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We study quantum interference of electronic waves that are scattered by multiple nonmagnetic impurities in
ad,2_y2-wave superconductor. We show that the number of resonance states in the density of states, as well as
their frequency and spatial dependence change significantly as the distance between the impurities or their
orientation relative to the crystal lattice is varied. Since the latter effect arises from the momentum dependence
of the superconducting gap, we argue that quantum interference is a tool to identify the symmetry of uncon-
ventional superconductors.

DOI: 10.1103/PhysRevB.66.140508 PACS nuni®er74.25.Jb, 72.10.Fk, 71.55i

Over the last few years, the study of impurities in uncon-conductor whose symmetry is still a topic of controvelrsy.
ventional superconductors has attracted considerabM/hile the study of quantum interference is not only of fun-
theoretical™ and experimentai’ attention. In particular, a damental importance for our understanding of complex im-
series of groundbreaking scanning tunneling microscopypurity structures, it can also clarify the origin of the reso-
(STM) experiments has provided detailed information on thenances observed in the HTSC. In particular, we expect that
density of states(DOS) near single nonmagneticand the form of the resonances arising from Kondo screening of
magnetié impurities in BLbSLCaCyOg. s, a high- two magnetic impurities is different from those discussed
temperature superconduci¢{TSC). Of particular interest is below; work is currently under way to verify this
the experimentally observed emergence of resonance state@njecture’?
near the impurities. Several theoretical scenarios have been The starting point for our calculations is thematrix
proposed that ascribe the origin of these resonances to eleformalism'® that we extended to treat scattering off multiple
tronic scattering off classical impurities with magnetic andimpurities-'%in a d,z_2-wave superconductor. Quantum in-
nonmagnetic scattering potentials,or to the Kondo screen- terference irs-wave superconductors was recently discussed
ing of a local spin polarization that is induced by nonmag-in Refs. 14,15. For simplicity, we restrict our considerations
netic impurities‘fAt the same time, a different line of experi- to two nonmagnetic impurities; our formalism, however, al-
ments studied quantum interference of electronic waves thadws the study of an arbitrary, but finite number of impuri-
are scattered by multiple impurities. In particular, Manohararties. The study of more complex impurity structures, as well
et al® demonstrated that quantum interference in a corral obs that of magnetic impurities, will be the focus of future
magnetic impurities arranged on the surface of a metallisvork.}? Within the Nambu formalism and for Matsubara fre-
host leads to the focusing of electronic waves into a quantumuenciesw,,, the electronic Green’s function in the presence
image; a result that has recently been addressed in sevewsfl N impurities is given by
theoretical studie$. Similar quantum interference experi-
ments using unconventional superconductors can be ex- N
pected in the future. First evidence for quantum interference G(r,r’w)=6o(r,r", o)+ 2, Go(r,ri, o)
in the HTSC was recently reported by Derbal.” in the hi=1
one-dimensional chains of YBGu;Og ., . ~ - ,

Motivated by the experimental progress in this field, we XT(riry ) Golry 1y on), @
present in this paper a theoretical model that combines the A L .
study of impurities in unconventional superconductors with!/here thel matrix is obtained from the Bethe-Salpeter equa-
that of quantum interference effects. In particular, generalizpon’
ing the formalism presented in Refs. 1,2,10, we investigate N
the electronic structure in the vicinity of two nonmagnetic - ~ ~ A A
impurities in ad,2_,2-wave superconductor. We show that Tri.r ""“):Vfiéfwf-“LVf-E Go(ri.r@n) T(r. 1y, n).
guantum interference due to the presence of a second impu- 2
rity dramatically changes the DOS obtained near a single
impurity. In particular, we demonstrate that the number ofFor two nonmagnetic impurities located rat(i =1,2) with
resonance states in the DOS, as _vyell as their frequency a@r=|r2—rl|, the scattering matrices are given By
spatial depende.n.ce, change §|gn|f|gantly as the distance bg’ui73/2 with U; being the nonmagnetic scattering potelntial
tween t.he impurities or their orientation relatlve to the crystaland 7 is the Pauli matrices in Nambu space. The Green’s
lattice is varied. Since the latter effect arises from the mo

