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Tunneling conductance through two quantum dots, which are connected in series to left and right leads, is
calculated by using the numerical renormalization group method. As the hopping between the dots increases
from a very small value, the following states continuously app@aiKondo singlet state of each dot with its
adjacent-site leadji) singlet state between the local spins on the dots, @@nddouble occupancy in the
bonding orbital of the two dots. The conductance shows peaks at the crossover regions between these states.
The peak at the boundary betweéh and (ii) especially has the unitarity limit value ofe2/h because of
coherent connection through the lead-dot-dot-lead. For the strongly correlated cases, the characteristic energy
scale of the coherent peak shows anomalous decrease relating to the quantum critical transition known for the
two-impurity Kondo effect. The two dot systems give a new realization of the two-impurity Kondo problem.

. INTRODUCTION atom, and the coupling between the dots, thd hopping
term, can be changed freely by applying the split gate volt-
Dilute magnetic impurities in metal give rise to the Single- age between the do%ér[ would be expected that we can

impurity Kondo effect:” The antiferromagnetic coupling be- investigate the two-impurity effect systematically in the
tween spins on impuritied, such as the Ruderman-Kittel- pop systems.

Kasuya-Yosida interaction, would compete with the Kondo g4, the DQD systems, in which the two dots are con-

Qﬁect. Tlohstudybsuch COEpStition efflt\a/c%:%}h;a tt\:vo impgritiesnected to the left lead and the right lead in a series as “lead-
In metal have been studied extensi - It the Kondo dot-dot-lead,” there are several theoretical works including

binding energy is much larger thah(T,>J), each local o\ 545 effect?-28 We have reported the large enhance-
spin on the magnetic impurity forms the Kondo singlet state

with the conduction electrons. On the other handTprJ, ment of the tunneling conductance through the two_dots

i qeff 0 -
the two local spins form the local spin singlet state. From theWhen the zscondltlogf.fJ,_R ;rK holds, by' using the NRG
Here J g=4t“/U is the antiferromagnetic ki-

numerical renormalization groufNRG) calculation, Jones ~Calculation” _ _
et al. pointed out that the transition between the two stated1€tic exchange coupling between the two dois, the hop-
occurs as a quantum critical phenomefidfiowever, it was ~Ping between the two dots) is the Coulomb repulsion on
pointed ouf that the critical transition was associated with the dot, andTy is the Kondo temperature &t0. We note
the extra symmetry between the even and odd channels inthat the antiferromagnetic coupling is the inevitable effect
plicitly assumed in the work of Jones al. In general there is  due to the kinetic processand the Coulomb repulsion on the
an asymmetry between the two channels, caused by the pa&#ot U. There are investigations with the slave boson mean
ity splitting terms such as thé-d hopping term between the field theory (SBMFT). Aono et al. had already studied the
impurity atoms. Under the asymmetry, only a crossover ocSame model as us, however they could not find the relation
curs rather than the critical transition. Theoretical refinemend{n~ Ty on the peak of the conductance pointed out by us
has been done on this probléit because the SBMFT cannot treat the kinetic exchange pro-
It might be difficult to observe the two-impurity effect in cess properl;?f1 Georges and Meir introduced the antiferro-
metal systems as pointed out by previous studies, becauseagnetic couplingl between the two dots by artifice in the
the alloy contains many types of impurity pairs, and the cousmodel, and discussed the effect related to the critical transi-
pling between impurities is fixed in each material. Recently tion on the conductance by using the SBM#However the
the Kondo effect was observed in single quantum dointroduction of the artificial in the model and the calcula-
systems®~1° The experimental data show good agreemention of the conductance within the SBMFT framework raise
with the results of numerical calculations based on thehe following questions(a) Does the effect of antiferromag-
single-impurity Anderson modé?. These works demon- netic coupling pointed by Georges and Meir actually appear
strated that the quantum dot systems are suitable for sensitie the DQD systems, since the hopping itself breaks the
experiment of the Kondo problem. On the double-quantumguantum critical transitio?? (b) If it appears, however, how
dot (DQD) systems, each dot corresponds to an impuritydo the conflicting effects of, the kinetic exchange coupling

0163-1829/2000/625)/102608)/$15.00 PRB 62 10 260 ©2000 The American Physical Society



