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Kondo time scales for quantum dots: Response to pulsed bias potentials
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The response of a quantum dot in the Kondo regime to rectangular pulsed bias potentials of various strengths
and durations is studied theoretically. It is found that the rise time is faster than the fall time, and also faster
than time scales normally associated with the Kondo problem. For larger values of the pulsed bias, one can
induce dramatic oscillations in the induced current with a frequency approximating the splitting between the
Kondo peaks that would be present in steady state. The effect persists in the total charge transported per pulse,
which should facilitate the experimental observation of the phenomenon.

The theoretical predictiohsof consequences of the lomb charging energy prevents the level from being dou-
Kondo effect for the steady state conduction through quanbly occupied. We apply a time-dependent potential across
tum dots began a decade ago. At low temperatures, a narroie leadsv (t)=v, for 0<t<r7 and zero otherwise, so that
resonance in the dot density of states can form at the Ferntile energyE, of an electron in a lead is time dependent.
level, leading to a large enhancement of the dot's conducHerek represents all lead quantum numbers other than spin,
tance, which is strongly dependent on temperature, bias, arlficluding the labels, left and right, specifying the lead in
magnetic field. Many of these effects have been recently obquestion. Then we havg,=E,(t)= e+ ev(t), the sign
served by a set of experiments by several gréufpbese depending on which leal refers to, wheree, is the band
successes, supplemented by the anticipation that time depeRergy. The system may be described by the following
dent experimentsare not far behind, have spurred a number
of theoretical grougsto consider the effects expected when
sinusoidal biases or gate potentials are applied. Surprisingly,
the application of steps or pulses, which can provide a less
ambiguous measure of time scales, have not been considerec
until very recently’ the latter work considered the time de- .
pendent change in linear response conductance when aS
stepped potential was applied to a gate, thereby shifting the 2
dot into the Kondo regime. In the present work we consider _o
the response of a dot already in the Kondo regime to a sud-
den change of the bias potential across the dot. We show that<
the physics is qualitatively different from the latter case,
leading to a different range of characteristic times and physi-
cal phenomena.

While Ref. 5 studied the time scale for the system to go
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from one equilibrium configuration to another, we study here 400 600

the time scale to go from an equilibrium configuration to a
nonequilibrium one; and then back to equilibrium again. We
find that these latter two times scales are very different from ) _ )
each other, the first being much shorter—and also much, F'G- 1. The instantaneous curreqt, 7) induced by a bias pulse
shorter than the time scale of Ref. 5. Furthermore, if onedf N€ight eve=0.01 beginning at=0 and ending at=r=600

applies a rectangular bias pulse large enough to split thgeavy solid line. Tlr_nehportlupnl_fort>r ;13 trat:nsla}ted back to tfhﬁ
Kondo resonance, then there appear current oscill&titnes origin and invertedlight solid line) so that the rise time and fa

. " time can be easily compared. The area between these curves repre-
frequency characterizing the splitting between the Kondq y P P

I .. sents the excess charge forced through the dot above what would
peaks_. We show that these current oscillations cause osc!llzﬂbw [G(vo)7] if the response to, were instantaneous. The value
tions in the charge transported through the dot as a functiops , 'is small, and these curves represent the very beginning of the
of pulse length, thus providing a clear experimental signangnjinear response regime. Ag increases further, the rise time
ture. The damping of the oscillations provides an additionahecomes shortef 1/v,], while the fall time remains long. The
time scale which also can be measured directly. dashed line represents the extent to which the Kondo state would be
We model the quantum dot by a single spin degeneratgrmed (at zero biasif the Kondo coupling were to be suddenly
level of energyeyo; coupled to leads through tunnel barriers, turned on at=0 (see text Inset: Schematic of the quantum dot

as illustrated schematically in the inset to Fig. 1. The Couduring a pulse.
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Anderson Hamiltonian: 12

> edom+k2 [E(ON,+ (Vich,cotH.e)l, (1) 1.0

o

with the constraint that the occupation of the dot cannot ex-
ceed one electron. Hexd, creates an electron of spin in _
the quantum dot, witm, the corresponding number opera- % 0.6
tor; ¢/ . creates an electron in the leads. <

The general features of the static equilibrium spectral den-
sity when the dot levet is sufficiently below the Fermi level
(taken at zero hejeare well known. There is a broad reso-
nance of half-width~T 4,  at an energy~ ey, plus a
sharp temperature sensitive resonance at the Fermi (el
Kondo peal, characterized by the low energy scdlg (the
Kondo temperatude Tx=D"'exp(— eyl /I 400, WhereD’ £ €
is a high energy cutoft. Throughout this work, energies and
temperatures are given in units Bf,;, and times in units of
1T 4o, With = 1. Specifically, the calculations in this paper
were made withey= — 2, which leads to a Kondo tempera-
ture Tx~0.0025. We present results only for a dot with left-
right symmetry.

