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Elastic and inelastic quasiparticle tunneling between anisotropic superconductors
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Numerical results are presented for quasiparticle tunneling across a superconductor-insulator-superconductor
(SIS tunnel junction due to elastic and inelastic tunneling, with the latter mediated by spin fluctuations and
phonons. SIS tunnel junctions witt_,2, extendeds+d,2_,2, and extended+id,2_,2 superconducting
order-parameter symmetries are investigated. The dependence of the tunneling condadiahfedn tem-
perature, directional tunneling matrix element, and a tight-binding band structure appropriate for high-
temperature superconductors is studied. The results are compared with recent point-contact tunneling and
scanning tunneling microscope measurements of SIS tunndlird)V curves for optimal and overdoped
Bi,Sr,CaCyOg. [S0163-18209)05817-§

[. INTRODUCTION or by using a combination of elastic and inelastic
tunneling'*'2 The dip feature is most prominent in SIS
Recent point-contact tunneling®CT) and scanning tun- dI/dV curves but can also be observed in STM
neling microscopéSTM) experiments? have revealed inter- superconductor-insulator—normal-métaind angle-resolved
esting behavior in the superconductor-insulator-photoemission spectroscopyARPES measurements on
superconductofSIS) tunneling conductance curvegl{dV) Bi22121* The emergence of the dip feature beldwand the
of the high-temperature  superconductor(HTSC) observation that the position of the dip is always close to
Bi,Sr,CaCyOg (Bi2212). The peak, at a bias voltage which 3A(T) in a range of SISdI/dV curves suggests that the
corresponds to &(T), whereA(T) is identified as the su- position of the dip feature is determined by the energy
perconducting gap, is accompanied by an unusual high biasireshold at which quasiparticle emission of antiferromag-
voltage behavior which displays a dip at approximatelynetic spin fluctuation$AFMSF'’s) occurs in HTSC. The po-
3A(T) on a low, flat background. Furthermore, when thesition of the dip feature, which can be understood to be a
tunneling conductance for optimally doped and overdopedtonsequence of the feedback of superconducting correlations
Bi2212 is measured in these experiments, the measured gafto quasiparticle interactions beloW,, may also be evi-
A(T) decreases while the dip feature in the measudiédV  dence of an anisotropic superconducting state, such as the
maintains its position at8(T) and appears to become shal- proposedd,2_,2 state for the HTSC cuprates. The ideas of
lower in the more overdoped samples. Refs. 9 and 12 are closely related but not identical view-
The aim of this paper is to interpret this latest data usingpoints of the underlying physics producing the dip feature.
a combination of elastic and spin-fluctuation-mediated in- AFMSF's play an important role in HTS@Ref. 15 and it
elastic directional tunneling between anisotropic superconis the aim of the present work to extend previous
ductors. The present calculations of the quasiparticle tunneinvestigations™'? of how inelastic AFMSF emission pro-
ing dI/dV for an SIS junction are an extension of our cesses by electrons at low temperature might provide an ex-
previous work on the voltage and temperature dependencelanation for the dip and the type of background observed in
of the supercurrent across similar types of model junctions asome tunneling experiments at higher bias voltages. Previous
are examined in the present work. work by one of the present authdt$?on inelastic, tunneling
Early result4® on HTSC SIS junctions demonstrated dip mediated by emission of spin fluctuations, proposed a pos-
features ird1/dV curves similar to those observed in Refs. 1, sible explanation for the dip feature seen in HT8GdV
2 in a selection of HTSC with gap values and critical tem-curves and ARPES originating from the development of a
perature varying over a large range, demonstrating that thepin gap due to superconductivity in the AFM susceptibility.
dip is an intrinsic feature of the HTSC state. However, theThe quasiparticle spectral weight curves generated in this
most widely cited experimental studies of HTSC SIS junc-type of approach may explain recent angle-resolved photo-
tions have focused on measurements of the phase of the semission spectroscopfARPES results on Bi2212 where a
perconducting gap and on measurements of the temperatulage inelastic background, with a dip feature, is observed in
and magnetic field dependence of the Josephson cbifient the data*
YBa,Cu;O;. These experiments have provided strong evi- There also exists a large body of theoretical work on the
dence for ad,_,» symmetry superconducting gap in role of quasiparticle scattering at interfaces in generating
YBa,Cu;0; (YBCO). More recent experiments on Pb- zero-energy peaks in the density of states, in suppressing a
YBCO SIS junctions indicate the possibility of a mixed d,2_y2 superconducting gap locally at an interface and in
swave andd-wave gap in YBCG: generating various mixed symmetry superconducting gaps
Theoretical work on HTSC junctions includes proposalssuch as the time-reversal symmetry breakirsg-id
to explain the dip feature in experimental HTS/dV  state!®~?°The present work will focus on tunnel junctions in
curves in terms of a one to three quasiparticle decay fdde which the normal to the junction is along the crystalline
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axis and in which tunneling also occurs primarily along this
direction. In this case, no zero-energy peaks are predicted in N(E)= ; T ImG(k,E). €)
the density of states and so the effect of these can be ignored.

