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Quasiparticle resonant states as a probe of short-range electronic structure
and Andreev coherence
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The recently observed properties of quasiparticle resonant states near impurities on the surface of supercon-
ducting Bi,Sr,CaCuyOg ., 5 demonstrate that in-plane Andkeprocesses are either absent or phase incoherent.
Analysis of the spectral and spatial details of the electronic structure near a Zn impurity also suggest an
effective magnetic component of the impurity potential. Further experiments are proposed to clarify whether
the effective moments of nearby impurities are correlated.

Over the past few years several authors have emphasizexhly been detected on thwle side of the spectrum, both on
the wealth of information available from local probes of im- the impurity site andeverywhere else around the impurity.
purity properties in correlated electron systems, and particiWhereas previous theories are consistent with an LDOS
larly in superconductors whose homogeneous order paranmeasured at the impurity which is entirely holelike, these
eters (OP’S are anisotropic in momentum.A parallel same theories unambiguously predict the LDOS at nearest-
improvement in scanning tunneling spectroscdgyS has neighbor states will be almost entirely electronlike. Indeed
allowed this vision to become a reality through direct obserthese theories predict the spatially integrated LD@3
vation of the local density of state DOS), first in  DOS) will be nearly particle-hole symmetric even though the
niobium? which has a momentum-independent OP, and.DOS at any particular site is not. A second unexpected
this year in the high-temperature superconductorelement in the data is the presence of a second, much
Bi,Sr,CaCyOg. s (BSCCO,>® which has an anisotropic smaller, spectral peak on the hole side in Ref. 5. Whereas
OP. The electronic structure of the BSCCO surface is muclprevious theories are consistent with two resonances at a
more complex than that of the niobium surface; there aresingle impurity, the spatially integrated amplitude of each
local moments in the copper-oxygen planes and, under ceresonance should be approximately the same, unlike what is
tain conditions, a pseudogap state. Recent fibds empha- seen in Ref. 5.
sized the role of the pseudogap sfafen determining the The above two issues are disagreements between the ex-
properties of clean surfaces of high-temperature supercomperimental and theoretical DOS, but there are also two sig-
ductors at temperatures nélr, and STS and photoemission nificant disagreements in the LDOS. The resonance has a
have directly demonstrated its existence on the surface déarge amplitude at the impurity site, whereas calculations in-
BSCCO. The pseudogap state is characterized by a singléicate that the largest amplitude in the LDOS should occur at
particle gap ofd,2_,> symmetry, but the Andreeprocesses the nearest-neighbor sites. Finally, the gap feature is seen on
one would expect in a superconducting state (aceording  the impurity site, where it does not appear in calculatibns.
to differences in mechanisneither absent or phase incoher-  The calculations here incorporate the pseudogap state into
ent. the evaluation of the differential conductancd/dV). After

Here the STS measurements near impurtiesvill be  evaluating the LDOS for several impurity potential models,
shown to unambiguously demonstrate essentially completallowing for spatial extent and magnetic character in the po-
suppression of Andreeprocesses in the vicinity of the im- tential, the impurities of Refs. 3-5 are found to be highly
purity, even at very low temperatures. This low-temperaturdocalized and the four discrepancies above can be reconciled.
indication of a pseudogap implies its importance to the naFinally, in the case of Ref. 5, a magnetic component to the
ture of the superconducting state and the operation of devicesffective Zn impurity potential is evident.

