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Thermopower of a Chaotic Quantum Dot
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The thermovoltage of a chaotic quantum dot is measured using a current heating technique. The fluc-
tuations in the thermopower as a function of magnetic field and dot shape display a non-Gaussian distri-
bution, in agreement with simulations using random matrix theory. We observe no contributions from
weak localization or short trajectories in the thermopower. [S0031-9007(99)08804-3]

PACS numbers: 73.20.Dx, 05.45.—a, 72.20.Pa

The electrical conductance of small—characteristic sizeion of parametric derivativeX(= E, B, shape...) of the
much smaller than the electron mean free path—confinedonductance of a QD is the subject of recent RMT in-
electron systems (usually denoted as quantum dots) showsstigations [12,13]. The probability distribution for the
distinct fluctuations. These fluctuations display correlathermopower is again expected to be non-Gaussian for
tions as a function of an external parameter such as shapecinaotic conductors, exhibiting cusps at zero amplitude and
magnetic field, which can be described in a statistical manaonexponential tails [13,14].
ner. The electrons can, in fact, be viewed as billiard balls In this paper, we present magnetothermopower mea-
moving in a classically chaotic system where many randonsurements of a statistical ensemble of chaotic QDs. The
reflections at the system walls occur. Because of the wavesbserved thermopower fluctuations show a non-Gaussian
like nature of the electrons, quantum mechanics is neededistribution. We present a numerical fit based on RMT
to describe these systems fully. Chaos in quantum dots haghich describes the experimental data. We demonstrate
been investigated [1—3] in conductance measurements btitat effects such as short trajectories, weak localization,
the analysis turns out to be difficult. So-called short tra-and dephasing are absent in thermopower measurements.
jectories [4] and weak localization effects [1,5] add up to In Fig. 1a the measured device is shown schematically.
the signature of chaotic motion. Moreover, current heatA QD (lithographic size800 nm X 700 nm) is electro-
ing of the electrons in the dot appears to be unavoidable istatically defined (gates A, B, C, and D) in a standard,
conductance measurements. Electron heating effects in thégh-mobility 2-dimensional electron gas (2DEG) in a
dot smear out the underlying chaotic statistics and thereGaAs-(Al,Ga)As heterostructure. The 2DEG has a mo-
fore the observed fluctuations exhibit mostly a Gaussiamility of u =~ 10° cn?(Vs)~! for an electron density of
distribution, although theory predicts non-Gaussian distri3.4 X 10! cm™2 at 4.2 K. A2 um wide and &0 um
butions when a small number of electron modes is adlong electron-heating channel is defined next to the QD
mitted to the dot [6]. Only when dephasing (modeled aggates A, D, E, and F). The sample is kept at 40 mK
extra modes coupling the dot to the environment) is inin a dilution refrigerator equipped with a superconduct-
cluded, random matrix theory (RMT) [1,7] gives a Gauss-ing magnet. Transport measurements are performed using
ian distribution. Very recently, Huibeet al. [8] observed standard phase-sensitive techniques. For reasons of com-
small deviations from a Gaussian distribution in conduc-arison, all data shown in this paper were obtained from
tance measurements. However, other transport properti¢ise same sample. We have obtained similar results in sev-
calculated from these data exhibit again Gaussian distribieral other devices.
tions, in contrast to theoretical predictions. Conductance data are shown in Fig. 1b. The graph is

An alternative for the conductance measurements puthe magnetoresistance of the QD, averaged over a large
sued so far is to investigate the thermoelectric propyumber of different configurations [15]. Both QPCs lead-
erties of a system. Thermopower measurements havag to the QD were adjusted to a conductagte= 4e¢%/h
already been used to study semiconductor nanostructuresrresponding to two spin-degenerate modes in the QPCs.
such as quantum point contacts (QPC) [9] and quantums in Ref. [3], an ensemble of configurations was cre-
dots (QD) in the Coulomb blockade regime [10,11]. Theated by repeatedly changing the voltage on gate B by a
thermopowerS measures directly the parametric deriva-small amount(évgB = 10 mV). As is evident from the
tive of the conductance§ = G~ '9G/aX, whereX = E  figure, apart from remaining chaotic conductance fluctua-
(energy), and thus yields both similar and additional in-tions also the signatures of weak localization (sharp peak
formation on the electron transport processes as can laoundB = 0 T) and short trajectories (characterized by
obtained from conductance measurements. The distriba background conductance that exhibits a polynominal
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(@) F I A Here, QPC E-F is adjusted such that its thermopower,
7 L Sref, 1S Minimal and constant for all measurements. As
X in the conductance measurements, the transmittance of
QPCs A-D and C-D was adjusted @® = 4¢>/h. Again,
% / varying the voltage applied to gate B2, was used to
/]

dm change the shape of the QD.

