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Quasiparticle spectra in the vicinity of a d-wave vortex
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We discuss the evolution of the local quasiparticle spectral density and the related tunneling conductance
measurable by the scanning tunneling microscope, as a function of distandeangled from the vortex core
in a dy2_,2 superconductor. We consider the effects of electronic disorder and of a strongly anisotropic
tunneling matrix element, and show that in real materials they will likely obscure-thfe asymptotic tail in
the zero-bias tunneling conductance expected from the straightforward semiclassical analysis. We also give a
prediction for the tunneling conductance anisotropy around the vortex core and establish a connection to the
structure of the tunneling matrix elemef80163-182¢09)11329-9

[. INTRODUCTION residual density of states was found in numerical calculations
within the Bogoliubov—de Gennd8dG) formalism??

While there remains almost no doubt at present that the Here we wish to theoretically address the surprising fact
hole-doped highF, cuprate superconductors possess an unthat the expected(0,r)o1/r dependence of the local den-
conventionaldyz_ 2 order parameter, the microscopic origin sity of statesLDOS) has notbeen observed in the scanning
and many phenomenological consequences of this fact rdunneling spectroscop§BTS measurements, *°despite the
main to be understood. The situation is most pressing in théact that this state of the art technique definitely possesses
presence of applied external magnetic field where the intethe required spatial and energy resolution. Inspection of the
play between the spatially varying order parameter, supercuflata reveals that instead of ar lasymptotic tail at large
rents, and low energy quasiparticles results in a great varie:?'StanceS the spectra for YBCO and ,8,bCaCyOs
of novel effects. In the Meissner state Yip and Sauls ha BSCCO recover their zero-field profiles within short dis-
predicted a nonlinear Meissner effetmanifested by an an- tances from the cores on the order of several coherence

isotropic component of the in-plane penetration depth IineaPngthS’ belyond W“!Ch the spectrarl] re{n_mg urjchballngied. Thlere
in field, a unique consequence of the nodal structure of th re several competiing reasons why It 1s desirable o resolve

: . is potential conflict between the STS and thermodynamic
d-wave order parameter. However, despite considerable ex-

: . “measurements. The most important one has to do with con-
perimental effort, this effect has not been clearly observed ”?irming the picture of a well defined-wave quasiparticle in

S =
cuprate$ and, very recently, Li, Hirschfeld, Wite" argued _the superconducting state of cuprates. In particular, since it is

that the effect might not be observable in cuprates, even ienerally believed that the normal state of the cupratests
principle, due to the highly nonlocal nature of the electro-g conventional Fermi liquid, it is of considerable importance
magnetic response of d&kwave superconductor at low tem- (4 yerify, in as exhaustive detail as possible, that the ordered
peraturessee, however, Ref.)5In the mixed state similar — giate pelowT,, where the Fermi-liquid scenario is believed
nonlocal effects have been predicted to result in a very richq 5551y - indeed exhibits all the expected features predicted
equilibrium vortex lattice structure phase diagranbut by the theory. When this fundamental issue has been clari-

again, no conclusive experimental confirmation has yet beefoq one can perhaps hope to tackle greater problems in the

reported. , o field, such as the nature of the non-Fermi-liquid-like behav-
Among the more successful theoretical predictions spe;,, aboveT, and the origin of the pairing mechanism.

cific to thed-wave order parameter is Volovik's prediction of |, orqer to achieve our goal we first demonstrate, by di-
a~TH contribution to the specific héawhich was iden-  rect comparison to the results of fully self-consistent BdG
tified in measurements on YBAWO, (YBCO) single theory for a single vortex, that the semiclassical Volovik
crystals? Although subsequent experimental investigationsapproach indeed captures the right physics of single-particle
reported deviations from the preciséH behavior} they  excitationsoutsidethe vortex core. We then proceed to ex-
were consistent with more general scaling relatifsbased  tend this approach to the realistic case of quasiparticles with
on the same general physical picture. In its simplest form theinite lifetimes and with strongly anisotropésaxis tunneling
~TH behavior can be derived by observing that the supermatrix element. Our main result is that the abovementioned
current orbiting each individual vortex Doppler-shifts the lo- STS data away from the vortex core can be understood by
cal quasiparticle spectrunk,— E,—vg(r)-k, which in turn  considering the effect of the matrix elemevii, for the elec-
results in finite residual density of stathB§E=0r)xv¢(r)  tron tunneling along the axis. According to the band struc-
«1/r. IntegratingN(O,r) up to the intervortex distancBy  ture considerations for tetragonal cupratdg exhibits the
«1/\/H one obtains the total density of states per vortex andsame anisotropy as the gap function, i.e., it vanishes linearly
the Volovik’s result then follows on multiplying by the num- on the Fermi surface near the zone diagoh&téIn such a

