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Correlations and spin flips in tunneling through a quantum dot
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and Institute for Solid State Physics, University of Tokyo, Roppongi, Tokyo 106-8666, Japan
(Received 26 October 1998

Variations of the Coulomb oscillations with the in-plane magnetic fithé spin splitting are theoretically
studied to find many-body effects in tunneling through a quantum dot. The conductance and the transmission
coefficient are calculated at small tunneling rates in the absence of spin-orbit interactions and expressed in
terms ofuniversalfunctions of the spin splitting, which have no dependence on details of wave functions
except the magnitude of spin. Such universal functions are shown to be useful in observing the correlation
between tunnelings of electrons with opposite spins and the dephasing due to spin flips.
[S0163-182699)11815-0

Quantum dots provide an almost unparalleled opportunitthermal energy. In the conductance peak associated with the
to study many-body effects in tunnelings. A typical phenom-transition between thal-electron ground statéspin S) and

ena is a set of sharp peaks of the conductance that appede N+ 1-electron ground staispin’S), the normalized con-

periodically as a function of the gate voltag€oulomb  qyctance is a universal function that depends onlySpi,
oscillations.?> The Coulomb oscillations are due to the Cou-the spin splitting and the chemical potential divided by the
lomb blockade: if one electron enters the dot at a gate voltthermal energy.
age, the Coulomb repulsion blocks another to enter the dot |n the presence of interactions in a quantum dot, there are
until the gate voltage is raised and overcomes the Coulominneling processes in which the spin of a tunneling electron
repulsion. This Coulomb blockade appears also in the conys flipped and at the same time the spin of the dot is changed.
ductance peak height, since electron tunnelings are correlates],ch a spin flip at the quantum dot is another fundamental
and the current is reduced. Such a correlation effect on thﬁ]any_body effect and affects the phase coherence of the cur-
peak height has been difficult to observe because the pegknt through the dot. The coherence in the electron wave
height is subject to details of the potential profile in a quan-hrough a quantum dot has been studied theoretcafland
tum dot and tunneling barriers, which is not known at deSife%xperimentallﬂﬁ‘lf’employing the Aharonov-Bohm effect in
accuracy. a system with a dot. The recent experiment in a double-slit

Glazman and Matveév studied theoretically the geometry® has successfully obtained the coherent transmis-
magnetic-field dependence of the current through resonanegon coefficient through the dot, but no experiments have
centers in a barrier of tunnel junctions. They calculated thepserved the dephasing due to spin-flip processes at the dot.
tunneling current using the kinetic equations for a resonancg, this paper we show that the transmission coefficient is also
center with a Single orbit of small radius, in which the orbit represented by a universal function of the Spin Sp||tt|ng’
has little dependence on the magnetic field. In the absence gfhich exhibits the existence of spin-flip scatterings in a
the magnetic field, two spin levels are degenerate, but eleGimple manner.
trons with opposite spins cannot tunnel into the dot simulta- - our HamiltonianH consists oM for the dot,H, for the
neously due to the Coulomb correlation, giving rise to a re4gags, ancH, for tunnelings:
duction in the current. When the spin splitting is large
enough, on the other hand, only one spin level is used for the H=Hgq+H_+Hy,
current, and the correlation effect disappears. Therefore the
correlation is reflected in the magnetic-field dependence of +
the conductance and has been observed in the experfment. Hd:; €n¢CneCnot Hint

In this paper we extend the Glazman-Matveev theory to 7
transport through a quantum dot with many orbits and show
that the magnetic field is a useful tool to clarify the Coulomb Hi =2 £1koClksCiko -
correlation as well as the dephasing due to spin flips at such ko
a quantum dot. The magnetoconductance is calculated for the
magnetic field parallel to the two-dimensional plane and is
shown to be universal in the sense that it has no dependence
on details of tunneling matrix elements and many-body wave
functions in the dot. Important assumptions used in its deriwherec!, (c,,) are creationannihilation operators for an
vation are(i) the in-plane magnetic field affects only the spin electron with spins in orbit n in the dot anct), (ciy.,) are
degree of freedom in our two-dimensional electron systemghose for an electron in stakein leadl (I =e for the emitter
with negligible spin-orbit interactions an@) the tunneling andl =c for the collectoy. H;,, is the interaction term whose
is weak so that the level broadening is much smaller than thexplicit form is not necessary in the following general dis-

Hslg (ViknClkoCno+ H.C), 1)