The effect of a mixed symmetry extendset id state is in-  |n Eq. (3), G(k,E) represents the quasiparticle Green func-

vestigated in the present work, however. tion and its imaginary part is defined as
Another important feature of the present work is the in-
corporation of tunneling directionality into calculations of r I
the dI/dV curves for quasiparticle tunneling in SIS junc- Im G(k,E)zuﬁ 55 T Uk > 3 (4
tions. The assumption of some degree of directional tunnel- (E-E)+T (E+E0+T

lenxg eﬁ?rzegfge;nérgggg Ir?n asnglg‘;’r?csr Ziargu\l;;%? @;ﬁirg]t'on whereu, and v, are the usual superconducting coherence
P 9 Y ctors and I' is the quasiparticle damping rates

have been used to investigate the phase of the supercondua
22 2 H 7
ing gap. Tunneling directionality, which is incorporated into [€i+Ai(T)"] represents the quasiparticle energy gpd

calculations of thed1/dV via a momentum-dependent tun- is obtained from the tight binding band structure defined as
neling matrix element, is particularly important in studying gk:._ 2t[COSt((X).+COS((.y)].—,u where u is the cheml_cal po-
the HTSC materials because of the anisotropy intrinsic to théent'al' ,Qualltatlvely similar results WO_UId be ol_)talned with
electronic properties of the copper oxide planes of the HTSG€t~t' band structure more appropriate for Bi2212.
coming from the shape of the Fermi surface, the Van Hove !N Superconducting order paramet&¢T) investigated
singularity associated with them(0) Brillouin-zone (Bz) [N the present calculation agz_,> symmetry, extended
point, and thed,2_,2 symmetry gap with its line of nodes +dy2_y2, and s+idy2_y2. The d-wave superconducting
along the BZ diagonal. order-parameter symmetry is given by

The remainder of this paper consists of Sec. Il in which
the theoretical formalism is presented and Sec. Ill in which ACT)
numerical results are discussed. The quasiparticle tunneling AYT) = cogk.)— cogk 5
curves @1/dV) are calculated with a tight-binding band K(T) 2 [costky) hy)] ®
structure and various superconducting gaps includiag,z,
extendeds+id,2_y2, and extended+d,2_,2 symmetries. A
tunneling matrix element is used in the calculations which
selects out a line df states in the BZ of the superconductors AT)
on either side of the junction along tlkeaxis with the normal AS(T) = cog k) + cog k 6
to the tunneling interface assumed to be along this same axis. (T 2 [costie) k)l ©
A phenomenological spectral weight function for AFMSF's
is used for the inelastic quasiparticle tunneling channelVNere the temperature-dependent prefact@r) used for
which incorporates the qualitative shape and superconducOth the extendes-wave andd,z_2 symmetries is
ing feedback effect that were calculated microscopically in
Ref. 12. A(T)=Aotani 1.76J(To/T-1)]. 0

Finally, the contribution of phonon-mediated inelastic

tunneling is investigated in the present work using a realistic " the present work, the same form of tunneling matrix
phonon spectral weight?F () for the Bi2212 materiad* elementT, is assumed for both elastic and inelastic tunnel-

ing, and is given by

and the extendedwave symmetry is given by

II. FORMALISM

—k2+(k-n)?
&) ®

The elastic and inelastic quasiparticle tunneling current Tk:T0|Vg'”|eXF{ (k-n)262
can be expressed3$® 0

wheren is the normal vector to the tunneling interface and
vg= V¢ is the normal-state quasiparticle group velocity.
determines the width ik space of the line of states selected
(1) by T, . The matrix element of Eq8) is a modification of that
proposed in Ref. 24 in that it incorporates the effect of the

