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Measuring the out-of-equilibrium splitting of the Kondo resonance
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An experiment is proposed to measure the out-of-equilibrium splitting of the Kondo resonance in an
ultrasmall quantum dot, by adding a third, weakly coupled lead to the standard two-lead quantum-dot system,
and sweeping the chemical potential of that lead. Fixing the voltage bias between the source and drain leads,
we show that the differential conductance for the current through the third lead traces the out-of-equilibrium
dot density of state€DOS) for the two-lead system. This enables one to measure the dot DOS in the presence
of an applied voltage bias. We show that this method is robust, and extends also to the case where the coupling
to the third lead is no longer weak.
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The understanding of strong electronic correlations farage bias. Furthermore, we find that the splitting of the Kondo
from thermal equilibrium is one of the challenging problemsresonance can be observed also at temperatures above the
in contemporary mesoscopic physics. A primary example iKondo temperature, and that the same qualitative features are
the out-of-equilibrium Kondo effect, recently measured inobtained when the coupling to the third lead is no longer
ultrasmall quantum dots:* In the Kondo effect, an impurity Weak. Contrary to a previous proposal to probe the splitting
moment undergoes a many-body screening by the condu®f the Kondo resonance using two capacitively coupled
tion electrons, producing a narrow low-energy resonance ifluantum dot8,our approach allows for a direct measurement
the impurity density of state€DOS) at low temperatures.  Of the nonequilibrium DOS. . _

This Kondo resonance is responsible for the well-known en- Figure 1 shows the proposed experimental setting. It con-
hancement of the low-temperature resistivity in dilute magsists of an ultrasmall quantum dot, coupled to three metallic
netic alloys, and for the enhancement of the low-temperaturteads. Each lead is kept at a separate chemical potential
conductance in tunneling through small quantum dots wit{@=1,2,3), and is coupled to the dot via a tunneling matrix
an odd number of electrons. One of the striking predictionglementt,,. The energy level on the d&;, is controlled by

for the out-of-equilibrium Kondo effect in quantum dots is applying a gate voltage. Modeling the charging energy on the
the splitting of the Kondo resonance in the dot DOS for a
finite applied bia$.

Although well-established theoretically, it remains unclear
whether one can measure the above splitting in the dot DOS.
The splitting of the Kondo resonance does not show up in the
differential conductance for the current through the dot since,
unlike in conventional noninteracting systems, the DOS it-
self is strongly voltage dependent. Photoemission, in addi-
tion to being limited in resolution, measures the “occupied”
DOS, i.e., the product of the DOS and the effective distribu-
tion function. Since the latter distribution is unknown away
from thermal equilibrium, one cannot reliably extract the un- V
derlying DOS using photoemission. A key assumption in gate
conventional tunneling measurements of the DOS is that the
weakly coupled sample and probe are each effectively in e V_
equilibrium. Clearly this assumption breaks down for the sd
quantum dot, which raises the fundamental question: Can ,
one actually measure the DOS of an interacting mesoscopiqtr';ﬁ;alll' Aa:tc hergatt'c. Sketcr; gfbth? proﬁ).ose? ?r? paratust' l'ﬁ‘n
system far from thermal equilibrium? . quantum dot s coupled by tunneling to three metaic

In thi how that th t-of ilibri ltti leads, each of which is kept at a separate chemical potential. The
n is paper we show that the out-ol-equilibrium Spiitting corresponding tunneling matrix elements are controlled by varying