PRB 62 TWO-IMPURITY KONDO EFFECT IN DOUBLE. .. 10 261

that would cause the critical transition and the parity splittingtunneling between the left lead and the left dot, and between
that suppress the critical transition, compete? How do  the right lead and the right dot. The suffices L, R mean the
they appear in the conductance? Since the SBMFT could ndéft and the right, respectivelc, . is the annihilation op-
treat the kinetic exchange process properly, this approximaerator of the electron in the left lead, , is that in the left
tion for the two-impurity Kondo problem like the DQD sys- dot. nd,,_g:d’[gd,_g is the number operator of the left det,
tems seems to be unfavorable. A reliable calculation is neds the energy of the statein the left lead.eq is the energy
essary for such a sensitive problem. of the orbital in the left dot. The quantity is the matrix

In this paper, we present a detailed investigation of theslement between the left and right dots, and we refer to it as
Kondo effect in the DQD systems, paying special attentionthe “hopping” between the dots hereaftdy, is the Cou-
to the roles of thel-d hopping term. The numerical calcula- Jomb interaction between the electrons in the left dgt.is
tion is performed by using the NRG method. This numericakhe matrix element between the left dot and the left lead.
method is known to be a reliable one for the two-impurity  Here we consider only the single orbital in each of the
Kondo problent:=*®“*we calculate the tunneling conduc- dots. This situation is justified when the typical energy split-
tance through the two dots. We note that some preliminarying between the orbitals in the dot is larger than the typical
results were presented at SCE$8&nd one of the central broadening of the energy levelis ;> A, and when the tem-
results was presented at LT22. perature is smaller than the typical Coulomb repulsion be-

We find that the following states continuously appeartween the electrons in the dofs<U.?>?°(The Kondo effect
when the hopping between the two dots increases from @& not important in the case d=U.) We consider only the
very small value(i) Kondo singlet statetcU, JFR<TP),  on-site Coulomb interaction between the electrons. Further-
(i) singlet state between local spins on the dats\{, Jfg more, we consider only the nearest neighboring tunneling,
>T9), and(iii) double occupancy in the bonding orbital of between the dot and its adjacent-site lead, between the two
the two dots {(=U). The conductance shows peaks at thedots. The energiesy, andeqg can be changed by applying
crossover regions between these states. The ‘main peak’ tite gate voltage on the dot¢,, (Vg,) can also be changed
the boundary betweefi) and (i) with the conditionJ% by applying the split gate voltage between the (gfiht) dot
~T? has the unitarity limit value of &/h because of coher- and the left(right) lead.t can be changed by applying the
ent connections through the lead-dot-dot-lead. Especially fo$Plit gate voltage between the left dot and the right dot.
the strongly correlated cases, the width of the main peak [N this paper we consider only the symmetric case with
becomes very narrow and the characteristic temperature ¢gSPect to the exchange of the left and the right. This situa-
the peak is largely suppressed compared with the Kond@on is written with the following relationsgq=eq, =84,
temperature of the single dot systef. These anomalies U=Ui=Ur, andA=A, =Ag=m|V|?p.. (A is the hybrid-
of the main peak closely relate to the quantum critical pheiZation strength between the dots and the leads;V,
nomenon in the two-impurity Kondo problem. The quantita- = Vrk: Pc iS the density of states in the leads. Here we con-
tive calculation in this paper gives new realization to theSider that there is nk dependence in the matrix element and
two-impurity Kondo problem, and suggests the possibility ofthe density of state¥) The model can be mapped into the

a systematic study of the anomalous two-impurity KondotWo-channel Anderson Hamiltonian by the unitary transform
effect in the DQD systems. for the operators of the dots and the operators of the [Eads.

The formulation is presented in Sec. Il. The numericalFurthermore we consider the situation where there is one
results are presented in Sec. Ill. The summary and discussidgiectron in each dot by adjusting the gate voltage on the dot,
are given in Sec. IV. (ngp=1,(gp=1. _

We solve the Hamiltonian by using the NRG method, and
calculate the conductance from the current correlation func-
Il. FORMULATION . o . .
tion within the linear response thed®y?*! (For detailed

We investigate the following Hamiltonian for the DQD calculation of the conductance, see appendix of Rej. 31.
systems where the two dots are connected to the left lead and At zero temperature, the conductance can be rewritten by
the right lead in a series: using the effective parameters of the fixed point noninteract-

ing Anderson Hamiltonian as follows:

H=H+Hg+Hyq, 1)
s 2€? ACL05)— AG(0) 2 2e?  A(teMAS)?
HF% 8kCEkoCLk(r+§ £qChgoCRac ) = 14607~ AG,(07)] T ho[1+(tefracfzp”
)
Ho=841> NgLoteards Naret| —t> df dr,+H.c. We frf1ave used the relatiorG,=z,/(w—eg +iA%), z,
7 7 7 =A7'/A, (p=e,0), atT=0. Here the suffixp denotes the
+U Ny Ngp, +UrNgrNag) () even and odd parity orbitals in the two dots. We note that the

even orbital is the bonding orbital, and the odd orbital is the

antibonding orbital. We now consider the case (uify)

H|-d=k2 Vud! kot 2 VrghoCreetHC. (4 +(ny=2, thentef=— e&=oM=0, A=A = AST Here

7 a7 tff is the effective hopping between the dots, afd is the
H, is the Hamiltonian for the electrons in the left and right effective hybridization strength between the leads and the
leads.Hq is that in the left and right dot$d, 4 is that for the  dots. AtT=0, we calculate the effective parameters from the
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FIG. 1. Conductance, occupation number in the odd orbital of ~ FIG. 2. Density of states on the even orbital of the two dots,
the two dots(n,), and phase shift of the odd channg), as a  Pe(w). We note the relatiomy(w) = pe(—w), wherep,(w) is the
function of the hopping at T=0. We note the relations between density of states on the odd orbital/7U=1.5x10"2.
the even and odd orbitalgng=2—(ny), Se=m7—3,. AlmwU
=15x10"2 t increases ta=5x10"4, the conductance has the main

peak and the strength @f(w~0) becomes half of that at
analysis of the flow chart of the renormalized energy levek=0. In this region we can consider that the Kondo effect
structure in the NRG calculation, and then calculate the conwith the spins on the orbitals extending the two dots, the

ductance from Eq(5). even and the odd orbitals, occurs. Ascreases more, the
conductance decreases rapidly, and the strength Qb
IIl. NUMERICAL RESULTS ~0) is largely suppressed as showntat1.0x 103, This

_ ] ~suppression means the disappearance of the Kondo coupling
In numerical calculation we choose half of the bandwidthpetween the leads and the ddtbecomes even larger, the
as an energy unit. The Coulomb repulsion is fixedUat conductance has the small peaktat2x 1072 At t=2.5
=0.1 throughout this paper. We calculate the conductance 88102, the density of states on the even and odd orbitals
a function of the hoppln.gt for various hybridization paye peaks aF w~ 1071, respectively, from Fig. 2. At the
strengthsA. (As noted previouslyt and A can be changed same time the occupation numbers begin to change as shown
by applying the split gate voltage between the dots and bep, Fig, 1, (ng=1.5, (n,)=0.5 att=1.5x 10 2.)

tween the dots and the leads, respectiyelyhen the gate Here we note the following two points: First, the condi-
voltage on the dots is fixed at=—U/2, then the DQD is in o Jfg~T2 holds att=5x 104, whereJ‘Ef,;E4t2/U. (1o
the half-filled case, i.e., each dot contains one electron.  _ .78<10°% is the Kondo temperature at=0, with

In Secs. lll A and Il B we present the numerical results at - 0_ 1
= i the expressionTg=\UA/2exd—=nU/BA+A/2U],” then
zero temperatur@ =0, and in Sec. Ill C we present the re- JfngﬂzZ.GS att=5.0x 10" %) Second, as seen from Fig. 1,