. function of the unperturbedclean system in momentum
mentum dependence of the superconducting gap, we arglé?)ace is given by
that quantum interference is a tool to identify the symmetry
of unconventional superconductors. This result might be of

2, 71 . o
particular importance for SRuQ,, an unconventional super- Go “(K,iwp) =iwao— €3 — Ag7y. ()]
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For the electronic excitation spectrum in the normal state, we ' ' A ' ' 0
take a form that is characteristic of an optimally doped
HTSC (Refs. 16—18and given by ) ; 1
€= — 2t[cogky) + cog k,)]— 4t’ cog ky)cos k) — , S 1 }
(@ £ 1 2
with t=300 meV, t'/t=—-0.4 as the nearest and next- ‘%{
nearest-neighbor hopping integrals, respectively, and a = F 3
chemical potential/t=—1.18, corresponding to 14% hole >
doping. Moreover, the superconducting gap wike 2 ER 4
symmetry is given by Ay=Ag[cosk,—cosk,J/2 with Q i :
Ao=25 meV1’ Our results presented below are qualitatively £ 5
robust against changes in the form gf, or the size of T
Agy. We obtain the DOS,N(r,w), from a numerical i 6
evaluation of Egs.(1)—(3) with N(r,w)=A;;+A,, and o
Ai(r,w)=—1mG;(r,w+id)/ . D 3 =
We briefly review some important features in the DOS o 3 ;
near a single nonmagnetic impurity in d,2_,2-wave *;;’" 8
superconductor? The resulting diagona'i' matrix S A :
o e \3 ___________________________ 9
N +Ug ] A
Tll*zz_l—UoGo(r:O,i w)’ ®) = A\ 10
where the upper(lower) sign applies toT4(T»,) and * _wFreé’uenc?y [mZV] ©

Go=[Gol11, exhibits a particlelike §,,s<0) and holelike

(w,es>0) resonance. These resonances give rise to sharp FIG. 1. DOS atR=(0,0) as a function ofAr for two identical
peaks in the DOS only in the unitary limitc,ed/Ag<1),  impurites with U,=700 meV located atr;=(0,0) and
WhereU(;l: ReGy(0,* wey)- r,=(Ar,0). The lattice constant is set &p=1.

In the presence of two impurities, tHematrix, [Eq. (2)],
is rather complex. However, in the limit specific form of the DOS changes with,, its qualitative

& ; ; features remain unchanged. To study the effecis ahdAr
Fo(Ar,@)<Go(Ar,w), whereF,=[Gol1 and for identical on the DOS separately, g\]/ve first cons%der for definiteness two
impurities located along the cryst&l axis atr,=(0,0) and
r,=(Ar,0) with «=0. In Fig. 1, we present the DOS at
Si(w)={1—UO[GO(O,w)iGO(Ar,w)]}_l, (6) R=(0,0), i.e., at one of the impurity sites, as a function of
Ar. For comparison, we note that for a single impurity with

impurities with U ,=Uy, the T matrix simplifies consider-
ably and is again diagonal. Defining

one obtainsi(# ) Uo=700 meV, the resonances are located at
- B N N wres= 1.5 meV. As Ar is varied, the DOS undergoes
T112417, 1) =Uo[Si (X 0) +S (£ w)]/2, strong modifications. In particular, the frequency of the reso-