of_the Kondo resonance can indeed be measured, by addlnqr?e potential barriers, while the dot energy level is adjusted by
third, weakly coupled lead to the standard two-lead quantums,,\ving a gate voltage. The dot level and the couplings are to be
dOt.SySterﬁ- Fixing the voltage bias between the source andyned such that the dot is in the Kondo regime, and the coupling to
drain leads and sweeping the chemical potential of the thirghe third lead is much weaker than the other two leads. Fixing the
lead, we show that the differential conductance for the curspurce-drain voltage bias at,— u;=eV.y and sweeping the
rent through that lead traces the out-of-equilibrium two-leacchemical potentialu; by varying Vs;, one measures the current
dot DOS, much in the same way as in conventional tunneling,(V,,) between the dot and the third lead. Up to thermal broaden-
measurements of the equilibrium DOS. In this manner, onéng and rescaling, the differential conducta@g=dl,/d V3, traces
can measure the dot DOS in the presence of an applied volthe out-of-equilibrium two-lead dot DOS.
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FIG. 2. Comparison of the out-of-equilibrium dot DOS for a
two-lead system(full lines) with the differential conductance
G3(u3) in the proposed three-lead settitempty circles. All cal-
culations were performed using the NCA. Hefg=I",=D/30
(symmetric coupling E4/D=-0.278,'3/T';=0.01,T=Tg, and
Go=4e’T'4(I';+T,)/DAT. The two-lead dot DOS is scaled by the fixed as to maintain the same Kondo temperatkgfx /D=2.5
bandwidthD. The source-drain voltage bigg,— u,=€Vyy, takes X 107% The remaining parameters afg/D=—0.278, I'3/(I'y
the valuese Vqy/kg T =0, 10, 25, 50, and 100, as indicated by the +1'5)=0.005, T=Ty, and Go=4€’I'3(I';+I',)/DAI. The ratio
attached labels. Up to thermal broadening, the scaled differentidl1/I'> takes the values 1/3, 1, and 3, according to the labels at-
conductance coincides with the out-of-equilibrium dot DOS, in ac-tached. The effect of an asymmetry Iy and I'; is to enhance
cordance with Eq(6). Inset: An extended image of the dot DOS for (reducg the peak at the chemical potential of the more strongly

a two-lead system witlf =Ty andeV,4/kgTx=50. (weakly) coupled lead. Inset: Temperature dependenc® ffs),
for eVsq/kgTx="50. Full, dashed and dotted lines correspond to

T/Tg=1, 5, and 10, respectively. The effect of a temperature is to
gmear the peak structure Gf(w3).

FIG. 3. The out-of-equilibrium two-lead dot DO@ull lines)
versus the three-lead differential conductan@g(us) (empty
circles, for a fixed source-drain voltage bias e¥,4/kgTx=50,
and different ratios of*; to I',. Here (";+1I',)/D=0.067 is kept

dot by a Hubbard on-site repulsidd, the system is de-
scribed by a generalized three-lead Anderson impurity mod

s G<U(e)=fm (dld,(1))e'“dt, (2)
H= 3 3 [(eich a)ChagCako* tal Clisy HC)] i
+Ep>, did,+Udldd]d,. (1) G&g(e)=—if0 ({d,(1),dg}e'“dt. (3)

Specifically, generalizing the expression of Meir and

"
Wingreer! from two to three leads one obtains

Herec,,, creates an electron with wave numlkeand spin
projectiono in lead «, while d:r, creates a dot electron with
spin projectiono. In the following we assume that the tun- de o
neling matrix elements and the energy level of the dot arda=FI’aJ [27f(e— po)Ag(€) — Gy (€)]v (€—m,)de,
adjusted in such a way that a stable local moment is formed ‘°°

on the dot. This corresponds to the conditbre=3_,T, “)

<—Ep,Ep+U, where I',=p,mt2 is the hybridization

width associated with lead (p, is the conduction-electron
DOS at the Fermi level of lead). We shall generally regard
I'; as much smaller tha'; and I',, though comparable
couplings will also be considered.

where Ay(€)=—(1/7)Im{Gy(e€)} is the dot spectral func-
tion (i.e., DOS; f(€) is the Fermi-Dirac distribution func-
tion; and v,(€e)=p,(€)/p, is the reduced conduction-
electron DOS in leadvr. Here we use the notation by which
the arguments op,(€) andv,(€) are measured relative to

current flowing into leadr is given by the nonequilibrium

average of the current operatof=it,(e/%)=,{cl,,d,

—H.c} (—e is the electron chargeThis average is conve-

niently expressed via the lesser and retarded Keldysh Gredretween the leads, broadened by the temperature. To the ex-

functions for the dot electrons:

which case all spin dependences drop.
The integration over energy in E¢4) contains a natural
cutoff, namely, the maximal chemical-potential difference

tent that one can neglect the energy dependence (@) on
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that scale, it is possible to elimina@; from the expression 5 T L e
for 15 using the identityl 3= 13(I"1 +T')/T = (11 +1,)T"3/T":

4ely (= 4r ‘ I 12
o= | AT+ T e )

—Iaf(e—py) —Tof(e—po)]de. ©)

Analogous expressions apply to eachl pfand|,.