ber of vorticesn,=H/®,, with &, the flux quantum. We case the tunneling conductang@/,r) is not simply propor-
note that behavior consistent with tiél dependence of the tional to the temperature-broadened LDOS, but reflects the
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additional structure inM . Analysis of a case wheM, ' — BSCCO
«cos 2p leads to a surprising conclusion that the the power 30 - ---- model I |
law in the decay of the zero-bias tunneling conductance —— model II

g(0,r) changes to 1#, meaning that it vanishes much faster
than the expected ldecay for LDOS. We argue that com-  L_______.
bined with the effects of electronic disorder, which tends to =%
further wash out the effect of supercurrentsg(®,r), this Q
mechanism is responsible for the absence of thecdhduc- *
tance tail observed in ST8gspitethe fact that LDOS itself 1.0
exhibits the I behavior.

We further show that there exists a direct relationship
between the anisotropy &fl, and the real-space anisotropy ib ‘ ‘
of g(V,r) around the vortex core. Although we find that the ' -0.10 0.00 0.10
simple semiclassical approach employed in this wddes E [meV]
not capture the details of the angular distributiongg,r) _ _
around the vortex, we expect the latter conclusion regarding F'G. 1. Best fit of tunneling conductance from Ed) to the
the matrix element effect to have rather general validity. Orfero-field experimental data on underdoped BSCCO of Reener
the conceptual front our findings illustrate the strengths and- (Ref- 20, for models I and II. The fitted parameters wexg

R i =41.0 andI'=1.4 meV for model | andA4=39.7 and I’
the limitations of the Volovik-type approach. =3.9 meV for model Il. A term linear it has been added to Eq.

) (1) in order to account for the background conductance and the data
Il. TUNNELING CONDUCTANCE: for model | are offset for clarity.

GENERAL FORMALISM

-

A. Zero field . We expect this approximation to be entirely adequate in
Tunneling conductance at bias between a supercon- the present context since the important qualitative features of
ductor and a normal metal is given by the tunneling conductance discussed below emerge clearly in

the clean limitl’=0.
* , As alluded to in the Introduction, nontrivial dependence
9(V)=- f,xd“’f (w—e\/); IMZAk@), (D) ot the matrix elemenM, on the anglep of the k vector on

the Fermi surface has measurable consequences for the tun-
wheref is the Fermi function ané(k,w)=—2Img(k,») is  neling conductance in an anisotropic superconductor. While
the spectral function of a superconductor related to the diaghe motivation underlying this idea is primarily phenomeno-
onal part of the full superconducting Greens functionjogical, we discuss below a possible microscopic justification
G(k,w). In quasi-two-dimensiondRD) cuprates the spectral for the matrix element anisotropy within a class of models
function is taken to describe electrons within a singlethat assume coherent interlayer transport. Band structure
ab-plane and, correspondingll,refers to a 2D wave vector. considerations in tetragonal cuprafe imply strong anisot-
While Eq. (1) could be written down on purely intuitive ropy of the interlayer tunneling matrix elementt, (k)
grounds a more detailed discussion of how one actually<cos 26. One direct consequence of this anisotropy is the
implements this dimensional reduction is given in the Ap-well known qualitative difference between the temperature
pendix. dependences of the in-plane andxis penetration deptHS.

For the clean system the formulation based on #gis It is reasonable to expect that the structuret pfk) will

fully equivalent to the analogous expression in terms Bd&irectly translate into similar anisotropy in the matrix ele-
wave functions but allows for a straightforward inclusion of mentM, for tunneling between the superconductor and the
the effects of finite quasiparticle lifetime. In the absence ofSTS tip. The Appendix confirms this expectation by provid-
field the diagonal Greens function assumes the well knowiing a formal derivation oM from the transfer Hamiltonian

form'8 (taking2=1) formulation of the tunneling problem in the planar tunneling
geometry. Motivated by these considerations in the follow-