Ig'p(V,T)=4e/ﬁf d—:[f(E)—f(E+ eV)IN(E)n(E+eV)

and quasiparticle group velocity. The group velocity factor was
dE  dE’ first discussed for tunneling in Ref. 25. It is particularly im-
inel _ SEEE _ _ portant to include this factor in the case of HTSC due to the
lop (Vo) 4e/ﬁf wf T [1=1(E)~f(eV=E)] presence of the van Hove singularityHS) in the band-

, , , structure density of states which, however, does not appear
X[f(E")+n(E'~E+eV)]D(E'~E+eV) in the experimentally measured tunneling density of states.
XN(E)N(E'), (2)  The prefactofT, can be adjusted to vary the relative contri-

butions of the elastic and inelastic tunneling channels to the
wheref(E) andn(E)are the Fermi-dirac and Bose-Einstein total current across the tunnel junction. In the calculations
distribution functions. The spectral weight of spin fluctua- presented in this papeFy®asie= \/[(7) TEastC,
tions or phonons is incorporated throuDitE). The tunnel- The spin-fluctuation-mediated inelastic channel is deter-
ing density of states of quasiparticlé$(E), is defined as mined by the spectral width of AFMSF’s, denoted DYE),
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2 ' —0.2 in the tight-binding band structurg = — 2t[ cosk,)
1’2 +cosky)]—u and illustrate a variety of SI8I/dV curves for
1:4 | dy2_y2, extendeds+d,2_y2, and extended+id,2 2 order
121 parameters. In Fig. 2 fol/T.=0.01 and Fig. 3 forT/T,
DE 1t =0.8, the right-hand column of the three figures illustrates
08 the case where the tunneling is directional witkalong the
06} k, axis andfy,=0.1 rad in Eq.8) and the left-hand column
04| is for the case of no directional tunneling whérg=1. The
02} group velocity factofvgy-ny| is also set to unity in calculat-
0o ing the results of Figs. 2 and 3 because a valueusf

— 2.0t results in a Fermi surface over which the magnitude
of the quasiparticle group velocity is relatively constant.

A number of interesting features are evident in Figs. 2 and
1.2 3. The choice ofu=—2.0t places the intersection of the
Fermi surface ak,= w/2 and results in the peak positions in
the dI/dV curves being located at approximately half of
08| ’ 2A axWhereA .. is the maximum value in the BZ of either
of the three order-parameter symmetridg; 2, extended

1l

D(E) 06 s+dy2_y2, and extendeds+id,2 2, investigated in this
041l work. Thes+d,2_2 case is particularly interesting as shown
in the second panel on the right-hand column of Fig. 2 where
02 the directional matrix tunneling element of E§) is used in
0 ‘ . . calculatingdl/dV. The extended+d,2_,2 gap is close to
0 0.2 04 0.6 0.8 1 zero for those states along the seledtgdxis which inter-

E sect the Fermi surface in this figure and this results in there

FIG. 1. The spin-fluctuation spectral functioB,(E), (upper being very little evidence of a superconducting gap in the
pane) and the phonon spectral weigtbwer panel used in Eq(2) directional tunneling conductance. The result of angle aver-
for inelastic quasiparticle tunnelindd(E) is calculated forT/T,  aging the same gap symmetry over mkrgtates as depicted
=0.8 (dotted ling and T/T.=0.01(solid line). in the second panel on the left-hand side of Figwhere
T=1) incorporates additional portions of the Fermi surface
in which the extended+d,2_,2 is nonzero.

It can also be seen in the right-hand columns of figures in
both Figs. 2 and 3 that directional tunneling enhances the
ratio of the peak height to high bias voltage conductance and
tends to yielddl/dV curves that resemble some of the ex-

