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Temperature-dependent correlation function of magnetoconductance quantum fluctuations
in a stadium quantum dot
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The temperature dependence of weak localization and conductance fluctuations in a ballistic quantum dot
stadium was studied, where the experimental data of measurements could be best fitted by including both
dephasing effects of electron scatterings and thermal smearing of the states around the Fermi energy. We
observed a crossover change in correlation function of fluctuations from a Lorentzian-squared form to a simple
Lorentzian form as temperature was changed from low-temperature~50 mK! to high-temperature~300 mK!
regimes.
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I. INTRODUCTION

Quantum interference of electrons is exhibited in the lo
temperature conductance measurements of mesoscopic
tronic devices. Since the phase coherence of conduction e
trons is retained over correlation length, it is natural
expect quantum interference to appear in a conductor w
dimensions smaller than the phase coherence length. F
numerous theoretical and experimental studies conduct
fluctuation~CF! and weak localization~WL! have been well
understood as the main quantum corrections to conduct
of correlated electrons.1 Those effects in quantum dot cav
ties generating classical chaos, for example, introduce q
tum chaos in the dynamics of ballistic electrons scatte
from their boundaries.2 Quantum chaos in such cavities h
been given an experimental evidence by a characteristic
ponential distribution of areas enclosed by electron traje
ries and scars of unstable periodic orbits in good agreem
with theoretical predictions.2–5 Random matrix theory
~RMT! predicts universal magnitudes of CF and WL effec
where the universality of the magnitudes is derived fro
statistics of the scattering matrices coupling bound state
the quantum cavities to propagating modes of the conduc
leads.6,7 Nonetheless, measured magnitudes of the inter
ence effects were far off the theoretical universal values
promoted many works to find a thermal origin of suppress
in the magnitudes of the quantum effects at fin
temperatures.8–10 Within the framework of RMT the devia
tions of measured values from the universal magnitu
could be explained for the case of WL effect by including
decoherence term since finite temperature cannot affec
WL magnitudes by anything other than diminishing pha
coherence length with raising temperature.2 However, since
thermal broadening and smearing around Fermi energy
tribute significantly to transport channels in the mesosco
devices, reduction of CF magnitude with increasing tempe
ture may also contain those thermal origins of decohere
smearing, etc. Experimental studies have not been aime
separate between different finite-temperature effects. In
work we study effects of finite temperature on quantu
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transports of electrons in a mesoscopic device and ob
correlation functions of magnetoconductance fluctuations
two limiting temperature regimes to show that therm
smearing of Fermi energy brings about a qualitative cha
in the correlation. In the low-temperature regime we ha
obtained a Lorentzian square form for the correlation fu
tion: this Lorentzian square form is a characteristic of the
in the chaotic quantum cavities with exponential distributi
of areas swept by electron trajectories.11 In the high-
temperature regime we have observed a Lorentzian ins
of the Lorentzian square form for the correlation function
agreement with Efetov’s theoretical prediction12 that thermal
smearing could affect the correlation function in a qualitat
nature. We could obtain by adding a thermal smearing te
as well as a dephasing term a better fit to the experiment
obtained correlation functions.

II. EXPERIMENT

The magnetoconductance measurements were carried
using a two-dimensional electron gas located 850 Å be
the surface of GaAs/Al0.3Ga0.7As heterojunction wafer with a
Si-d doping of concentration 1018 cm23. The wafer was pat-
terned into a Hall bar geometry using wet chemical etch
with 150-mm width and 200-mm separation of voltage
probes. A carrier concentrationn53.631011 cm22 was
measured from the amplitude modulations of the Aharon
Bohm oscillation at magnetic fields above 1 T at a diluti
refrigerator temperature of 50 mK to give mobilitym53.9
3105 cm2/(V s), Fermi wavelengthlF539 nm, and Fermi
energyEF512 meV. The stadium quantum cavity was pr
pared by using Ti/Au~40 Å/200 Å! electrostatic gates de
fined on the Hall bar structure. The stadium dot, shown
Fig. 1, has dimensions 0.6531.25 mm2, after accounting for
;70 nm depletion edge, giving;0.68 mm2 effective area.
The point contacts of split gates all have a lithographic wid
;200 nm and allow conductance to be tunable indep
dently with a desirable number of transverse modes of
conductance quantization. The distance between split g
was kept to be below;100 nm to prevent leakage of elec
trons around the stadium edge. The direct-through traje
©2002 The American Physical Society14-1
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ries, which would bias the statistics of fluctuations, we
avoided by off-line displacement between the entrance
exit point contacts. Magnetoconductance measurements
carried out at a dilution refrigerator temperature down to
mK using standard ac lock-in techniques. The magnetic fi
oriented perpendicular to the plane of electron gas was sw
to a precision of60.02 mT. A four-probe configuration with
a current source of 0.2 nA at 27 Hz was employed to av
excessive heating of conducting electrons.

