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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-temperéi0OrenK) to high-temperaturé300 mK)
regimes.
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[. INTRODUCTION transports of electrons in a mesoscopic device and obtain
correlation functions of magnetoconductance fluctuations in
Quantum interference of electrons is exhibited in the low-two limiting temperature regimes to show that thermal
temperature conductance measurements of mesoscopic elégaearing of Fermi energy brings about a qualitative change
tronic devices. Since the phase coherence of conduction eletf? the correlation. In the low-temperature regime we have
trons is retained over correlation length, it is natural toobtained a Lorentzian square form for the correlation func-
expect quantum interference to appear in a conductor witffon: this Lorentzian square form is a characteristic of the CF
dimensions smaller than the phase coherence length. Froff} the chaotic quantum cavities W|t_h exponential d|st(|but|on
numerous theoretical and experimental studies conductan@ @réas swept by electron trajectorfésin the high-
fluctuation(CF) and weak localizatiof\WL) have been well temperature regime we have observed a Lorentzian instead

understood as the main quantum corrections to Conductan(% the Lorent_zian square form fc_)r the correlation function in
of correlated electronsThose effects in quantum dot cavi- agreement with Efetov’s theoretical predicttéthat thermal

. . . . smearing could affect the correlation function in a qualitative
ties generating classical chaos, for example, introduce quan-

tum chaps in the Qynamlcs of balhstlg electrons _s_cattere%s well as a dephasing term a better fit to the experimentally
from th_elr boundane%.Quantum_ chaos in such cavme§ _has obtained correlation functions.

been given an experimental evidence by a characteristic ex-
ponential distribution of areas enclosed by electron trajecto-
ries and scars of unstable periodic orbits in good agreement
with theoretical prediction$:® Random matrix theory The magnetoconductance measurements were carried out
(RMT) predicts universal magnitudes of CF and WL effects,using a two-dimensional electron gas located 850 A below
where the universality of the magnitudes is derived fromthe surface of GaAs/pLGa, -As heterojunction wafer with a
statistics of the scattering matrices coupling bound states di-8 doping of concentration 8 cm™3. The wafer was pat-

the quantum cavities to propagating modes of the conductintgrned into a Hall bar geometry using wet chemical etching
leads®’ Nonetheless, measured magnitudes of the interfewith 150.um width and 200am separation of voltage
ence effects were far off the theoretical universal values an@robes. A carrier concentration=3.6x10"" cm™? was
promoted many works to find a thermal origin of suppressiorimeasured from the amplitude modulations of the Aharonov-
in the magnitudes of the quantum effects at finiteBohm oscillation at magnetic fields above 1 T at a dilution
temperature8-1° Within the framework of RMT the devia- refrigerator temperature of 50 mK to give mobility=3.9

tions of measured values from the universal magnitudes<10° cn?/(V's), Fermi wavelengtihr=39 nm, and Fermi
could be explained for the case of WL effect by including aenergyEg=12 meV. The stadium quantum cavity was pre-
decoherence term since finite temperature cannot affect teared by using Ti/Au40 A/200 A) electrostatic gates de-
WL magnitudes by anything other than diminishing phasefined on the Hall bar structure. The stadium dot, shown in
coherence length with raising temperatfirdowever, since  Fig. 1, has dimensions 0.65L.25 wm?, after accounting for
thermal broadening and smearing around Fermi energy con~70 nm depletion edge, giving 0.68 um? effective area.
tribute significantly to transport channels in the mesoscopidhe point contacts of split gates all have a lithographic width
devices, reduction of CF magnitude with increasing tempera=~200 nm and allow conductance to be tunable indepen-
ture may also contain those thermal origins of decoherencelently with a desirable number of transverse modes of the
smearing, etc. Experimental studies have not been aimed twnductance quantization. The distance between split gates
separate between different finite-temperature effects. In thizwas kept to be below-100 nm to prevent leakage of elec-
work we study effects of finite temperature on quantumtrons around the stadium edge. The direct-through trajecto-

