linearly withs,  est in the Kondo regime. In the meanwhi&,(w — 0) re-
mainly due to singlep-h excitations [see tangent (dashed) mains rather constant, except at the resonant tunnelinmeeg
lines in Figs[2(c) and (d)]. Howevelm[x.| departs from (e; ~ 0) where it displays a small peak, see Hiy. 3(b). The
linearity whenw becomes of the order of the effective hy- evolution of the spectral distribution &f, (w) with A is dis-
bridizationI'* (= Tx in the Kondo regime). The renormal- played in Fig[B(c) forr; = —0.3 (Kondo regime). AsAz
ized hybridization™ (T'x) is extracted from the width of the increases, the low-frequency part®f(w) for |hw| < kpTx
resonance close to(af} in pao¢. Besides, we found that the keeps going up unti; reaches:zTk; the side peaks are
slope ofIm|[x.(w)]/w is the largest atiw = T'*, while the  merged into the central peak. With increasiag further,
change inRe[x.(w)| is marginal. As a consequendg,(w)  the central peak diminishes gradually and, eventuallygtiogy
(see Eq.[{(l)) exhibits two side peakstat = +I'* as shown  with the side peaks located b = +kpTx, disappear com-
in Figs.[2(e) and (f). Notice that in the Kondo regig(w)  pletely. We have observed a similar transition/df(w) with
becomes much larger in order of magnitude than the univerA ; in the resonant tunneling regime (= —0.05,0) ex-
sal value, see Fid]2(f). Remarkably, such peak structure igept that the variation of the central part is smaller. Fypal
R,(w) is absent in the noninteracting case. For a noninteractrig. [3(d) compares the zero-frequency valueszgffor dif-
ing system, the analytical expression®f(w) in the wide-  ferent values of the Coulomb interaction in the resonant tun
band limit is given by [[32]R:™(w) = (h/e?){[G(w) +  neling regime. In the noninteracting case, there is no peak a
(hw/T)F(w)]/[G(w)? + F(w)?]} with G(w) = In{[(eg +  all, with R,(w — 0) equal toh/4e2. However, as soon as the
hw)? 4+ T?[(ea — hw)? + I'?]/[e2 + %} and F(w) =  charging energ@Ec becomes comparable f5 ~ T, a peak
2{tan"'[['/(eq — hw)] — tan™'[['/(eq + hw)]}. RE°"(w)  starts to rise up and manifests itself @ > T. It implies
increases monotonically with increasing|, and the only that the existence of the peak structure observed inFig. 3(d
characteristic energy scale ég. Hence, the peaks seen in definitely has its origin in the Coulomb interaction.
Figs.[2(e) and (f) are a genuine many-body effect. In sum- Discussion.— Now we have two questions to be an-
mary many-body correlations, apparently having no impactwered: (1) How can Coulomb interaction increase the re-
on the zero-frequency value do affée}(w) at finite frequen-  laxation resistance far beyond the universal vahyee? and
cies, by forming a pronounced peakiat = I'*(Tx). The  (2) Why does it take place noticeably A = +I'*(Tx)
explanation for these observations will be given later. in the fluctuating valence (Kondo) regime fory; = 0 or at
Finite Zeeman splittingAz # 0.— The spin-split case #w = 0 for Ay = I'*(Tx)? The charge relaxation resistance
(Az > 0) in the presence of external magnetic fields is il-is attributed top-h pair generation in the conduction band as
lustrated in FiglB. Interestingly?,(w — 0) versusAz ex-  shown in Fig[l. Such processes are put in action when the
hibits a peak structure reaching values much larger than thaot-lead tunneling is switched on. The tunneling in turn hy-
guantized resistance in the spin-degenerate case: fopdgam bridizes dot and conduction band electrons, resultingws lo



ering of the ground state by the effective binding enefdgy level cannot contribute to the charging of real charges.
(T'x in the Kondo regime). It means that theh generation
starts when the energy supplied by the source is larger th
I'*. This argument explains the observed pealRjj{w) at
hw = =£I'* in the absence of the Zeeman splitting. In the
presence of finite but small Zeeman splitting, the energy co
can be compensated by the Zeeman splitting. FHtepair
excitation states shown in Figl 1(b) are now loweredyy,
and whenA z ~ I'* they become almost degenerate with the

ground state, allowing-/ pairi g.enera'Fion with negligible en- Iaqrge due to a completely frozen charge dynamics in the pres-
ergy cost. Hencef?,(w) exhibits a single peak dto = 0 o060 of Kondo correlations. Finally, we find th&t(w) is

yvherr:_AhZ h: . Th'j’ argument works soIeIIy vvlhe'hzl 5 Fd C$oui|t by dot-lead tunneling events connecting excitations
In which the ground state is not yet completely polarized anqy, ¢ reseryoirs with spin-flip processes in the dot . This in

th?re exists a finite coupling among spm-dpwn dot sFate_s anférpretation explains our results f&; (A; = 0,w) showing
spin-up dot states accompanying witp-& pair generation in peaks atiw — +T* (T ) and for R(Ay — T*(Tx),w) ex-
the reservoirs, see F{g. 1. The importance of the spin flipen t hibitin _
; . i . g a peak atiw = 0.
boosting of the relaxation resistance also explains W)
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