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Tunable zero-field Kondo splitting in a quantum dot
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We present detailed low-temperature transport measurements of a single quantum dot formed in an InGaAs/InP
heterostructure with a strong tunnel coupling to the source and drain leads. The conventional spin-1/2 Kondo
effect is observed for the quantum dot in the N = 9 charge state. By changing the voltages applied to the quantum
dot barrier gates, we find a zero-field splitting of the Kondo resonance and a zero-bias differential conductance,

which shows a nonmonotonic in-plane magnetic field and temperature dependence. Using a two-site Hubbard
model, we show that the main observed features can be explained in terms of Kondo correlation effects resulting
from the exchange interaction between two localized spins.
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I. INTRODUCTION

In recent years quantum dots made from semiconductor
materials have received much attention due to their potential
as building blocks for spintronic and quantum computing
devices.! To realize these devices, studies of spin transport
and spin coherence in semiconductor quantum dots are of
great importance. One manifestation of a coherent spin state
is the so-called Kondo effect, which in a quantum dot gives
rise to an enhancement of the differential conductance at
zero bias for temperatures below the characteristic Kondo
temperature, Tx.>> The conductance enhancement can be
attributed to the formation of a coherent many-body state
formed by electron spins on the leads and a single unpaired spin
on the quantum dot. This conventional effect, usually referred
to as the spin-1/2 Kondo effect, is expected to occur for an
odd number of electrons on the dot and has been extensively
studied in various quantum dot systems.*!'! In addition to the
spin-1/2 Kondo effect, the large tunability of these systems has
allowed for studies of different variants of the Kondo effect,
such as Kondo correlation effects at singlet-triplet transitions
for an even number of electrons on the dot,2-* the so-called
orbital Kondo effect,'® and the two-channel Kondo effect.!®

Moreover, the exchange coupling between a quantum dot
and a nearby impurity, the so-called two-impurity Kondo
effect, has attracted interest.'”>* Controlled coupling to
intentional impurities has been achieved experimentally'”:!8
and can be understood in terms of the so-called Ruderman-
Kittel-Kasuya-Yosida (RKKY) interaction.>>* However, the
coupling to unintentional impurities is still not fully understood
and further work is needed in order to gain knowledge of the
origin of the impurities and the nature of the interaction.?>~>*

In this work we present detailed results from a study of
the conventional spin-1/2 Kondo effect and a gate-induced
splitting of the same Kondo resonance in a lateral quantum
dot with an odd occupation number at zero magnetic field.
Zero-field splittings of Kondo resonances in single quantum
dots have previously been reported in GaAs-based devices with
intentional impurities'”'® and in carbon nanotube quantum
dots where the splittings were attributed to interactions with
unintentional magnetic impurities.”>>* A zero-field splitting
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of the Kondo resonance has also been reported for an even-
occupation quantum dot with a total spin § = 1,7 where
the splitting was attributed to a singlet-triplet transition and
an associated two-stage Kondo process in the presence of
single channel leads.'>?%?° We investigate Kondo correlation
effects at the N =9 charge state in our quantum dot and
find that the zero-bias Kondo resonance associated with the
spin-1/2 Kondo effect can be split into two peaks by changing
the voltages applied to the barrier gates. The single Kondo
resonance is restored when a finite magnetic field is applied.
We theoretically model our system using a two-site Hubbard
model and show that the Kondo restoration can be described
by a two-impurity Kondo effect scenario. Additionally, the
observed nonmonotonic temperature dependence of the lin-
ear response conductance is in agreement with theoretical
predictions.?

II. EXPERIMENTAL TECHNIQUES

The quantum dot device was fabricated in a modulation-
doped Ing75Gagrs5As/InP heterostructure containing a two-
dimensional electron gas (2DEG) in a 9-mm-thick InGaAs
quantum well layer buried 40 nm below the surface. A
700-nm-long and 150-nm-wide quantum wire was defined in
the 2DEG by wet chemical etching together with a quantum
point contact (QPC) defined in close proximity to the quantum
wire. A 20-nm thin film of HfO, was deposited locally on top
of the device acting as a gate dielectric. Five local finger Ti/Au
gates were fabricated over the quantum wire and one gate was
fabricated on top of the QPC;* see Fig. 1(a).

