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Mesoscopic Fluctuations of Elastic Cotunneling in Coulomb Blockaded Quantum Dots
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We report measurements of mesoscopic fluctuations of elastic cotunneling in Coulomb blockaded
guantum dots. Unlike resonant tunneling on Coulomb peaks, cotunneling in the valleys is sensitive
to charging effects. We observe a larger magnetic field scale for the cotunneling (valley) fluctuations
compared to the peaks, as well as an absence of “weak localization” (reduced conductAneedat
in valleys. Cotunneling fluctuations remain correlated over several valleys while peak conductance
correlation decreases quickly. [S0031-9007(97)04036-2]

PACS numbers: 73.23.Hk, 73.20.Fz, 73.40.Gk

The Coulomb blockade (CB) in small metallic and semi-gathered on a single device. We observe an increase in
conductor structures provides a system in which transpothe characteristic magnetic field scale of conductance fluc-
is dominated by the effects of electron-electron interactuations in the valleys compared to peaks in the CB regime,
tions [1,2]. At low temperature, transport in small sys-and find that valleys do not exhibit the decrease in average
tems is also influenced by quantum interference, leading toonductance & = 0 (“weak localization”) that is seen in
mesoscopic fluctuations with universal statistical featurepeaks. We also compare cross correlations of neighboring
[3,4]. Recent theoretical work has provided a detailecbeaks and valleys, finding longer correlation among val-
understanding of mesoscopic fluctuations for the case déys. This effect is explained in terms of the number of
noninteracting electrons and has called attention to the comuantum levels participating in transport.
nection between the universal statistics and quantum chaosIn the valleys between CB peaks, conductance is medi-
[5—8]. Coulomb blockaded quantum dots provide a usefulted by two mechanisms: elastic and inelastic cotunneling
system to move beyond the noninteracting picture, yet refL6]. Each contributes to the average conductance,
maining relatively simple: interactions can often be treated

in terms of a single charging energy. (Gep) = hGiG,A <L + L)

The dominant experimental signature of the CB is the dme? \E, Ej (1)
appearance of narrow peaks in conductance as an external iG,G, o1 1\2
gate voltage is swept, changing the potential of the dot. (Gin) = 32 (kT) <E_ + E_h> ,

Conduction is suppressed between peaks when the tem-
peratureT and voltage biad/sp are less than the energy whereE, ) is the difference between the Fermi energy in
E. = ¢*/C required to add one electron to the dot. Inthe leads and the next available state for electron (hole)
the quantum regimékT, Vsp) < A < E. (whereA =  tunneling [i.e.,E, + E, = E., andE, = E;, = E./2 in
27h*/m*A is the mean level spacing amtl is the dot the middle of the valley; see Fig. 2(c) inset]. At low
area), transport on CB peaks is mediated by resonant tutemperature7T < /E.A, conductance is dominated by
neling and is insensitive to charging effects. This has beethe elastic mechanism, consisting of virtual tunneling of
demonstrated, for instance, in recent measurements of peakarge over an energy barrier of heigh, the smaller
height statistics [9,10] which gave excellent agreemeno¢f (E,, E;). Near the valley center, whete ~ E./2 >
with the single-particle random matrix theory (RMT) [11- A, virtual tunneling takes place through a large number
13]. In contrast, conductiometweerCB peaks is mediated ~E/A of levels. Conduction through each level fluctu-
by so-called cotunneling, which is sensitive to chargingates randomly with external parameters, resulting in meso-
[14—17]. At low temperatures, the dominant cotunnelingscopic cotunneling fluctuations that do not average away
process is elastic and, like the peaks, exhibits interferenceven for largef /A [18].
effects in the form of random but repeatable conductance Experimentally, one can distinguish resonant tunneling
fluctuations [18]. fluctuations (on peaks) from cotunneling fluctuations (in
In this Letter, we report the first measurements of mesovalleys) by the characteristic magnetic field scalg,
scopic fluctuations of elastic cotunneling in the valleys be-defined as the width of the autocorrelaticy, (AB), where
tween CB peaks. The quantum dots used are ballistic, wit; ;(AB) = (g;(B)g;(B + AB))g/(\/varg; \/varg;), and
a “chaotic” shape allowing comparison to a universal theg = G — (G)g. In particular,B**!1*Y is the field required
ory [18], and make use of shape-distorting electrostatito pass roughly one flux quantughy = h/e through a
gates [Fig. 2(b) inset] to allow ensemble statistics to bedypical area difference accumulated by chaotic trajectories
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in the timer ~ &/E limited by virtual tunneling at energy
E, giving
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whereEr = ﬁvF/Al/2 is the ballistic Thouless energy and
k is a device-dependent geometrical factor [18]. Equa-
tion (2) applies when most virtual trajectories are fully
chaotic,E < Er. In the opposite case; > Er, E7 re-
placesE, giving BY*!'Y ~ x¢y/A. For comparison, the
characteristic field scales of conductance fluctuations on s
CB peaks and in open quantum dots are

