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A new theoretical method is introduced to study coherent electron transport in an interacting mul-

tilevel quantum dot.

The method yields the correct behavior in the limit of both weak and strong

coupling to the leads, giving a unified description of the Coulomb blockade and the Kondo effect.
Results for the density of states and the temperature-dependent conductance for a two-level dot are pre-
sented. The relevance of these results in connection to recent experiments on the Kondo effect in semi-

conducting quantum dots is discussed.

PACS numbers: 73.40.Gk, 72.15.Qm, 73.20.Dx, 73.23.—b

Coherent electron transport in the presence of strong
electron-electron interactions has been one of the centra
issues in the field of mesoscopic systems [1]. Semicon-
ducting quantum dots (QDs) provide an amost ideal sys-
tem where the predictions of the theory can be tested. For
instance, recent experiments have demonstrated the possi-
bility of exploring the Kondo effect, a prototypical corre-
lation effect, using this technology [2,3].

From atheoretical point of view, correlation effects have
been mainly analyzed in this type of systems by means of
the single-level Anderson model [4,5]. Within this model
the Kondo effect arises due to fluctuations in the spin of an
unpaired electron [6]. Sofar, there have been few attempts
toincludeamultilevel spectrum for describing either single
QDs with quasidegenerate levels or coupled QDs beyond
a rate eguation approach [7]. The actual situation in
semiconducting QDs should require the inclusion of a
multilevel spectrum whenever many single-particle states
with a small level separation are involved in the transport
process. This could be the case in experiments measuring
the phase of the transmission amplitude through a QD in
the Coulomb blockade (CB) regime [8] and aso in recent
experiments on the Kondo effect [2,3].

The aim of this letter is to introduce a new theoretical
approach for describing correlation effects in multilevel
QDs. The approach is constructed to yield the correct
behavior in the limit of both infinite and vanishing charg-
ing energy. Thisis achieved by introducing an interpola-
tive self-energy for the one-electron Green functions, an
approach which has been successfully applied to severa
interacting systems including the equilibrium and non-
equilibrium Anderson models [5,9]. This type of ap-
proach has been recently rediscovered and applied to
analyze the Mott transition in the Hubbard model for ar-
bitrary band filling [10,11].

For describing the multilevel QD we consider a
model Hamiltonian which is a generalization of the
single-level Anderson model, H = Hgo + Hieags + Hr,s
where Hyoe = >, €mdld, + UY =, fimii; cOrresponds
to the uncoupled QD with M levels (i, = d}d,);
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Hicads = QreLr eka,iak to the uncoupled leads, and
Hr = Y ke tmxd}éx + H.c. describes the coupling
between the dot and the leads. The labels m and [
(1 =m,l = M) in H denote the different dot levels
including spin quantum numbers.

Our main objective is the determination of the dot
retarded Green functions from which the different level
charges and the linear conductance can be obtained. Ina
frequency representation they can be written as G,,(w) =
[w - Grly—llF - Em(w) - iFm,L(w) - irm,R(w)]_lv

where €lf =€, + UY,.,,n is the Hartree
Fock level (we adopt the notation n; = (#;)),
i) (@) = ienr) tmi/ (@ — € + i0") and

2. (w) is a self-energy that takes into account electron-
electron interactions beyond the Hartree-Fock approxima-
tion. We shall neglect the indirect coupling between dot
states [12] and adopt the usual approximation of I',, .,
I',, g being independent of energy. In our approach [5,9],
we look for an interpolative self-energy yielding the
correct U/T",, — 0, limits.

In the U/T",, — o or “aomic” limit, G,,(w) can be
obtained using the equation of motion method [13], which
yields

(at) _ <l—[l¢m(1 B fll))
G (@) w — €, +i0"
i s m 1 - As
+Z<zn(‘¢z)¢ ( I.”t)>+
w— €, — U+ i0t
<1_[[#m ﬁl>
w— €, — (M- 1)U + i0*"°

[#m

+

1)

In this expression all possible charge states of the dot give
a contribution. Their evaluation requires the knowledge
of many particle correlations {(i7,), {fi1fx713), ..., €tC.
However, for sufficiently large U, fluctuations in the dot
charge with respect to the mean charge N by more than

one electron become negligible and G ’)(w) is accurately
given by the three poles expression
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w— €, — UN—1) +i0F o — €, —UN+i0t* w—¢€,—U®N+1)+i0"’

where N = Int{2N']. In order to yield the exact first three momenta of Eq. (1) the weight factors Ay should satisfy the
following sum rules:

