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Kondo resonance in a multiprobe quantum dot
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~Received 21 May 2001; revised manuscript received 18 June 2001; published 28 September 2001!

We present a theoretical analysis of a possible route for directly detecting Kondo resonances in local density
of states~LDOS! of an interacting quantum dot. By very weakly coupling a third and/or a fourth lead to a
two-probe quantum dot and measuring differential conductance through these extra links, we show that Kondo
peaks directly map onto the differential conductance measured from the third link. We analyze the conditions
by which this detection of Kondo peaks in LDOS is possible.

DOI: 10.1103/PhysRevB.64.153306 PACS number~s!: 73.40.Gk, 72.15.Qm, 73.20.At
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The Kondo effect is a prototypical many-body correlati
effect in condensed matter involving the interaction betwe
a localized spin and free electrons. Recently it was obser
in semiconductor quantum dots~QD’s!,1–3 which has gener-
ated a great deal of theoretical and experimental inter
Experimental investigations of Kondo phenomenon in se
conductor QD’s were mainly through two observations.1–3

First, for cases of QD’s confining an odd number of ele
trons, the differential conductancedI/dV is measured as a
function of a gate voltageVg . It was found thatdI/dV in the
Coulomb blockade region is enhanced1,2 due to the Kondo
effect. Second, there is a peak at biasV50 in the dI/dV
versusV curve, and this peak splits into two when there is
magnetic field.1 Although dI/dV gives a measure of loca
density of states~LDOS! of the QD’s in linear response, t
the best of our knowledge the comprehensive shape of
LDOS of the QD’s in the Kondo regime, namely the one~or
a few! narrow Kondo peak on top of the ‘‘shoulder’’ of th
broad peak corresponding to an intradot level, has so far
been directly detected in any experiment.

The outstanding features of the QD Kondo phenome
are more prominent in LDOS than in the tunneling currenI
and its associated differential conductancedI/dV. For ex-
ample, for a QD coupled to a normal lead and a superc
ducting lead~a NQDS device!, three Kondo peaks arise i
LDOS at the chemical potential of the normal lead and at
superconducting gap (6D), respectively. On the other hand
the tunneling current hardly varies at all despite the prese
of these Kondo peaks in LDOS.4 As another example, in an
asymmetric NQDS device under a finite on-site Coulo
interaction and a large superconducting gap, four Kon
peaks emerge in LDOS.5 However, while the current is en
hanced due to these features, it does not show clear ch
teristics of the narrow Kondo resonances. Therefore it is
tremely useful to be able to directly detect the narrow Kon
resonance in the LDOS.

Given the importance of the physics of Kondo pheno
enon in mesoscopic systems and the extensive investiga
in both theory and experiments, it is indeed surprising to
the lack of direct observation of the Kondo resonance pe
in LDOS.6 It is the purpose of this short paper to presen
theoretical analysis of a possible route for solving this pr
lem. We will investigate a different approach by which o
or two extra leads are used to probe a typical two-term
QD device. When conditions are controlled correctly,
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show that the LDOS~including the narrow Kondo peaks!
will directly map onto the current measured at the extra le
thereby providing a direct measurement of the narrow Kon
peaks elusive so far.

To begin, let us consider the hypothetical device cons
ing of a QD coupled tofour leads fabricated by a split gat
technique, as shown in the inset of Fig. 2, in a tw
dimensional electron gas~2DEG!. Here, leads 1 and 3 plu
the QD form a typical two-probe QD device for which w
assume to have a Kondo regime at low temperature, so
there are some Kondo resonances in the LDOS which is
target of measurement. Leads 2 and 4 are assumed to
weakly couple with the QD, much weaker than that of lea
1 and 3. Our hope is to probe the QD Kondo physics throu
lead 2. The purpose of the bias on lead 4,V4, is to provide a
voltage opposite in sign to that ofV2, so as to compensat
the intradot energy altered by biasV2. It has recently been
demonstrated experimentally by Simmelet al.3 that it is pos-
sible to fabricate a QD that is coupled rather asymmetrica
to the two leads. Such an asymmetric NQDN device show3

a pinning effect of the Kondo resonance at the Fermi leve
that lead which couples stronger to the QD. While it is mo
difficult to experimentally fabricate the proposed multipro
QD device, our analysis demonstrates this possibility. O
results suggest that when conditions are right, the differen
conductancedI2 /dV2 versus its terminal biasV2 gives an
excellent measurement to the LDOS as a function of ene
e, thereby allowing us to observe the Kondo peaks direc
In addition, the Kondo peak splitting due to a nonequilibriu
condition can also be detected using the multiprobe syst
We note that the Kondo peak splitting at the nonequilibriu
case cannot be observed in a two-terminal device even if
two terminals couple asymmetrically3 to the QD.