(my)
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BP*** = k(¢po/AWA/ET, (3) NE’ oal T YW
ngen = K(¢0/A)\/ Ftot/ET s '12-."'- o
wherel' = I + T', + T, is the total broadening due i
both to escapdl;,, = (hA/me?)G;,] and dephasing B (mT)

[7,19,20]. One ex_peth{Bfeak,nge“) < B from  FiG. 1. (a)(color),(b) Conductancg as a function of mag-
Egs. (2) and (3) sincgA,I') < E ~ E./2. Equa- netic field B and (a) as a function of gate voltage and (b)
tion (2) further implies thaBg"‘“ey will have a maximum for four particular paths. Paths used in (b) are shown as labeled

at mid valley, whereE = E./2, and decrease to match white traces in (a). (c)(color),(d) Autocorrelations;(AB) of

K . . conductance fluctuations for (c) all interpolated paths as a func-
BY=** as the peak is approached afid— 0. Making the tion of average gate voltage along pdth,) and (d) for four

approximationGe) « (E; ' + E; ') « ~E~"and noting  traces. (d) InsetC;,(AB) nearAB — 0.
thatB¥!'ey o« \/E further implies thaB(G.;) ~ constant.

_ We report measurements for three quantum dots d&zyjiey-peak data sets, sampled by changing the voltage
fined using CfAu electrostatic gates on GapslGaAs  ghplied to one of the shape-distorting gates. Figure 2(a)

h_etero_stru_ctures. Important parameters for the dpts aghows B, and (G, for 31 peaks and 22 valleys from
given in Fig. 4(d). The dots use similar designs with ad-

> ) X ~dot 1, estimated to contairr 14 statistically independent
justable point contacts and two or three shape-distortin ata sets. The measured Val@guey — 63 +03mT
gates as shown in Fig. 2(c). Measurements were made  —peak N . . —valley speak
in a dilution refrigerator using an ac voltage bias Withand B, = 4.0 - 0.2 mT give a ratioB,~ °/B. " ~

Ve ~ 5 uV (<A, kT) at 13 Hz. The electron tempera- 1.6,_ consistent with ratlos_ of 1.4—_1.8 for the other dots.
tureT ~ 100 mK, measured from CB peak widths, easily While the general_behawor .OBC in valleys compareo_l .
satisfies the requirement” < E,A ~ 600 mK. Con- to peaks agrees with theoretical expectations, the ratio is
ductance fluctuation statistics were measured by rasterirg"a/l€" than expected from Egs. (2) and (3). In particular,

HValley /5peak
over gate voltage/, and field B to yield a 2D scan of ©One would expecB /B, ~ (18 mT/4.6 mT) ~ 4

c

conductance, as seen in Fig. 1(a), then finding the ma}0r dot 1. This discrepancy is found in all of the dots
ima of peaks from cosH fits [21] and the minima of val- and is not understood at present. Figure 2(b) shows the

leys from parabolic fits. Random conductance fluctuation@Pproximately linear dependence Bf* on (G)s for the
are seen in the peaks, valleys, and all interpolated pattfata in Fig. 2(a). We note, however, that this relation
[see Fig. 1(b)]. The field scale of fluctuations is defined@ssumes only a single carrier—either electrons or holes—
by the conditionC;;(0.325B,) = 0.82. This somewhat and so can only be applied near the valley bottom or
awkward definition was chosen to coincide with Ref. [18]Peak top. _ _
while allowing B, to be measured in the universal region T0 show thas;*''¥ is enhanced due to charging effects,
Cii(AB ~ 0) ~ 1, where presumably nonuniversal fea- It i useful to compares, for both peaks and valleys to
tures of the dot geometry such as short trajectories are characteristic field*" for open dotdGao > €?/).
not important. The periodic Change m from a maxi- Ensemble—averaged field Scaléﬁ) (using the definitions
mum in the valley to a minimum on peak can be seen irPf Ci(AB) and B. above) obtained from-30 statisti-
the width of theC; ;(AB) color scale, Fig. 1(c), or directly cally independe_:nt conductance traces at three different I_ead
from the autocorrelations shown in Fig. 1(d). We note thagonductances in dot 1 are shown in Fig. 2(c) along with
the expected difference in tiienctional formof C;;(AB) Bt~ ({(G)p ~ 0.4¢*/h) andB."* ((G)p ~ 0.05¢>/h)
for peaks versus valleys [12,13,18] is not resolvable irfor the tunneling regime. These data show #Bigf" con-
the data. _ verges toB”*" as the dot becomes isolated, whiig' "

