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Exchange and the Coulomb blockade: Peak height statistics in quantum dots
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We study the effect of the exchange interaction on the Coulomb blockade peak height statistics in chaotic
guantum dots. Since exchange reduces the level repulsion in the many-body spectrum, it strongly affects the
fluctuations of the peak conductance at finite temperature. We find that including exchange substantially
improves the description of the experimental data. Moreover, it provides further evidence of the presence of
high-spin states§=1) in such systems.
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Transport properties of quantum d@D’s) are strongly In this work we show that exchange also strongly affects
affected by interactions. A paradigmatic example is the Couthe PHD. Furthermore, it accounts for most of the disagree-
lomb blockadgCB) of electron tunnelind~3It occurs at low  ment with the lowT data of Ref. 9,without including
temperature when the thermal energy is smaller than thgephasing or spin-orbit coupling. Such agreement is yet an-
charging energyE. required to add an electron to the QD. other indication of the presence of high-spin states in QD’s.
The conductance is then blockaded, being restored only at A chaotic QD containing a large number of electrons can
specific values of the gate voltayg, of a nearby gate ca- be described by the following Hamiltoniar:
pacitively coupled to the QD. This leads to a series of sharp
CB conductance peaks. The statistical properties of these A=> eaﬁm+ Ec(N—MN)2—JS, (1)
peaks reflect the mesoscopic fluctuations of(thany-body a0

spectrum and wave functions of the QD. In particular, theynere (¢}, the single-particle energies, are described by
encode information about the nontrivial spin statistics thatsnqdom matrix theory\'= C,V,/e describes the capacitive

arises from th-e presence .Of exchange, the most mporta%up”ng to the control gate, is the dot-gate capacitanc®,
part of the residual interactiotf . . 9
Both th K heiaht distributiofPHD d th K is the total spin operator, antk is the exchange constant.
C.)t t'e peak heig t distri UI'O(_P ,) an ,t € PeAK The second and third terms in Eq) describe the QD charg-
spacing distribution have been studied in detaée Ref. 2 j 4 energy and the exchange interaction, respectively. We
for a review, though the latter has received most of the ;squme  elastic transport and broken time-reversal

attention. This is mainly due to the fact that early symmetry—therefore we use the Gaussian unitary ensemble
measurement$ of the PHD were found to be in good agree- (GUE)—unless otherwise stated.

ment with the constant interactid!) model/® contrary to In the regimel’ <kgsT,A<E., wherel is the total width

the case of the peak spacing. In this simple model of CB, thef a level in the QD, the conductance near the CB peak
e-e interaction is assumed constaigiven by Ec) and the  corresponding to th&l—1—N transition is given b~
fluctuations of the single-particle properties described by

random matrix theory—appropriate for chaotir diffusive) e? LrR -
QD's. G=mF 2 T Rl(Wel ¥
. N . hkgT ifae TL+T
A later experimerit showed, however, significant devia- a
tions from the CI model. Namely, the peak height fluctua- Fedi)Fedi)
tions were found to be smaller than expected in the entire X . —— g;i(X—X}}), 2
experimental temperature range;T=0.1—2A, with A the [VFed )+ VFedi)]? !

single-particle mean level spacingrhe authors attributed
the discrepancy at high to the presence of dephasing but
the origin of the lowT behavior was unclear—a recent
calculatiort showed that dephasing by itself cannot accoun
for the highT data either. It was then propogédhat the
observed reduction of the fluctuations at IGws related to
the presence of spin-orbit coupling. Though the result is in
good agreement with the loW-data, the assumed strength of (X)= Flyji =) T(yji+x) 3)
the spin-orbit interaction requires some test—for instance, g fy;)? ’
experimental data in Ref. 12 suggest that in small Q@% ) .
used in Ref. § the effect of spin-orbit is rather weak. with — f(x)=(1+expgxkgT]) and  y;i=kgTIn

So far, however, exchange—the main interaction effect—LFedi)/Feq(i)]. Notice thatg;(x) reaches its maximum
has not been considered. This contrasts the case of the peedlue atx=0. Let us denote byE;} the eigenvalues off
spacing distribution where it was shown to be crucial, as iwithout the charging energy term. Then the contribution of
leads to the appearance of nontrivial spin states in the QMthe transitioni— | to the conductance reaches its maximum
(S=1)"""%and enhances the effect of finite temperafd¥. ~ whenx=x*=E}'—E'"'+y;;/2—E¢. Note the shift in the

wherex=2E[N—(N—3)] andxj; is defined below. Here,
I'-(® s the partial width of the single-particle leveldue to
funneling to the leftright) Iead,{|\1f}\'>} are the eigenstates
of the QD withN electronsF¢((j) is the canonical probabil-
ity that the eigenstatpis occupied, and
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FIG. 1. Coulomb blockade peak height distribution at finite tem- k. T/A
perature. The theoretical distributiofi;yes) were obtained by nu- B
merically solving Eq(2) for different values of the exchange con-  F|G. 2. Ratio of the root mean square to the mean of the con-