Il. EXPERIMENT
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respectively. The magnetoconductance plots are symmetric
with respect to the magnetic field reversal as expected from
the Onsanger’s relation for two-probe measurements with the
Hall bar geometry. The Hall bar has macroscopic dimen-
sions and the probes are not phase invasive so that the mea-
sured conductance fluctuations may be all attributed to the
stadium cavity effect. Data at low temperaturel (
=300 mK) exhibit notable aperiodic fluctuations due to
quantum interference between forward-scattered electrons.
Such an interference effect on the conductance is greatly
suppressed at high temperatuiie=<5.4 K). The smoothing
out of fluctuations at higher temperature is due to the reduc-
tion of the phase coherent length of conducting electrons and
also uncorrelated electrons thermally activated around the
Fermi energy. In Fig. 3 we show conductance dips observed
at zero magnetic field in the stadium cavity for two and three
allowed modes of the point contacts. Applying a small mag-
FIG. 1. Scanning electron microscopic image of our quantumnetic field can easily destroy the time reversal symmetry
dot stadium with split gate structures. (TRS) of the electron path and wash out the conductance

) ) ) o ) dips of the WL effect. RMT predicts the shape function of
ries, which would bias the statistics of fluctuations, wereg,q Wi dip3'7*13as

avoided by off-line displacement between the entrance and
exit point contacts. Magnetoconductance measurements were —Ag N e
carried out at a dilution refrigerator temperature down to 50 (AG(B))=——— with Ag= " —,
mK using standard ac lock-in techniques. The magnetic field 1+(B/B)? 2N+N, h
oriented perpendicular to the plane of electron gas was swept @

to a precision ot 0.02 mT. A four-probe configuration with \yhere B, defines the localization field scale that character-
a current source of 0.2 nA at 27 Hz was employed to avoiq,eg 5 distribution of the areas enclosed by pairs of time

2

excessive heating of conducting electrons. reversal paths and thus depends on size and shape of the
cavities. RMT determines the WL strengtty in terms of
1. RESULTS AND DISCUSSION the number of allowed modes at contabt§N>1) and ef-

J_ective phase breaking channeNk@).13 From the above ex-
pression ofAg the WL correction can be seen to reduce to
0.5¢%/h for a perfect phase coherence at zero temperature.
We can fit our measurements to this functional form with two
parameters oAg andB, as shown in Fig. 3. For the case of
two modes N=2) at T=50 mK [Fig. 3@)], the WL
strengthAg and field scaleB, are obtained as 0.85/h and
2.8 mT, respectively. The WL strength 0e8ph and field
scale 2.6 mT are obtained for the same two-mole=Q)
case but aT =300 mK[Fig. 3(b)]. At the same temperature
of 300 mK we have obtained the WL strength &34 and
field scale 3.1 mT for the three-mod&l€3) case[Fig.
3(c)]. Since the WL is not reduced by thermal smearing but
by electron dephasing, the WL effects can be used to calcu-
late the dephasing ratéThe numbers of dephasing channels
atT=300 mK are obtained a¥,=2.6 forN=2 and 2.8 for
N=3, respectively. At a lower temperatufe=50 mK, N
P S T T S P T S S =1.7 is obtained foN=2. The phase coherent lengths are
05 04 03 02 01 00 01 02 03 04 05  ggtimated from the Hall bar measurements agm at 300

B(M mK and 12 um at 50 mK. The reduction of the phase co-

FIG. 2. Magnetoconductance of a stadium quantum cavity with"€"€nt length with increasing temperature was already re-
three transmission modesl & 3) at both entrance and exit quantum POt€d in previous experimental work$ Although the the-
point contacts. Tracdi) has an offset 0&/h for a convenient ~Oretical values predicted by RMT should be compared more
comparison and represents the data at 5.4 K. Tiidceas obtained reasonably with averages over statistical ensembles gener-
at 300 mK with the same bias voltage as(ih These aperiodic ated by shape distortions or electron energy changes, our
fluctuations are highly reproducible over consecutive measurement&sults ofN,, are compatible with the results of conductance
and highly symmetri&s(+B)~G(—B). Solid lines in both traces measurements at different mode numb@\s but the same
are mean value backgrounds. temperature. Following a semiclassical analysis the field