0163-1829/99/5@ 5)/98024)/$15.00 PRB 59 9802 ©1999 The American Physical Society



PRB 59 BRIEF REPORTS 9803

cussion. We only need to assume that the energy separation _— 1o
between the ground-state multiplet and the first excited state ~ (N,SS|cn,|N+1,SS,)= SS55
for N electrons in the dot and that fof+1 electrons are

larger than the thermal energy, so that the current is excluyith hnnss independent ofglszfsz_ We neglectk depen-
sively due to transitions between the ground states for thgence ofV,,, and the energy dependence of the density of
two electron numbers. Each state in the ground-state multipstategper spin p, in lead! in its narrow range of interegbf
let (spin S) is labeled by the component of the spis, . the order of the spin splitting and the thermal en¢rggd

In the weak-tunneling regime we consider, the levelintroduce constants describing the level broadening of the
broadening due to tunneling is much smaller than the thermahany-body states:

energy, so that electronic states and electron distribution in

SSz> hings (5

leads are little modified by tunnelings and correlations be- 2
i T'inss=27p1| 2 Vighansd - (6)
tween the leads and the dot, such as in the Kondo effect, can =
be neglected. In this regime we can calculate the linear con-
ductance by applying our previous thedAwhich employs Finally the conductancé& for the resonant-tunneling re-

the transition-rate formula for electron tunnelings betweeryime (u+E{—En/<kgT or ~kgT) is expressed as
the two leads by incorporating the finite level broadening of
intermediate many-body states. We employ this method here, ~ Mm—&g 0¥ ugB
first because it is simpler than the general current formula G:CGFO(S’S’W’W>
B B
with the Keldysh-Green functiortd,and, second, because it ) ]
is applicable also to the off-resonance regime discussed lat¥fith a universal function
(the latter is not the case in the formulation using the Master
equation, or the kinetic equatiti9. =3 ‘< 535 71%s,+ E>
In calculating the transition rate, the initial state|i$ - 22 2

Y

2

=|ekao,L;N in which ek i i n

reLere(sTénis 'Er?eggccupatign gf 'E)I:les t(f}[theersle(\)/(e:;l:su Iione'[crj1eatwh(;>Ieads. X(Ons, T O+ 1,02 (—4Ke T (25) ®)

One of the intermediate states [im)=|L;N+1SS,) with  and a prefactor

S,=S,+ /2. The final state i$f)=|ck’o’,L;N,SS) with

S,+0'/2=S,+ ¢/2. The transition rate is given by c :e_z 1 Tensdonss
© h AkgT [ougstT

> ©)
cNSS
Pi,fzzﬁ_ﬂ-Ki |'T'|f>|25(Ei—Ef) ) The addition energy,, is given bye = En+1s,+02 Ens,

=g+ g* ugBo/2 andeg is that in the absence of the mag-

netic field. The prefactoCg depends on tunneling matrix
with elements and the many-body ground states Wtland N
+1 electrons. Because of the rule for the addition of two
spins, we havé&= S+ 1/2. We only discuss behaviors &
=S+ 1/2 below, since those f@= S— 1/2 are obtained from
(25+1)Fo(S,S,y,b)=(25+1)F(5,S,~y,—b) with vy
=(u—eg)/kgT andb=g* ugB/kgT.

(i TIf)=(i[H ] m)(m|G]m)(m|H,|f). ()

The propagator is defined = (E;—H-+i7) ! with 7 the
positive infinitesimal.{(m|G|m) is replaced by its thermal

average with respect {&.) and evaluated in the noncrossing Figure 1a) presents the normalized conductarigeas a
approximatio?®2L which is accurate, at least, in the weak- function of the chemical potential for several values of the

tunneling regime. spin splitting forS=0, S=1/2. The largest magnetic field in
the temperature ofT=0.1 K at which the thermally-
broadened resonant tunneling is possible to obsErhe-

_ _ creasing the spin splitting, the peak shifts to the lower chemi-
I= ek% k/z/s, [Pitfero(1=Tewor)Ons, cal potential, and its height decreagd® width of the peak
7z is determined by the thermal energyT). The result forS
—Prifew o (1= ferr)Ong I, (4 =0,S=1/2 is shown to be identical to that of the Glazman-

Matveev theory for a single orbit, even for quantum dots
with many orbits.

The peak height oF; in the absence of the spin splitting,
and gys, is the probability of finding theN-electron state given by Fo=4/(1+2r+r) W't.h r=(25+1)/(25+ 1)’. .