The ensemble-averaged field scBleand conductance is considerably larger than either. This supports the obser-
(G)p were obtained from statistically independent peak-ation that the characteristic (single-particle) energy scales
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(Gg (eh) (G ) FIG. 3. Ensemble-averaged normalized conductan(solid)

— for 81 statistically independent (a) peaks and (b) valleys
FIG. 2. (a) Ensemble-averaged characteristic figld(solid) a5 a function maygneticpfield for(d)otpS. Peak cgn)ductan)ée
and average conductang&); (dashed) across peak-valley- g has a dip around8 = 0 with a width ~B, associated
peak for ~14 independent data sets (dot 1), showing modu-with the breaking of time-reversal symmetry. No dip around
lation of B.. (b) B." vs (G); for the same data. Diagonal B =0 is seen ing,,,,. Insets show the regions around
line indicatesB*(G) = constant; horizontal line is saturation B = 0. Unaveraged conductance (dashed lines) shows large

B’ = (kdo/A)"2 = 0.003 mT~2 for Er < E. (c) Average fluctuations around average values.

(e

B. for three open dot configurations and peak and valley con-

ductances (diamonds), from data in (a). UnaveraBesalues N .
for peaks (crosses) and valleys (circles) show spread in datg(AB’ AN) = Ci;+an(AB) for five peaks and valleys

Open dotB, is modified [by~(5—15)%] to reflect changes in are shown in Fig. 4. The maximum &f(AB,AN) at
dot area upon opening leads. Top inset: Schematic energy diddB = 0 is seen to decrease te0 for AN > 2 for the

gram of a blockaded dot. Bottom inset: Micrograph of dot 1. peaks, whereas for valleys the correlation remains high,
C(0,3) ~ 0.5. This is also seen in Fig. 4(c) fa@r(0, AN)

versusAN where peak-peak cross correlations are seen
fo decrease faster than both valley-valley and peak-valley
cross correlations. The enhanced cross correlation for
valleys reflects the fact that, unlike resonant tunneling

for transport through open dots and for resonant tunne
ing, I and A, coincide at the onset of blockade, and that
both are smaller tha® (set by classical charging) which
determinesz’*"'®.

It is known theoretically [11,22] and from recent ex-
periments [9,10] that the normalized on-peak conductance | o[ )" '
2(B) = G(B)/{(G)g+o is lower when time-reversal sym-
metry is obeyed (i.e., aB = 0), in analogy to weak lo-
calization in open dots [23,24] and 1D and 2D disordered
conductors [25]. In contrast, elastic cotunneling in the val-

©) 1]
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leys is not expected to show weak localization—that is, | A o
Zvalley Should not be suppressediat= 0 [18]. We have O peakcvalley
investigated the change in average conductaidge= 1.0f @) AN=0 ] ' ]
[g(B > B.) — g(B = 0)], for 81 independent pairs of Vall AN=1 "
peaks and valleys measured in dot 3. As shown in Fig. 3|z o ﬂ;% o ! A%\I >t

we find §gpeak = 0.14 for the peaks, somewhat smaller

than the RMT resultS gpear = 7 [11,22]. Since the RMT
calculation assume$ < kT < A while the measure-
ment hasI' ~ 0.7A and kT ~ A, it is reasonable that S éc((“;\\',)) §‘380 ﬁf gg‘
theory should overestimate the measured value. For th -40 0 40 E (V) 140 180 200
valleys, we find thag,,;., lacks any significant dip on
a field scale ofB. (~8 mT for dot 3) aroundB =0  FIG. 4. Average cross correlation of conductance fluctuations
[Fig. 3(b)], in agreement with theory [18]. We note that C(AB, AN) for (a) peaks and (b) valleys. (c) Maximum cross
averages such &&B) are difficult to measure in the CB correlation atAB = 0, C(0,AN), for peak-peak (triangles),
regime because, unlike in open dots, fluctuationg are  Valley-valley (circles), and peak-valley (squares), showing
on the order of itself [11,18,22], as illustrated in Fig. 3. p(;eak-pe.ak correlations decrease more qu_lckly than the others.
. - . . . ; ) Device parameters for the three dots: mean free path
Finally, we investigate correlations between neighboring;rea(4) based on~150 nm depletion around gates, mean level
peaks and valleys as a function of separation (in units oépacing(A = 27 #%/m*A), charging energyE. = ¢*/C), and
peak spacing)AN. Ensemble-averaged cross correlationsThouless energyE; = hivg/A'/?).

parameter dotl dot2 dot3
l (um) 84 84 43
A (um?) 0.81 045 0.57

o
0.0
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on peaks, elastic cotunneling relies on contributions from[8] R.A. Jalabert, J.-L. Pichard, and C.W.J. Beenakker,
~E /A levels. In moving from one valley to the next, only Europhys. Lett27, 255 (1994); H.U. Baranger and P. A.
one of theE/A levels is different, hence the similarity Mello, Phys. Rev. Lett73, 142 (1994).
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