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Tunneling current through a quantum dot with strong electron-phonon interaction
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The tunneling current through a quantum (@) in the presence of local electron-phonon interactieR)
and intradot Coulomb repulsion is studied theoretically for arbitrary strength of EPI. It is found that the
renormalization of the intradot Coulomb repulsion and QD level position leads to intriguing effects on the
tunneling current. The interplay of Coulomb blockade and phonon-assisted tunneling processes gives rise to a
rich variety of tunneling current behavior.
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[. INTRODUCTION ered in Ref. 22, the effect from the renormalization of Cou-
lomb potential on the tunneling current is missing. In Ref. 23
Transport properties of quantum dot nanostructures havki et al. have studied the differential conductance of QD
been extensively studied both experimentally and  with weak EPI and finitdJ by a perturbative method. Con-
theoretically? =2 It was shown that electron-electron interac- sequently their results show only one-phonon sideband and
tion in single electron transisto(SET) made of quantum dot  no significant effect from the Coulomb potential.
tunneling junctions can lead to interesting effects such as the Here we study the tunneling current in the regime of finite
Kondo resonance, Coulomb blockade, and parity effeth intradot Coulomb potential and strong ELOPI. We find that
SET is composed of two leadgeservoirg and one or more the strong ELOPI not only significantly renormalizes the
quantum dotgQD’s), which can be a normal metal, super- Coulomb repulsiorican make it negatiyebut also produces
conductor, ferromagnetic material, or semiconductor. The bePronounced features in the tunneling current due to
havior of the tunneling current is sensitive to the propertiegnultiphonon-assisted tunneling. Our theoretical analysis pro-
of the QD’s. vides a guide to future experimental studies on the tunneling
Today's advanced nanostructure techniques such g&irrent of QD systems with strong ELOPI, which can be
molecular-beam epitaxy and metal-organic chemical-vapo¥Sed as an alternative means to evaluate the strength of
deposition coupled witte-beam lithography can provide a ELOPIin QD’s.
good control on the size and shape of semiconductor quan- We start with the following Hamiltoniahl =Hy+H;. Ho
tum dots. Quantum dots have potential application in optols the Hamiltonian of an electron in a SET system
electronic deviceﬁ, such as infrared detectdfsand semi-
conductor lasers: In these optoelectronic devices the
materials used are the I1l-V semiconductors such as GalnAs/ 1o~ kz;r Ekcl«rckmr“L pz(r fpcg,(rcpnrJr ;f VkCE’,,d(,
GaAs, GalnP/GaP, and GalnN/GaN. The strength of the ' ' '
electron-phonon interactiofEPI) for longitudinal optical
(LO) phonons in polar semiconductor QD’s by itself is an
interesting topi¢?~'* Recently, it was found that the
electron-LO phonon interactiofELOPI) in semiconductor ()
guantum dots can be substantially enhanced due to the quan-

tum confinement effect with an effective coupling Strengthwhere the first two terms describe the electron kinetic ener-
exceeding 72 For InGaN/GaN systems, the ELOPI is gies in the left leademitten and right lead(collectop, re-

in th Ik . h spectively, the third and fourth term describg the coupling
;gf;?gy)%’ﬁg‘ thILTs twi ei%ectn:r?;frtlﬁ(edlljnee at\ON /é aeN thrS)rgs between the QD and the two leads. Electrons in the two leads

tem to display very significant ELOPI effect on the tunnelingform a Fermi liquid and they are descr_lbed by a _free-
current. electrons model. The last two terms describe the on-site en-

In this paper, we study the effect of ELOPI on the tunnel-€"9Y and.Coqumb repulsion for electrons in the QD. We
ing current of semiconductor QD’s. In the heterostructureso.nIy consider the ground state of the QD, becguse th_e energy
consisting of quantum wells the EPI on the tunneling Currenplfference between the ground state and the first excited state

have been extensively studied by many autfiéréiBecause 'S Much larger than the Coulomb charging enetgyfor