sults at finite temperatures. the occupation numbers of the even and the odd orbitals for
t=<1.0x10 2 are almost equal to each oth&ng=(n,)
A. Conductance in the strongly correlated case =1. Fort=1.0x10"1, the two electrons occupy the even
First we present the conductance in the strongly correlate@rbital. The border between them is at-U/4(=2.5
case with the hybridization strength satisfyidgy7=1.5 X 10°2).
X102 (A/7U=1.5x10"2, i.e.,u=U/7A=6.8). The above analysis implies the following scenario. In the
We show the conductance &t=0 as a function of the Case oft<U/4(=2.5x10"?), the hopping causes the anti-
hoppingt in Fig. 1. (The occupation number and the phaseferromagnetic kinetic exchange couplid. For smaller
shift are also shown in Fig. 1There are two peaks in the hopping cases Witlﬂfg<T° , there are Kondo singlet states
conductance, the large peak néar5x 10 4, and the small between the left lead and the left dot, and between the right
peak neat~2x 10" 2. (Hereafter we call the large peak the lead and the right dot. Asincreases and‘ﬁg>T° , the two
“main peak.”) Why do these peaks appear? In later paradocal spins on each dot form the local singlet state. At the
graphs we will analyze various quantities for the parametecrossover region between two states we have a main peak
cases showing the peaks. with the unitarity limit value of 2%h in the conductance.
The density of states on the even orbital of the two dotsThis will indicate that the leads and the dots are coherently
pe(w) for severalt cases is shown in Fig. 2The relation connected by the even and the odd orbital states. When
pe(®)=po(—w) holds for(ng)+(n,)=2, wherep,(w) is  becomes even larger and the conditicaU/4 holds, the
the density of states on the odd orbital of the two do#d.  local spins do not appear; instead, the two electrons occupy
t=0, there is the Kondo peak on the Fermi ener@ermi  the even orbital. The small peak of the conductance reflects
energy corresponds ©=0.) Naturally, this Kondo peak is the change of the electronic states in the DQD.
caused by the Kondo singlet states between the left lead and Here we show the effective parameté?$ and A®™ as a
the left dot, and between the right lead and the right dot. Agunction oft in Fig. 3.(We note that the effective parameters
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teracting Anderson Hamiltonian, given by the analysis of the flow FIG. 4. Conductance as a functiontait zero temperature, from

chart of the renormalized energy level structure in the NRG calcu
lation. A/7U=1.5x10"2.

the weakly to strongly correlated cases in2 B 2<A/7wU<86.0
%X 1072. The broken line shows the conductance for the noninter-
acting U=0) case.

have been used already for the calculation of the conduc-

tance shown in Fig. 1.In the t=10 * case, the effective
parameters behave &€ ~tT/A, A®™~TY . Then the con-

nario shown in the previous subsection ttft A" holds at
the main peak of the conductance witfli~T%. We also

ductance coincides with the noninteracting one when ongemponstrate how the kinetic exchange process appears in the

substitutes the effective parameters into Eg). As t in-
creases ta~5x 104, A®" decreases once, and it has local
minimum, and then it increases. At the same time the slop
of t*" decreases once and then increases. Wfeand A ®ff
coincide with each other, the conductance has a pedk at
~5x10 4 i.e.,JM~T% . Astincreases slightly beyond this
point, the conductance sharply decreases becA§8ede-
creases to the minimum even thougfi increases. Here we
stress that the relatiai™~ A®" holds when)®t~T9 | and at
the same time\ ¢ becomes very smallln this meaning, the
crossover seems to be characterized by the relatfn
~A®f. This relation gives the unitarity peak of the tunneling
conductance as seen from E§). Whent increases further,
the ratio t®™/ A" increases gradually in the regidreU/4
(=2.5x10?). At t~U/4, the ratiot®™A®" begins to de-

conductance for arbitran/7U cases.

The calculated conductance is shown in Fig. 4. The hori-
$ontal axis is the hopping normalized by the hybridization
strength,t/A. From inset of Fig. 4, the conductance almost
overlaps on the noninteracting curve in the regib®a and
t>A. These regions should be classifigffi<T{ and t
>U/4, respectively, from the analysis in the previous sub-
section. The conductance is very small in these regions, how-
ever these uniform properties should be useful in arranging
the experimental data under uncertblhA cases.

All curves have a main peak with strengtie??h. For
weakly correlated cases &f/7U=4x10"?, the conduc-
tance almost coincides with the noninteracting one through-
out thet region. AsU/A increases, the main peak shifts to
the smallt/A side, and the peak width becomes narrower.

creases and then increases. Therefore the conductance showsye have already found the relatidfif~ T at the main

a broad peak near the region-U/4. For thet=U/4 case,
the effective parameters behavet&s-t, Af~A. We note

that the conductance has the expression of the noninteracting ious A/7U cases in Table I.

one itself in thet=U/4 region.