Gl (w) =

Ay + Ay + Afy =1,

(N — DA, + NA + (N + DA = D ny, €)
l#m
(N = D2AR . + N2A% + (N + 1D’Al, = > ny + (A,
l#m
where (i), = > (2x)2m{Aifk). The special case N =0 (N =M — 1) hasto betreatedas N =1 (N = M — 2).
Notice that this expression for G ’)(w) is fully determined by the average charges n; and the two-body correlations
(Ayfig). From fot)(w), one can define an atomic self-energy, S = o — elF — [G)(w)]!. Using Egs. (2) and
3, 5\ can be written as
anUw — €, +i0%) + b, U? 4
(w0 — €, +i07)2 4+ c,,U(w — €, +i07) + d,U?’
where a,, = (N — n,)[l = (N — n,)] + Gaidy, cw =N —n, — 3N, d, = (i), + 3N> — 1 — BN —

(N — ny), and b,, = N>(1 — N) — (N — n,)d,,. On the other hand, in the U/T’,, — 0 limit, 2, is given by
the second order expression [9]

s

S (w) = U? Zf deiderdes pm(el)pl(ez>pl(63). [fifs(l = f2) + A = ) = f3)f2], (9
o J e w + e — € — e + 0"
where f; = f(e;) denotes the Fermi distribution function at the leads, and p,,(w) are effective densities of states given
by wpn(w) = T,/[(w — &,)* + T2]. The effective levels &, are introduced in order to fulfill the Fermi-liquid
relations associated with charge conservation [Friedel sum rule (FSR) [14]] as discussed below.
In order to determine an interpolative scheme between the two limits, let usfirst notice that 253) — Ulap/(w — &),
where a,, = > ;.,, 1;(1 — #;), when T',,/w — 0. On the other hand, a, — «, in the smal U limit and thus

G _, U’a,,/(w — €,) in this case. These properties alow us to define the interpolative self-energy, replacing
® — € by an/3P + Ae,, where Ae,, = &, — €, in Eq. (4) for S, which yields

s _ ( fi)) an + (anden/U + by/an) (S5 /U) ©
TN aw )1+ QA€n/U + cn) (S0 anU) + (cnben/U + dy) (35 /anU)?
This expression provides the generalization to the multi- | ing the condition [~ £ (&) IM[Gu(®0)03,,/dw]dw = 0,

level case of the interpolative self-energy first introduced  which at zero temperature reduces to the Luttinger theo-
in [9] for the single-level Anderson model. The single-  rem [15] ensuring the fulfillment of the FSR [14] n,, =
level case (M = 2) isreadily obtained from Eq. (6) when ~ —Im[InG,,(Er)]/#. In Ref.[5] we showed that the
N =1 teking (Ain),, = 0. It is evident by construction  condition of consistency between the effective and the
that 3, — 3\ when U/T,, — cand 3, — S inthe fina charges is nearly equivalent to imposing the ful-
small U limit. fillment of the FSR for the simple Anderson model.

The final step in this approach is to determine the level ~ Similar self-consistency conditions have been proposed in
charges n,,, the correlation functions (71,71, ) and the effec-  Refs. [10,11].

tive levels €,, self-consistently. The charges and the cor- We havefirst applied this formalism to the case of adou-
relations functions are determined through the relations  bly degenerate level (M = 4 when including spin) which
i = — |7 f(@)IMGp(w)dw /7 and Y., (Aa,) = isasmple generdization of the single-level Anderson

— [7. f(@) M2, (0)Gpu(w)ldw /(rU). This last ree  model. Theinset in Fig. 1 shows the charge per level n,,
lation follows from the equation of motion of the re-  asafunction of the leads Fermi energy Er. For the case
tarded Green functions. It is important to stress that the ~ showninFig. 1, correspondingtoe,, = 0,1I',,/U = 0.075
self-consistent determination of the two-body correlations  (samefor al levels), and zero temperature, one can observe
is essential to get the correct values of the charge for ~ amodulation in the charge resembling the typical Coulomb
large U. The effective level is determined by impos-  staircase of the I',, /U — 0 limit.
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FIG. 1. Density of states for a fully degenerate two-level dot
with T',,/U = 0.075 and €,, = 0 for different values of the
leads Fermi energy Er. The inset shows the charge per level
and spin as a function of Er (solid line) as compared to the
I',,/U — 0 case (dotted line). Energies are measured in units
of U.

Figure 1 also shows the density of states (DOS)
associated with the dot levelsfor different valuesof Ex/U
corresponding to the steps and the center of the plateaus
in the charging curve. For Er/U = 0, n,, = 0.125, the
system is in the so-called mixed-valence regime, the
spectrum being similar to the one found using large N
expansions in the U — oo limit [16] with a resonance at
a renormalized level just above Er. For Er/U = 0.5
and 1.5 there are approximately one and two electrons,
respectively, inside the dot. For these cases the system
is in the Kondo regime, the DOS exhibiting a sharp peak
around Er hafway between two broader resonances (of
width ~T") approximately separated by U. The weight
of these resonances is the same for the Er/U = 1.5 case
due to the éectron-hole symmetry in the half-filled dot,
while there is a pronounced asymmetry for Ex/U = 0.5.
For a half-integer occupation of the dot such as in the
Er/U = 1.0 case the DOS exhibits a more complex
structure with three broad resonances around E = 0, U,
and 2U, and a narrow Kondo peak still present at Er.
The overall shape is reminiscent of an average between
the cases with one and two electrons in the dot.