The current into the dot depends on the titrend para-
metrically on the pulse length, and is given by

'0.05 0.00 0.05

FIG. 2. Steady state spectral densities for different values of the
bias. The left panel shows the whole spectral function for the bias
equal to thevy of Fig. 1, with the Kondo region expanded in the
inset; the equilibrium spectral function is also shown. The three
right panels show just the Kondo region for increasing biases. The
heavy curves represent the total spectral density, while the light
curves represent the occupied portion. The oscillations that we find
in the next two figures presumably represent transitions from the
lower Kondo peak in the occupied spectra to the upper peak in the

. t unoccupied spectr@e., the difference between the pairs of cujves
in(t,7)= IekE,, VidCio (DG (1) FC.C. @ Note thra)lt thepvertical scale factors for all four pan%dst, not the
inse) are identical. T=0.0015 everywhere.

It may be divided into contributionbeq(t,7) and | ign(t,7)
by respectively restricting thie summations to the appropri- turned off occurs essentially instantaneously on the scale of
ate lead. The transport current is theft, 7) =3[l eq(t,7) the graph. This fast response occurs on the time sgale
—lign(t,7)]. We calculate the Keldysh propagators corre-=1/T 4. This represents the part of the conductance arising
sponding to the angular-bracketed expectation values in Edrom the fact that the dot level has finite width which over-
(2) for each lead, and hence obtdift,7). A more experi- laps the Fermi level, and would be present even in the ab-
mentally accessible quantity, the total charge transportedsence of the Kondo peak.
Q(7)=[sdtI(t,7) is also calculated. Our calculations use The Kondo derived features from switched pulses can be
the noncrossing approximatidhlCA), which is reliable for  partially understood by reference to theady statespectral
temperatures down t9<Ty.° Its time-dependent formula- densities for a dot with a fixed bias equalitg. Onceev,
tion has been developed elsewh&&he finite bias on the >max(T,T), the Kondo peak becomes split, with a peak
leads is taken into account by introducing a time-dependergeparation associated with the potentiafv, of each re-
phase inV, in Eq. (1). spective lead, as discussed by Wingreen and M&uch

In Fig. 1, we show the response to a long, weak biaspectral densities for increasing valugs are illustrated in
pulse, which illustrates some features that will persist for stillFig. 2. This splitting should provide a sharp excitation fre-
stronger pulses. The most important feature is that the risguencyw~ev for the dot, with an electron being excited
time of the current is shorter than the decay time, leading térom the lower peak at energy 3v, to the upper peak at
a greater charge transport than would have occurred if the- v,. We should therefore expect current oscillations of
response at each end of the pulse had been instantaneousthis frequency to be induced by the rapid turn on of the

Another comparison can also be made: how does this timeoltage pulse. For largery’s than in Fig. 1, the frequenay
scale for turning on the current compare with how long itprovides a fast characteristic rise time= /2w, and we
takes to form the Kondo state itself? The latter was obtainethay expect that the rise time depicted in Fig. 1, is a precur-
in Ref. 5, by calculating the turn-on of the linear responsesor to this effect. Figure 3, showing the results for a much
current when the parameteg,, was suddenly switched into larger vy, not only confirms this interpretation, but shows
the Kondo regime. This is illustrated by the dashed curve ithow dramatic the current oscillations can be. In what fol-
Fig. 1, which is the calculation of Ref. 5 for the presentlows, we refer to them asplit Kondo peak (SKP) oscilla-
parameters, with the abscissa scaled to make the curves diens

incide at saturatioflarge ~ and larget, with t<<7). It is clear How can one experimentally distinguish SKP oscillations
that the formation time for the Kondo state is significantly from those reportéd for the resonant level modely(=0),
longer. which occur as each lead adjusts to its new chemical poten-

A closer look at Fig. 1 reveals that approximately a thirdtial (NCP)? Our calculations show that, unlike the SKP os-
of the initial rise(in both curvegwhen the bias is turned on cillations which occur robustly at a frequeneyev,, the
(and the same fraction of the initial fall when the bias iSNCP oscillations are sensitive to the details of the exciting
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FIG. 3. The instantaneous currelft,7) induced by a strong 0 1 2 3 4 5

pulse(an order of magnitude larger than the width of the zero bias
Kondo peak for several pulse lengths The units of bothr andt

are both 2r/evy, which is almost precisely the “period” of the
induced oscillationgalthough we see the frequency slightly de- of the total charge® transported during and after a pulsensThe

crease Ifrc;rnw:eu9 as tlhe Iblas Ls Iov:c/e:]eddt_o‘"""‘_r‘ﬁo'f Nr?te_ the  \irves go to the zero bias conductai@®) at r=0, and each go
reversal, for certain puise lengths, of the direction of the Instanta, ,o respective values of the finite bias conducta@¢e,) for
neous current after the end of the pulse. large 7

T [2n/evy]