So far there are some attempts in measuring the Ko
resonance in LDOS.6–8 They use a scanning tunneling m
croscope~STM! to obtain spectroscopic data on individu
magnetic impurities deposited onto the host metal. Howe
there exists electron transitions between the host me
which provides conduction or free electrons, and the prob
STM tip.8,9 Since such transitions cannot be avoided, o
Fano-like resonances were obtained, instead of the expe
Lorentzian shape of the Kondo peaks. In contrast, in
device, there does not exist direct tunneling between
probe terminal lead 2 and the conduction electron chan
©2001 The American Physical Society06-1
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leads 1 and 3. This important difference allows us to obse
the original shape of LDOS including the Kondo resonanc

Our device is described by the following Hamiltonian:

H5 (
a,k,s

eakaaks
† aaks1(

s
edsds

†ds1Ud↑
†d↑d↓

†d↓

1 (
a,k,s

~vakaaks
† ds1H.c.!, ~1!

where aaks
† (aaks) (a51,2,3,4) andds

† (ds) are creation
~annihilation! operators in the leada and the QD, respec
tively. The QD includes a single energy level, but has s
index s and intradot Coulomb interactionU. To account for
a possible magnetic field, we allowed↑Þed↓ .

The current from leada flowing into the QD can be ex
pressed as~in units of \51) ~Ref. 10!

I a522e Im (
s

E de

2p
GaH f a~e!Gs

r ~e!1
1

2
Gs

,~e!J ,

~2!

where Ga(e)52p(kuvaku2d(e2eak); f a(e) is the Fermi
distribution of leada; Gs

r (e) and Gs
,(e) are the retarded

and the Keldysh Green’s functions of the QD, they are
Fourier transformation ofGs

r ,,(t), and Gs
r (t)[2 iu(t)

3^$ds(t),ds
†(0)%&, Gs

,(t)[ i ^ds
†(0)ds(t)&.

Using the standard equation of motion technique and
ing the familiar decoupling approximation,11 we have solved
Gs

r (e) to be

Gs
r ~e!5

11UAsns̄

e2eds2Ss
(0)1UAs~Ss̄

(a)
1Ss̄

(b)
!
, ~3!

whereAs(e)5@e2eds2U2Ss
(0)2Ss̄

(1)
2Ss̄

(2)
#21 and Ss

(0)

5(kauvaku2/(e2eak1 i01) is the lowest-order self-energ
which is exactly the retarded self-energy for a noninteract
system; the higher-order self-energiesSs

(a) , Ss
(b) , Ss

(1) , and
Ss

(2) are: Ss
(a/b)5(kauvaku2f a(eak)/es

1/2 ; Ss
(1/2)

5(kauvaku2/es
1/2 ; here es

15e1eak2eds2eds̄2U1 i01

and es
25e2eak2eds̄1eds1 i01. The quantityns̄ in Eq.

~3! is the intradot electron occupation number of states̄,
which needs to be calculated self-consistently.12 In the limit
of having only two leads, the above results reduces to tha
Refs. 11 and 13.

The Keldysh Green’s functionGs
, , for interacting sys-

tems, cannot be obtained from the equation of motion w
out introducing additional assumptions. We use the stand
ansatz due to Ng,14

Ss
,~e!52(

a

Ga f a~e!

G
~Ss

r 2Ss
a !, ~4!

where G5(aGa . Ss
, and Ss

r (Ss
a) are the lesser and re

tarded ~advanced! self-energies of the interacting system
Then from the Keldysh equationGs

,5Gs
r Ss

,Gs
a and Gs

a
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5(Gs
r )* , Gs

, can be obtained straightforwardly. WithGs
r and

Gs
, solved, from Eq.~2! the current can be obtained imme

diately:

I a522e(
s,a8

E de

2p

GaGa8
G

@ f a~e!2 f a8~e!#Im Gs
r . ~5!

In fact, if Ga are constant over energies comparable to
voltages, the Green’s functionGs

,(e) in the current expres-
sion, Eq. ~2!, can be eliminated by using the curre
conservation.10 Then Eq.~5! can be directly obtained withou
using the ansatz Eq.~4!.

