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Enhanced Kondo Effect via Tuned Orbital Degeneracy in a Spin 1/2 Artificial Atom
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A strong Kondo effect is observed for a vertical quantum dot holding an odd number of electrons and
spin 1/2 when an orbital degeneracy is induced by magnetic field. The estimated Kondo temperature for
this “doublet-doublet” degeneracy is similar to that for the singlet-triplet degeneracy with an even
electron number, indicating that a total of fourfold spin and orbital degeneracy accounts for the
enhancement of the Kondo temperature. The experimental observation is qualitatively reproduced by
scaling calculations using an SU(4) model at the orbital degeneracy.

DOI: 10.1103/PhysRevLett.93.017205

A quantum dot offers unprecedented opportunities of
realizing and manipulating a single magnetic impurity
interacting with a Fermi sea of conduction electrons. Rich
aspects of the Kondo physics [1] have been explored
owing to the tunability of relevant parameters in quantum
dots. Pioneering works on the Kondo effect in quantum
dots [2—6] proceed within the framework of the conven-
tional spin 1/2 Anderson impurity model for a spin-
degenerate single level. The Kondo effect is observed
only when the number of electrons, N, is odd with a
spin S = 1/2. However, exceptions to this odd-even par-
ity behavior have been noted in a lateral quantum dot [7]
where the Kondo effect is observed for both odd and even
N. This has been followed by a more detailed report
of the Kondo effect for even N in a “vertical” quantum
dot having well-defined N and S [8]. This novel Kondo
effect occurs when a magnetic field induces a spin
singlet (S = 0)-triplet (S = 1) degeneracy in the multi-
orbital ground state [9-15].

In this Letter, we present a new multilevel mechanism
which enhances the Kondo temperature, Tk, using a ver-
tical quantum dot. We observe a strong Kondo effect when
a magnetic field induces an orbital degeneracy for odd N
and § = 1/2. The estimated T is similar to that for the
singlet-triplet (S-T) Kondo effect for even N, indicating
that a total of fourfold spin and orbital degeneracy for
both cases contributes to enhance Tg.

It is known that the orbital degeneracy plays an im-
portant role in the Kondo effect of magnetic impurities
with f electrons. When the total degeneracy factor is
N, for spin and orbital degrees of freedom, the Kondo
effect is described by the Cogblin-Schrieffer model of
SU(N,;) symmetry [16]. The factor N, increases Tk as
~Dge~/NavJ with exchange coupling J, where D,y and »
are the bandwidth and density of states of conduction
electrons. We examine a model which has the SU(4)
symmetry at the orbital degeneracy, yielding a larger
Tk than in a single-orbital case of SU(2) symmetry,
explaining the experimental results [17].
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The inset of Fig. 1 schematically shows the vertical
quantum dot structure used in the present study. It is in the
form of a submicron-sized circular mesa fabricated from
an AlGaAs/InGaAs/AlGaAs double barrier structure.
Current flows vertically through the mesa, and N is
changed with a gate electrode wrapped around the mesa.
S and N can be unambiguously determined in this type of
vertical quantum dots owing to the highly symmetric
lateral confinement potential and a built-in dot-lead
coupling I' via AlGaAs barriers [18]. I for the present
dot device is 400 weV for the first electron entering the
dot and gradually increases as N increases. All the trans-
port measurements have been performed in a dilution
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FIG. 1 (color). Color-scale plot of the linear conductance as a
function of the gate voltage and magnetic field. Blue corre-
sponds to zero conductance, white to G = 25 uS, and red to
G = 50 uS. All the electrons occupy the first Landau level on
the right-hand side of the dashed line (filling factor v = 2).
The inset shows a schematic diagram of the dot structure made
from AlGaAs/InGaAs/AlGaAs double barrier tunnel diode.
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refrigerator with a base temperature of = 60 mK, using a
standard lock-in technique with an ac excitation voltage
between the source and drain of 3 uV. We apply a mag-
netic field parallel to the current.