(0—iT)+ ¢ ing we study two models: a conventional model | with,

gk, w)= (0—iT)?— e~ A2’ (2 =M, and an anisotropic model Il witM =M ,cos 2, as

suggested by Ref. 16, wheke=(k, ¢) in polar coordinates.
where ¢, is the normal state electron dispersiof, In model | tunneling conductance is simply proportional to
=A4cos 2p is thed-wave gap, and” models the quasiparti- LDOS while in model Il tunneling from the zone diagonals
cle lifetime broadening that results from random disorderis suppressed.
and inelastic processes. Indavave superconductor, strictly It is straightforward to numerically evaluate E@) for
speaking, the lifetime effects should be described by a frethe two models and compaggV) to the experimental data.
quency and wave-vector-dependent self-eneik,w) The result of the best fit to the zero-field data on BSCCO
whose precise structure, however, is not well understood gRef. 20 is displayed in Fig. 1. It is seen that, as pointed out
present. Since we are mainly interested in the effect of vorpreviously in Ref. 19, model Il captures the qualitative fea-
tices on the spectral properties at the lowest energies, weires of the data much better than model I. The wide,
shall in the following ignore this complication and simply U-shaped conductance near the zero bias appears to be a
parameterize the lifetime effects by a constant scattering ratgeneric feature of the-axis tunneling conductance in tetrag-
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onal cuprate$-23and is inconsistent with linearly vanishing — Tt T 1
g(V) of model 1242 We therefore conclude that the avail- r=2§

able tunneling data are consistent with model Il, as expected
from the band structure argument presented above.

B. Finite field-semiclassical treatment f . f . } : f : f

The effects of applied magnetic field are taken into ac- r=6§
count by performing a semiclassical replacement

w—o—K-vg(r) (3

in the Greens function of Eq2). Here v4(r) is the local 1 ‘ ' ‘
superfluid velocity which in the vicinity of a single vortex
has the forrf®

0

Vs(l’)=m, (4)

and is cut off exponentially at distances in excess of the
London penetration depth. The semiclassical approxima-
tion (3) was at the heart of the original Volovik calculation
of the specific hedtand has been used extensively to com-
pute various spectrst?”?®and transpoff 3! properties of - ‘
the mixed state. It appears to capture very well the essential 10 03 0.0 0.5 1.0
physics ofd-wave quasiparticles moving on the slowly vary- Eia
ing background of the vortex lattice. FIG. 2. Comparison of the LDOS obtained using semiclassical
We have explicitly verified that, for=2¢, Egs.(1)—(4)  approximation Eqs(1)—(4) with I'=0 (thick line and the numeri-
yield very reasonable LDOS profiles over the entire energyal solution of the BAG equations of Ref. @Rin lines at indicated
range of interest when compared to the results of a fullyistances from the core. In both cases averages over the real-space
self-consistent calculation within the BdG theory for a singleangle ¢ are plotted.
d-wave vortext?3 Figure 2 illustrates the agreement be-
tween the two approaches. Note in particular the excellent =0 thef’ factor becomes & function and thev integral is
agreement in the low-energy part of the spectrum. We betrivial. The remaining sum ovek is replaced by an integral
lieve that this comparison constitutes a stringent test for thén the usual manner. Assuming the free electron dispersion
validity of the semiclassical approximatidB) for the local  e,=k?/2m—e we may use thes function in Eq.(5) to
guantities such as LDOS outside of the vortex core. As exexplicitly perform the integral over the energy variable and
pected, however, inside the core the semiclassical approxébtain the tunneling conductance as a Fermi surface average
mation breaks down, as visible in the top panel of Fig. 2. Inof the form
the strongly type-1l cuprates at fields well belddy., cores
comprise only a small fraction of the total volume. Semiclas- g(V,r) 27 de¢p e{(\/Ecos 2p)"|eV— 7|
sical approximation thus works well almost everywhere —:f > 5 |-
which explains the success of the Volovik picture in model- On V(ev=n)*~A(¢)
ing of the mixed state. Heregy is the normal state conductanceassumes values of
With the replacement3) the tunneling conductandd) 0 and 2 for models | and Il, respectively, and we have re-

becomes position dependent through the spatial dependensgictedk in # to the Fermi surface. We may thus write
of the superfluid velocity. In the following we discuss the