Equation(5) generalizes the standard two-lead expression
for tunneling through an Anderson impurihylt retains the
familiar form of an integral of a spectral function times a 1
weighted difference of Fermi functions. A;(e) were insen-
sitive to variations in the chemical potentidls is the case

S—

3

G (L, T)/G,

for conventional noninteracting systemthen the derivative 0 ; : : ' : '
of 15 with respect to any of the.,'s would have given the -100 -50 0 50 100
thermally broadened dot DOS at,. Clearly, this is not the Ha/kg Ty

case for a quantum dot in the Kondo regime. Nevertheless,
for I'3<I'1+T', one can still fix the chemical potentials;
and u, and differentiate the curreht with respect tqug, to

FIG. 4. The three-lead differential conductanGg(u3), for
I'y=T", and different ratios of'; to I';. The source-drain voltage

X ) . i _biaseV;4/kgT is equal to zero for the three single-peak curves,
obtain the out-of-equilibrium two-lead dot DOS for a source and 50 for the three split-peak curvéd. D =0.067 is kept fixed in

drain voltage bias Otuz_'“.l:e\(s"' To see thls. we note all curves as to maintain the same Kondo temperature. Here
that, for I's<I";+1',, the |mpyr|ty Green f.unctlons only E,/D=—0.278, T=Ty, and Go=DhI'/8e?l's(I';+T,). The
weakly dep(znd on the coupling to the third lead. Hence&, e a) peak structure dB4(us) is mostly unchanged whek, /T
Aq(e) andGy (€) are insensitive to variations jaz, despite g jncreased. Right inset: The evolution ®§(us) with increasing

the strong dependence @n and u,. Fixing u; andu, and  source-drain voltage bias, foF;=I',=I'; and T=T,. Here
sweeping the bia¥;,; (see Fig. 1, the differential conduc- eV,4/kgT« equals 0, 25, 50, and 100. Left inset: The dot DOS,

tanceG;(u3) =dl3/dVs, then reduces to DAy(€), for eVyy/kgTx=50, uz/kgTx=0, and I'y=T,=T3.
There are three separate peaks in the dot DOS, one peak at the
4e2F3 % of(e) chemical potential of each of the three leads.
Ga(pz)=— AT (F1+F2)f Ag(€e+ p3) Je de.
o ©6) Figure 2 compares the the out-of-equilibrium dot DOS for