, ) , represents the current suppression due to the correlation in
with z component of spir;, given bygns =exd—(Ens,  tunnelings of electrons, since the conductaRigés normal-
—Nu)/kgT]/Zg with Z4 given byEs gn s + 23 9n+15,=1.  ized so thatF,=1 at the peak in the limit of large spin

In the absence of spin-orbit interactions, dependences ogplitting. In the case 08=0, S=1/2 [Fig. 1(a)], the peak
7,S,,S, of matrix elements oH, are expressed using the height atB=0 is Fy==8/(3+2/2)=1.37 and is smaller than
Clebsch-Gordan coefficient since the value of 2 in the absence of the Coulomb interactions as

where flka: f|(s|kg)={1+eX[{(sWU—M)/kBT]}_l is the
Fermi distribution function with the chemical potentia],
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FIG. 1. (a) Normalized conductancg, through a quantum dot
as a function of the chemical potential and the spin splittind
=g* ugB/kgT for S=0 and$=1/2 (S and’S are the spins inN-
and N+ 1-electron ground states, respectiyelpper inset shows

the result in the absence of interactions, and the lower inset shows

the peak height aBB=0 as a function ofS (3= S+1/2). (b) Nor-
malized amplitude of the AB oscillation&,—iFg|.

shown in the upper inset of Fig.(@ (the conductance is
again normalized by the peak heightBats ). Interestingly,
the peak height aB=0 decreases further witB and ap-
proaches unity ab—o as shown in the lower inset of Fig.
1(a). This is due to the larger transition rate for the spin
parallel to the spin of the dot, as expressed by the Clebs

Gordan coefficient in Eq8). Note also that the line shape a

B=0 is not symmetrical, and the peak positipne, is a
little lower thaneg: (upeak—&0)/KgT=(1/2)Inr.
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Here t, (&) is the transmission coefficient through the slit
with the dot for an electron with spim, tq is that through the
other slit, andp=27®/®, (Py=hc/e) is the phase differ-
ence between the two paths due to the magnetic dube-
tween them. Neglecting the energy dependenck, @fithin
the width ofkgT andg* ugB, the amplitude of the AB os-
cillations is proportional tda;| with

of
at=§u_‘, fds(—g)to(s). (11)
The transmission coefficiety, (&) is given® by
t<r(8):27T(PePc)l/22 VenGnn’a-(s)V:nr ) (12

nn’
and the retarded Green functi@y, (&) is calculated in the

noncrossing approximation in the weak-tunneling regime.
Thena, is expressed again by universal functions

where one of them is defined by
2
O~ (o
Fi=2 <Sszz§ S8, + §>
(_4) M~ &€y
x(gN,SZ+gN+1,SZ+a/2)Tg( kT (14)
with
N X exp(x—y)
=—lim J dx——m ————, (15
o) 50 J - X F 8 [expx—y)+1]2 15

and the prefactor is

L PePc *
Ci=—y=— Z VerNnnss 2 Venhnanssl - (16)
ZkBT n n

Figure 1b) presents the normalized AB amplitude
|F1—iF,|. The amplitude is again normalized so that the
peak height becomes unity in the limit of large spin splitting.
The reduction of the peak height B&=0 due to the interac-
tion is remarkable. Such reduction of the coherent current is
due to the correlation in tunnelings as well as the dephasing
by spin flips.

ch- Such an effect of spin flips &=0 is clearly seen in the
¢ off-resonance regimef & — &0/ >kgT) in which the correla-

tion in tunnelings is not important. The conductance in this
regime behaves &8 (u)=bg(u—=go) 2 both inu>e, and

Next, we derive the amplitude of the Aharonov-Bohm N #<&o With the common prefactdsg . On the other hand,
(AB) conductance oscillations in the double-slit the AB amplitudela,|, from Eq.(13), behaves as
interferometet® In this device, a quantum dot is inserted in
one of two slits, and the transmission coefficient through the
qguantum dot is deduced from the AB oscillations. The co-
herent component of the conductance through the interfer-
ometer Is The reduction ofa;| by the spin degeneracy is due to spin
flips at the dot. Such dephasing is most prominensal
andS=1/2 where|a,| in u>¢, is reduced by 1/2 compared
with that in u<eq, which is evident in Fig. (b). At large
spin splittings, the spin flip is absent and both the conduc-

la =by(25+1) Yu—eo| L, u>eo

(17)

=b(25+1) Hu—gol "t m<so.