Finally we compare the phase shift and the occupatio
number shown in Fig. 1. The phase shift of the odd orkital
rapidly changes fromr/2 to 0 neat~5x 104, even though
(no) still remains at{ny,)~1. Friedel's sum rule in each
channel does not hold, as pointed out previodsllyseems
that this behavior is enhanced when the antiferromagneti
coupling between the two sites competes with the Kond
effect.

B. From weakly to strongly correlated cases

nLR

peak position for the\/7U=1.5x10"? case in Sec. lIl A.
Here we show the ratia?h/ T at the main peak position for
We can see the relation
T2 commonly?® [The relation at the main peak™
~T2 would be generalized tBg~T? for the weakly corre-
lated cases, wherBg= /(2t)?+ (U/2)?—U/2 is the singlet
binding energy between the two ddts.
From the analysis in the previous and present subsection

e can conclude the following effect of the hopping term.

or the smalt case withIt<T? (i), the Kondo singlet state
Is formed on the lefi(right) dot with its adjacent-site lead.

eff _

TABLE I. Ratios J¢/T% andEg /T at the main peak position
of the conductance.

In this subsection we present the numerical results of th
conductance for various\/7U cases within 1.510 2

<A/7U<6.0x10"2. (1.7=u<6.8. The hybridization
strength is changed in 510 3<A/7<6.0x10 3, and the

%/wu 15x10°2 2x102 3xX10?%? 4x102 6x107?
3800 2.66 2.34 2.15 2.09 2.23
Eg/TY 2.66 2.34 2.14 2.04 2.05

Coulomb repulsion is fixed df =0.1) We confirm the sce-
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FIG. 7. Two sorts of the magnetic excitation spegfd w) and
FIG. 5. Temperature dependence of the conductance. Main fi _;(w) atT=0. We note that the two spectra agree with each other
L . ) tt=0.
ure is the temperature dependence near the main peak &t

X 10, Inset figure at the upper right is the temperature depencoupling between dot® However, the SBMFT calculation
dence near the small peaktat2.5x 10" 2. Inset figure at the lower should be checked by the method treating the kinetic ex-
right is the conductance in all overA/mU=1.5x10"2. change term properly. As noted in the introduction, the hop-
ping term causes two conflicting effects on the critical tran-
On the other hand, for the largease WithJﬁE>T2 (i), the  sition of the two-impurity systems. One is the kinetic
local spins on each of the dots couple as the singlet state. kxchange coupling{, which causes the “critical” transi-
the intermediate region, the Kondo effect of the local spingion through the competition with the Kondo effect. Another
on the orbitals extending on the two ddt®., even and odd is the parity splitting, which suppresses the critical transition.
orbitalg occurs. The main peak of the conductance appearso the best of our knowledge, the calculation in this section
around the boundary betweén and (i) reflecting the co- is the first reliable quantitative result of the two-impurity
herent connection of the leads and the dots. Ws\ in-  Kondo problem in the DQD systems.
creases, the Kondo temperatt]i% exponentially decreases, There is also another small pe&r shoulder structure
the conditionJ®~TS holds at the smallet/A, then the for the strongly correlated cases aff mU=<2x10 2 (u
main peak shifts to the small&fA side. At the same time, =5) at the largett side of the main peak. In the previous
the width of the peak becomes extremely narrow comparedubsection, we found that the small peak appears around the
with the decreasindy . This fact has been already shown asboundary betweefii) and(iii). However for the weakly cor-
the steep minimum oA®" in Fig. 3. We note that this nar- related cases, the small peak could not be recognized because
rowing is closely related to the quantum critical transitionthe condition of the bordeii)-(ii) and (ii)-(iii) could not be
between the Kondo singlet state and the local singlet state ilistinguished clearly.
the two-impurity Kondo modél. The shifting and narrowing
behaviors shown here are also pointed out with the SBMFT C. Temperature dependence of the conductance

with artificial addition to the model of the antiferromagnetic | this subsection we present the conductance in finite

temperature. We calculate the conductance at finite tempera-

10 F T=r18x10°%p, — tures by using the following formul®:
P/ ——
T=6.44x10%,p, —--- 10°
Pl ———-
g 98 Ts79x1070 e
= P@ - 107" |
<
‘n, 06 102 |
3 R
304t < 100
02t
107° |
0.0 f L L L L 10—6 |
-1 -3 -5 7 -9 -9 -7 -5 -3 1
IOglol(d 7
-6 -5 —4 -3 -2 -1
FIG. 6. Density of statep(w) and current spectru®”(w)/w 10 10 10 10 10 10 1

t
att=5.0x10"* for finite temperatures(The spectrum, which has

only the positive regionn=0, is the current spectruin. FIG. 8. Two characteristic energidg, and T ar .
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TABLE Il. Characteristic energies at the main peak position.