of the small strength of EPI in quantum wells, the effect Ofsmall QD’s

EPI on the tunneling current was studied with a perturbative

method. Only a few literatures discussed the tunneling cur- — . ht t t

rent through QD’s including the electron-phonon H1=wob b+)\§ dado(b7+Db),

interaction??3 In Ref. 22, Koniget al. have discussed the

effect of EPI on the Kondo resonance in the limit of infinite in which the first term describes a nondispersive longitudinal
intradot Coulomb repulsion. In the infinitd limit consid-  optical phonon with frequency, and the second term de-

p,oc— 0o oo

+ 2 V,Cl d,+H.c+ > Eqdld,+Ud[d dld,,
p.o o
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scribes the interaction between the LO phonon and the elesince the energy conservation can be met by electron jump-

trons of the QD with coupling strength. ing between the QD and the leads.
In order to decouple the electrons from the phonon sys-
II. TUNNELING CURRENT tem, we replaces, by its expectation value in the ground

state at zero temperaturéS,)=e~ (Y2Me0)® This proce-
dure is valid when one is dealing with a localized pol&fon
as is our case here. In order to make the above approximation

Using Keldysh's Green functioff, Meir, Wingreen, and
Lee’ have proved that the tunneling current density is

2e more transparent, we compare our derivation with the result
J=—+ > J do[f (0—u)—frlo—ur)] of Ref. 28, which corresponds to our case Witk 0. In Ref.
“« 28 the exact Green function of a localized polaron coupled to
' (0)Tr(w) a band is obtained, and it is shown that replacgdy (S,)
——————IMGy, (), (2) is a very good approximation whea, is larger than the
I' (0)+T'r(w)

width of filled band in the leads.

wheref| (w— ) andfg(w— ug) are the Fermi distribution We now calculate the Green function at zero temperature,

function for the left lead and right lead, respectively. TheGda(w)z(da;dZ)w. Relating it to the correlation function

chemical potential difference between these two leads is resf the new operators

lated to the applied biag/) between leads and QD by,

—ur=2V. Throughout the paper, the bias is measured in (d_;d"),=((d’,;d'T)(e” Mwo)(B'~b); gMawo)(b'-D)y)

units of eV instead of voltd’, andI'g denote the tunneling (5)

rate from QD to the left lead and right lead, respectively. _

Gya.(w) denotes the retarded Green function for an electrove obtain

in the QD with spina. Because it is very difficult to fully

include the tunneling rate as a function of energy and bias, G B *(Mwo)ZE A

we assume that these tunneling rates are energy and bias do(w)=¢€ =

independent, even thoudh, gy can be determined with a

numerical method. X Ggo@—Nwg) +(Ng o) Gy @+ Nwo)], (6)
Because we are interested in the case with strong strength ) .

of ELOPI (g=M\/wy), a perturbative method will not work where G/,(w) is the retarded Green function of a dressed

well. We introduce a unitary transformatfon electron(with a given spina) described by the new Hamil-
tonian of Eq.(4), and the index corresponds to the number

N of phonons involved. The Green function for the dressed
S= exp{ " o > did,(b"=b) 3 electrons is

2n 1
) m (1_<nd,a>)

o

and the transformed Hamiltonian can be written as

1_<nd,fa> n <nd,70z>

Gy ()= ,
da w—e,+Hil' w—e,—U'+il"’

(7)
H(’)=k20 ekCl’UCk’,,-i-pEU €,Cl ,Cp o+ U’'d [d]d"Td]

’ ’ where T'(w)=e M9’ [T (0)+Tr(w)] and e,=E}
—A'(w). A (w) andI''(w) are, respectively, the real and
imaginary parts of the self-energy %)% =|Vil?/ (0 —&y)

, e , +3,|Vpl?/(@—ep)]). For simplicity, we have ignored the
and Hl:“’obT b’, where the new operators ard, frequency dependence af andT’. For the Kondo problem
=d,e Meod®' "B phr=p—(\we)T,dld,, and S, the self energy as a function ef is important. However, we
— e (Mag)(b"=b) are only interested in the Coulomb blockade regime here,