Transport measurements were performed in a dilution
refrigerator with a dc bias applied in a symmetric fashion
to both the source and the drain contacts. All measurements
were carried out at a refrigerated temperature of about 30 mK,
corresponding to an electron temperature of about 100 mK
unless otherwise noted. The local top gates 1g3 and 1g5 seen
in Fig. 1(a) were used to define a single quantum dot in the
quantum wire. The local gate 1g4 was used to tune the dot
occupation, whereas local gates 1gl and 1g2 were grounded.
The QPC gate Igpc was used to tune the conductance of the
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FIG. 1. (Color online) (a) Scanning electron micrograph of the
measured device. A quantum dot is formed between gates 1g3 and 1g5.
The QPC acts as a sensor for the charge states of the dot. The scale
bar is 200 nm. (b) Differential conductance on a logarithmic color
scale measured as a function of source-drain voltage V,, and gate
voltage Vjg4. The total number of electrons N in the dot is indicated.
The N =9 Coulomb diamond shows a conductance peak at zero
bias. Borders corresponding to the N = 1 Coulomb diamond have
been outlined with dashed red lines for clarity. (c) Close-up of the
N =9 Coulomb diamond on a linear color scale showing increased
conductance along zero bias. (d) Trace along the white dashed line,
Viga = —10 mV, in ().

QPC to allow sensitive charge sensing of the quantum dot
charge state.’°

III. SPIN-1/2 KONDO EFFECT

Figure 1(b) shows the differential conductance d1/dV,y
through the quantum dot as a function of bias voltage Vi,
and gate voltage Vjq4 using voltages Vi3 = —250 mV and
Vigs = —415mV applied to the barrier gates. The total number
of electrons, N, on the dot was verified by looking for sudden
jumps in the conductance through the QPC, corresponding
to changes in the charge state on the dot. The total number
of electrons is indicated by the number inside each Coulomb
diamond in the figure. For V;o4 < —153 mV no further changes
in the charge state of the quantum dot could be detected
by the QPC (not shown here), indicating an empty dot. A
conductance enhancement along zero bias is seen inside the
N = 9 Coulomb diamond, a feature which is consistent with
the spin-1/2 Kondo effect in a quantum dot containing a spin-
unpaired electron.*'! Figure 1(c) shows an enlarged plot of
the N = 9 Coulomb diamond, where the quantum dot is in the
strong-coupling regime, with the zero-bias Kondo resonance
clearly visible inside the Coulomb blockaded region [see also
Fig. 1(d)], which shows a line trace along the white dashed line
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in Fig. 1(c). Neighboring even-occupation Coulomb diamonds
do not show the zero-bias Kondo resonance, which suggests
a spin-filling sequence of spin-up and spin-down electrons
added consecutively to the dot, where only the odd-occupation
Coulomb diamonds have a nonzero total spin. Following
recent work,’! we estimate the Kondo temperature Ty ~ 0.4 K
from the full width at half maximum (FWHM) of ~120 uV
of the Kondo resonance in Fig. 1(d) using the expression
FWHM = 2./mkgTx. The Kondo temperature can also be
estimated from the tunnel coupling, which can be determined
from the linear response conductance:

hFUe—nU/4l“h
2kp

where U is the on-site Coulomb energy and I' = 'y + I'p is
the sum of the tunnel rates to the source and drain leads.*> Note
that Eq. (1) is only valid in the center of the Coulomb blockade
region. The Coulomb energy U = 3.0 meV is determined from
half the width of the N = 9 Coulomb diamond, whereas I' is
determined from line shape fits of the two Coulomb blockade
peaks on either side of the N =9 Coulomb blockade valley
at T =700 mK (kgT = 60 pueV) using the Breit-Wigner
formula®* (not shown). The evaluated tunnel coupling A" ~
1.3 meV (hT" > kpT) satisfies the necessary condition to
observe the Kondo effect, h" > kgTk, in our sample. We
calculate Tx ~ 1.8 K using the extracted values of U and I
from Eq. (1). This Kondo temperature is several times larger
than the value determined from the Kondo resonance width.
This discrepancy is most likely explained by uncertainty in the
determination of I".