a symmetrically coupled two-lead system with the differen-

Hence, up to rescaling3;(us) is just the thermally broad- tial conductanceGs(us) in the proposed three-lead setting.
ened spectral functiody(us), which in effect is the two- Here and throughout the paper we set; {u,)/2 as our
lead dot DOS for the chemical potentigls and u,. This  reference energy, and use a semi-circular conduction-electron
means that the weakly coupled third lead acts as a converslensity of states with half-widtiD: v,(e)=1—(e/D)?
tional tunneling probe for the dot DOS, even though the doilhe impurity model parameters aig /D= —0.278 andl’;
itself is far from thermal equilibrium. =I",=D/30, corresponding to a Kondo temperature of
To test the above result, we have computed the differenkg Ty /D=2.5x10"%** The third-lead coupling,I'3/T";
tial conductances;(us) by direct numerical differentiation  =0.01, is sufficiently weak as not to affety .
of the currentl; of Eq. (4) with respect toVs;, without Up to thermal broadening, the scaled differential conduc-
resorting to Eqs(5) and (6). Focusing for convenience on tance of Fig. 2 coincides with the out-of-equilibrium two-
the limit U—o (double occupancy is forbidden on the jot lead dot DOS, in excellent agreement with E6). For zero
we evaluated the impurity Keldysh Green functions using thesource-drain voltage biasV.4=0, there is a single Kondo
noncrossing approximatiodNCA).*° The NCA is a self- peak inGs(us3), corresponding to the thermally broadened
consistent perturbation theory about the atomic limit, whichAbrikosov-Suhl resonance ify(€). [Note that the height of
is known to provide a good quantitative description of thethe resonance iAy(€) is somewhat lower than &I, indi-
temperature rang&=Ty . It has been extensively used to cating that the Kondo effect is not yet fully developeds
study dilute magnetic alloy¥,and has been successfully ap- the source-drain bias is increased, a two-peak structure
plied to the out-of-equilibrium Kondo effect for both gradually develops itG3(u3). Two well-resolved peaks are
single-channé***? and two-channel scatterefs.In the  finally observed onceeV,, exceedskgTx and kgT by an
present context it has the crucial advantage that it can berder of magnitude or more. F&Vs3>kgT,kgTk, the ef-
easily generalized to a multilead setting. As a lakgdeory,  fect of thermal broadening is quite negligible, as the widths
though, the NCA fails to recover Fermi-liquid behavior at of the two Kondo peaks are governed by the dissipative life-
low temperature&® and it overshoots the unitary limit for time induced byV.y® rather than bykgT or kgTx. The
T<Tk in the N=2, nondegenerate case. To avoid theseasymmetric Kondo line shapes, particularly for small to in-
NCA pathologies, we restrict attention hereafter to the rangéermediate values okVyy, stem from the absence of
T=Tk. particle-hole symmetry in the infinite- Anderson model.
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Figure 3 depicts the out-of-equilibrium two-lead dot DOS weak, when the reasoning leading to E&).no longer holds.
versusGs(us), for eVey/kgT=50, T=T,, and different In Fig. 4 we have plotted3(u3) for I';=I", and different
ratios of I'; to I',. The couplings [';+T',) andI'y/(I';  ratios ofI'3 to I';. HereI' is kept fixed as to maintain the
+T,) are kept fixed as to maintain the saffie. As before, SameTy. Despite the notable changes in the dot DOS,
excellent agreement is obtained betwe®g(us) and the Ca(x3) remains mostly unchanged even fog as large as
two-lead dot DOS, in accordance with ). The effect of Fl'_ Indeied, whileAy(e) acquires a three-peak structure for
an asymmetry in the couplings to the source and drain lea: 1=I';=T'5 (see Fig. 4, left insg1 G3(u5) remains closely

is h th L at the chemical potential of th lated to the two-lead dot DOS for the chemical potentials
IS 10 enhance the peax at the chemical potential ot the morg - 54 . This clearly shows the robustness of the pro-

strongly coupled lead, at the expense of the peak at thgssed method for measuring the spliting of the Kondo reso-
chemical potential of the more weakly coupled lead. As seepgnce.

in Fig. 3, the effect is quite dramatic. Only a shallow peak is

: : A.S. is indebt to D. Goldhaber-Gordon, for inspiring
left at the chemical potential of the more weakly coupled . n”
lead when the ratio between the two couplings is three. Accommentédurmg the NATO Workshop on “Size-Dependent

. . . Magnetic Scattering,” Res 2000. Discussions with O. Agam
cordingly, the dot DOS increasingly resembles that for soleandg V. Zevin are gratefully acknowledged. This workgwas

coupling to just a single lead. The inequivalent line Shapeéupported in part by the Centers of Excellence Program of
for I'; /T',=3 andI',/I'; =3 are again the result of the ab- the |srael science foundation, founded by The Israel Acad-
sence of particle-hole symmetry in our model. emy of Science and Humanities.

The effect of a temperature is to smear the peak structure Note added After completion of this manuscript, we
of G3(us), as seen in the inset of Fig. 3. This smearinglearned of a similar proposal by Sun and Gum measure
stems both from the thermally broadened Kondo peaks in theéhe out-of-equilibrium dot DOS using a multilead setting.
dot DOS, and from the convolution with the derivative of the Wwhile the basic idea and conclusions are the same, there are
Fermi-Dirac function in Eq(6). The two-peak structure of two main points that distinguish our work from that of Sun
the Kondo resonance remains visible, though, upkgd  and Guo:(i) Sun and Guo utilize the equations-of-motion
about an order of magnitude smaller thelti4 (see also Fig. approach, which, unlike the NCA, is only qualitatively cor-
2). For large source-drain bias, as in Fig. 3, the two-pealect. (i) We show in Fig. 4 that weak coupling to the third
structure thus extends up to temperatures well aliqve lead is not a prerequisite for measuring the out-of-

Thus far our discussion has been restricted to weak cotequilibrium splitting of the Kondo resonance. Rather, the
pling between the dot and third lead. One may ask how doesvo-peak structure persists @5(u3) even when the cou-
the qualitative picture change once this coupling is no longepling to the third lead is no longer weak.
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