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Charging Energy of a Chaotic Quantum Dot
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The scaling behavior of the charging energy of a quantum dot with asymmetrically adjusted tunnel
barriers is measured through the amplitude of the Coulomb oscillations in the thermovoltage. For
weak coupling between the dot and the reservoirs, we observe a linear scaling of the effective
charging energy when the transmission probability of one tunnel barrier is increased. At higher
transmission probabilities, we find a deviation from the linear scaling and a crossover to a constant
value. This behavior is caused by the chaotic nature of the electron trajectories within the dot.
[S0031-9007(98)07846-6]

PACS numbers: 72.20.Pa, 73.20.Dx

The low temperature transport properties of a quantuncorresponds to a conductance of the tunnel barrier equal
dot, weakly coupled through tunnel barriers to electronto the conductance quantum#?/h). Although Eq. (1)
reservoirs, are dominated by the Coulomb blockade. Thisvas derived under the assumption thas close to one,
effect leads to oscillations of several transport quantities athe predicted scaling behavior has been experimentally
a function of the voltage applied to a capacitively coupledobserved for a range 6f< ¢ < 0.3, using an electrometer
gate electrode. The most well known are the Coulombédevice consisting of two coupled quantum dots [10]. This
blockade oscillations of the conductance [1]. Anotherexperiment was performed by monitoring the conductance
quantity that exhibits an oscillatory behavior is the ther-of one, well-defined dot as a function of the gate voltage
mopower, which is defined &= — limar—o(AVy/AT), applied to the other while the transmission probabilities of
with AVy, the potential difference across the dot caused bywo quantum point contacts leading to the dot were varied.
a temperature differenckT. As a function of gate volt- A quadratic scaling behavior of the charging energy was
age, the thermovoltag€,;, exhibits sawtoothlike oscilla- found in agreement with Eq. (1). The sensitivity of the
tions [2,3]. experiment did not allow for a thorough check of the

For finite transmission of the barriers between dot andcaling behavior near= 1.
reservoirs G in the order of2¢2/h), quantum fluctuations Recently, Aleiner and Glazman [11] pointed out that for
are expected to influence the occurrence of the Coulomhsymmetrical quantum dots, where the classical electron
blockade in such a way that for increasing transmissiorrajectories are chaotic, a residual oscillatory dependence
probability, 7, the Coulomb oscillations become less dis-of the transport properties should remain even if the
tinct. This behavior has been studied in two different lim-conductance obne of the leads becomes close 2e?/h.
its, i.e., in the limit where the tunnel barriers contain manyThis implies a finite effective charging energy ats
conducting channels [4], as applicable for metallic quand which contradicts Eq. (1) as well as other published
tum dots, as well as in the limit for split-gate defined semi-scaling theories [6]. To test the prediction of Ref. [11], a
conductor quantum dots [5,6], where only one conductindechnique is needed that allows for sensitive measurements
channel is present. In the latter case, which is of interof the charging energy of a quantum dot even if the
est here, the one-dimensional character of the tunnel barriransmission probability of a coupling point contact is close
ers is often taken into account using techniques which art® one.
based on a Tomonaga-Luttinger formalism [7]. A map- According to the theory of Ref. [2], the amplitude and
ping of these results to the problem of two coupled dotdine shape of the thermopower oscillations depend strongly
[8] was successfully used to explain experimentally foundon the ratiokgT/E.. Thus measuring the thermovoltage
splittings in the Coulomb peak due to molecular electronVy, of a quantum dot at a fixed temperature for differ-
states [9]. ent transmission probabilities of a coupling point contact

Reference [5] describes the effect of quantum fluctuashould provide information about the scaling behavior of
tions in terms of a renormalization of the bare chargingthe charging energy. Here, we present experimental results
energyE. = ¢?/2C, whereC is the self-capacitance of on the scaling behavior of the charging energy through
the dot. A result is the scaling of the effective chargingchanges of the amplitude and line shape of the thermo-
energyE’ with the transmission probabilities of the cou- voltage oscillations.
pling barriers according to The sample, schematically shown in Fig. 1, is elec-

E = E(1 — )™ (1) trostatically defined by TiAu Schottky-gates, labeled
c ¢ ) A,B,...,F, in a two-dimensional electron gas (2DEG),