III. RESULTS AND DISCUSSION

Figure 2 shows two magnetoconductance plots of the
dium cavity measured for three allowed modes in the po
contacts at dilution temperatures ofT5300 mK and 5.4 K,

FIG. 1. Scanning electron microscopic image of our quant
dot stadium with split gate structures.

FIG. 2. Magnetoconductance of a stadium quantum cavity w
three transmission modes (N53) at both entrance and exit quantu
point contacts. Trace~i! has an offset 0.5e2/h for a convenient
comparison and represents the data at 5.4 K. Trace~ii ! was obtained
at 300 mK with the same bias voltage as in~i!. These aperiodic
fluctuations are highly reproducible over consecutive measurem
and highly symmetricG(1B)'G(2B). Solid lines in both traces
are mean value backgrounds.
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d
ere
0
ld
pt

d

a-
t

respectively. The magnetoconductance plots are symm
with respect to the magnetic field reversal as expected f
the Onsanger’s relation for two-probe measurements with
Hall bar geometry.1 The Hall bar has macroscopic dimen
sions and the probes are not phase invasive so that the
sured conductance fluctuations may be all attributed to
stadium cavity effect. Data at low temperature (T
5300 mK) exhibit notable aperiodic fluctuations due
quantum interference between forward-scattered electr
Such an interference effect on the conductance is gre
suppressed at high temperature (T55.4 K). The smoothing
out of fluctuations at higher temperature is due to the red
tion of the phase coherent length of conducting electrons
also uncorrelated electrons thermally activated around
Fermi energy. In Fig. 3 we show conductance dips obser
at zero magnetic field in the stadium cavity for two and thr
allowed modes of the point contacts. Applying a small ma
netic field can easily destroy the time reversal symme
~TRS! of the electron path and wash out the conducta
dips of the WL effect. RMT predicts the shape function
the WL dip3,7,13 as

^DG~B!&5
2Dg

11~B/Bc!
2

with Dg5
N

2N1Nf

e2

h
,

~1!