(7 nances oscillates and at the same time, their energy width, or
lifetime, changes. For a single impurity, the resonance fre-
quency and width are correlated, such that|as.{ de-
) ) PN creases, the frequency width decreases aséfi.the case
where the uppe(lowen) sign applies t0T1,(T5). By €COM- ¢ o impurities, we find thatw,. and the lifetime of the
paring theT matrices in Eqgs(5) and(7), we find that the  resonances are not necessarily correlated. For example, the
presence of a second impurity splits the resonances of thesonance frequencies for bottr =2.0 andAr=3.5 are
single-impurity case byJGo(Ar, ). Note thatGy(Ar,w) ¢, .=+4.0 meV, but the width of the resonances are con-
does not only change with varyingr, but also with the  siderably larger in the second case. Moreover, for some val-
angle o betweenr,—r; and the crystak axis, due to the ues of Ar, all resonances are very weak and, e.g., for
momentum dependence of the superconducting gap. ConsAf~1 disappear almost completely. Note, that even for
quently, the energy and lifetime of the resonances depend aather large values air=~10, the DOS aR=(0,0) is still
Ar and «. While all four S, terms in Eq.(7) can possess affected by quantum interference and thus different from that
resonances, those that are shifted to higher energies aobtained in the single-impurity case. This result bears impor-
highly overdamped and give rise only to oscillations in thetant implications for the interpretation of recent STM
DOS without the signature of a sharp peak. experiments;’ since it implies that the DOS near impurities

In what follows, we consider two identical impurities with in the two-dimensional HTSC can only be described within
scattering potentialJ; ,=Uy=700 meV, corresponding to the single-impurity framework if the impurity concentration
the unitary limit, in agreement with Refs. 1,2. While the is well below 1%.

~ UoGo(Ar,iw) ~
Tyl ry)= mﬂl,ziri i),
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FIG. 2. DOS as a function of spatial positieh=(R,0) for two FIG. 3. DOS along?=(R,0) for the same impurity arrangement
impurities  with U,=700 meV located atr;=(0,0) and &S in Fig. Za). The positions of the impurities are indicated by
r,=(Ar,0) with (8 Ar=2 and(b) Ar=7. arrows. (a) DOS atw,.s=*4 meV. The open and filled squares

present the DOS ab,.s= =4 meV along the lattice diagonal with
. . . . R=(R,R). Inset: DOS alondR=(R,0) for a single impurity at its
An additional important result of Fig. 1 is that the number reggnance frequency .=+ 1.5 meV. (b) DOS at frequencies
of observable low-energy resonances changes withIn |, _|<|w|<A,.
particular, forAr <6, only two sharp low-energy resonances
can be clearly identified. This effect becomes particmar'ysingle-impurity case. This is particularly evident when

evident when one considers the spatial dependence of themnaring the particlelike resonances, where in the two-
DOS for fixedAr, as shown in Fig. 2. Here, we plot the jo,, ity case, the amplitude of the oscillations is still large
DOS as a function oR= (R,0) for two impurities located at o 5 gistance to the nearest impurity of aboutr ,~4 -5

r1=(0,0) andr,=(Ar,0). The uppermost curve corresponds, e in the single-impurity case, the oscillations are already

to the midpoint between the two impurities, the dashed ””esubstantially reduced at,~2. In Fig. 3b), we present the
represents the DOS aj. For Ar=2 [Fig. 2(a)], there exist ’

only two low-energy resonances at.;+4 meV. In con-
trast, forAr =7 [Fig. 2(b)], we find two broader resonances
at w,es—=*3 meV and two sharper resonances at
wres= =0.25 meV. Note, that the resonances for=2 at
wres=4 meV have a considerably larger amplitude than
those forAr=7 atw,.s= =3 meV. This result again differs
from the single-impurity case, where the resonance with the
smaller |w,.{ always possesses a larger amplitude in the
DOS.