B In Fig. 2a a gray scale plot is shown of the transverse
azz: voltageVy;, as a function of magnetic field arid;’. The

C step in gate voltage between two successive magnetic-field
sweeps WaﬁVf = 10 mV. The magnetic field range was
limited to |B| = 150 mT to avoid the regime where the
I Z 2 ] 2 guantum Hall effect becomes dominant. The characteristic

E v, fluctuations are stable in time and well reproducible. As

an example, the trace fon = =550 mV is plotted
separately in Fig. 2b. The fluctuations are symmetric
aroundB = 0 T with a zero mean.
[ Because the resistance of the electron heating channel is
200} magnetic-field dependent due to classical (breakdown of
I 7 the entrance resistance) and quantum (weak localization
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FIG. 1. (a) Schematic top view of the measured sample. The § -600
crosses denote the Ohmic contacts to the 2DEG; the hatched >
areas denote the gates. The heating current is applied between -550
I, and L. The thermovoltage is measured betwegnavid ;.

The QD is defined by applying a negative voltage to gates A, B, -500
C, and D. (b) Magnetoconductance of the QD, averaged over
a large number of different QD configurations. The influence -450
of short trajectories is characterized by the dashed line. Inset:

Conductance distribution fdB| = 50 mT (b)

dependence on magnetic field [2,3], Fig. 1b, dashed line)
are clearly observed. In order to extract the statistics

of the fluctuations, the conductance measurements were 2
corrected for these features. The resulting distribution is 20
shown in the inset of Fig. 1b (for magnetic fields larger =t
than 50 mT). A Gaussian function fits these data well. = 2

By passing a low-frequency (13 Hz) current through the [ ]
Ohmic contacts,l and b, the electron gas in the channel 4f i
is heated T, o I%) while the wide 2DEG regions remain . . . . .
in equilibrium with the lattice. The ac heating current 150 -100 -50 0 50 100 150
I = 0.4 A is small enough to avoid lattice heating, and B/mT

we have ensured that we are in the regime of ”neaf:lG. 2. (a) Gray scale plot of the thermovoltage of the QD

response. The temperature difference between heating a function of magnetic field (x axis) and of gate voltage on
channel and electron reservoir induces a thermovoltaggate B (y axis). The gate voltage is changed by a constant
Vi across the chaotic QDVy, can be measured, using small amount oﬁ\égB = 10 mV for each magnetic field sweep.

_ ; ; e light areas denote a large (maximuid wV) positive
QPC E-F as a reference point, between Ohmic contactt ermovoltage, and the dark areas a large (maxi V)

Viand V,. Vi is then related to the thermopower of the pegative thermovoltage. (b) Individual thermovoltage trace
QD, S4ot, @S for Vf = —550 mV [dashed line (a)]. Inset: Thermovoltage,
_ _ _ _ _ _ corrected for the temperature variation of the heating channel
Vin = V2 = Vi = Vior = Vier = (Saor — Srer)AT . and averaged over a large number of QD configurations.
(1)  Signatures of weak localization and short trajectories are absent.
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and conductance fluctuations) transport effects, also the (a) 4 . . T . " . .
electron temperature in Eq. (1) is somewhat dependent on
magnetic field,T, = T.(B). For the given device struc-
ture, this dependence can easily be determined experimen-
tally, using the quantized thermopower of a QPC [9]. The
thermovoltage of QPC A-D, adjusted for maximum ther-
mopower, is measured as a function of magnetic field
while keeping V[f = Vf =0V, i.e., without defining

the QD, yieldingvth,channe] = (SAD - Sref)AT(B)- The
variation in channel temperature, which turns out to be
only a few percent, is effective for each individual mea- 0
surement. Thus, by dividing the QD thermovoltage by the

QPC thermovoltage, this effect can be eliminated. We (b)

3

P(S)
N

have verified that this calibration does not influence the 6F 6 .
statistics of the thermopower fluctuations. " 54

The inset of Fig. 2b shows the temperature-variation 5re, 3 T
corrected thermovoltage, averaged over all configurations. 4'_ ol \= ]
We show this averaged trace to illustrate that in contrast to i A0 00 40