D(E)=2, (g/t)2Im x(q,E). (99  perimental curves more closely. Furthermore, the com-
q bined effect of the elastic tunneling channel and the spin-
fluctuation and phonon-mediated inelastic channghe
In Eq. (9), g/t represents a coupling constant apet,E) contributions for the Iatter_ are depicted in t_he lower se(_:tion
was calculated using a random-phase approximatiof €ach of the panels of Figs. 2 angirgsults in a broad dip
formalism®2 One of the results of that wotkis that the feature in thedl/dV curves. The position of the dip features
onset of superconductivity , results in a shifting of spec- 1N the figures of the current work are not at exactly three
tral width in D(E) to energies abov&=2A(T). In the times the gap, where thg gap is takeq as apprOX|mate_Iy half
present work, the model fd (E) which captures the essen- ©f the value of the position of the main St8/dV peak in
tial features of the calculations of Ref. 12, is shown in theth€ figure. In the present work, the exact location of the dip
top panel of Fig. 1 for two temperatures/{T,=0.8 for the feature_z, which appears in the comblned elastic and inelastic
dotted line andr/T,=0.01 for the solid ling The shifting of ~tunneling conductance, is determined by factors such as the
the peak inD(E) to E=2A(T) for T/T.=0.01 reflects the degree of qua5|part|cle _damplrlgln G(k,E) (which gov-
development of the sin gap due to superconducting feedbad®nS the width of the main SIS conductance petie exact

effects'2 The position of the peak iB(E) is chosen to be at Snape of the spectral weight(E) and the relative magni-
2A(T). tudes of the contributions from phonon and spin-fluctuation-

gfnediated inelastic tunneling channels, and the value chosen
efor the chemical potentidlu). The position of the dip feature
in the present work lies between two and three times the gap
but can be adjusted to be at three times the gap, as is seen
experimentally’ by suitable choice of parameters@(k,E)
andD(E).
In Fig. 4, a comparison of the contributions of the spin-
Results for elastic an inelastic SIS tunneling are shown irffluctuation-mediated inelastic tunneling channels is illus-
Figs. 2—8. Figures 2, 3, 4, and 5 are calculated with trated for the three gap symmetried,> .2, extendeds

in Eq. (2). The dependence dD(E) on temperature and
energyE has been studiétlbefore whereD(E) was calcu-
lated from

The lower panel of Fig. 1 depicts the phonon spectr
weight from Ref. 21. This is used to estimate the possibl
contribution of phonon-mediated inelastic tunneling pro-
cesses using E@2) above.

IIl. NUMERICAL RESULTS
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FIG. 2. SIS quasiparticle tunneling conductance curedsdV) at a temperature 0.0 between twal,2_ 2 superconductorpanels(1)
and(2)], two extendeds+d,2_,2 superconductorfpanels(3) and(4)] and two extended+id,2_,2 superconductorfpanels(5) and(6)].
The voltage is in units of &, WhereA ., is the maximum value in the BZ of the-dependent order parameter being presented in any
particular figure. The value of the chemical potengiad — 2.0t in all of the curves. The left-hand side of the figure is calculated without
tunneling directionality and the right-hand side uses the tunneling matrix element ¢8)Bugjth the group velocity prefactor set to unity.
In each panel, the lower dashed curve represents spin-fluctuation-mediated inelastic tunneling and the lower dotted curve represents
phonon-mediated inelastic tunneling. The solid line represents the combination of the inelastic and elastic tunneling channels. Other key
parameters used in calculating thedédV curves are\;=0.2 andI’=0.008. In the case of the directional tunneling curvég=0.1 rad
andn in Eq. (8) is along thek, axis. The factor éTS/th in Egs.(1) and(2) is set equal to unity in computing these curves.

+d2_y2, and extended+id,2_,2. The exact location of the cle damping ratd™ on the shape of thel/dV curves for the
onset threshold plays an important role in determining thecase of directional tunneling. Increased dampifiglowers
location of the dip feature in the totall/dV curves pre- the ratio of the peak height to the height of @hgdV curve
sented in this work. for energies greater than the position of the peak and also
Finally, in Fig. 3 forT/T.=0.8, thedl/dV curves develop changes slightly the location and the shape of the dip feature.
a small peak close to zero-basis voltage. This is similar to Figures 6 illustrates the effect of the Van Hove singularity
what is observed in conventionalwave SIS conductance in the underlying normal-state band structure on thé
calculations?® curve for an SIS tunnel junction with@_,2 symmetry on
Figure 5 illustrates the effect of increasing the quasipartiboth sides of the junction for the cage= —0.01.The solid
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FIG. 3. The same as Fig. 2 exceptT.=0.8.