The evolution of the Kondo peak as a function of Er
and temperature should be reflected in the dot linear con-
ductance G, which can be readily obtained from the Green
functions[17]. Thisisshown for different temperaturesin
Fig. 2. When approaching zero temperature the conduc-
tance behaves like G = 4(e?/h)sin’[7n,,] as expected
from the FSR. The conductance decreases very rapidly
with temperatureintheregion 0.5 < Er < 2.5, wherethe
DOS is controlled by the Kondo peak. Outside this re-
gion one can notice a slight increase of conductance with
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FIG. 2. Tota conductance for the same case of Fig. 1 as
a function of Er for different temperature values T/U:
(a) 0.0005, (b) 0.0025, (c) 0.005, (d) 0.01, and (e) 0.03.

temperature. At temperatures large enough to be above
the Kondo temperature Tk, which can be estimated by the
condition G(Tx) = G(0)/2 [2], the conductance tends to
exhibit the usual CB peaks at the charge degeneracy points.
We should state that our approach does not provide an ac-
curate estimate of Tk asafunction of the model parameters
as the exponential decrease of the Kondo peak weight for
very large U [18] is not strictly recovered. This limita-
tion does not affect, however, the qualitative behavior of
the conductance except for a rescaling of the temperature
values.

So far we have analyzed the case of a completely de-
generate level. 1n an actual QD, geometrical asymmetries
could result in an effective splitting AE of the dot levels.
When AE > T the physical situation could be described
by asingle-level Anderson model. It isinteresting to ana-
lyze the evolution from this situation to the quasidegener-
atecase AE — 0 previously discussed. Figure 3illustrates
the case AE ~ I'. As can be observed in the charging
curves shown as an inset, the splitting tends to block the
charging of the upper levels. Thisblocking effect becomes
nearly complete when AE > I', which is the actual case
in the experiments of Ref. [2]. Figure 4 shows the linear
conductance for a set of parameters which yields a similar
behavior to the experimental datain Figs. 2(a) and 2(b) in
the first paper in Ref. [2]. We have taken AE/U = 0.4,
I'/U = 0.075, and T',/U = 0.1, i.e,, a case where the
upper level is somewhat more strongly coupled to the
leads (in Ref. [2], it was suggested that U = 1-2 meV,
AE ~ U,and I' = 0.2 meV). The selected temperature
range in Fig. 4, T/U = 0.02-0.05 approximately corre-
sponds to the experimental values T = 400-800 mK).
One can notice that the two conductance peaks associated
with the lower level are strongly asymmetric due to the
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FIG. 3. Tota conductance for a two-level dot with splitting
AE/U = 0.1 as a function of Er for different temperature
values T/U: (a) 0.0005, (b) 0.0025, (c) 0.005, and (d) 0.03.
The inset shows the charge per spin on the two levels as a
function of Er. Only the first half of the curve is shown as the
total conductance is symmetrical with respect to 3U + A)/2.

presence of the second level, in qualitative agreement with
the data of Ref. [2]. The other two peaks, associated with
the second level, are somewhat less resolved as found ex-
perimentally. The overal effect of temperature is again
to reduce the total conductance in the range for Ex where
the Kondo effect is present, while an increase is observed
outside this range. Both effects, the increase of conduc-
tance with temperature between each pair of peaks as well
as the asymmetry, can be considered as manifestations of
the multilevel structure of an actual QD.

The most remarkable consequences of this multilevel
structure would be observed in a situation corresponding
to a smaller splitting, where “collective” Kondo-like fea-
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FIG. 4. Tota conductance for a two-level dot with AE/U =
0.4, T';/U = 0.075, and T,/U = 0.1 as a function of Ep
for different temperature values T/U: (a) 0.02, (b) 0.03,
and (c) 0.05. Parameters are chosen in order to qualitatively
represent the experimental data in Figs. 2(a) and 2(b) of
Ref. [2].

tures such as the ones depicted in Figs. 2 and 3 should ap-
pear. Vertica dots with cylindrical symmetry constitute
an almost ideal realization of the twofold degenerate case.
Some caution should be used, however, regarding the ef-
fects of Hund’ s rule (not included in the present approach)
which might introduce some deviation with respect to the
behavior depicted in Fig. 2 when the exchange interaction
between the degenerate levelsis not much smaller than U.
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