S/(pV/K)

the averaged conductance (Fig. 1b) signatures of weak lo- o 4|

calization and short trajectories are absent in the averaged % |

thermopower [15]. For the weak localization correction, 2

this is readily understood when one realizes that the cor-

rection to the conductance for a zero-dimensional system r

is energy independent, and any signs of weak localization 0' ) _ _

in the thermopower should derive from the energy de- 60 -40 -20 00 20 40 60
pendence of the phase-coherence lerigtiwhich is pre- S/(uV/K)

sumably small. (However, see Ref. [16] for experiments S
on weak localization thermopower in the two-dimensionalF!G- 3. (a) Thermopower distribution in the presence of TRS

. . . |B] = 40 mT). Experimental results (dots), simulation results
quantum-diffusive transport regime.) The absence of ggiq jine), and Gaussian fit (dashed line). (b) Thermopower

signature of short trajectory effects in the thermovoltagejistribution for broken TRS(|B| = 50 mT). Experimental
measurements implies also a very weak energy depemesults (dots), simulation results (solid line), and Gaussian fit
dence for the conductance correction due to these prddashed line). Inset: Experimental thermopower distribution
cesses. Heuristically, one might argue that the fast transtt’Ots) fgr brr]oken TRSlz dc?mpared to simulation results including
times involved with short trajectories correspond to IargeS rong dephasing (solid line).
energy scales while the thermopower measures a local (at
Er) derivative. It would be interesting to investigate these o . )
effects theoretically. tacts. The distribution exhibits a cusp&t= 0 and tails

We now proceed to compare the statistics of the ob@S P(S) = [SI='"#In|S|, which displays a clear devia-
served thermopower fluctuations with theoretical prediciion from a Gaussian distribution. However, for a large
tions. The system symmetry, denoted in RMT with annumber of conducting channels this distribution becomes
integer 8, changes with magnetic field; aroudd= 0 T, again Gaussian. For the experimental data, taken with
time-reversal symmetry (TR®, = 1) is present, while for tWO spin-degenerate conducting modes in the leads, de-
higher magnetic fields this symmetry is brokgs = 2). ~ Viations from the Gaussian distribution are still expected.
The transition between the two regimes is gradual; for the>ince in RMT an analytical treatment for the thermopower
present analysis we restrict ourselves to the two extremef8istribution is possible only for single-mode leads, Monte
Experimentally, the regime with TRS is the magnetic-fieldCarlo simulations have to be employed for the present
range where the weak localization effect dominates conSystem. The Hamiltoniad of the closed QD is drawn
ductance measurementi3| = 40 mT); TRS is broken randomly from the Gaussian ensemble
for |B| = 50 mT. Counting the fluctuation amplitudes of P(H) = e,cTrg{gp 2
the corrected thermopower for these two regimes leads ’

to the hiStogl’amS presented in Flg 3 The dashed Iin%herec iS a constant Setting the mean level Spadﬁ]g
are the best Gaussian fit to the experimental data. Clearlgnd #{ is real symmetri¢3 = 1) or Hermitian(3 = 2).

strong deviations from Gaussian statistics occur. The scattering matrid/ of the open system is calculated
These deviations are also expected from RMT calfrom 4 using [17]

culation. In Ref. [14], the thermopower distribution of

a chaotic QD has been obtained for single-mode con- M(E) = 1 — ZwiWT(E — H + izwwhH'w. 3)
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Here, W is a rectangular matrix coupling the states inthe observed statistics do not indicate the presence of any
the QD to the scattering channels. The thermopower islephasing induced by electron heating.
then calculated from In conclusion, we have demonstrated that the ther-
mopower measurements on a chaotic QD reveal directly
the theoretically predicted non-Gaussian fluctuation dis-
tributions. In contrast to the best results obtained so far
in conductance measurements, we do not have to include
where T(E) = Y ,c1pe M5 is the probability thermal broadening or erhgsing to model our experimen-
for the transmission from lead 1 to lead 2. Thetal results. Another distinction from conductance mea-
differentiation is done numerically for each real- surements is that the thermopower data are not influenced
ization of the Hamiltonian. The density of states by weak localization or short trajectorigs. Therefore, ther-
p(Ep) = 1/27i Te(MTdM /dE)|p—, is used as a weight MOPOWEr measurements can be considered as an excellent
factor to account for a large charging energy [13]. Thetool in t'he area of investigating chaotic quantum transport
resulting distributions of the thermopower fluctuations forP'OP€rties in open systems. o o
both symmetry classes are shown as solid lines in Fig. 3. We thank C.W.J. Beenakker for his interest in this
Evidently, the simulations represent the experimentalVork. Part of this work was supported by the DFG, SFB-
results much better than a Gaussian distribution function.341 and DFG MO 771/3.
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