Figure 2 shows two magnetoconductance plots of the st
dium cavity measured for three allowed modes in the poin
contacts at dilution temperatures =300 mK and 5.4 K,
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cavity measured with two transmission modeN=(2) at T
=50 mK and(b) correlation function of fluctuations best fitted by
a Lorentzian square forigsolid line). The correlation function was
calculated from the dat@) in the range oB from 0.02 mT to 0.35

T. The left inset shows two correlation functions B&50 mK
(OOO0) and T=300 MK (@@®) respectively. The right inset
shows a Fourier transform power spectrum of fluctuationg at
=50 mK, where the solid line represents a fit by an exponential.

scaleB.~3 mT seems appropriate when we consider that
our device has an effective area of 0.68n? with depletion
edge and requires a magnetic field strength mT to in-
crease by one flux quantum through the effective area. The
field scaleB, roughly corresponds to the magnetic field re-
quired to increase the flux through the area of the cavity by
one-half flux quantum. It may be that the electrons, which
contribute to the WL effect, traverse along the trajectories,
threading similar areas of the cavity, to return to their initial
positions and a pair of time reversal symmetric paths en-
closes effectively twice the are8, thus corresponds to a
field strength to add one quantum flux through the area that a
pair of time reversal symmetric electron trajectories are
threading around. We can obtain fluctuations originated
purely from quantum interference by subtracting out a
smooth fit of the high-temperaturel €5.4 K) data as a
background where quantum interference effects are mostly
suppressed. Figuresal and 3a) show the pure conductance
fluctuation data for the stadium cavity at 50 mK and 300 mK
with two and three allowed modd#n units e%/h), respec-
tively, at the point contacts, corresponding to a relatively low

FIG. 3. Conductance dips corresponding to the weak localizamagnetic field so that the cyclotron radius becomes too large

tion in the stadium(a) observed foN=2 atT=50 mK, the solid  to bring about edge-state formation.
line is a best fit by an inverted Lorenizian square willy To analyze statistical properties of these CF data, we ex-
=0.3%"/h, B=2.8 mT, (b) observed foN=2 atT=300 mK,  amine the correlation function of magnetoconductance fluc-
the solid line is a best fit by an inverted simple Lorentzian with {,ations defined as below and depicted in Figs. 4 ait 5

Ag=0.30%/h, B,=2.6 mT, and(c) observed forN=3 at T

=300 mK, the solid line is a best fit by an inverted simple Lorent-
zian withAg=0.34e?/h, B,=3.1 mT. C(AB)=(5G(B+AB)8G(B)) (2)
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effect for the saméN=2 and same temperature. This inter-
esting relationship oB,=2B. can be understood from the
fact that the average area enclosed by electron trajectories of
the WL effect is twice that of conductance fluctuations
within the semiclassical pictur@. The Lorentzian square
curve of correlation functions and the exponential form of
power spectrum of the magnetoconductance fluctuation were
already observed in other experimental wotk& A Lorent-

zian square correlation function with a universal magnitude
of CF in chaotic quantum cavities with exponential distribu-
tion of threading ared, P(A)xexp(2raA), was derived un-

der the assumption that the electrons were perfectly coherent
and their temperature was so low that thermal smearing
should not have any significant contribution to the conduc-
tance properties. The left inset of Figh4 shows the evolu-
tion of the correlation function with increasing temperature.
Compared with the correlation function at low temperature
(T=50 mK), the correlation function at high temperature
(T=300 mK) has a broader width, and a best fit by E3).
gives B,=6.9 mT larger than the value 5.2 mT expected
from B,=2.6 mT obtained from the WL measurement at

FIG. 5. (a) Conductance fluctuations in the stadium quantumsny mK. For N=3 and T=300 mK. where the high-

cavity measured with three transmission mod@&s=@) at T
=300 mK and(b) correlation function of the fluctuations best fit-
ted by a simple Lorentzian forridashed ling The inset shows a
Fourier transform power spectrum.