Figure 1 shows a color-scale plot of the linear conduc-
tance, G, as a function of gate voltage, V,, and magnetic
field, B, at base temperature =~ 60 mK. Conductance
shows maxima at specific V, where N is allowed to
change by one for a fixed B (Coulomb oscillation peaks).
Therefore, each stripe in Fig. 1 represents a B dependence
of the N-electron ground state. Large Coulomb blockade
gaps at N = 2 and 6 at B = 0 reflect the shell filling of 1s
and 2p orbital states, respectively, formed in a disk-
shaped circular artificial atom [18]. Overall evolution of
stripes with B agrees with successive filling of the single
particle levels, or Fock-Darwin states [19] E,, ;, by spin-
up and spin-down electrons. E,,; is shown in Fig. 2(a);

l 1 1
E, = —Eﬁwc + (n + > + §|l|>ﬁwl4w% + w2, (1)

where n =0, 1,2, ... is the radial quantum number and
[ =0,=*1, £2,...1is the angular quantum number. fiw is
the lateral confinement energy and /iw, = eB/m*. The
pairwise motion of the stripes in Fig. 1 is due to the spin
degeneracy of each £, ; state.

When the Kondo effect occurs at T = Tk, the conduc-
tance in the Coulomb blockade gap increases. In our
quantum dot device, I' gradually increases with increas-
ing V,. Therefore, T generally increases as V, increases,
and the enhancement of the conductance due to the
Kondo effect is noticeable in the Coulomb blockade
gaps for V, > —=1.0 V.

The solid lines in Fig. 2(b) schematically show a mag-
netic field dependence of the electrochemical potential
for electron numbers from N + 1 (odd) to N + 4 (even)
when electrons are added to the two crossing orbitals.
Coulomb interaction favors a spin triplet state (S = 1) for
N + 2 in the vicinity of the magnetic field where a single
particle level crossing occurs, and the ground state
shows a downward cusp [20]. The S-T Kondo effect is
expected on the dotted lines with a considerably higher
Kondo temperature, T,S{T, than the conventional S = 1/2
Kondo temperature, T,’?, because of the larger degen-
eracy [8].

Figure 2(c) shows detailed measurement conducted in
region A marked in Fig. 1. The last orbital crossings occur
between E, ; states with (n,[) = (0, —1) and (0, /) (I > 1)
on the dotted line, and all the electrons occupy the ground
Landau level at higher B (v = 2). A spin triplet state is
observed at N = 16 and B =~ 1.2 T, where states (n, [) =
(0, —1) and (0, 7) are occupied by electrons having par-
allel spins [see circle in Fig. 2(a)]. In the N = 16 Coulomb
blockade gap, the conductance is enhanced by the S-T
Kondo effect at B = 1.1 and B = 1.3 T, corresponding to
the dotted lines in Fig. 2(b). As for N = 15 and 17, the
conventional S = 1/2 Kondo effect is expected. However,
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FIG. 2 (color). (a) Fock-Darwin states calculated with
iwg =1 meV. The circle denotes crossing between orbital
state (n, [) = (0, —1) (dotted line) and (0, 7) (thick solid line)
where the Kondo effect for N = 15 and 16 is studied in detail.
(b) Schematic magnetic field dependence of the electrochem-
ical potential for electron numbers from N + 1 (odd) to N + 4
(even) occupying two crossing orbitals. A skew toward the
upper-left direction takes into account the effect of decreasing
hw, with increasing N. (c) Detailed measurement conducted in
region A in Fig. 1. The color scale is same as in Fig. 1. S, T, and
D denote states with S = 0 (singlet), S = 1 (triplet), and S =
1/2 (doublet).