Here, N. is the total number of tunnel barriers with which is formed within a (Al,Ga)As modulation doped

a transmission probability leading to the dot. #(=1 heterostructure. The 2DEG has an electron density
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F I A in Fig. 2(a) for a gate-voltage range 6f938 mV <
7 2 " Vg‘? < =925 mV and six different transmission probabili-
[ ] X ties of point contacCD, ¢t = 0.06, 0.19, 0.29, 0.38, 0.43,

and 0.82 (top to bottom). The thermovoltage oscillations

decrease with increasing point-contact conductance and
become more symmetric. Figure 2(b) shows the behav-
ior of the calculated thermopower of a quantum dot (solid

line) as a function of the Fermi energy in the reservoirs,

i.e., the electrochemical potential in the dot, according to

the theoretical model given by Ref. [2]. Here, thely

"
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FIG. 1. Schematic top view of the sample structure. The 051 ' 1
hatched areas show the structure of the Schottky gates, the
crosses denote Ohmic contacts. The heating current is passe i N
between/; andl,. The thermovoltag&’, is measured between
Vi andV,. The chaotic electron trajectories are indicated in the -0.5

gate-defined dot region (dashed line). An arrow points at the
varied quantum-dot lead.

ny =~ 3.4 x 10" cm™2 and an electron mobilityu =~

10° cm? (Vs)~!. The gates define the following main
features of the sample: (1) the quantum dot (gateB, C
and D) with a lithographical size of 700 nrix 800 nm, /\//\_/\

coupled to the reservoirs by two adjustable barriers [quan- -
tum point contactsiD and CD, defined by gates (C) W_
and D (D), respectively]; (2) & um wide and20 um T , ) . .
long channel ADEF, between the gates$, D, E, and F 036 .034  .932 930 928 926
and a quantum point contagr, defined by gate& and V. /mV

F. The electrochemical potential of the dot can be varied Gate .
by changing the applied voltage to gabe Vf, while
the tunnel barriers are kept constant. During the scaling b) ! 05
experiments, the sample was kept at a base temperature ¢ 7 ’
40 mK.

A temperature differencAT between the two reservoirs
adjacent to the dot is created by current-heating techniques
[12]: Alow-frequency (13 Hz) currerttis passed through
the electron channedDEF, increasing the temperature @
of the electron system in the channel Af" « I2. Mea- <
suring the potential difference between the voltage contacts >
V, andV;, [cf. Fig. 1] by phase sensitive lock-in techniques
at twice the frequency of the heating current gives a ther-
movoltage

V! WV
§
1

A

Vin := Vi — Vo = (Seet — Saot)AT . (2
Thus, assuming a constant thermopowgr of the ref-
erence point contadiF and a constant averaged tempera- & 1;2 * 17'4 * 1-;6
ture differenceAT between the electron channel and the E, / (¢2/2C)
reservoirs, variations dfy, reflect directly changes in the F
thermopower of the dot. FIG. 2. (a) Experimental traces of the thermovoltage of the

The scaling behavior of the charging energy is deterguantum dot for a heating current of 40 nA. The transmission

mined by measuring/;, as a function Oﬂ/f for various  probability of point contactCD was 0.06, 0.19, 0.29, 0.38,

; PRI 0.43, and 0.82 from top to bottom. (b) Calculated curves of
values of the conductance of point contaad, which is the thermopower of a quantum dot. The values g /E. are