stantJs. The histograms correspond to the experimental data ijuctance peak as a function of temperature. Different curves corre-
Ref. 9. Notice that good agreement is obtained only after the addispond to different values of exchange=0, 0.2\, and 0.4 (dot-
tion of exchange. ted, solid, and dashed lines, respectiyeymbols correspond to
the data in Ref. 9. Notice the strong reduction of the fluctuation
peak position due to finite temperatdfe’®?>?*Since both  introduced by the exchange interaction at low temperature. The in-
Feqand the overlaﬂ)(\lf}\'|czyg|\lfi’\'71)|2 depend on the spin set shows the decay af(Gpea)/(Gpeay as a function oflg at
of the two states involved in the transition, it is clear that thiskgT=0.3%\. At high T, the experimental data show a stronger sup-
maximum is spin dependeht??-24 pression of the fluctuations than predicted in the strong inelastic
The eigenstates of Hamiltonia(l) can be written as regime forJs=0.4A (dot-dashed ling
|wMy=[{n.},S',S, k'), with n,=n/,+n/  the occupa- _ _
tion of theath single particle stat® Since there is no energy the Porter-Thomas distributid®(I'%) =T ~*exp(~T'Y/T), ap-
dependence o$,—Zeeman energy is neglected—the sum propriate for the GUE. We keep states within an energy win-
overS,, S., ando in Eq.(2) can be easily carried out. One dow of max(2,6ksT) around the ground state.
then get®% Figure 1 shows the PHD fokgT=0.1A, 0.5A and Jg
=0, 0.3A, 0.4A. The histograms correspond to the experi-
N (2S'+1)N, if n,=0 mental data in Ref. 9. At low temperature, the agreement is
2 |<\Ifs, k,|cz,,,|‘lf2;|} |2= 25+ 1)N it _1 very good for the nonzero values of the exchange constant
S & (2S+ DN 1F ne=1, but clearly not forJs=0 (Cl mode). This is indirect evi-
Sz ko dence for the presence of high-spin states in QD's—we
4 should point out though that spin orbit leads to a similar

wheren,, refers to the state withi— 1 particlesN,(N,) is  effect if it is strong enougf At higher temperature, the
the degeneracy associated witik’),* and|S' —S|=1. presence of exchange improves the fit but not enough to fully
In the special case of very loW, when only the ground —&account for the observed distribution. Nevertheless, itis clear
state is relevant, we havé.fj)=1/(2S'+1), F{i) that exchange substantially modifies the PHD and thus can-
=1/(2S+1), andN,» =N,=1, so that the peak conductance N0t be ignored. o
is given by Since an accurate measurement of the full PHD is quite
demanding, a detailed comparison with theory is difficult.
2¢? TLI% Instead, it is usually more convenient to look at the first
Gpeak:)‘s’,smm ) few moments. In Ref. 9, the ratio of the root mean square
«e and the mean value of the conductance peak height,
with 0(Gpead/(Gpeay. Was measured as a function of tempera-
, ture. It was found to be smaller than the value predicted by
_ 2(S'+9+3 (6 the Cl model. Figure 2 compares the experimental data with
4(\2S' +1+ 25+ 1)2’ our results for different values dfs. The inset shows thég
dependence at a fixed temperatukgT{=0.3A).
where still[S'—S|=3. Since the probability for th&— S’ The improvement introduced by the exchange interaction
transition depends on both the interaction strerdgtand the  at low temperature is evident. This can be easily understood
statistics of the single-particle spectrum, it turns out that thess follows: since exchange reduces the level repulsion in the
PHD depends, even at lo, on the fluctuations dboththe  many bodyspectrum, the number of levels that contribute to
wave functions [’'s) and the many-body spectrum. the conductance at a given temperature increases and there-
At finite temperature, many transitions contribute to thefore the fluctuations are reduced—in fact, the importance of
conductance. We calculate the PHD by finding the maximumhe interplay between temperature and exchange was pointed
of Eq. (2) numerically. According to random matrix theory, out in Ref. 17. This is similar to the mechanism discussed in
we describe the fluctuation of the width§ with q=L,Rby  Ref. 11, where spin-orbit coupling reduces the repulsion in

g s
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kg T/A time-reversal symmetrya, see Eq(4)] as a function of tempera-

FIG. 3. Same as Fig. 2, but for zero magnetic fighussian  ture. Different curves correspond to different values of the exchange
orthogonal ensembl@OE)]. The GUE result fods=0 is included ~ constant: O(dotted, 0.3A (solid), and 0.4 (dashegl Notice thate
for comparison(dot-dot-dash ling is increased by exchange and, in particular, that it is bigger than

0.25 forT—0 whenJg>0.

the single-particle spectrum. At very low temperature,
Eq. (5 predicts an enhancement of the fluctuations ads increasefl from the orthogonal to the unitary ensemble
compared to the CI model resulto(Gpea)/(Gpeay  (S€€ Fig. 31" The same general trend is also valid in the
:[(O\é s>/<)‘8’,8>2)(9/5)_ 1]1¥2=2//5. However, this en- exchange-dominated scenario because a large enough paral-

: - . 2 2 . lel field will always drive the system towards the strong spin-
hancement is negligible sinca, 5)/{\s/,5)°=1 for typical orbit regime®! Therefore, the only difference between the
values of the interaction. We also checked that the effect o

X . . o . 0 scenarios would be the specific dependence of
Fig. 2 of nonuniversal correctiont Hamiltonian(1) is very U(GpeaQ/<GpeaQ on the magnitude 0? the paraIIF::‘I field.