the conductance enhancement in the Coulomb blockade
gaps is not clearly observed except in the regions corre-
sponding to the dash-dotted lines in Fig. 2(b), where two
S = 1/2 states with different total angular momentum,
M, are degenerate. When such an orbital degeneracy is
present for odd N, a total of four states, i.e., M = M|, M,
(M, # M,), S, = *=1/2, are involved in forming the
Kondo singlet state (if one can neglect the Zeeman split-
ting), and enhancement of Ty similar to the S-T Kondo
effect is expected. We define this new multilevel mecha-
nism for odd N as “doublet-doublet’ (D-D) Kondo effect.
Because TR is much lower than the D-D Kondo tempera-
ture, T2°P, only a slight conductance enhancement is
observed in the odd N Coulomb blockade regions when
there is no orbital degeneracy. Then, a honeycomb pattern
is formed in a B-N diagram, as is clearly captured in
Fig. 2(c), due to the S-Tand D-D Kondo effects that occur
consecutively for different orbital crossings, provided
TR <T <T¥T, TRP. Our honeycomb pattern is dif-
ferent from the “chessboard pattern” discussed in a lat-
eral quantum dot [21]. In a vertical quantum dot, one
can assume that the orbital quantum numbers are con-
served in tunnel processes between the dot and leads due
to their same rotational symmetry. Hence we expect “two
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channels” of conduction electrons in the leads when two
orbitals are relevant in the quantum dot; each channel
couples to only one of the two orbitals. In a lateral quan-
tum dot, on the other hand, a ““single channel” in the leads
preferentially couples to the outer orbital in the dot.

Figure 3(a) shows temperature dependence of the dif-
ferential conductance dI/dVy versus V for the S-T (N =
16) and D-D (N = 15) Kondo effect [solid and open
triangle in Fig. 2(c), respectively] with the gate voltage
fixed in the center of the respective Coulomb blockade
gap. A clear Kondo peak at V4 = 0 is observed at low
temperatures, whose height decreases with increasing
temperature as expected for the Kondo effect. Tempera-
ture dependence of the Kondo peak height normalized by
the low temperature limit value, G, is shown in Fig. 3(b).
A background from non-Kondo cotunneling is subtracted
from each trace in Fig. 3(a) [22]. The Kondo peak con-
ductance shows almost linear log7 dependence around
~400 mK and saturates at lower a temperature. The uni-
tary limit conductance of 2¢%/h [23] is not reached in our
device probably because of the asymmetry in the two
tunnel barriers. Dotted lines in Fig. 3(b) are the theoreti-
cal curves

G/Go =A{Tg/(T* + TR)}, 2

fitted to the data, where T} = Tx/v2'/5 — 1 [4,24].
The Tk for the S-T and D-D Kondo effect estimated
from the curve fitting are 700 mK and 490 mK, respec-
tively. The higher T for the S-T Kondo effect may be due
to the larger I', and it is difficult to experimentally
determine which is larger, T3 or TR™P, for the same T".
The fitted values of the parameter s are larger than s =
0.2 for a conventional spin 1/2 system. However, the
estimation of s is less reliable because it changes substan-
tially with the chosen fitting range. The expected Zeeman
splitting of =30 ueV at B=~ 1.2 T is smaller than Ty
estimated above. Therefore, no Zeeman splitting of the
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FIG. 3. (a) Temperature dependence of the differential con-
ductance dI/dV versus Vg for the S-T and D-D Kondo effect
from 7 = 60 mK (thick solid line) to 1.5 K (dashed line).
(b) Temperature dependence of the Kondo peak height normal-
ized by the low temperature limit value. Dashed lines are the
theoretical curves fitted to the data.
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dl/dV Kondo peak is observed, and we treat all four S-T
and D-D states as quasidegenerate.

Next, let us investigate the effect of lifting the S-Tand
D-D degeneracy by changing B. Figures 4(a) and 4(b)
show a color-scale plot of dI/dV, in B-V plane for the
D-D Kondo effect (N = 15) and for the S-T Kondo effect
(N = 16), respectively, with V, fixed in the center of the
respective Coulomb blockade gap. Conductance peaks at
V. = 0 are observed near the degeneracy field, B,.
Because the S-T or D-D degeneracy is lifted as |AB| =
|B — By| increases, the Kondo effect is broken and the
zero-bias peak is suppressed. At large |AB|, a peak or step
is observed at eV, = *A, where the color suddenly
changes. Here, A is the B-dependent energy difference
between the singlet and triplet states, or between the two
doublet states. This peak/step is due to cotunneling asso-
ciated with the two states separated by A [8], and there-
fore observed within the Coulomb blockade gap
(=0.6 meV).