While sharp resonances can only be identified for
wres<Ag, Oscillations in the DOS exist for basically all en-
ergies,|w|<A,. To study these oscillations in more detail,
we present in Fig. 3 the DOS alorig=(R,0) for various
frequencies and the same impurity arrangement as in Fig.
2(a); the locations of the impurities are indicated by arrows.
The solid and dashed lines in FigaBrepresent the DOS at
wres= =4 meV, corresponding to peak 1 and 2 in Figa)2
The DOS at|w,c4 but along the lattice diagonal, i.e., for
R=(R,R), is shown as open and filled squares. Similar to
the single-impurity case, the amplitude of the resonances is
much weaker along the direction of the superconducting gap
nodes, than along the antinodal direction. The inset shows
the DOS alongR=(R,0) for a single impurity with
Uy=700 meV and resonance energy.s=*+1.5 meV. A 0.0
comparison shows that the amplitude of the DOS oscillations
induced by the two impurities is much larger than those in-
duced by a single impuritythe overall scale in the inset is FIG. 4. DOS at(a R=(0,0) and(b) R=(1,0) for two impuri-
three times smaller than in the main figuriloreover, in the  ties with U,=700 meV. One impurity is located a{=(0,0), the
two-impurity case, the DOS exhibits significant oscillationsother one either at,=(3,3) (dotted ling or atr,=(4,0) (dashed
at much larger distances from the impurities than in thdine).

Density of States [arb. units]
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DOS along R=(R,0) for several frequencies with and R=(1,0) are shown in Fig. 4. While the DOS for
|wred <|w|<Ap. While there exist no evidence for a reso- a= /4 possesses three distinct resonances, only two reso-
nance at higher energies, we still find considerable oscillanance peaks are observable to=0. Moreover, fora=0,

tions in the DOS. A$w| decreases, the wave vectors of thesethe resonance states are located at higher frequencies and are
oscillations also decrease, as can be clearly seen from thguch broader. The qualitative differences in the DOS be-
shift of the peaks arounB=3 and 4. Thus, the DOS oscil- tween these two different impurity arrangements can be di-
lations exhibit a dispersion, similar to the results obtained iyectly traced back to the vanishing of(Ar,w) for

Ref. 7 a=1l4, and its finite, complex value faxr=0. Thus, the

q Due to thimomentlrj]m depen;]:ienc;]e of the SuPerc?nguctirg/mmetry of the superconducting gap is directly reflected in
dyz_y2 gap, the DOS changes when the orientation of the twgy, changes that the DOS undergoes when the orientation of
impurities with respect to the crystal lattice is varied. In Parine impurities relative to the crystal lattice is varied. This

ticular, since the gap YaT"Shes along the lattice diagonal, w ependence provides a new tool to identify the symmetry of
expect the largest deviations from the resultsder0 shown ;
unconventional superconductors.

in Figs. 1-3 when the impurities are located along the lattice . .
In summary, we studied quantum interference of elec-

diagonal, i.e., fora= 7/4. To study the changes in the DOS . . .
due to variations ik and to eliminate effects due to a vary- t.ronllc waves that are scattered by wo nonmagnetic impuri-
ing Ar, we chose two different impurity arrangements that{eS adyz_2-wave supgrconductor. We show thaF the num-
can be realized experimentally, and possess almost identicgﬁer of resonance states in the DOS,.as'vyeII as thelrfrequency
values forAr. In the first case, the impurities are located and spatial de.pe”d?’_‘ce’ chang_es s_|gn|f|qantly as_the distance
along the lattice diagonal o(=/4) at r,;=(0,0) and between the impurities or their orientation relative to the
r,=(3,3) (dotted line,Ar~4.2). In the second arrangement crystal lattice is varied. The latter result provides a tool to

2 Al ! e a " identify the symmetry of unconventional superconductors,
the impurities are aligned along t_he crystahixis (a=0_)_at such as SRuQ,, where the symmetry of the superconduct-
r1=(0,0) andr,=(4,0) (dashed lineAr=4). We verified g siate is still a topic of controversy.
that the DOS forr,=(4.2,0), which would yield identical
values ofAr, but is experimentally not realizable, differs ~ We would like to thank J.C. Davis and A. de Lozanne for
only slightly from that forr,=(4,0). The DOS aR=(0,0)  stimulating discussions.
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