curves are calculations with the group velocity prefactor inis generated from the dottdeV curve of Fig. 6, a negative
the tunneling matrix element of Ed8) set to unity. The dI/dV results from the negative slope on the high voltage
VHS in the underlying normal-state density of states resultside of the peak in the corresponding dottéd curve of Fig.
in a large peak in théV curve at the onset voltage threshold 6. The combination of the elastic and inelastic tunneling
which now occurs at the maximum possible value oft 0.4 channels results in a dip feature above the main peak in the
because, in the cage= —0.01, the Fermi surface is close dl/dV curve. The difference in thdl/dV curves in the up-
to the (ky,ky)=(7,0) point. The effect on théV curve of  per and lower panels of Fig. 7 is due to the choice of a
incorporating the group velocity dependencelpfof Eq. (8) different damping parameteF (I'=0.003 in the upper
is shown in the dotted curve in Fig. 6 where the prominentpanel andl’=0.02 in the lower pangl The inset of the
peak associated with the VHS is now significantly reducedlower panel of Fig. 7 illustrates thél/dV curve resulting
The inset of Fig. 6 shows thieV curve for u=—0.5 with from the combination of elastic tunneling and spin-
the group velocity factor set to unity and illustrates how thefluctuation-mediated inelastic tunneling alone. The inset in
VHS related peak shifts to a voltage above the onset in théhe top panel illustrates the inelastic tunnelilgdV sepa-
[-V curve. rately for the totaldI/dV curve of the top panel of Fig. 7,
The conductance curvesl{/dV) for two I-V curves for indicating the structure of the spin-fluctuation and phonon
u=—0.01 are depicted in Fig. 7, including the effect of the spectral weight functions that were shown in Fig. 1.
inelastic tunneling channels. In the top panel of Fig. 7, which  In recent PCT and STM measureméris optimally and
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FIG. 4. A comparison of the spin-fluctuation-mediated inelastic 0
tunneling channel contribution to the StB/dV in the absence of 0 0.5 1 15 2 2.5 3
tunneling directionality shown in the left-hand column of Fig. 2. Vv

The solid curve is thel,_,» symmetry case, the dotted curve is the
extendeds+d,2_,2 symmetry case, and the dashed curve is ex- FIG. 6. Current-voltage curved-V curve$ for quasiparticle
tendeds+id,._,2 case. These curves are already shown in Fig. Zelastic directional tunneling between tvdgz_,> symmetry super-
and are reproduced here to show more clearly the onset of thggnductors al/T,=0.01 and foru=—0.01. The tunneling direc-
inelastic tunneling channel for the three superconducting gap symion n is chosen to be along thg axis. The inset shows the case for
metries. u=—0.5. The solid lines use Eq8) but with the quasiparticle
group velocity factor set to unity. The dotted curve incorporates the
full quasiparticle group velocity factor for the tight-binding band
overdoped Bi2212, the voltage at which the SIS conductancstructure.
peak is located decreases with increased hole doping. The
dip feature maintains its position at close to three times the
superconducting gap in the three samples in the experimengeak position in the theoretical curves shown in Fig. 8 which
but becomes shallower as the level of hole doping is inis determined by the value df,(T) on the relevant Fermi
creased. The level of hole dopiridenoted byp in the com-  surface. In the top panel of Fig. 8, the solid theoretical curve
panion paper of Ref.)lis determined by using an empirical and the dotted experimental curve have been lined up by
relation between the measuréd and doping from Ref. 26. choosing an appropriate value of the prefadtgrin Eq. (7).
A comparison of the results of the present calculations folAs can be seen from the lower panel of Fig. 8, by keeping
the tunneling conductance with the experimental results ofhe value forA fixed, the downward shift of the peak in the
Ref. 2 is shown in Fig. 8. In particular, curvésandC of  theoretical curve matches quite closely that of the dotted ex-
Fig. 4 of Ref. 2 are depicted by the dotted curves of Fig. 8 inperimental curve. This suggests that a significant contribut-
the upper and lower panels, respectively. The solid lines ifing factor to the observed variation in the superconducting
Fig. 8 are the calculations. gap, with variations in doping, in Ref. 2 may originate in the
In the present work, a more negatiye corresponds t0  change in the location of the Fermi surface in the Brillouin
overdoping and a change jm from —0.01 to —2.0t pro-  zone and not to a change in the strength of the superconduct-
duces a change in the Fermi surface from a nested surfaggg pairing mechanism.
(n=—0.01) to one which intersects the axis at (/2,0) Furthermore, the observed variation in the shallowness of
(u=—2.0). This is the reason for the downward shift in the the dip feature with doping is also captured in the present
work. In the calculations, the shallowness of the dip for