(such as Josephson junctionsith such materials. Indica- The calculations of the LDOS are based on the Hamil-
tions of an effective magnetic component can also be seen itonian

Ref. 5. Thus STS provides a direct probe of both the local

Andree (superconductingcoherence and the local magnetic

properties on the BSCCO surface. H= >, [—tijCLngJr Aijc;rTC;r1+AﬁCjiciT]

A brief review of the experimental results from Refs. 3—-5 U,
is in order. Theoretical predictions which have been con-
firmed include the presence of quasiparticle resonances near
nonmagnetic impurities in anisotropic OP superconducfors,
as well as the suppression of the gap feature near the impu-
rity and the asymmetry of the resonance peak due to thehich includes a site-dependent potential which can be mag-
energy dependence of the quasiparticle density of states.netic (Vs), nonmagnetic o), or a combination of bothi.
The disagreements with previous theory, however, are strikandj label sites andr labels spin. The homogeneous elec-
ing. The most noticeable one is that the resonant state hadgonic structure, expressed as hopping matrix elemegs (

+2i [(Voi+Vspelicip+(Voi—Vspel e, (D)
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Nonmagnetic Potential (eV) Magnetic Potential (eV) If Andreev processes are suppressed, either by reduction
s 2 10 1 2 0 1 2 - in their amplitude or phase coherence, a resonance’s DOS
> 20 T T T T T 20 @ . . . .
£ ®) g will become more electronlike or more holelike. Reduction
5 10 @) 1T 11 5 of the amplitude of the homogeneous anomalous Green's
E of L 70 E function f(i,j;w), due perhaps to a local antiferromagnetic
s 2 (AF) order, decreases the mean-field coupling between elec-
g -lor 10 17° 5 tronand hole excitations. Note that this is very different from
& 20 : : : : : -20 % the fully electronlike or holelike character of the LDOS at

— . A . the impurity, which originates from a vanishiri,i; ) in
A A = .

800 ©) ja 1 F@ 1250 & the d,2_,2 state. Figures (t) and Xd) show the DOS of a
% : N ,—*',’ 2o % resonance for three systems with a 40 maé¥_,2> gap: a
Q 0 ' ' ® ' o 2 fully superconducting gafsolid line), a gap with a 25 meV
z o007 © 17 1250 § superconducting componeftdashed ling and a pseudogap
g o | et Al o 2 with no superconducting compone(dot-dashed linge As
% 60 -25 00 25 50-50 -25 00 25 50 the superconducting component is reduced, the electron-hole

Voltage (mV) Voltage (mV) symmetry diminishes. The nonmagnetic potentials of Fig.
1(c) are choser{1.375 eV, 1.000 eV, and 0.833 eV, respec-
(b) magnetic impurity potentials. DOS fgc) nonmagnetic andd) tively) so the resonance pe‘f"k IS atI:.S mV (the same as
magnetic impurity potentials which produce a resonance- at5 Ref. 5),' Th.e magnetic potentials in Fig(d) are the same as
mV. Solid, 40 meV superconducting gap, dashed, 25 meV supell-hose in Fig. 1,'(:)' .

conducting, 40 meV total gap, dot-dashed, 40 meV nonsupercon- | he reduction of the electronlike peak from phase deco-
ducting gap.(e) and(f), same asgc) and(d) except the dashed line he_rence is similar to the effect of amplitude suppression of

corresponds to partial and the dot-dashed line to no phase coherenté :i;@). For a resonance af, the peak at-« comes from
in the 40 meV superconducting system. terms with products of pairs of anomalous Green'’s functions.

For a phase incoherent pseudogap state the expectation value
of these pairs, and thus the amplitude of the electronlike

for the first five nearest neighbors, is taken from a singleP€ak, is diminished.The effect of this is shown in Figs(d)

band parametrization of photoemission ddtaarge varia- and 1f) as a dashed line corresponding to parilf) and a
tions in hopping matrix elements<50 me\) produce results dot—dashed_ line cor_res_pondlng to no phase coherence. The
very much at odds with experiment, whereas smaller varia?ohmagnetic potential is 1.375 eV in Figeland the mag-
tions are mimicked by the site-dependent potential. Henc88tic potential is 1.375 eV in Fig.(). Note that for the
such changes will be ignored here. Only on-site and nearesRUrely magnetic impurities even in the absence of Andree

neighbor order parameters;; are nonzero, and the maxi- Coherence there is a peak on each side of zero energy.
mum OP on the Fermi surfacA,,,,= 40 meV4 For Refs. 3 and 5 there is no apparent electronlike com-