Figure 2(a) shows the N =9 Coulomb diamond with a
magnetic field B =2 T applied in the 2DEG plane in the
direction along the wire. The zero-bias Kondo resonance is
split into two peaks due to lifting of the spin degeneracy at
a finite magnetic field, with the peak positions given by the
Zeeman energy eV, = £gZupB, where gf is the effective
g factor of the fifth single-particle level in the dot. Based on
the splitting of the Kondo resonance we extract an effective
g factor |g¥| ~ 2.6, which is similar to what has previ-
ously been found in few-electron InGaAs quantum dots.*34

; (1)

K~

0.1 0.5
@) dyay (m) Co—

) |

=)
~
u1

o dl/dV (€2h)

[\>)
T

100 1000
T (mK)

FIG. 2. (Color online) (a) Charge stability diagram of the N =9
Coulomb diamond with a magnetic field B =2 T applied in the
2DEG plane showing Zeeman splitting of the Kondo resonance.
The Zeeman split peaks are highlighted by dashed red lines.
(b) Temperature dependence of the zero-bias differential conductance
on a logarithmic temperature scale taken in the middle of the Coulomb
diamond, Vjes = —10 mV. The solid red line denotes a fit to the
experimental data using the phenomenological expression given in

Eq. (2).

085407-2



TUNABLE ZERO-FIELD KONDO SPLITTING IN A . ..

Figure 2(b) shows the temperature dependence on a loga-
rithmic temperature scale of the differential conductance at
zero bias for Vi,4 = —10 mV corresponding to the Kondo
resonance in the N = 9 Coulomb blockade region. The loga-
rithmic temperature decay of the conductance for 7 > 100 mK
is further evidence that the zero-bias conductance peak
stems from the spin-1/2 Kondo effect. The flat temperature
response for 7 < 100 mK is most likely due to saturation of
the electron temperature in the sample. Furthermore, we
estimate the Kondo temperature 7x ~ 0.4 K by fitting the tem-
perature dependence with the phenomenological expression’”

G(T) = Go/[1 + ' — IXT/Tx)*V, 2)

where we have used Gy = 0.51 and s = 0.21; see the red
solid line in Fig. 2(b). The fact that the Kondo temperatures
determined from the Kondo resonance FWHM and the
temperature dependence agree well with each other suggests
that the tunnel coupling A" is overestimated as the Kondo
temperature determined from Eq. (1) is significantly larger
compared to the other estimations.

IV. TWO-IMPURITY KONDO EFFECT

We now present measurements where the barrier gate
voltages have been slightly changed to Vj,3 = —260 mV and
Vigs = —405 mV. As well as affecting the tunnel barriers and
the lateral shape of the quantum dot, the decreased barrier gate
voltage asymmetry may also change the exchange coupling to
a nearby impurity.!”-'32* Here, we look at the influence of the
decreased asymmetry on the N = 9 Kondo resonance.

Figure 3(a) shows the N =9 Coulomb diamond for the
mentioned barrier gate voltage configuration with no external
magnetic field applied. A clear dip in the overall peak at zero
bias is visible with the dip extending into the direct tunneling
region. The existence of the central dip in the peak suggests
that a strong antiferromagnetic coupling between the spin on
the quantum dot and a second spin suppresses the Kondo
effect in this region.'” This system can be characterized by
two low-energy scales, the Kondo temperature kg Tx given by
the width Kondo resonance and the superexchange coupling
E, given by the width of the dip. Taking half the splitting of the
Kondo resonance as the superexchange coupling, we find E,, ~
80 pueV."

Figure 3(b) shows the differential conductance of the split
Kondo resonance as a function of Vi, for various in-plane
magnetic fields. The splitting in energy changes relatively
little for small fields, B = 0 mT and B = £100 mT, while
the splitting becomes larger for large fields, B = 1.5 T, due
to the Zeeman effect. A detailed plot of the total splitting in
energy AE of the two peaks as a function of magnetic field
is seen in Fig. 3(c). Qualitatively, the splitting first decreases,
plateaus out, and then increases for fields larger. The red solid
guide to the eye illustrates this flat-bottomed behavior. The
smallest energy splitting is observed for B = 225 mT [see
also the traces in Fig. 3(b)], which roughly coincides with the
onset of the plateau in the peak splitting AE in Fig. 3(c).