temperature condition 22kgT>Ne holds, we could fit the
experimental data by Eq3) to obtainB,=8.4 mT. Refer-
ring to the value oB,=3.1 mT obtained from the WL, it is
also larger than expected from tBe,~2B_ relation. These
where 5G representss(B)—(G(B)) in units ofe?/h, B the Iarge(Ba vglues l%annot be unders_tood from 2a s.imple semi-
magnetic field, and the brackets an average over a suitabf@aSsical picturé:™® However, following Efetov this larger
range of field from 0.02 mT to 0.34 mT. Using the supersym-Ba may not originate from a scattering redlstrlbutlon of elec-
metry algebra Efetdvderived, with considerations of both Fon trajectories but by a thermal smearing that affects more
thermal smearing and dephasing, the asymptotic forms of thtor the longer electron trajectories of chaotic pavmes. From
correlation function in the limiting temperature regimes. Inthe supersymmetry-based theory the correlation function of
the low-temperature regime the theory is consistent with théh@gnetoconductance and its power spectrum in the high-
RMT result in the prediction of magnitude of CF but with the {€Mperature regime are known to take the following fofns,
semiclassical approattin the prediction of its Lorentzian T€SPectively:

square form of the correlation function, conforming to the

exponential distribution of areas threaded by electron trajec- Ne 1

tories,

CAB = )
(48) 24kgT 14N, /2N+(AB/B,)?

_ C(0) P(w)=P(0)exd —2my1+N4/2NB,w]. (4)
C(AB)= 3
[1+Ny/2N+(AB/B,)?] The above equations take into account not only a smearing

of the Fermi distribution but also a dephasing of electrons by
inelastic scattering. In Fig. (6) we show the correlation
function of magnetoconductance fluctuations and its power
spectrum foN=3 andT=300 mK. The best fit to a simple
Lorentzian, Eq(4), instead of the Lorentzian square, E8),
power spectrum of fluctuations frequency, andC(0) as-  with B,=6.0 mT was more satisfactory. At=300 mK the
sumes 1/16 at zero-temperature lifilthe inset of Fig. 4)  simple Lorentzian fit was good also fdi=2 with B,
shows a normalized power spectrum for the two-moNe ( =5.1 mT. Meanwhile, in the earlier experiments the corre-
=2) case at 50 mK, where the low-temperature criterionation field scaleB, obtained by fitting to Eq(3) was shown
2m°kgT<Ne (e is the mean level spacihgs satisfied. The to be temperature independéfitThis surprising change of
parameteB, corresponds to the magnetic field strength forcorrelation function from a Lorentzian square to a simple
adding one quantum flux through the area that electrons in-orentzian with the samB, manifests importance of broad-
jected from the entering point contact thread during passagening in available states near Fermi energy in the high-
to the exit point contact. We have obtainBg=5.5 mT for  temperature regime, which increases inelastic collisions of
the N=2 case from best fitting the data to the correlationadditional phase shifts. This thermal broadening thus leads to
function C(AB) and power spectrur®(w) of Eq. (3). This  addtional dephasing of electrons and thus loss of phase in-
B, value is almost twice the valuB,=~2.8 mT of the WL  formation. The variances of CF are obtained as 0.010Nfor

P(w)=P(0)[1+2m1+N,/2NB,w
xexd —2my1+N,/2NB, 0], (3

whereB,= a ¢ represents the correlation field scaffw)
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=2 and 0.015 forN=3. When we compare these results effects are very important to understand the experimental
with the theoretical predictioN%/lZ(BT(ZNnLNqﬁ) of Eq.  conductance data. We found that the correlation function
(4), which includes the dephasing ratky derived from the evolved from a Lorentzian square at low temperature to a
WL measurement, we can obtain the electron temperature gimple Lorentzian at high temperature with constBytin

320 mK for bothN=2 and N=3 in conformity with the good agreement with theoretical predictions of Effovhe
sample temperature. These results suggest two major effedtest fit to the experimental data could be made better by a
of thermal origin at high temperatures, where inelastic scatformula which includes both the dephasing effect and ther-
tering of thermal origin can be a dominant source to suppressial smearing as a dominant source to suppress the quantum
the CF. interference effects.
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