The electronic structure of the inhomogeneous system  Ponent of the resonance in the DOS, thus local Andiee
cluding the impurity is determined by direct numerical so- _herence is absent. In measurements of_ the LDOS near_metal
lution in real space of the Gor'kov equatiéin Nambu form islands on BSCCé,howgver, bpth. holelike and electronlike
for the inhomogeneous Green's functic®=g+gVG= (I _peaks are apparent._Th[s may indicate that the metal plays an
—gV) g, within a real-space region around the impurity important role in mamtalnlng phase 'coher.ence at the surface,
beyond which the potential is negligibteThe Ai's are or that the metal overlayer is less disruptive to superconduc-

found self-consistently in this process, for they determine thdVIty than impurities in the plane. The presence of the in-
off-diagonal components of the potentll Spectra outside plane Angree processes,_lndmated by the glectrpnhke peak,
this real-space region are constructed according to the ger‘rQi es;]senual to the oper?tlonfof J_oser;])hson.Jun(.:Uons. h
eralizedT-matrix equationG=g+gV[| —GV] 'g. OnceG The on-site LDOS of Ref. 5 is shown in Fig(@ The

has been calculated throughout the region near the impuritﬁecond(hde“ke) peak is not as clearly evident in the results

the LDOS and DOS are obtained from its imaginary part and)f Refs. 3 and 4, aﬂd thqs may t_)e peculiar either to the Zn
the lattice Wannier functions. Then Impurity or to the impurity site in the BSCCO unit cell.

Additional resonances around impurities can originate from
additional orbital states around spatially extended potentials
di(xV) > 1/ dnstm(w) 2 or from spin-splitting near magnetic potentials. Note that an
dav _f de ~ 7 dw |¢o(x:1)] effective magnetic potential could also originate from a non-
magnetic impurity potential placed in a spin-polarized host
XIM G, (i,i;w), (2)  electronic structure.
Figures 2a), 2(b), and Zc) show the best fit ofll/dV to
where ¢, (x;i) is the overlap of the Wannier function at site the data of Ref. 5 for phase incoherent Andrgeocesses
i and spino with the STM tip atx, and ngr(w) is the  and(i) a single-site nonmagnetic potentidl375 eV, (ii) a
occupation function of the STM tibResonances correspond nonmagnetic potential with onsit®.360 e\j and nearest-
to new peaks in the differential DO&e difference between neighbor(0.150 eV values, andiii) a mixed nonmagnetic
the inhomogeneous and homogeneous D@ kir energies and magnetic potentiaM,= 0.825 eV,V5=0.550 eV}. Also
are shown in Figs. () and 1b) for magnetic and nonmag- shown is the best fit usingv) a pseudogap with no super-
netic single-site impurities. conducting component and a mixed potentigly€0.543

FIG. 1. Resonance energies for single-s&enonmagnetic and
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FIG. 2. dI/dV (a) on-site,(b) at the nearest neighbor along the ~ FIG. 3. dI/dV as a function of position alonga) the gap
gap nodes, andc) along the gap maxima, for impurity and host maxima andb) the gap nodegii) is dotted (iii) is solid, and(iv) is
models(i), (ii), (i), and (iv). Data of Ref. 5 is also shown. The dot-dashed. Shown in inset is the difference betwesdV when
order of vertical offsetgintroduced for clarity of the curves inl) ~ junction normalization igsolid) and is not(dashegl taken into ac-
and(c) is the same as if\a). count.

eV, Vs=0.290 eVj. The three panels shodi/dV (a) at the dl/dV. The main discrepancy is with the amplitude of the

impurity site, (b) at the nearest-neighbor site along the gapSiggleu?f?lgs;r:)(\a/vg?ﬁgl(/jciir\elccﬂ‘q[ﬁbe).resonance ffiv): (i) is

nodes, andc) along the gap maxima. Measurements of REf'similar. The differences between the Figs. 2—4 and the mea-