AlwU 1.5x10°? 2x102 3x10°2 4x10°2 6x10?
Tar 3.28x10° 7 9.77x10°® 3.97x10°4 1.50%x 107 3.01X 10?
Tum 7.66x10 6 5.64x 10 ° 7.73x10°4 3.47x10°8 1.20x 102
Two 2.55x10° 6 2.47x10°° 2.31x10°4 8.02x10° 4 3.22x10°8
2¢°  P"(w) At t=0, the two spectra agree with each other. However at
G= T“mo o 6  t=5.0x10% Xa(w) has the structure in lower energy re-
w—

gion thany, (). It seems thaP”(w) at the main peak of
HereP”(w) is the “current spectrum” for the current opera- the conductance is dominated by the fluctuation given by

tor J=N, — N written as follows: Xa(w) from Figs. 6 and 7.
We determine the two characteristic energies frghiw)
272 ” : . . .
whe 1 and . (w) in the following ways. One is determined from
" = ~BEm_ o= BEn 2 a . .
Pllo)=—7—7 = (e”PEn—e " FEm|(n[J|m)| the peak position of/(w), we call it Ty, .2%2%3! Another

one, Tag, is determined asTap/Tapo=Xo/X, where X
Xlw—(Ex—Ep], (7 =lim,_o xa(®)/®.° (And here we hav@ sz ;=Tyo.) The
o _ ) o suffix “0” indicates t=0. The quantityTy o almost coin-
whereN, is the time differentiation of the electron number jdes WithTS . The ratioTy o/ TS for some cases are shown
in the left lead,Z==,e”#%n is the partition function of the i, Ref. 20. '
system, angB is the inverse of the temperaturg 1/T). The calculated two characteristic temperatufigs and
First we show the conductance at various temperatures fo||=AF are shown in Fig. 8. They have almost same values as
— -2 N Ei c o )
the A/7U=1.5x10 S ease in Fig. 5. As the temperature <104 T,, monotonically increases dsncreases. On the
increases fronT ~10"°, the he!ght of the main p(_agk gra_du— other handT e becomes smaller nea®~T9. It has a
ally decreases. At the same time the peak position shifts tBinimum of TAe=3% 107 att=5xX10"%. We note that the

~1078 i 0 . .

th% largert. W?Gnote thalf~10"% is much lower thaTy . reqyction ofT e nearT2~J had already been pointed dut.
(TK:?".78>< 10°°) o . As t increases morel 5r rapidly increases. From the same

To discuss the characteristic behaviors of the conduc’[ancgnawsiS as for the othek/7wU cases. we confirm that the
in finite temperature, we show the densny”of State&o)  minimum of T appears for the strongly correlated cases of
and the current spectrurtdivided by ©) P"(w)/w att  A/7U=<2x10 2. We showT s at the main peak position in
=5.0x10"“ in Fig. 6. As the temperature increasesTo Table. Il
_ —8 ” _ s
=6.44x10"°, P"(w)/w at «~0 becomes 60% off =0 From the comparison with effective parameters in Fig. 3,
limit. At the same timep(w) shows a small change around pe larger of the effective parameters m&k@A°®™ and the

77 . . . .
w~10"". This means that the effect of the temperature orgmgjier of the characteristic temperature (T, al-
the conductance is rather drastic. Here we show two sorts (?f']ost coincide with each other in af max([eff Aeﬁ)

the magnetic excitation spectyg,(w) and x4(w),? where ~min(Tag, Ty).