whereBc defines the localization field scale that charact
izes a distribution of the areas enclosed by pairs of ti
reversal paths and thus depends on size and shape o
cavities. RMT determines the WL strengthDg in terms of
the number of allowed modes at contactsN (N@1) and ef-
fective phase breaking channelsNf .13 From the above ex-
pression ofDg the WL correction can be seen to reduce
0.5e2/h for a perfect phase coherence at zero temperat
We can fit our measurements to this functional form with tw
parameters ofDg andBc as shown in Fig. 3. For the case o
two modes (N52) at T550 mK @Fig. 3~a!#, the WL
strengthDg and field scaleBc are obtained as 0.35e2/h and
2.8 mT, respectively. The WL strength 0.30e2/h and field
scale 2.6 mT are obtained for the same two-mode (N52)
case but atT5300 mK @Fig. 3~b!#. At the same temperatur
of 300 mK we have obtained the WL strength 0.34e2/h and
field scale 3.1 mT for the three-mode (N53) case@Fig.
3~c!#. Since the WL is not reduced by thermal smearing b
by electron dephasing, the WL effects can be used to ca
late the dephasing rate.14 The numbers of dephasing channe
at T5300 mK are obtained asNf52.6 forN52 and 2.8 for
N53, respectively. At a lower temperatureT550 mK, Nf
51.7 is obtained forN52. The phase coherent lengths a
estimated from the Hall bar measurements as 7mm at 300
mK and 12 mm at 50 mK. The reduction of the phase c
herent length with increasing temperature was already
ported in previous experimental works.6,7 Although the the-
oretical values predicted by RMT should be compared m
reasonably with averages over statistical ensembles ge
ated by shape distortions or electron energy changes,
results ofNf are compatible with the results of conductan
measurements at different mode numbers~N! but the same
temperature. Following a semiclassical analysis the fi
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FIG. 3. Conductance dips corresponding to the weak local
tion in the stadium:~a! observed forN52 at T550 mK, the solid
line is a best fit by an inverted Lorentzian square withDg
50.35e2/h, Bc52.8 mT, ~b! observed forN52 at T5300 mK,
the solid line is a best fit by an inverted simple Lorentzian w
Dg50.30e2/h, Bc52.6 mT, and ~c! observed forN53 at T
5300 mK, the solid line is a best fit by an inverted simple Lore
zian with Dg50.34e2/h, Bc53.1 mT.
07531
scaleBc;3 mT seems appropriate when we consider t
our device has an effective area of 0.68mm2 with depletion
edge and requires a magnetic field strength;6 mT to in-
crease by one flux quantum through the effective area.
field scaleBc roughly corresponds to the magnetic field r
quired to increase the flux through the area of the cavity
one-half flux quantum. It may be that the electrons, wh
contribute to the WL effect, traverse along the trajectori
threading similar areas of the cavity, to return to their init
positions and a pair of time reversal symmetric paths
closes effectively twice the area.Bc thus corresponds to a
field strength to add one quantum flux through the area th
pair of time reversal symmetric electron trajectories a
threading around. We can obtain fluctuations origina
purely from quantum interference by subtracting out
smooth fit of the high-temperature (T55.4 K) data as a
background where quantum interference effects are mo
suppressed. Figures 4~a! and 5~a! show the pure conductanc
fluctuation data for the stadium cavity at 50 mK and 300 m
with two and three allowed modes~in units e2/h), respec-
tively, at the point contacts, corresponding to a relatively l
magnetic field so that the cyclotron radius becomes too la
to bring about edge-state formation.

To analyze statistical properties of these CF data, we
amine the correlation function of magnetoconductance fl
tuations defined as below and depicted in Figs. 4 and 5~b!:

C~DB!5^dG~B1DB!dG~B!& ~2!

-

-

FIG. 4. ~a! Conductance fluctuations in the stadium quantu
cavity measured with two transmission modes (N52) at T
550 mK and~b! correlation function of fluctuations best fitted b
a Lorentzian square form~solid line!. The correlation function was
calculated from the data~a! in the range ofB from 0.02 mT to 0.35
T. The left inset shows two correlation functions atT550 mK
(sss) and T5300 mK (ddd) respectively. The right inse
shows a Fourier transform power spectrum of fluctuations aT
550 mK, where the solid line represents a fit by an exponenti
4-3
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wheredG representsG(B)2^G(B)& in units ofe2/h, B the
magnetic field, and the brackets an average over a suit
range of field from 0.02 mT to 0.34 mT. Using the supersy
metry algebra Efetov9 derived, with considerations of bot
thermal smearing and dephasing, the asymptotic forms o
correlation function in the limiting temperature regimes.
the low-temperature regime the theory is consistent with
RMT result in the prediction of magnitude of CF but with th
semiclassical approach3 in the prediction of its Lorentzian
square form of the correlation function, conforming to t
exponential distribution of areas threaded by electron tra
tories,

C~DB!5
C~0!

@11Nf /2N1~DB/Ba!2#2
,

P~v!5P~0!@112pA11Nf /2NBav

3exp@22pA11Nf /2NBav#, ~3!

whereBa5af0 represents the correlation field scale,P(v)
power spectrum of fluctuations,v frequency, andC(0) as-
sumes 1/16 at zero-temperature limit.7 The inset of Fig. 4~b!
shows a normalized power spectrum for the two-modeN
52) case at 50 mK, where the low-temperature criter
2p2kBT!N« (« is the mean level spacing! is satisfied. The
parameterBa corresponds to the magnetic field strength
adding one quantum flux through the area that electrons
jected from the entering point contact thread during pass
to the exit point contact. We have obtainedBa.5.5 mT for
the N52 case from best fitting the data to the correlati
function C(DB) and power spectrumP(v) of Eq. ~3!. This
Ba value is almost twice the valueBc.2.8 mT of the WL