Due to the electron-phonon interaction, the energy of theénd this effect does not have qualitative change in the tun-
ground state in the QD and the Coulomb charging energy argeling behavior. The derivation of E¢7) is based on the
renormalized tcE;=Eo—\%/wy andU’=U—2\%w,. The ~ Scheme described in Ref. 29. _ _
hopping terms between the QD and the lefitie last two The number of the electrons in the QD is solved in a
terms in Eq(4)] are also renormalized by a factgg, which ~ Self-consistent way
describes the fact that the electron hopping will be accompa-
nied by a phonon cloud. Note that although the electron- {Nd,—a)={Nd,a)
phonon coupling termH,) is only included for the localized , ,
electron in the quantum dot, it leads to an effective phonon- _ if‘” Il (@)f (0= pu)+TR(0)fr(0—ug)

TJ) -

+ kZ Vi S,Cl,d. + DZ VS,C} ., (4)

mediated coupling between the localized electron and the I (w)+Ti(w)

lead electrons. Therefore, even though the electron-phonon

scattering rate can be small or vanishing in QD’s due to the XIMGg,(w)dw. 8
phonon bottleneck effegtnability to satisfy the energy con-

servation between discrete QD leveiSit can still give rise In the absence of ELOPG, reduces td3, . When the

to significant contribution to the phonon-assisted tunnelingCoulomb interaction is zerd;4, in Eq. (6) becomes
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2n _ * dw
Gaalw) =€ Me0”Y (") il 7 1=J 5 AMGy, (). (10
n \wo) N w—ej—nwo+il’ —ee™
<nd a) Ill. RESULTS
w—€y+Nwg+il’ ' © Substituting Eq(6) into Eq. (2), we obtain the tunneling
currentJ=J"+J~ with

There are two types of poles in E(R): w=¢€)+nwy and T (Mag)? A\2(MF
w= €y~ Nwy. If (g ,)=0 (an empty QD, only the first type J7=Joe ’ 2 P n! {(1=(ng,-a))
of poles contributes. This implies that electrons in the left
lead with energies higher thas, can enter the QD via the X[F(VEnwe) —F(=V=nwo)]+(Ng,- o)
phonon-emission process. On the other hand, wgn,) X[F(VEnwe—U")—F(=V+nwe—UNT},

=1 (a singly occupied QI only the second type of poles

exist. This implies that an electron in the QD with eneggy 11
can leave the QD via the phonon-emission process. It is alswhereJy= (4e/h)(I' . I'r)/(I'.+T'r), N =(ng ), N =1
easy to check that I@y,(w) satisfies the following sum —(ny,), F(X)=tan *(x+Eg—¢€)/T"")—tan *(x—ey/T"),
rule: and

L F(V)+TRrF(—V)
7l +T [F(V)—=F(V=U")]+T{[F(-V)—F(-V-U")]’

<nd,a>:

Using Eqg.(11), we show the tunneling current and differ- high filling (wideband case Eg>U), respectively. The
ential conductanceQy,=dJ/dV) as a function of bias for common parameters used in both Figs. 1 and 2(iarenits
various ELOPI strengthgy= N/ wy=0,0.3,0.5,0.6) in Figs. 1 of wy) Eg=2, ' =I'g=0.02, andU =0.5. In a typical QD,
and 2 for a low filling (narrow bangl case Ez<U) and a U~e?/€(0)D, where ¢(0) is the static dielectric constant

(a)

Current (Jg)

Conductance (Gg)
Conductance (Gg)

Bias (eV/w) Bias (eV/m)

FIG. 1. Current density and differential conductance as a func- FIG. 2. Current density and differential conductance as a func-
tion of bias for different electron longitudinal optical phonon inter- tion of bias for different electron longitudinal optical phonon inter-

actions shown by@a and (b), respectively;g=0 (solid line), g actions shown bya) and (b), respectively;g=0.0 (solid line), g
=0.3 (dashed ling g=0.5 (dotted ling, andg=0.6 (dash-dotted = =0.3 (dashed ling g=0.5 (dotted ling, andg=0.6 (dash-dotted
Iine), Whel’eJo=(4e/h)(FLFR)/(FL+FR) and EFL:EFRZO.S. “ne), WheI’eE,:LIE,:R=1.
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and D is the diameter of the QD. For InAg(0)~13 and The conductance curves shown in Figb)ldisplay sharp
wo~29 meV, soU =0.50, corresponds to a QD with diam- positive and negative peaks, which mark precisely the onset
eter around 80 A. Here we are in the regime of strong intra{when the Fermi level is aligned with an allowed discrete
dot Coulomb repulsion, sindg is much larger than the tun- level in QD) and endingwhen the bottom of the band in the

neling strengthl” and the Coulomb blockade effect in the (€'t Iead is aligned with an allowed discrete level in Q8F
. . . each tunneling process. The tunneling process can be either a
tunneling current will be prominent.