Interestingly, the zero-bias differential conductance shows
a nonmonotonic behavior as a function of applied magnetic
field, see Fig. 3(d), with a maximum conductance at By,x =
225 mT, marked by the black arrow in the figure, corresponding
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FIG. 3. (Color online) (a) Charge stability diagram of the N =9
Coulomb diamond for a decreased asymmetry of the barrier gate
voltages showing a splitting of the zero-bias Kondo resonance for
B = 0 T. The differential conductance peaks have been outlined by
dashed red lines for clarity. (b) Traces along the black dashed line in
(a) for various magnetic fields. Each trace has a 0.1 e*/h offset for
clarity. (c) Splitting of the Kondo resonance in energy as a function
of magnetic field for Vj,4 = —12 mV. A flat-bottomed red solid line
has been included as a guide to the eye. (d) Differential conductance
as a function of magnetic field for Vy; = 0 uV and Vjp4 = —12 mV.
(e) Temperature dependence of the differential conductance of the
split Kondo peak on a logarithmic temperature scale measured at
Via = 80 uV (triangles), Vyy = —80 uV (squares), and Vyy = 0 uV
(circles) for Vig4 = —11 mV and B = 0 T. (f) Schematic showing a
quantum dot containing an electron spin and a nearby electron spin,
localized to an impurity, interacting via an exchange energy E,.

to a Zeeman energy of |gZ| g Bmax ~ 30 neV. Looking again
at the differential conductance traces at B = £225 mT in
Fig. 3(b), which correspond to the peaks in the zero-bias
conductance at positive and negative fields in Fig. 3(d), we
clearly see that the splitting has decreased and the single
Kondo resonance is almost completely restored. Following
the procedure given in the previous section we estimate Tx ~
0.7 K, corresponding to kpTx ~ 60 peV, from the width of
the restored Kondo resonance at By, i.€., in the region where
the antiferromagnetic coupling is suppressed. Importantly, we
find that E, = kpTk, which is consistent with theoretical
predictions of two spins with antiferromagnetic coupling in
the limit of 7 <« Tx.'® A small residual splitting of the Kondo
resonance is seen from B ~ 225 mT to B ~ 650 mT in
Fig. 3(c). Theory predicts a complete restoration of the Kondo
resonance when |gZ|p Bmax ~ E,; see below. The origin of
this residual splitting is unknown but it might be related to
a dynamical effect of the relative strengths of the exchange
coupling and the Zeeman energy of the two interacting spins.
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In order to verify the presence of Kondo correlation effects
in the system, we investigate the temperature dependence of the
differential conductance at three different source-drain volt-
ages [see Fig. 3(e)], using Vjg4 = —11 mV. For V4 = 80 uV
(triangles) and Vi, = —80 uV (squares), which correspond
to the two peaks at positive and negative bias voltages where
the antiferromagnetic coupling is suppressed, we see typical
behavior of a Kondo resonance with a logarithmic decrease
of the conductance as a function of temperature. However, for
Via = 0 uV (circles) the temperature dependence is nonmono-
tonic, reaching a maximum conductance at Ti,,x ~ 300 mK
(marked by the black arrow in the figure), corresponding to
an energy of kgTmax ~ 30 ueV. The energy scales of T
and Bnax are in quantitative agreement, which suggests that
the same underlying physical mechanism gives rise to the
observed phenomena.

A likely physical explanation of the observed scenario
is that the gate-induced splitting of the Kondo resonance
is caused by a crossover between two different phases, a
conventional spin-1/2 Kondo phase and a two-impurity Kondo
phase. In this interpretation, one of the two impurity spins
is the spin localized to the quantum dot, whereas the other
spin resides close to the quantum dot, possibly in a trap
state in the HfO,/semiconductor interface; see the schematic
in Fig. 3(f). The two spins will interact via an exchange
coupling E,. In the weak-coupling regime (small E,) the
conventional Kondo effect dominates, leading to a zero-bias
peak in the differential conductance. An increased coupling
(large E.) leads to a crossover to a different phase. The new
phase is characterized by the formation of a spin-singlet state
between the two interacting spins, i.e., an antiferromagnetic
phase. The formation of the singlet state effectively locks
the spin in the dot, thus suppressing the Kondo resonance
around zero bias. For larger bias voltages, however, the
system may occupy the higher-energy triplet state, leading to
reestablishment of the Kondo resonance at the singlet-triplet
degeneracy point. Our data are in agreement with these
theoretical predictions. Furthermore, we find that the energy
scales of the experimentally determined Tpn,x, Bmax, Ex, and
Tk are all of the same order of magnitude. Finally, we note
that E, /kpTx ~ 1.3 suggests that the system is in a crossover
phase with asymmetric tunnel coupling and not at the quantum
critical point where E, /kgTx ~ 2.5."°