FIG. 5. ~a! Conductance fluctuations in the stadium quant
cavity measured with three transmission modes (N53) at T
5300 mK and~b! correlation function of the fluctuations best fi
ted by a simple Lorentzian form~dashed line!. The inset shows a
Fourier transform power spectrum.
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effect for the sameN52 and same temperature. This inte
esting relationship ofBa.2Bc can be understood from th
fact that the average area enclosed by electron trajectorie
the WL effect is twice that of conductance fluctuatio
within the semiclassical picture.15 The Lorentzian square
curve of correlation functions and the exponential form
power spectrum of the magnetoconductance fluctuation w
already observed in other experimental works.14,16A Lorent-
zian square correlation function with a universal magnitu
of CF in chaotic quantum cavities with exponential distrib
tion of threading areaA, P(A)}exp(2paA), was derived un-
der the assumption that the electrons were perfectly cohe
and their temperature was so low that thermal smea
should not have any significant contribution to the cond
tance properties. The left inset of Fig. 4~b! shows the evolu-
tion of the correlation function with increasing temperatu
Compared with the correlation function at low temperatu
(T550 mK), the correlation function at high temperatu
(T5300 mK) has a broader width, and a best fit by Eq.~3!
gives Ba.6.9 mT larger than the value 5.2 mT expect
from Bc.2.6 mT obtained from the WL measurement
300 mK. For N53 and T5300 mK, where the high-
temperature condition 2p2kBT@N« holds, we could fit the
experimental data by Eq.~3! to obtainBa.8.4 mT. Refer-
ring to the value ofBc.3.1 mT obtained from the WL, it is
also larger than expected from theBa.2Bc relation. These
largerBa values cannot be understood from a simple se
classical picture.3,15 However, following Efetov,12 this larger
Ba may not originate from a scattering redistribution of ele
tron trajectories but by a thermal smearing that affects m
for the longer electron trajectories of chaotic cavities. Fro
the supersymmetry-based theory the correlation function
magnetoconductance and its power spectrum in the h
temperature regime are known to take the following forms12

respectively:

C~DB!5
N«

24kBT

1

11Nf /2N1~DB/Ba!2
,

P~v!5P~0!exp@22pA11Nf /2NBav#. ~4!

The above equations take into account not only a smea
of the Fermi distribution but also a dephasing of electrons
inelastic scattering. In Fig. 5~b! we show the correlation
function of magnetoconductance fluctuations and its po
spectrum forN53 andT5300 mK. The best fit to a simple
Lorentzian, Eq.~4!, instead of the Lorentzian square, Eq.~3!,
with Ba.6.0 mT was more satisfactory. AtT5300 mK the
simple Lorentzian fit was good also forN52 with Ba
.5.1 mT. Meanwhile, in the earlier experiments the cor
lation field scaleBa obtained by fitting to Eq.~3! was shown
to be temperature independent.16 This surprising change o
correlation function from a Lorentzian square to a simp
Lorentzian with the sameBa manifests importance of broad
ening in available states near Fermi energy in the hi
temperature regime, which increases inelastic collisions
additional phase shifts. This thermal broadening thus lead
addtional dephasing of electrons and thus loss of phase
formation. The variances of CF are obtained as 0.010 foN
4-4
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52 and 0.015 forN53. When we compare these resu
with the theoretical predictionN2«/12kBT(2N1Nf) of Eq.
~4!, which includes the dephasing rateNf derived from the
WL measurement, we can obtain the electron temperatur
320 mK for bothN52 and N53 in conformity with the
sample temperature. These results suggest two major ef
of thermal origin at high temperatures, where inelastic sc
tering of thermal origin can be a dominant source to suppr
the CF.

IV. CONCLUSION

Our measurements on magnetoconductance of a quan
dot stadium at finite temperature show that thermal smea
i

M

c
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effects are very important to understand the experime
conductance data. We found that the correlation funct
evolved from a Lorentzian square at low temperature to
simple Lorentzian at high temperature with constantBa in
good agreement with theoretical predictions of Efetov.12 The
best fit to the experimental data could be made better b
formula which includes both the dephasing effect and th
mal smearing as a dominant source to suppress the qua
interference effects.
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