(6

o 2m

local tunneling conductancg(V,r) near a single isolated T &
vortex in adyz_y2 superconductor. 7=Ke-Vs(1) = 5Aq SIN(0— @), %
lll. TUNNELING SPECTRA IN THE VICINITY with r=(r,0) and{=ve/mA4 the coherence length.
OF THE VORTEX For arbitrary biasv the conductanc¢6) must be evalu-
o ated numerically. However, fofeV|<Aq4 the integral is
A. Clean limit, zero temperature dominated by the regions close to the four nodes\ ¢#)
In the clean limitT 0" the Doppler-shifted spectral and can be evaluated, to an excellent approximation, by ex-
function assumes a simple form panding to leading order i near the nodes. For the zero-
bias conductance we thus obtain
€k
Mwr=r 3 (1 s, @ 9000) s, | —
v 1o VZE—(2¢)%

whereE, = \/ek2+ Akz and n=Kk-vq(r). We now evaluate the
corresponding tunneling conductance given by Bg. At  where
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1.5 . B. Effect of temperature and finite lifetime
N N N It is evident that finite lifetime and temperature will affect
- N/ \/ N/ N/ the prediction(10) for the tunneling conductance, since they
E 1.0 - i both lead to finite zero-bias conductance even in the absence
$ I of field. One expects that these effects become significant at
> distances from the core where the characteristic Doppler-
$051 ===- model I 1 shift energyEp=A4(&/r) becomes comparable oor T. At
model IT 4.2 K, which is typically the temperature of STS experiment,
temperature broadening becomes important B¢
0.000 : : : 1'0 : : : 20 =A4/4.2 K which is a number of order 100 in cuprates.

Thus, for low-temperature tunneling the effects of thermal
broadening are unimportant, except at large distances from
FIG. 3. Zero-bias tunneling conductance as a function of reafhe cores. Scattering rafe, on the other hand, can be a
space polar anglé around the vortex normalized to unity along the Significant fraction of the maximum gap in cuprates, as evi-
nodal directiong= /4. denced by a relatively large zero-bias conductance observed

experimentally:*??> and will therefore cause significant
broadening at distances of sevefdirom the core. We now
& . e . .
z==~|sin(6— ¢)|, (9)  discuss the effect of finite lifetim& in some detail.
2T For I'>0 the spectral function becomes

o/m

and ¢,= m (2l —1)/4 are the nodal points. The integral im-

€y r
; ; ; A(k,w)= 1-v— . (11
plied by Eq.(8) is elementary and yields (k) V:Eﬂ ( VEk) (0— 7+ vE )2+ T2 (12)

g\n+t Evaluation of thek sum in Eq.(1) is now somewhat more
ch(—) [|sin@|"*1+|cosf|""*], (10  involved since we no longer havesdunction at our disposal
r to perform the energy integral. At=0 the zero-bias tunnel-

ing conductance is

where = 60— /4 is the polar angle measured from a node,
Co=m/4=0.78 andc,= 7°/16=1.94.

According to Eq.(10) the symmetry of the tunneling ma-
trix elementM, has profound consequence for the spatial
dependence aj(0,r) near the vortex core. Most importantly J
we notice that the decay with the distarrcgom the core is 0
much more rapid in model I, wherg(0,r)~ (&/r)3, com-
pared to the&/r behavior in model I. For instance, at (12)

=3¢ the.zero-bias conductance will be suppressed by a faGyhereE= Je2+ A( )2 +A(¢)? andC contains all the constant pre-
tor of 3 in model I but by a factor of 27 in model Il. We factors. We evaluate E¢L2) by linearizing all the functions
argue that this difference is a very likely reason for the ob, the integrand containing around the four nodes of the

served a_bsence. ofrlfails in_ STS measureme_nts. gap function, e.g.A(é— ¢)~2A 46, and extending the an-
Equation(10) implies an interesting prediction for the the gjar integration to infinity. Under the assumption that
angular dependence gf(0yr) for fixed r, corresponding 1o T |1 <A | the resulting integral can be evaluated by making

taking a scan along a circle of the radiugentered at the use of new variables, u= 2+ (284¢)2 and a
core. This qngular dependence s a.result Of, the underlymgt arctafie/2A 4¢]. The « integration is trivial and we obtain
k-space anisotropy of the gap function and is illustrated in

Fig. 3 for models | and Il. While the ratio between maximum 0 1 4 A n+1
and minimum is\/2 for both the models, we observe that 9(0n) = f du(i)
there is a qualitative difference between the two models in 1N 4mi=1 Jo Ay
the positions of maxima and minima.