Emlﬁ C(\)Ar;r? ésrteenttr\]/\gth trkl]zi;elsuIt:ﬁfgétth?hgea;thaecm(% d[(sr]'tg- A sharper distinction between the two scenarios could be
17,18,26 y y P made by changing the electron densityin the QD. On one

distribution. hand, an increase af, will slightly decreaselg and there
N i - , R s -
Our model shows a significant deviation from the experi fore enhance the fluctuatiorisee Figs. 2 and)3 On the

mental data fokgT=0.5A. It is tempting to attribute this to : : : .
4 : , other hand, increasing, increases the magnitude of the
the presence of inelastic processes, which we have not taken

) . o spin-orbit coupling®®? and so decreases the conductance
into account so far. Notice that after exchange is included ; . -

; . fluctuations—according to Ref. 12, we assume that the initial
dephasing only needs to account fofsanal) fraction of the

) X . : . value of the spin-orbit coupling is smaller than the one re-
reduction of the fluctuations. Accounting for an arbitrary in- _ . . .
. . . . quired to complete the crossover described in Ref. 11. There-
elastic rate requires solving a master equation for the trans

tion probabilities, which is not a simple task?’ Instead, we fore, the sign 0l 0(Gpeald/(Gpear 1/ Ine at low T is differ-

calculate the peak conductance in the strong inelastigmltf?sr v?/zcr:tTl S%?:;I:Oai fﬁ;rgnd:itégcne%%ent measurement
regimeZ?® where electrons inside the QD are assumed to be ine obtair?ed fgr instance. b pmeasurin the spin
thermal equilibrium. In practice, this means that instead o S : DY 9 P

. distributior’>~*¢—would be a direct way to rule out or quan-
calculating the thermal averageDiFS/(l“bLFZ)—see Eq. tify the effect of spin-orbit coupling ar?/d exchange. |

(2—, one first calculates the thermal average of the cou- 7. .
: . . Finally, we study the effect of exchange on the relative
q L R L R
plings{I';} and then the ratigl"")(I'")/(T JTF ). This is . change of the mean value of the conductance upon breaking
expected to be a lower bound for the experimental data. Fig; o _reversal symmetry

ure 2 shows that this inot the case. The reason for this is
unclear. (Gpear coE

A direct comparison between our results and the experi- a=1- W (7
mental data seems to suggest that 0.4A (see inset in Fig. peak GUE
2). This value of the interaction is larger than what oneVery recently, the temperature dependence of this quantity
would estimate from a random phase approximati@®A)  was measured by Fol&t al®" They used it to estimate the
calculation of the screened potential for the experimentaflephasing timer, in weakly coupled QD'S® This estimate
density (Js=0.3A).% At present, it is not clear to us is based on the deviation of the experimental value éiom
whether corrections beyond RPA are requitedf or if other ~ the one expected within the CI model in the elastic regime,
effects such as spin-orbitneed to be included. namely,=0.25 for bothkgT<A andkgT>A.%° For inter-

It is interesting, then to consider ways to distinguish be-mediate temperaturesis slightly smaller than 0.25 because
tween the exchange and spin-orbit scenarios. In the lattedf the difference in the spectral fluctuations of the two
case, it was predictéithat an in-plane magnetic field will ensembles?#°
restore the level repulsion and increase the fluctuations. The Figure 4 illustrates the temperature dependence &br
behavior is opposite in the absence of a perpendicular madhree different values ods. Notice thata increases mono-
netic field, where the system will evolyas the in-plane field tonically with Jg in the full temperature range. That is, ex-
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change enhances. In particular, the boun@d=0.25 is no
longer valid at low temperaturé.This can be verified using

Eq. (),

3 (N
w1 S Assleoe o0

8
4 (\s,9)cue ®
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« the shorterr,. Then, it is clear that neglecting exchange
overestimates ;. Though we do not expect the difference to
be large, it could be relevant when deciding whether or not
there is a saturation of, .

In summary, we have studied the effect of the exchange
interaction on the peak height distribution. We found that it
strongly affects the distribution at finite temperature. Our

This enhancement originates in the difference between th@sqlts ind_icate that the experimental data present signatures
spin distributions in the two ensembles—high-spin states aréf high-spin states and suggest tlig0.3A for the dots of
more likely to occur in the GOE. Also note that the effect of Ref. 9.

the spectral fluctuations is substantially reduced. As a result, e appreciate helpful discussions with K. Held, E. Eisen-
« remains closer to 0.25 than in the Cl model. Unfortunately,berg, P. Brouwer, and B. L. Altshuler. GU acknow|edges par-
because of large statistical errors in the experimental data, g support from CONICETArgenting. This work was sup-

this difference could not be discerned.
Since inelastic processes redueg’?8the bigger the dif-
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