In the numerical calculation, we make a few further sim
plifications:~i! we assume square bands of width 2W, so that
Ga(e)5Gau(W2ueu), with W51000@max(kBT,eVa ,Ga);
~ii ! we take the largeU limit U→`; ~iii ! we takeG15G3
51 as energy unit;~iv! considering that the intradot leve
eds is affected by leads’ bias voltageVa , we assume this
effect to beeds5eds(0)1g2V21g4V4, with ga5Ca /C.
HereCa is the capacitance between leada and the QD, and
C is the total capacitance of the QD;eds(0) is the location of
the intradot energy level atV25V450. We setV452V2 to
offset the level change, so thateds5eds(0)1gV2 whereg
5(C22C4)/C.

Our objective system is the QD plus leads 1 and 3, i
recovered by settingG25G450 so that leads 2 and 4 ar
decoupled from the QD. The dotted curves of Fig. 1 sho
the intradot LDOS of the objective system.15 A broad peak at
e522 ~in units of G1) is due to the intradot renormalize
level. In nonequilibrium and at zero magnetic field (ed↑
5ed↓), there exhibit two narrow Kondo resonance peaks

FIG. 1. Two solid curves are the differential conductan
dI2 /dV2 versusV2, with G25G450.001 andg50. Two dotted
curves are the LDOS versus energye for the two-probe objective
system~obtained by settingG25G450). The thick dashed curve is
dI2 /dV2 versusV2 with G25G450.001 andg50.05. Other pa-
rameters are:G15G351, V152V350.1, andT50.005. The thick
curves and thin curves correspond toed↑(0)5ed↓(0)524.0 and
ed↑(0)524.2, ed↓(0)523.8, respectively. Notice that the dotte
curves almost overlap perfectly with the solid curves so that t
almost cannot be seen in the figure. The inset amplifies the
Kondo resonance peaks at zero magnetic field@by settinged↑(0)
5ed↓(0)524.0#.
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m1 and m3 in the LDOS. With a nonzero magnetic fiel
(ed↑Þed↓) and in nonequilibrium, four narrow Kondo peak
emerge atm1/36De whereDe5ed↓2ed↑ is the level differ-
ence. These familiar characteristics of LDOS have b
known13 in theory; our task is to ‘‘experimentally’’ measur
them.

Let us now turn on a nonzeroG2 andG4. Note that these
couplings must be greatly weaker than those of leads 1
3, i.e., G2 ,G4!G1 ,G3, so that they do not affect the QD
significantly. We first consider theg50 case for which there
is a complete compensation ofV2 by V4 so that the leveleds

does not change withV2. The differential conductance
dI2 /dV2 versusV2 is shown in Fig. 1 by the solid curves
they overlap almost identically with the dotted curves of t
two-probe LDOS~the objective system! so that the dotted
curves are barely seen in Fig. 1. In other words,
dI2 /dV2-V2 data and the LDOS-e data of the objective sys
tem map into each other essentially perfectly. To better
the comparison, data in the vicinity of Kondo peaks for ze
magnetic field are amplified in the inset of Fig. 1. Althou
the Kondo peaks ofdI2 /dV2 is slightly lower than those o
LDOS, they not only agree in their position but also in t
Lorentzian shape which is a very important characteristic
Kondo phenomenon. Therefore the nonequilibrium splitt
and nonzero magnetic-field splitting of the Kondo resona
peak in the LDOS can be detected by measuring the dif
ential conductancedI2 /dV2.

Why does dI2 /dV2 versus V2 give such an excellen
mapping of the original LDOS of the objective system? Fir
lead 2 is very weakly coupled to the QD so that the origi
QD LDOS is not significantly affected by it. Second, becau
the QD is coupled much stronger to leads 1 and 3, e
G1 ,G3@G2, resonance tunneling from lead 2 to leads 1 an
cannot occur with any substantial probability. Therefore
incident electron with energye from lead 2 has a probability
of tunneling into the QD that is given by the intrad
LDOS~e!, leading to the excellent agreement betwe
dI2 /dV2 and the LDOS. We conclude that the LDOS vers
energye can be obtained by measuringdI2 /dV2 versusV2.

It is worth mentioning that although we have assum
symmetric couplings between leads 1 and 3 to the QD,G1
5G3, and assumed a largee-e interaction U→`, it is
straightforward to confirm, as we did, that ifG1ÞG3 andU
is finite, our results still hold. In fact, these parameters of
objective system only affect its LDOS, they do not destr
the excellent agreement between the signaldI2 /dV2 and the
LDOS. In addition, the physics dictating this excellent agr
ment is independent of what theoretical methods one use
derive the Green’s functionsGs

r (e). In other words, if one
uses another method to solveGs

r (e) rather than the equatio
of motion method we used here,16 or even if one gives an
arbitrary LDOS of the target system, our proposed detec
technique can still give the excellent agreement betw
dI2 /dV2 and the LDOS.