We first discuss Fig. 1, the narrow-band caaéth Eq direct tgnnellng or phonon—a_sssted tunneling and the al-
S . lowed discrete level can be eithEf, (one-electron levelor
=0.5). Forg=0 (solid line) the tunneling current has a _, ,

. : Ey;tU’ (two-electron level Here for the narrow-band case,
simple one-bump structure. Its corresponding conductanc% h : i i al t the fi
curve shows a peak at a bigs- 1.5wy when the Fermi level the p onon-assu;ted tunneling process is always of the first
is aligned with the OD level ' %I : K at type (an electron in the left lead tunnel through a QD level
is aligned with the QD levelK,) and a nggatlve pea . while emitting phonongs and their peak positions are marked
~2.lwy when the bottom of the band in the left lead is e e r_

i ith level hi h 9 P by V=Ej—Er+newy or V=Ej+ U’ —Eg+nw,.
a.lg.ned with QD level. !n this case, 'the\/.c aractgrlstlc is We now discuss Fig. 2, the wideband case viith=1.
similar to a double-barrier tunneling junction, and it does notgq 4 g (solid line), the tunneling current displays a typical
display any “Coulomb blockade” behavior. This is because«cqoylomb blockade” behavior with a second plateau appear-
the width of the filled band in the lead is not large enough tOing at a bias greater thafE§— E¢)+U. Forg=0.3 (dashed
have occupied band states aligned simultaneously with bothyrve, the main structure is similar in shape, but shifted to
the one-electron QD leveht Eo) and the two-electron QD |ower bias side due to the phonon renormalization term. For
level (at Eq+U). For g=0.3 (dashed ling we haveE g=0.5(dotted curve (theU’ =0 casg, the tunneling current
=1.91 andU’'=0.32. Note thatU’ is reduceddue to pho- displays a single plateau in the main bafulie to the ab-
non renormalizationto a value less than the width of the sence of Coulomb blockagidollowed by a sideband at
filled band. This allows the “Coulomb blockade” effect to higher bias sidédue to the phonon-assisted tunnelinigor
become apparent. As a result, the tunneling current displays@= 0.6 (dash-dotted curve(the negatived’ case, the tun-
main structure of two bumps with the second bump occurredieling current displays a two-plateau structure with “in-
when the Fermi level passes the two-electron QD lgmel Vverted” line shape(with a reduction in current when the
E¢+U’). The corresponding conductance curve shows tw@0ttom of the band in the left lead moves above the two-
peaks a/= ) E- andV=E; U’ Er olowed by adp 192100 O levallolowed by e pronon side banc,
atV=E{. In addition, there is a secondary structure, which P g b

. h . f case can be either of type | or type Il. This leads to some fine
is caused by one-phonon-assisted tunneling processg For g ctyres that can only be distinguished in the conductance
=0.5 (dotted ling, U’ happens to be zer@ue to the exact

_ ) o plot as shown in Fig. ®). For example, witlg=0.5 (dotted
cancellation ofU with the phonon renormalization term curve there are small peaks at bids=0.25 andV=1.25

2)\% wy). In this case the Coulomb blockade effect is elimi- g e to the one-phonon- and two-phonon-emission processes
nated. Thus, the tunneling current only displays a singlg the second typéan electron tunnels from the QD to the
bump with enhanced strength and a line shape similar to thgynt jead while emitting phononwia the one-electron QD
g=0 case. Two secondary structures appear in the tunneling, | (E}). Here the peak strength ¥t=0.25 (due to one-

current curve at the high bias sidg. They are caused by they 5hon emissionis smaller than that a¥=1.25 (due to
one-phonon- and two-phonon-assisted tunneling process, rgyq_nhonon emission This is because the strength for the