Xm(w) is the imaginary part of the dynamical susceptibility  Here we again see the temperature dependence of the con-
of the uniform magnetic moment of local spinsS (  ductance shown in Fig. 5 with the characteristic temperature
+SR,Z)/\E, andy(w) is that of the antiferromagnetic mo- shown in Fig. 8. We can see th&r characterizes the main
ment, (S,_,Z—SR,Z)/\/Z respectively. We show the two mag- peak of the conductance in finite temperature. The peak de-
netic excitation spectra a&=0 andt=5.0x10 * in Fig. 7. creases as the temperature increases rearlx10 8

T=16x107° T=14x107"
10 F . - 10 F ' ;
A/rr=1.5><10:§ o A/n:=1.5><10:§ °
L zow) L zocw) +
: 4.0x10° = : 40x10° =
6.0x10° & 6.0x10° &
S 06 S06f
o o
V WV
Q Q
S 04t S 04|
0.2 t 0.2}
0.0 Lo wot® Bt s 0.0 Bt
1072 107" 1 10 102 1072 107" 10
tHA tHA

FIG. 9. Conductance from weakly to strongly correlated cas@s=at.6x 10> (left figure) and atT=1.4x 10" (right figure.
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0.10 —— T 77— IV. SUMMARY AND DISCUSSION

t=0.0 ——

We calculated the tunneling conductance through the two
0.08 | 1 guantum dots that connected to the left lead and the right
lead in series. We investigated the effect of the kinetic ex-

change coupling between the dots, and also the competition
0.06 r T with the Kondo effect.

As the hopping between the two dots increaggd{ondo
singlet state of each dot with its adjacent-site lg@d,local
singlet state, andii) molecular orbital like state with double
occupancy in even state, continuously appeared. The cross-
0.02 f . over occurred betweefi) and (ii), (i) and (iii), each other.

For t<U cases, the Kondo binding between the Igfght)

lead and the left(right) dot Tﬁ and the antiferromagnetic
0'90—1010—9 10810~ 108 10° 10-* 102 102 10™" 1 kinetic exchange coupling between the two daf§ com-
peted. The boundary betweéin and (ii)) was characterized
asJM~TY, where we have the relationf™~ A®", and the
tunneling conductance showed a peak. This peak had the
unitarity limit value of 22%/h reflecting the coherent connec-
[~0.1TAe(t=5%10%)] in Fig. 5. As the temperature in- tion through the lead-dot-dot-lead. At-U/4 of the bound-
creases and reachesTo-1x 10 °[~10Toc(t=5x10"%],  ary betweerii) and(iii), we had a small peak.

the strength of the main peak becomes almost zero. Next we The system showed the strongly correlated behaviors for
see the temperature dependence of the small peak. The smallmU=<2X 10 2 (u=U/wA=5) cases. The borders @f-

peak neart~U/4=2.5x10"2 increases as the temperature (i) (JSh~T9) and (ii)-(iii) (t~U/4) were clearly distin-
increases to aboull~10 3[~0.1T,,(t=2.5x10"2)]. It  guished, then there were the two peak structures in the con-
seems that the characteristic temperature of the conductangéctance. Furthermore the width of the main peak became
near the small peak i¥),,. From above it seems that the steeply narrow. The characteristic temperature of the main
characteristic temperature of the conductance if€ak was strongly reduced compared with the Kondo tem-
min(Tae, Ty) throughout the region. perature of the single dot system%. These anomalous be-

Here we show the conductance from the weakly tohaviors of the main peak related to the quantum critical tran-

strongly correlated cases at fixed temperatures. We show tfdion of the two-impurity Kondo problem —studied
conductance aT=1.6x10"5 and T=1.4xX10 % in Fig. 9. prewousl_y_. Though_ t_he hopping term ha_d conflicting effects
The main peak for the strongly correlated cases is sensitiv@! the critical transition of the two-impurity Kondo systems,

to the temperature. Then the main peak of the conductan@ehneration of it through the kmetu: (.ex.change coupling and
will shift to the smallet/A side with increasing peak height == PP eSSIOn of it due to the parity splitting, we found that we

hen the t ¢ d fg P Ei g Troge the sign of the anomaly in the tunneling conductance.
when the temperaturé decreases as seen irom Fig. 9. 1hIS 1 guantitative calculation shown in this paper gave the
behavior will be observe_d4as the split gate voltage is varied, o, realization for the two-impurity Kondo problem. This
We note EQatT:1.4>< 10" corresponds to 16 mK, anfl  jyyestigation suggested the importance of the systematic
t=1-6>< 107" corresponds to 1.9 mK, fod=1.0 meV sys-  gtydy of the DQD systems for the two-impurity Kondo prob-
ems. |em_

Finally, we note the accuracy of the conductance calcu-

lated from Eqgs(6) and(7) by using the NRG method. It is ACKNOWLEDGMENTS
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