5 for (@ and(b? are shown{c) is not avaﬂgble. . surements of Ref. 5 may be due to errors in the homoge-
The large size of the resonance on site and the S.'mu“_aﬁeous electronic structure of BSCCO used in the calculation,
neous presence of the gap feature occur because of JunCtiq wicylarly the low-energy electronic structure which domi-
nc_;rmahzaﬂon(egual resistance a%20_0 mV) and the finite  ates the longer-range LDOS. These errors may be due to
width of the[ | [modeled as Gaussians of range 0.8 A 3-8inaccuracies in the model for the electronic structure mea-
A, 0.8 A, and 1.0 A for(i)—(iv)]. The very small LDOS in  syred by photoemissiof,or they may be due to the neglect
this energy range at the impurity site causes the tip to apof other collective effects on the surface. Another likely
proach closer to the surface afid enlarge the apparent size source of error is that the electronic structure model of the
of the resonance on site, ari@) pick up the gap features host is not spin dependent.
from the nearest-neighbor sites. The relative size of the on- One of the possible mechanisms of a pseudogap is local
site resonance to the gap features is largely determined bF order, such as occurs in a strip@he magnetic compo-
the overlap of the nearest-neighbor Wannier functions witent apparent in the impurity potential suggests this origin as
the tip when the tip is over the impurity site. well. If two nearby impurity moments are aligned parallel,
Judging from the comparison with experimetiti) and  then the resonances associated with them will hybridize and
(iv) appear most in agreemerit) does not have a second split,’® whereas if they are antiparallel the resonances will be
resonance, and wheredi$) does show one in the proper degenerate. A careful examination of e dV for two Zn
location, its relative magnitude is incorrect. The smaller am-2toms near each other on the surface may clarify whether
plitude of the second resonance is obtained(fioy and (iv) ~ there is local AF order. _
because the overlaps with the STM tip are spin dependent The LDOS reported in Refs. 3—5 are best explained by
[16;(X)|?/| ¢ (x)|>~40]. If the second peak were absent, the presence of a pseudogap state on the surface of BSCCO.
either the impurity would lack magnetic character, or it The relative height of the electronlike and holelike reso-
would occur in less magnetic regions of the BSCCO unit
cell. The remaining disagreement is in the amplitude of the

1

resonance in Fig.(®), where(iv) is best, but still too small. 40
Figure 3 shows the amplitude of the resonance as a func- 20
tion of distance from the impurity along the gap maxitaa
and the gap node®). The squares are the data from Ref. 5, 0 0.1
whereas the solid line corresponds(iid), the dotted line to _20
(i), and the dot-dashed line t@v). The plot for (i) looks
identical to that of(iii). The agreement ofiii) and (iv) are -40
quite good along the maxima direction. The absence of a —40-20 0 20 40

well-defined maximum at the nearest neighbota) which
was pointed out in Ref. 5, is due to the normalization proce- FIG. 4. Spatial structure of theél/dV at the impurity resonance
dure. An inset in Fig. 3 shows the difference between theoltage (-1.5 mV) for (iv). Horizontal is parallel to the gap
junction normalized (solid) and unnormalized(dashedl  maxima directions.
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nances in the DOS depends directly on the amplitude of locadf BSCCO indicates the clear promise of future STM mea-
Andreey processes, and thus shows the degree of local swurements near defects in other correlated electron systems.
perconducting coherence. This is of great practical interest,

for the presence of these processes is essential to forming a | would like to thank J. C. Davis for discussions and for
proper Josephson junction across an interface. The informgroviding the data of Ref. 5. This work has been supported in
tion obtained about the superconducting state at the surfageart by ONR through Contract No. NO0014-99-1-0313.
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