Other important issues concerning our proposal are
ranges of parameters associated with leads 2 and 4 whic
use to probe the LDOS. If the resistance provided by lea
to the QD is a typical 10 KV, then if lead 2 couples 1000
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times weaker, its contact to the QD will have a resistance
10 MV which is experimentally realizable. When voltag
on leads 2 and 4 do not exactly compensate, i.e., wheg
Þ0, the intradot leveleds will change withV2, hence fea-
tures in LDOS will be changed which affects the propos
measurement of the Kondo peaks bydI2 /dV2. Our investi-
gation shows that this is actually a weak effect on the Kon
resonances, as shown in Fig. 2 wheredI2 /dV2 is plotted
againstV2 at several values ofg. The background differen-
tial conductance does change withg. However, the important
result is that the narrow Kondo peaks still keep the origi
shape, and their locations do not vary at all as shown in F
2. Even wheng50.5 or larger, these Kondo characters r
main. Therefore we believe that the condition on parame
g is not strict for our proposal to work. It should be stress
that if g is not very large, e.g.,g50.05, the broad peak
which corresponds to the intradot renormalized level o
shifts slightly but it retains its line shape~dashed line of Fig.
1!. This analysis strongly shows that the comprehens
shape of LDOS in the Kondo regime, the one~or a few!
narrow Kondo peak on top of the shoulder of the broad pe
can be detected.

Let us estimate the value ofg. The total capacitanceC
includes each terminal capacitanceCa (a51,2,3,4), it also
includes, perhaps, some gate capacitancesCg . In general,
Ca /Ca8 is approximatively proportional toGa /Ga8 , andCg
is larger thanCa .17 BecauseG2!G1 andG3 ~in Figs. 1 and
2, G15G351000G2), a conservative estimate is thatC1 and
C3 should be larger than 10C2. Then, even if we neglectCg
in the totalC and even if we completely remove the com
pensating terminal 4, we still haveg5C2 /C,0.05. Hence
by results of Fig. 2 such a smallg will not cause any trouble
to our proposed measurements of the Kondo peaks.

Next, we discuss the range of temperatureT where the
excellent agreement ofdI2 /dV2 and LDOS can be kept. We
fix g50.05, as discussed above this value ofg is easily
realized even without the compensating lead 4. Therefore
set, in our theory,G450 and C450, and we propose to
replace lead 4 by a gate to control the intradot level posit

FIG. 2. dI2 /dV2 versusV2 at different parametersg. Other
parameters are same as those of the thin solid line of Fig. 1.
inset is a schematic diagram for the four-probe quantum dot dev
6-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 153306
~see inset of Fig. 3!. The signaldI2 /dV2 versusV2 is shown
in Fig. 3 for three temperatures. At low temperature, th
are four Kondo peaks atm1/36De in dI2 /dV2. Increasing
temperature causes the Kondo peaks to go down until
completely disappear. On the other hand, we found that
broad peak which corresponds to the intradot level ess

FIG. 3. dI2 /dV2 versusV2 for three different temperaturesT,
where the parameters are:G15G351, G250.001, g50.05,
ed↑(0)524.15, ed↓(0)523.85, andV152V350.15. The inset is
a schematic diagram for a proposed three-terminal quantum
device.
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tially does not change in this range of temperatures~not
shown!. These characters are in excellent agreement w
those of the LDOS. In fact, our investigations show th
when kBT,G11G3, the excellent agreements betwe
dI2 /dV2 and LDOS are always maintained. At last, we es
mate the range of the voltagesV2 where the excellent agree
ment holds. WithV2 increasing, the intradot level will move
leading to a difference between the conductancedI2 /dV2
and the LDOS. WhengeV2 reachese2/C5U, the similarity
between them will be broken down. However, ifgeV2
,e2/10C, the excellent similarity is maintained.

To summarize, we have proposed and analyzed a po
bility to experimentally directly observe the local density
states of a quantum dot, and thereby directly detect Ko
resonance peaks in it. In particular, using an extra weak
to the quantum dot, we showed that curves ofdI2 /dV2 ver-
sus V2 can map out perfectly the curves of LDOS vers
energy, if experimental conditions are set in the corr
range. We also provided an analysis to these conditions
found them to be reasonable and therefore should be re
able. Indeed, it will be extremely interesting to experime
tally test these predictions.

Note added.After submission of this manuscript, we no
ticed that E. Lebanon and A. Schiller also addressed a v
similar problem~cond-mat/0105488, 25 May 2001!.

We gratefully acknowledge financial support fro
NSERC of Canada and FCAR of Quebec.
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