We note that numerical calculations within the
Eilenberget*® and BdG (Refs. 36,37 formalisms show

maximaof zero-bias LDOS along the/4 directions, in con- . . . .
tradiction to the above conclusions. This indicates inad-Wherezl is defined in Eq(9) andA is a cutoff of the order

equacy of the present semiclassical approach in modeling ti@ Ag |mpose_d in order to assure convergence at I_ar.é‘é
fine details of the spatial distribution of LDOS near a vortex. nally, carrying OUt. the mtegr.al and kesplng in mind that
Nevertheless, our result clearly establishes that the matri£'|77|<Ad' we obtain the leading terms in model |,
element anisotropy will have measurable effect on the tun-

neling conductance even when included in more elaborate ~ 9(0r) 1 S
microscopic models. We also emphasize that present ap- oy An &
proach correctly captures the angle-averaged LDOS, as dem-

onstrated in Fig. 3. and for model II,

g(oyr)
In

2
g(O,r)=CJ’0 d¢(cos 26)"

o

de

r
(7t B T2 " (—E)2+T2)

r
Ut dgz) 2+ T2 (U=Agz)?+ T2

. (13

4

Z
2z, arctan —
Y

—yIn(y*+z0)|, (19
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FIG. 4. Effect of finite quasiparticle lifetimE on the amplitude
of the zero-bias tunneling conductance as a function of distance
from the vortex core(for ¢=0). Note the log-log scale. The
straight lines with slopes- 1 and— 3 mark the expected asymptotic
behaviors fol"=0 in models | and I, respectively.

FIG. 5. Effect of finite quasiparticle lifetim& on the angular
anisotropy of the zero-bias tunneling conductance. Upper panel:
angular dependencéormalized to unity atd=m/4) for I'/Ay
=0.01 and distances/{=1, 10, 20 in the order of diminishing
anisotropy. Lower panel: maximum and minimum conductivities as

4 a function of distance from the vortex core fol'/A4=0.01.
g(O,r) 1 2 2 Z
= 2z/(zf—3vy*)arcta ;

o AT 5L - (19

+y

pectg(0,r) to become isotropic at distances larger than
Figure 5 displays the evolution of the anisotropy as a func-
tion of angleé for increasing distanceat constant’ (upper
pane). Lower panel compares the angular maximum to the
“minimum as a function of. As expected, lifetime effects
wash out the anisotropy at distances from the core in excess
of the crossover scalg- .

Here we have sehA =A, and defined a dimensionless scat-
tering ratey=T"/A4.

Equationg14) and(15) exhibit the correct behavior in the
limit '—=0" when compared to the result for the clean sys
tem (10). For finite I" they describe the crossover from the
1/r"*1 behavior close to the core€«ry) to the lifetime
dominated constant zero-bias conductance far from the core
(r>ryr). Inspection of Eqs(14) and (15) reveals that the IV. SUMMARY AND CONCLUSIONS
dependence of the crossover scejeon I' is more subtle ] o )
than one would expect from the simple argument involving Our main objective was to reconcile the apparent absence

we find that vicinity of a d-wave vortex, expected on the basis of a simple

Volovik model, with the general consensus that such a semi-
rr~—&(yIny) (16)  classical picture captures the essential physics of the mixed
_ state in cuprates. We argued that the STS measurements are
for model I while likely dominated by the nontrivial structure of the tunneling
e &l Y13 17) matrix elelment,. which. may be derived fro.m the band s.truc-
r Y ture considerations within models assuming coherent inter-

for model 1. In both cases lifetime effects become importantayer tunneling®*” We showed that, for the matrix element
at shorter distances from the core than one would expectof the form M, =M,cos(2p) (model lI), in the absence of
from the naive estimate-~ &/ y. This is illustrated in Fig. 4 lifetime effects, the zero-bias tunneling conductance power
where we plot the crossover functions for the tunneling conlaw is modified to 73, making it vanish much faster than
ductance given by Eq€14) and (15) as a function of dis- the 1f tail obtained for constarivl, (model .
tancer from the core for a number of lifetimds. We note We predicted a substantial angular anisotropy of the zero-
that in model Il lifetime effects are much more efficient in bias tunneling conductance, with maximum to minimum ra-
destroying the clean power law behavior than in model Itio of V2, and with exactly opposite arrangement of extrema
consistent with Eqs(16) and (17). in the two models. Our conclusion regarding the precise
The lifetime effects will also affect the anisotropy of the form of this anisotropy, however, is somewhat less certain in
tunneling conductance around the core, since one would exdew of the fact that it disagrees with the numerical results
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obtained within various microscopic modéfs3” Nonethe-  siparticle propagating on a background of slowly varying
less, our result clearly indicates that the structure of the tunsupercurrents in the vortex array.