0.002 =—2.0¢ is caused by an increase in the contribution of the
0.0018 } elastic tunneling channel. Far=—0.01, elastic tunneling
0.0016 - results in a large peak aTAZ(:kF(T) but virtually no contri-
0.0014 bution for higher bias voltages. This is due to the fact that for
0.0012 - directional tunneling along thie, axis and, foru=—0.01,

dI/dV  ooo1 the band structure results in an absence of states for elastic
0.0008 - tunneling for voltages aboveAZ(:kF(T). For more negative
0.0006 I ,u,_i.e.,_,u= —-2.0, the_ Fermi su_rface is Ioc_ated deeper in the

’ Brillouin zone and this results in unoccupied states above the
0.0004 Fermi surface being available for tunneling at bias voltages
0.0002 r B greater than &, _(T). The contribution to elastic tunnel-

-r”

00 02 014“616“'018—- | 12 14 16 18 2 ing from these states ad_ds to the inelastic channgl which
v starts from zero at approximatelA2_ kF(T). The combined
effect is a shallower dip feature than for the case

FIG. 5. The effect of increasing the quasiparticle dampingFate p=—0.01.
from 0.00% of panel(2) Fig. 2 to 0.02. In the present work, we have not attempted to correlate
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FIG. 8. A comparison between theoretical and experimental re-

0 02 04 06 08 1

FIG. 7. The upper panel represents tthedV curve for the
dotted curve of Fig. 6 witH"=0.008 and the lower panel repre-
sents thedl/dV curve for the same conditions as the dotted sults for the quasiparticle tunneling in SIS junctions. In the upper
curve of Fig. 6, except thdt=0.02. The inelastic spin-fluctuation- panel, the dotted line depicts the experimental results for the opti-
mediated and phonon-mediated channels are also included in thes®lly doped Bi2212 junction from curv& of Fig. 4 of Ref. 2. The
figures. The inset on the top panel shows the inelastic tunnelingolid line depicts the normalized theoretical calculation for
d1/dV alone, indicating how the shape is determined by the spectrat-0.01t andI’=0.02. In the lower panel, the dotted line depicts the
weight curves of Fig. 1. The inset in the lower panel is a combina-ighly overdoped Bi2212 curv€ of Fig. 4 of Ref. 2. The solid line
tion of the elastic and the spin-fluctuation-mediated inelastic chandepicts the normalized theoretical calculation for —0.2 andI’
nels alone. This combination produces a deep dip at approximately:0.02. A* is defined by lining up the peak positions of the experi-
2.5A(T), similar to that seen in the experimental results of Refs. 1Imental and theoretical curves.
and 2.

conductance peak in the comparison with the experimental
precisely the variation in chemical potentiaWith a particu- ~ cUrveC in the lower panel of Fig. 8 is in disagreement. The
lar change in doping. In the experimental measurements dgotlceable narrowing of the experimentally measured con-
X -

Ref. 2 the change in doping can be estimated to be appro uctance peak in going from cunto curveC of Ref. 2

0 : . suggests that the quasiparticle damping fdemoted byl" in
mately 50%(using Fig. 3 of Ref. 1from curveA to curveC this work) is smaller in sampl€ compared to samplé of

in Fig. 4 of Ref. 2. In any theo_retical model, thg dependenc ef. 2. In the theoretical curves in Fig. B,is held fixed at
of u on hole doping is determined by the details of the ban .02. A small decrease ik, which would be consistent with

structu.re' and many—body interaction effects. For examplethe experimental behavior, would yield a sharper, higher
the shift in the main SIS conductance Qeak seen in Fig. 8 gheak in the theoretical curve in the lower panel of Fig. 8 and
. , Ref. 2 and the present calculations. The sensitivity of the
¢=—2t[cogky) +cogk,)] - 4t" cogk,)cogky) — u tunneling conductance peak to variationlircan be gauged
with t'=—0.4%, for example, if the chemical potential

by examining Fig. 7 of the present work.
was increased from a value 1.7% (where the position of
the chemical potential in the band coincides with that of the
VHS) to —2.0t. This degree of change in would be rea- We would like to acknowledge useful conversations with
sonable for the doping variations investigated in Refs. 1 andchen-Hung Chang concerning the use of the Monte Carlo
2. integration technique used in calculating the current-voltage

While the variation in the position of the conductancecurves in this paper. We would also like to acknowledge

peak and the evolution of the dip feature compare favorablgonversations with Professor J. F. Zasadzinski concerning
with experiment, as can be seen in Fig. 8, the height of théiis experimental data.
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