V. THEORETICAL MODEL

In order to qualitatively describe the experimental results,
we employ a two-site (i = 1 dot site and i = 2 impurity
site) Hubbard model with a common on-site energy €,, and
electron-electron repulsion U which is connected to the left
and right leads:

Hy = Zéadjadig + Z Ui’lml’l,'i + thlTadZU + H.c.,

io

1
Ex,cf, k., 3)

He =
ko €{L,R}

Hr = Z (VLCkLgle” + H.C.) + Z (VRckRadgg + HC)
ko kro
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Nonequilibrium effects in ‘H = Hy + H¢e + Hr are inves-
tigated by employing the finite-U slave boson mean field
formulation developed by Kotliar and Ruckenstein (KR)3®
which has been successfully applied in the strong-coupling
limit. In this approach, the localized electron operator d;,
is replaced by a combination of a quasiparticle fermion
operator f;, and the empty e;, double-occupancy d;, and
single-occupancy magnetic p;, slave-boson operators. Thus,
the four many-body localized states |0), |1), [{), and |1])
are defined as e’ = |0), pl = 1), p| =[4), and d' = 1)),
together with the closure relation

10)(01+ D o) (o] + 114} {1 ]
=cle+) phps+dld=1, “)

and the charge conservation condition

Os Ef;fa :pipa +de 5)

In this representation the electron creation projector with spin
o becomes |0)(0] 4+ |1 )(& ], which is translated into zj; =
pfre +df ps (up to a normalization factor).’® The mean-field
approach consists of replacing the slave-boson operators by
their mean-field values e¢; — {¢;), pic — {(pio), and d; —
(d;). By doing this, the new slave-boson Hamiltonian becomes
quadratic in which the two constrictions are added as two
Lagrange multipliers (1;,A;). The mean-field parameters are
calculated with the set of equations derived from the equation
of motion of the slave-boson operators and the two constraints.
In this manner we obtain the renormalized parameters for the
localized level positions and the tunneling amplitudes:

’5[0 — &g + Aicrv ’i; = IZTO—ZZLM VO( = VaZao- (6)
The current through the dot is calculated from the time
variation of the left lead occupation as I = I} = e%NL =

ifl—e[H,nL], where N; = Zk’a CTL,“,CLJ«T. Then, the current
becomes

e

{y=—7

where the transmission probability is defined as T (hw) =
4% hT hTRr’A~'hw)  with  A(hw) = x (o) x* (o),
x(hw) = [(hw — €, + ihT)(hw — €, +ihTg,) — %], and
hTrry = nVLZ(R)pL(R)(ha)) as the left/right lead-dot
hybridization  energy  [with  py g (hiw)=1/D  for
—D < hw < D, and D being the contact bandwidth].

In the Kondo regime, Eq. (3) is equivalent to the two-
impurity Kondo Hamiltonian

/ dhol fu(ho) — frh) TGo),  (7)

Hy =Y JiS8:6; + E.55, 8)
1

where S and S, are the spin operators for the localized spins,
and oy is the local spinin the i = 1,2 contact region (1 = L,
and 2 = R). For the sake of simplicity we consider the same
Kondo strength Jx for the dot and the magnetic impurity. E, =
4t/ U denotes the superexchange interaction between the dot
and the impurity spins. The competition between the Kondo
coupling and the superexchange occurs as a crossover between
two phases, namely the Kondo phase where E, <« kgTkx and
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FIG. 4. (Color online) (a) Transmission 7 (hw) for different
Zeeman energies Ay = |gi|upB. (b) Evolution of the splitting
of the two central peaks in the transmission (AE) versus Ajy.
(c) Differential conductance as a function of the external magnetic
field. Parameters: € = —U/2, U = 3hI', and ¢t = hI". With the
parameters E, = 4t>/U ~ 1.25hT", Tx(—=U/2) = 0.53hT", the dot
system is found in its antiferromagnetic phase for B = 0.