neling matrix element will have significant impact on the

real-space anisotropy aj(V,r). The reliable information ACKNOWLEDGMENTS
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effect of the matrix element on the tunneling spectra in the

vortex core, a problem inaccessible to the semiclassical ap- APPENDIX: ¢-AXIS TUNNELING CONDUCTANCE
proximation. IN CUPRATES

Lifetime effects will cut off both the power law decay and  Here we illustrate how anisotropy in the tunneling matrix
the gmsotropy at distances beyond thg crossover Iength Scaé?emenﬂ\/lk can emerge from the band structure predicted by
rr given by Eqs(16) and(17), wherer is always shorter in - standard models for the interlayer tunneling in tetragonal
mOde| Il for a giVen Va.lue OF. Th|S means that |f mOdel I Cuprate§.6vl7 To avoid unnecessary Comp”cations W|th the
is the physically relevant one, as it appears to be the case f@icalized real-space wave functions in the STS tip, we out-
BSCCO, then the lifetime effects may likely render the ex-jine the derivation ofM, for the case of planar interface,
perimental detection of the asymptoticr 1/behavior very  where we can take advantage of the fact that perpendicular
difficult. For instance, if we assumB/Ay=0.1, which is  momentum is conserved. Since within the model under con-
physically reasonable for BSCCO at loW(Ref. 19, then  sjderation the anisotropy ol is essentially a consequence
Eq. (17) impliesrp=2.1¢, meaning that there will be virtu-  of the band structure of the cuprate superconductor, we fully
ally no asymptotic region where ther#/behavior could be  expect the result to hold for the STS geometry. A detailed
observed. Instead, one would see an onset of the constagd|culation indeed confirms this expectatidn.
zero-bias tunneling conductance just outside of the vortex According to the standard many-body formulafiothe

core. This theoretical conclusion is in fact consistent with tthnne"ng current at a biag between a Superconductor and a
STS data of Rennegt al.'* Even in the presence of substan- normal metal is given by

tial lifetime effects it should still be in principle possible to
observe the predicted angular anisotropyg¢®,) close to % de
the core. The existing experimental data on BSCCO in fact  1(V)=2e, |Tkp|2f —Agk,e)Ay(p,e—eV)
show a definite hint of a fourfold anisotropy, which is, how- k.p —e 2

ever, discernible only at high bid3The above analysis sug- X[f(e)—f(e—eV)] (A1)
gests that the asymptotic tails might become observable in '

the cleanest samples characterized by low value of the zerg4ere Ag andAy, are spectral functions of the superconductor

bias conductance in the absence of field. Clearly, the effecing the normal metal, respectivell, is the tunneling ma-
would be difficult to discern in the existing data on YBCO trix element ande is electron charge. In the following we

(Ref. 13 which display large zero-bias conductance of un-make the usual assumption that the normal metal in the STS

known origin. _ _ ~tip can be described by the spectral function
It would thus appear that proper inclusion of the anisot-
ropy in the tunneling matrix element naturally resolves the An(p,€)=2m8(e— &) (A2)

conflict between the STS and the heat capacity measure-

ments, since the latter is obviously insensitive to the strucyjty a simple free electron dispersiosz(pf+p§)/2m

ture of the matrix element. While certain details still await_eF where we have resolved into components parallel
experimental verification, this seems to be a satisfactory te p,) and perpendicularp() to the z axis along which the
tative conclusion, especially since additional experimenta unneling current flows. Thé function inAy can be used to

evidence emerged recently that appears to further solidify thBerform thee-integral in Eq.(A1) to obtain
support for the Volovik-type description of the mixed state in

cuprates. In particular measurements of the complex conduc-

tivity (using coherent terahertz spectroscopy the mixed 1(V)=2eY, |Ty,|2As(k, &yt eV f(£,+eV)—f(£)].
state of BSCCO films reported by Malozet al>® were kP (A3)
claimed to be consistent with the picture of the Doppler-
shifted local quasiparticle spectfdAlthough somewhat less  The expression for the tunneling matrix element can be