e? of ol
Gcoh:FE st _g |t0+to(8)e qp| . (10
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tance and the AB amplitude are symmetrical with respect tainiversality is due to the symmetry in the spin space in the
the peak positionu= ¢, with ol2=5—s. absence of spin-orbit interactions. Fitting experimental data
The generalization to materials with the valley degree otwith the universal function will give the magnitude of the
freedomu is straightforward: change ds—uvk (let n label  spin in the initial state and the intermediate state and, more
all single-particle states in the dofThe above formulas for importantly, a clear evidence of the correlation in tunnelings
the conductance and the AB amplitude are still applicable ifand the dephasing due to spin flips. The in-plane magnetic

we redefine the constants as field, together with the widely-used temperature scan, will be
) a useful tool in studying many-body effects, which appear in
Cinei=> 20 Vi, honse | 18 the height and the line shape of resonant-tunneling peaks.
'NSS_Ev: Pl En: on nNS% (19 The spin blockade studied theoretically by several
and authoré?23-2jill be another testing ground for the use-
fulness of the in-plane magnetic field.
2/ *
c=> M( D VevnhnNSNS)(E VcUnhnNsTs) _ The author would like to thank T. Ando, Y. lye, S. Kat-
v 2kgT n n sumoto, N. Tokuda, and Y. Asano for valuable discussions.

(19 This work was supported in part by a Grant-in-Aid for Sci-

In conclusion, we have derived universal dependences oftific Research on priority area “Single Electron Devices
the spin splitting of the conductance and the transmissio@"d Their High Density Integration” from the Ministry of
coefficient through a quantum dot with many levels. TheEducation, Science, Sports and Culture, Japan.

IM. A. Kastner, Phys. Todag6 (1), 24 (1993; Rev. Mod. Phys.  '?M. A. Davidovich, E. V. Anda, J. R. Iglesias, and G. Chiappe,

64, 849(1992. Phys. Rev. B65, R7335(1997.

23, Tarucha, D. G. Austing, T. Honda, R. J. van der Hage, and L13A. Yacoby, M. Heiblum, D. Mahalu, and Hadas Shtrikman, Phys.
P. Kouwenhoven, Phys. Rev. Le®t7, 3613(1996. Rev. Lett.74, 4047(1995.

3L.1. Glazman and K. A. Matveev, Pis'ma Zhk&p. Teor. Fiz48,  1*S. Katsumoto and A. Endo, J. Phys. Soc. J).4086 (1996
403 (1989 [JETP Lett.48, 445(1988]. Jpn. J. Appl. Phys., Part 36, 3978(1997).

4D. Ephron, Y. Xu, and M. R. Beasley, Phys. Rev. Lé8, 3112  ®R. Schuster, E. Buks, M. Heiblum, D. Mahalu, V. Umansky, and
(1992. H. Shtrikman, NaturéLondon 385, 417 (1997.

SH. Akera, Phys. Rev. B7, 6835(1993; Jpn. J. Appl. Phys., Part 16y Tanaka and H. Akera, Phys. Rev.33, 3901(1996.
1 36, 3974(1997); Solid-State Electrord2, 1379(1998; Jpn. J. 17y, Meir and N. Wingreen, Phys. Rev. Le@i8, 2512(1992.

Appl. Phys., Part B8, 384 (1999. 18C. W. J. Beenakker, Phys. Rev., 1646 (1991).
SA. Levy Yeyati and M. Bitiker, Phys. Rev. B52, R14360 '°D. V. Averin, A. N. Korotkov, and K. K. Likharev, Phys. Rev. B
(1995. 44, 6199(1991).
’G. Hackenbroich and H. A. Weidenitter, Phys. Rev. Lett76,  2°Y. Kuramoto, Z. Phys. B53, 37 (1983.
110(1996. 2IN. E. Bickers, Rev. Mod. Phy£9, 845 (1987).
8C. Bruder, R. Fazio, and H. Schoeller, Phys. Rev. L#8t.114  2D. Weinmann, W. Hasler, and B. Kramer, Phys. Rev. Left,
(1996. 984 (1995.
9p. Singha Deo and A. M. Jayannavar, Mod. Phys. LettOB787  23M. Eto, J. Phys. Soc. Jp66, 2244(1997.
(1996. 24H. Imamura, H. Aoki, and P. A. Maksym, Phys. Rev. 3,
10y, Oreg and Y. Gefen, Phys. Rev. 5, 13 726(1997). R4257(1998.

W. Izumida, O. Sakai, and Y. Shimizu, J. Phys. Soc. §0n717  2°Y. Asano, Phys. Rev. B8, 1414(1998; J. Phys. Soc. Jpré7,
(1997. 4014(1998.