el
changed by adjusting,’, the voltage on gat€. The 55 555030, 0.33, 0.37, and 0.45 from top to bottom (solid
transmission of point contactD is kept constant at a |ine). The experimental thermovoltage measurements from (a)
value of=0.06. Some of the resulting curves are shownare added as dashed lines.
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variable parameter is the ratio between thermal energy arity values ( — ¢ < 0.5) we find a change of slope which
charging energyksT /E. to fit the line shape of the mea- appears to approach an asymptotic value=6f45 E’ /E.
sured thermovoltage [dashed lines in Fig. 2(b)]. Thusfor + — 1, which contradicts the predicted scaling behav-
assuming a constant temperature, the measured decreaseof Eq. (1).
and change in line shape of the thermovoltage can be in- As mentioned above, deviations from the scaling behav-
terpreted as a renormalization of the charging enekgy, ior are expected if the electrons inside the quantum dot
The fit parametekzT /E. for the curves (solid line) dis- are scattered randomly. If the averaged dwell tirpeof
played in Fig. 2(b) are 0.22, 0.25, 0.30, 0.33, 0.37, andhe electrons in the dot exceeds the ergodic timg the
0.45 (top to bottom). electron motion in the dot is chaotic. We now need to de-
Using the bare charging energy of the quantum dotcide whether the electron motion in the investigated sys-
E. = 100 £ 20 ueV, which was determined from ther- tem is chaotic or not. A description of a chaotic system is
mal activation studies of the conductance in the Coulombpossible in the framework of the random matrix theory
blockade regime, it is possible to evaluate the effectivdRMT) [13]. This theory gives the following expression
charging energy quantitatively. As a result, the temperafor the average magneto conductance of a chaotic quantum
ture difference across the dadtT, can be calculated from dot withopenleads (v > 1) in the ballistic regime around
the ratio of the measured thermovoltage and the calculatel = 0 T:

thermopower [cf. Eq. (2)], yieldindhT = 8 mK. 6Gy

In order to check the prediction of Eq. (1), the transmis- (6G(P)) = 1+ (®/D)2° (3)
sion probabilities of point contactD are needed. These
are obtained from conductance measurements of the bare hr 172
point contact as a function oW'gC, which are corrected b, = — (ﬂ) ,
for the electrostatic influences of the other active gates €\ Td

by subtracting an experimentally determined offset. Inand® = BA, whereA is the area of the dot. By measuring
Fig. 3 E}/E. is plotted versus the reflection probability the conductance of the dot with open leads as a function of
1 — ¢ of point contactCD, obtained by the fitting proce- an external magnetic field for a large number of different
dure discussed above. According to Eqg. (1), one expectsdot configurations, i.e., a large number of different gate
linear behavior to account fa¥. = 1, the number of var- voItagesVé?, it is possible to obtain the statistical ensemble
ied point contacts. For values 6f5 < (1 — ) <1 we necessary to verify the chaotic behavior of the electron
indeed find a linear scaling, which establishes the validitynotion in the dot. The inset of Fig. 3 displays the averaged
of Eq. (1) in this regime. However, for smaller reflectiv- conductance of the open daV (= 4¢2/h) as a function
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FIG. 3. Plot of the measured ratiy /E. as a function of reflection probability — ¢ of point contactCD. The solid line shows
the trace of linear scaling according to Eq. (1). Inset: Averaged conductance of over 30 individual curves for the ager=dé} (
taken with slightly different gate voltage‘zéf (solid line). Thex axis is expanded aroun8 = 0 T and a Lorentzian fit of the
weak- localization peak added (dashed line).
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of a magnetic field for over 30 individual measurementsade fort — 1. However, the observation of a finite ef-
[14]. Similar experiments on chaotic dots have beerfective charging energy for high transmission probabilities
reported, e.g., in Ref. [15,16]. The observed dip arounadan be explained by taking into account classical chaotic
B = 0 T is due to the weak-localization effect. The ratio trajectories of the electrons inside the dot. The experimen-
T4/ Terg 1S Obtained by fitting the line shape accordingtal value for an effective charging energy(at— 1) — 0
to Eqg. (3) which yields a value of,;/7¢, = 5.3. This isin good agreement with theoretically expected values for
result implies that the motion of the electron in the dota chaotic quantum dot of the relevant dimensions.
is chaotic and Aleiner and Glazman’s conjecture [11] for We would like to thank K. Flensberg, C.M. Marcus,
the observed deviation from the predicted scaling behavioand L.I. Glazman for fruitful discussions. Part of this
of the effective charging energy is appropriate. We havevork was supported by the DFG, SFB-341 and DFG, MO
obtained additional evidence for the chaotic nature of th&11/3-1.
electron trajectories from thermopower measurements in
the ballistic regime. These experiments, which exhibit
characteristic non-Gaussian fluctuation distributions, will
be discussed elsewhere.
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