Figure 4(c) shows V4 values of the conductance peak/
step as a function of AB. Peak/step positions for the S-T
(Bp = 1.12 T) and the D-D (B, = 1.25 T) Kondo effect

NsT
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FIG. 4 (color). Color-scale plot of dI/dV in B-V plane for
(a) the N =15 D-D Kondo effect and (b) the N =16 S-T
Kondo effect with V, fixed in the center of the respective
Coulomb blockade gap. Blue corresponds to G = 10 xS and
red to G = 35 uS. (c¢) Vg values of the conductance peak or
step obtained from (a) and (b) as a function of the magnetic
field difference AB = B — B, where B, is the degeneracy
magnetic field. (d) Relative conductance measured from the
degeneracy (AB = 0) at V4 = 0, for the D-D (solid line) and
the S-T (dotted line) Kondo effect. (e) Calculated results of
Tx/Tk(0) as a function of A/T(0), on a log-log scale. Tk (0) is
the Kondo temperature at A = 0. For the S-T Kondo effect
(triplet side), Tx(A) deviates from a power law for large A (see
Ref. [10]; we choose J; = J, and C, = 0).
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almost coincide, indicating that they involve the same
orbital states, namely, (n, /) = (0, —1) and (0, 7).

For the D-D Kondo effect, we examine an SU(4)
model. The dot state is characterized by spin S, =
*+1/2 and pseudospin T, = *1/2 corresponding to two
orbitals, u = (S, T.). Considering the second-order tun-
neling processes to the leads with two channels [25], we
obtain

H= Zskc,i#ck,ﬂ +JS-s+B-S, (3)
k,
with S = lzﬂvdﬂz d S = szk/ Z/.LI/ K, E/LVCI{,V’

where d;& and d, (ck, . and ¢ ) are the creation and
annihilation operators of dot state u (conduction electron
k, ). Fifteen components of % are generators of the Lie
algebra Su(4), {(oy, oy, 0, 1) ® (py, py, p, D} — {1 ® I},
where o; (p;) are the Pauli matrices in the spin (pseudo-
spin) space and / is the unit matrix. The energy difference
A is expressed by the fictitious magnetic field B, the I ®
p. component of which is A and the other components are
0[B-S = (8/2)55 (dg yods,1p = dy _y pds 1))

We evaluate Ty as a function of A using the “poor
man’s” scaling method [26]. We find that (i) Tx(A) is
maximal around A = 0, and (ii) Tx(A) decreases with
increasing A by a power law, Tg(A)= Tx(0) X
[Tx(0)/A]” with y =1 [27]. In the S-T Kondo effect,
Tx(A) obeys a power law with y = 2 + /5 on the triplet
side, whereas Tx(A) drops to zero suddenly on the singlet
side [10,12]. Figure 4(d) shows the experimentally ob-
served relative conductance, AG, measured from the
degeneracy (AB = 0) at Vg = 0, as a function of AB.
The conductance drops abruptly on the singlet side (AB <
0) in the S-T Kondo effect, whereas it drops more slowly
and symmetrically in the D-D Kondo effect, in qualita-
tive agreement with the theory [Fig. 4(e)]. These behav-
iors are also present for other D-D and S-T Kondo effects
at different N, shown in Fig. 2(c).

In summary, we have presented a new multilevel
mechanism for the Kondo effect in an artificial atom.
We have shown that an orbital degeneracy for odd N and
S = 1/2 dramatically enhances the Kondo effect as in the
S-T Kondo effect reported before.
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The power law of Tx(A) in D-D Kondo effect was
originally derived by K. Yamada er al. [28].
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