directly the experiments on thermal transport in the mixedjerived from the transfer Hamiltonian formali&n
state of cupraté$*?also seem to support the basic picture of

a Doppler-shifted local quasiparticle in that they are consis- dey
tent with theoretical models based on this pictt/r&: We | Tipl?= 7, p,
may thus conclude that by invoking the properties of the arhe
tunneling matrix element and lifetime effects the existingHere ¢, denotes the normal-state dispersion in the supercon-
tunneling data indeed can be brought to agreement with othetuctor,D (e,) is the barrier transmission coefficierd,(is the

experiments and that the overall picture of the mixed state inergy of the electron inside the barjieaind thes function

cuprates appears consistent with that of a well defined quaeflects conservation of the perpendicular momentum under

7% D(e,) 8(k, —p,). (A4)
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the conditions of specular transmission. The latter can be % 2 % ~
used to carry out the summation over the transverse momen- f_ dszO dd’fo ko dk, [My|*Ag(€,A;0),  (A9)
tum p, in Eg. (A3). The remaining sum ovep, can be

ponverted into an integral in thg usual manner. The integra\}vhere we have explicitly acknowledged the fact that
is then transformed by making a substitutian=(p3 Ag(k,w) will only depend on the momentum variable
+kE)/2m— e +eV and noting that the ter&,/ap,| in throughe, andA(¢). We now convert thé, integral into
| Twpl? is precisely the Jacobian of this transformation; wean integral over the energy, noting that, according to our
obtain assumptions, only the, component ofe, depends ork,

der = do and thus the Jacobi_an of this transformation is simply a con-
|:2e§k: ‘ﬂ_kz D(fz)f . zAs(k,w)[f(w)—f(w—eV)]- stant. We thus arrive at the final result for the tunneling

conductance
(A5)
Differentiating with respect t& we finally arrive at the ex- B » do
pression for the tunneling conductance gV)==| S-f(e—eV)
g(V)=—F d—wf’(w—eWE M [2As(k, ) S
— 2T ¢ e ><f d¢f delM(#)|*Ag(e,A;0), (A10)
(A6) 0 o
with |M|2=e?|de, /3K, D(e,). where
Although this last expression bears similarity to Ef),
the last term still contains summation over the 3D wave vec- ) 2e’m (= dk,|deg )
tor k and it therefore reflects the full 3D band structure of the ~ [M ()] T(2m)2)_., 27| ok, D(e;)=M3 cos 2¢,
superconductor. In the following we shall specialize to (A11)

quasi-2D cuprates and simplify EGA6) further by eliminat-
ing thek, summation, thereby expressing the tunneling conandM, is a constant. By converting theand ¢ integrals in
ductance in terms o&b-plane properties only. To this end Eq.(A10) back to a 2Dk-vector sum we recover the expres-
we consider the single particle dispersiep of the form  sjon for the tunneling conductance written down on purely
deduced for tetragonal cuprates by Xiang and Whedfley: intuitive grounds in Eq(1).
. Superficially the resul{A10) appears to contradict the
€= € ~ (K, )COSk,, (A7) conventional wisdom that the band structure effects are “in-
where e, is theab-plane dispersion depending only &n visible” to tunneling because of the exact cancellation be-
and tween the|de, /ok,| factors in theT,, matrix and the like
factors resulting from the variable chande—e in the
t, ) integral?***n particular one could argue that had we done
ta(k )= Z(COS ky—cosky) (A8)  thek, integral in Eq.(A9) first, such a cancellation would
have indeed occurred, leading to the result with
is the interplane tunneling matrix element. In the following #-independent matrix element. However, in the present case
we modele, by a free electron dispersicki/2m—er and  we note that the appropriake— e variable change would be
noting that only values of,(k,) close to the the Fermi sur- jllegitimate because of the divergence in the corresponding
face are important we approximatg(k,)~1t, co$24. Jacobian fork, coinciding with one of the four nodes of
While neither of these two approximations is essential for the,(k,). Therefore, as pointed out previously in connection
final result, adopting them will greatly simplify the calcula- with tunneling in cuprate$ the tunneling conductance in
tions. We may now convert thie sum in Eq.(A6) into an  fact is sensitive to nontrivial features in the band structure,
integral of the form(suppressing various constant prefac-such as the matrix element that vanishes along ceklain

tors), directions.
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