FIG. 4. 1b, times the derivative with respect to pulse length

pulse. First, with the resonant level at the Fermi level to o o

simulate a Kondo peak, the NCP oscillation frequency isoha;e space restrlctlon from the Pauli pnnmplg in the leads
equal toev, only in the special case that a pulse of magni-for incoherent spin processes is eased. For biasgs T,

tude |ev,| is applied to a single lead, with the other held atthis gives a rate enhancement factor-eévy/T relative .to

the original Fermi level. For equal amplitude pulses ofthezero bias case. For T, one should replac@by T in
+ev,/2 to the respective leads, the oscillation frequency isthe above argument; in this case the width of the Kondo
on the other handev,/2. In a more general case of asym- PeaKs) would be proportional toev, for eve>T, but
metrically applied pulses there ateo oscillation frequen- Would saturate at-Ty for evo<Ty . Translating this into
cies, one associated with the new chemical potential of eact® damping timet; of the oscillations, gives,=1/v, at
lead. If in addition, the resonant level is not at the originall2’ge biases, but with a saturatian~1/Tx when evg
Fermi level, the oscillations are even more complicated, with< Tk - The expected saturation as the split Kondo peaks
multiple frequency components. merge removes the oscillations fev ,<Ty (cf. Fig. 1).

The NCP oscillations are damped on the time scale Figure 3 also shows the falloff in current after the voltage
~1/T 4or. When this becomes shorter than the oscillation pepulse has been turned off. After an initial drop due to the fast
riod, the oscillations become overcritically damped and dd'0n-Kondo time scaleto=1/q, the current falls very
not appear. We find that they only occur fesy/T'y,=1, Slowly. Its decay does not follow single time scale, but it is
and not for the much smaller values of this ratio used in theslear that the total time required for the decay is very long.
large U examples shown in this paper. SKP oscillations, onWhile the initial falloff aftert, is bias dependent and relates
the other hand, occur only whew /T 4,<1, and hence not 10 the timet,, the long tail has a characteristic ting
simultaneously with NCP oscillations. This explains the ro-~1/Tk, the longest time in the problem. This is to be ex-
bustness of the oscillations in the Kondo regime. pected: the system is trying to regain an equilibrium where

SKP oscillations can probably be excited by other typeghe Kondo peak is no longer split or broadened.
of applied waveforms, and a parametrically driven form of Although we only show the results for one temperature,
them is probably responsible for the resonances reported bly=0.0015- Ty, we have made calculations for a number of
Schiller and Hershfield. However, we suspect that the well- higher and lower temperatures. The results are not very sen-
defined robust frequency for them provided by a squarditive to temperature wheli<Ty . At higher temperatures,
pulse, plus the lack of one for NCP oscillations, may providethe oscillation amplitude decreases, and each time,, or
the key for unambiguous experimental identification. t3 shortens whefT gets large enough to equal the reciprocal

Figure 3 shows an additional feature—the damping of thedf the time in question T~1#;). The falloff time t; and
SKP current oscillations. This damping presumably arise@scillation decay timet, are the first ones affected. At
from the fact that the split Kondo peaks in the spectral den-~€v, the rise timet; also shortens. However, the nonlinear
sity have widths, giving rise to dephasing. These widths areffects persist to temperatures much higher tharpresum-
substantially greater than the width of the Kondo peak inably because of the logarithmic nature of the Kondo peak.
equilibrium, as the application of a bias begins to weaken the How can these effects be seen experimentally? We sug-
Kondo effect. The reason for this has been pin-pointed bygest that the quantit@(7) (the charge transported through
Wingreen and Meit,in a model perturbation theoretic cal- the dot by a single pulse of lengtt) will contain sufficient
culation whose essential feature is that the particle-holenemory of the charge already transported at the timdaen
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the bias is turned off, to directly reflect the current oscilla-the leads. We find that the rise time of the instantaneous
tions and their dampindgQ(7) is proportional to the average current is related to the period of current oscillations that are
current transported by a series of successive pulses, providéét up. These oscillations have a frequency corresponding to
that the time between pulsessigt;; it thus corresponds to an the energy difference between the split Kondo peaks. The
easily measured quantity. To restore the features to thgampin_g rate of these oscillations is related to the widths of
prominence which was there before the time integration, it ighe split Kondo peaks. The falloff of the current when the

suggested thadQ(7)/dr be measured. In Fig. 4 we display pulse is turned off can take much longer than the rise, with a
our predictedd Q()/d plotted vsr for a number of values @il of length approaching Tk . These effects may be stud-
of bias amplitudev,. The information about the frequency ied experimentally t_)y measuring the total charge transported
and damping of the oscillations, and hence of the time scale@rough the dot during and after a voltage pulse.
t, andt, is preserved. Similar oscillatory structure for fixed  This work was supported in part by NSF Grant Nos.
7 occurs in plots ofdQ/dvg VS vg. DMR 97-08499(Rutger$ and DMR 95-21444Rice), DOE

In conclusion, we have studied the response of a quantur@rant No. DE-FG02-99ER4597@Rutgers, and the Robert
dot in the Kondo regime to a large pulsed bias voltage acrosa. Welch Foundatior(Rice).
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