the antiferromagnetic phase where the two localized spins are
combined into a singlet state (E, > kpTx). When a magnetic
field is applied, the Zeeman term is added to H:

Hz = g5 lupBSi: + |85l s BSy.. ©9)

The presence of a magnetic field tends to align the two
localized spins, S;; = S,,. From the point of view of the
dot, the superexchange coupling E, acts as an effective mag-
netic field generated by the magnetic impurity Bexe = E, ;.
Therefore, when the external magnetic field compensates
the exchange field the Kondo restoration occurs and the
transmission through the quantum dot shows a Kondo peak.
By further increasing the magnetic field the Kondo resonance
splits again and eventually the Kondo effect is suppressed.
All these above-described features that are observed in
the experiment are qualitatively reproduced by our numerical
simulations shown in Fig. 4(a). The figure illustrates the
magnetic field dependence of the transmission T (hw). At B =
0 the transmission shows a double-peak structure with peaks
at w & +E,/2 due to the strong superexchange interaction
(Ex 2 kpTk). By increasing B one clearly observes that
the splitting of T(hw) is destroyed and a resonance at the
Fermi energy emerges restoring the Kondo effect around some
critical magnetic field B.. By further increasing B the Kondo
resonance splits again. In general for B, E,, and Tx we find
four peaks in the T (iw) corresponding to the possible states
of the two antiferromagnetically coupled spin-1/2 impurities
in a magnetic field. The restoration of the Kondo resonance
takes place at the critical value giupB. ~ E, where the two
peaks merge together and give a central Kondo resonance.
The value of B, corresponds to the special point where the
antiferromagnetic singlet state formed by the dot spin and the
magnetic impurity and the lowest component of the triplet
state become degenerate. The evolution of the splitting AE in
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the transmission is shown in Fig. 4(b) that nicely agrees with
the experimental finding shown in Fig. 3(c). Finally, Fig. 4(c)
shows the nonlinear conductance when the Kondo restoration
occurs in qualitative agreement with the experimental result
of Fig. 3(b). In conclusion, these calculations support the
physical interpretation of the experimental features in terms
of magnetic-field-induced Kondo restoration within the two-
impurity Kondo effect scenario.

VI. DISCUSSION AND CONCLUSIONS

Zero-field splittings of Kondo resonances stemming from
an unintentional two-impurity Kondo effect have been exper-
imentally observed in carbon nanotubes.?>* Unlike Refs. 22
and 23, we have observed a gate-induced crossover and unlike
Ref. 24 the temperature dependence of our data shows that
the observed behavior indeed stems from Kondo correlation
effects. A zero-field splitting of a Kondo resonance has also
been observed in an even-occupation quantum dot?>’ with
a total spin § =1 stemming from the two-stage Kondo
effect.?®? While the two-impurity and two-stage Kondo
effects manifest themselves in a similar way, we believe that
the two-stage Kondo effect is an unlikely physical explanation
of our observations. The two-stage Kondo effect requires a
higher spin state, i.e., S > 1/2, which is unlikely in our N = 9
quantum dot system as this would require a triple orbital
degeneracy or near degeneracy with S = 3/2.

In summary, we have demonstrated a gate-induced
crossover between a spin-1/2 Kondo phase and a phase which
shows a splitting of the Kondo resonance in a quantum dot
at zero magnetic field. We interpret the observed zero-field
splitting of the Kondo resonance in terms of the two-impurity
Kondo effect where the crossover is induced by a gate
tunable exchange interaction between the dot electron and
a localized impurity electron. We find qualitative agreement
between experimental and theoretical results for the magnetic
field dependence of the split resonance. We hope that our
analysis of the unintentional two-impurity Kondo effect in
the interacting and noninteracting regions in both the linear
and nonlinear response regimes will help shed new light on
the nature of the interactions between spins in quantum dots
and impurities in the environment. Controlling or reducing
unwanted interactions with the environment is of utmost
importance for the realization of spintronic and quantum
computational devices.
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