speptivgly. Forg= 0.6 (dash-dotted ling the phono_n renor- 1 ne || phonon-assisted tunneling is proportional(fy ),
malization effect surpasses the Coulomb repulsion, and w, hich is very small at low bias\(=0.25). The small pe’ak of
have a negativeU’ situation (here U'=—0.22). The o otted lindfor g=0.6) atV=0.49 is due to a type-Ii
negativet)’ effect leads to a two-bump structure in the tun- one-phonon-emission process via a two-electron QD level
neling current with an “inverted” line shap@s compared to (V=wo+E,+U’—Eg). The type-Il phonon-emission pro-

the positivel " case. This line shape is caused by a reduc- cesses become pronounced as the width of filled band in the

tion in tunneling current when the one-electron QD level isleads increases, and it should be detectable for the heavy
nearly half filled(for a given spin componenand the two- doping case '

electron QD level E,+U") is below the bottom of the band Recently, the strength of ELOPI in QD's has been re-
in the left lead[see Eq.(11)]. .This occurs atv=Ej+ U’ ported to be in the range 0.5-1.%5 which is strong
~1.42, where the corresponding conductance curve showsghoygh to give rise to observable effect in the tunneling cur-
dip. The conductance curve for the negativécase is char- (ent. Here we consider the ELOPI to be “strong” when the
acterized by a peak at=E,—E followed by two dips at  phonon-induced renormalization in the Coulomb charging
V=E,+U’" andV=E,. Again, the one-phonon- and two- energy, 2% w, is comparable to the bare intradot Coulomb
phonon-assisted tunneling processes lead to additional se@pulsion U, i.e., g~U/2w,. These experimental results
ondary structures at the high bias side. Note that the bangan be illuminated by the theory of Ipatova, Maslov, and
widths of the main bump and the secondary bumps are equ@roshina® In QD’s ELOPI is given approximately by

to the width of the filled band in the left lead. As expected,

the strength of the secondary bumps increases with increas- N a € <2m* wo) 1’2( 1 1

ing strength of EPI. 9% o0 YR 2hawo| 4

Qp
RY

Ex €0
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where « is the Frdnlich parametera, is the radius of the responds to electrons in the QD tunneling to the right lead
polaron, ancdR is the radius of QD. The polaron effect be- while emitting phonons.

comes more pronounced as the dot size decreasag/K We have shown that the effective Coulomb repuldidh

>1, the enhancement of ELOPI is very large. If the strong-can be reduced substantially due to EPI and it can even be-
coupling criteriong>0.5 (for U=0.5w,) is met, the prob- come negative for a strong EPI. We have also shown that for
ability of multiphonon assisted tunneling is large. Therefore the narrow-band case the Coulomb blockade effect is not
we expect that multiphonon sidebands can be observed e@Pparent without EPI, but the reductionldf due to EPI can

perimentally, and their strength can be used to estimate tH&ake the ,Coulomb blockade effect apparent. Furthermore, a
enhancement of ELOPI in QD's. negativeU’ due to strong EPI effect can lead to “inverted

line shape in the tunneling current. The renormalization of
the Coulomb interaction due to electron-phonon interaction
IV. CONCLUSION has been noted in Refs. 22 and 25, while Anderson was the
In this paper we have theoretically studied the tunnelingfirSt to point ouélthe importance of negatitein amorphous
current through quantum dots in which the EPI and intradofeMmiconductors. We note that the negative effective Cou-
Coulomb repulsior(U) are strong. Using a unitary transfor- omb interaction for electrons in QD’s could lead to interest-
mation allows us to obtain the tunneling current for the arbi- N9 collective phenomena such as the superconducting state

trary strength of EPI. The closed-form expressig. (11)] or spontaneous magnetic ordering in t\_/vo—d|menS|onaI quan-
provides a convenient tool to analyze the tunneling currenft™ d(.)t arrays; Whgre a narrow band is formed due to the
including both Coulomb blockade and phonon-assisted ef\—"’eak interdot coupling.

fects. For small QD’s the electron-phonon interaction can be
enhanced substantially and our study shows that it will lead
to pronounced sidebands in tunneling current caused by mul- This work was supported by DARPA Contract No.
tiphonon emissions. Two types of phonon emission processd3AAD19-01-1-0324 and by a subcontract from the Univer-
are identified. One corresponds to electrons from the left leadity of Southern California under the MURI program,
tunneling to the QD while emitting phonons; the other cor-AFSOR, Contract No. F49620-98-1-0474.

ACKNOWLEDGMENTS

1D. Goldhabar-Gordon, H. Shtrikman, D. Mahalu, D. Abusch- 1®K.T. Tsen, D.K. Ferry, A. Botchkarev, B. Sverdlov, A. Salvador,

Magder, U. Meirav, and M.A. Kastner, Natufeondon 391, and H. Morkoc, Appl. Phys. Letf72, 2132(1998.
156 (1998. 17C. Caroli, R. Combescott, P. Nozieres, and D. Saint -James, J.
2S.M. Cronenwett, T.H. Oosterkamp, and L.P. Kouwenhoven, Sci- phys. C5, 21 (1972.
ence281, 540(1998. BEV. Ando and F. Flores, J. Phys.: Condens. MaBero087
3J.H.F. Scott-Thomast al, Phys. Rev. Lett62, 583(1989. (199)).
“U. Meirav, M.A. Kastner, and S.J. Wind, Phys. Rev. L68, 771 19) | ake and S. Datta, Phys. Rev.4B, 6670(1992.
5[)(.1c?.ggélph CT. Black, and M. Tinkharm, Phys. Rev. L&, 20C.H. Grein, E. Runge, and H. Ehrenreich, Phys. Rev4dB
4087(1997'). ' ' 21 12590(1993. - "
SAL. Yeyati, AM. Rodero, and F. Flores, Phys. Rev. Latl. J.H. Davies, S. Hershfield, P. Hyldgaard, and J.W. Wilkins, Phys.
é9.91(19953 T ! ’ ' ’ ’ ’ Rev. B47, 4603(1993.
7y, Meir, N.S. Wingreen, and PA. Lee, Phys. Rev. L@@, 2601 ZZJ'( 1';%29' H. Schoeller, and G. Schon, Phys. Rev. L&6f.1715
(1993. o
8A.P. Jauho, N.S. Wingreen, and Y. Meir, Phys. Re\b® 5528 zjx' Li, H. Chen, and S.X. Zhou, Phys. Rev.3, 12 202(1995.
(1994, L.V. Keldysh, Zh. Eksp, Teor. Fiz47, 1515(1964 [Sov. Phys.
9David M.-T. Kuo and Y.C. Chang, Phys. Rev. @, 11 051 JETP20, 1018(1963].
(2000. ?%). Zielinski, Physica AL28 296 (1984.
19David M.-T. Kuo, G.Y. Guo, and Y.C. Chang, Appl. Phys. Lett. 263, Urayama, T.B. Norris, J. Singh, and P. Bhattacharya, Phys. Rev.
79, 3851(2002. Lett. 86, 4930(2001).
110, Xie, A. Kalburge, P. Chen, and A. Madhukar, IEEE Photonics”’ G- D. MahanMany Particle Physics3rd ed.(Plenum, New York,
Technol. Lett.8, 965 (1996. 2000, Chap. 7.
12R. Heitz, I. Mukhametzhanov, O. Stier, A. Madhukar, and D. ?®A.C. Hewson and D.M. Newns, J. Phys.12, 1665(1979.
Bimberg, Phys. Rev. LetB3, 4654 (1999. 29p, pal and A. Mackinnon, J. Phys.: Condens. MaBg5401
3M. Bissiri, G. Baldassarri, H. von Hogersthal, A.S. Bhatti, M.  (1996.
Capizzi, and A. Frova, Phys. Rev. @&, 4642(2000. 301 p, Ipatova, A.Y. Maslov, and O.V. Proshina, Semiconduc8®s
M.A. Odnoblyudov, I.N. Yassievich, and K.A. Chao, Phys. Rev.  765(1999.
Lett. 83, 4884(1999. 31p.W. Anderson, Phys. Rev. Le84, 953(1975.
5A.J. Fisher, W. Shan, J.J. Song, Y.C. Chang, R. Horning, and B*’R. Micnas, J. Ranninger, and S. Robaszkiewicz, Rev. Mod. Phys.
Goldenberg, Appl. Phys. Let?.1, 1981(1997). 62, 113(1990.

085311-5



