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Recent atomic resolution scanning tunneling microsq@J¥eM) measurements discovered remarkable elec-
tronic inhomogeneity, i.e., nanoscale spatial variations of the local density of dt&X€sS) and the supercon-
ducting energy gap, in the high: superconductor B5r,CaCyOg. . Based on the experimental findings, we
conjectured that the inhomogeneity arises from variations in local oxygen doping level and may be generic of
doped Mott insulators. In this paper, we provide theoretical support for this picture. We study a doped Mott
insulator within a generalized t-J model, where doping is accompanied by ionic Coulomb potentials centered
in the BIO plane located a distandg away from the Cu@ plane. We solve, at the mean-field level, a set of
spatially unrestricted Bogoliubov—de Gennes equations self-consistently to obtain the distributions of the hole
concentration, the valence bond, and the pairing order parameters for different nominal/average doping con-
centrations. We calculate the LDOS spectrum, the integrated LDOS, and the local superconducting gap as those
measured by STM, make detailed comparisons to experiments, and find remarkable agreement with the ex-
perimental data. We emphasize the unconventional screening of the ionic potential in a doped Mott insulator
and show that nonlinear screening dominates on nanometer scales, comparable to the short coherence length of
the superconductor, which is the origin of the electronic inhomogeneity. It leads to strong inhomogeneous
redistribution of the local hole density and promotes the notioloedl doping concentratiolLDC). We find
that the inhomogeneity structure manifests itself at all energy scales in the STM tunneling differential conduc-
tance, and elucidate the similarity and the differences between the data obtained in the constant tunneling
current mode and the same data normalized to reflect constant tip-to-sample distance. We also discuss the
underdoped case where nonlinear screening of the ionic potential turns the spatial electronic structure into a
percolative mixture of patches with smaller pairing gaps embedded in a background with larger gaps to single
particle excitations.
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[. INTRODUCTION they were usually attributed to sample quality. The common
view, which is largely based on the physics of ordinary met-
The parent compounds of the high-superconductors are als, has been that the ionic potential in a high-quality crystal
stoichiometric Mott insulatorS.In principle, carriers can be would be screened by phonons and by the carriers in the
introduced into the insulating state either by field effect or byplane such that charges distribute uniformly and are accom-
chemical doping, but to date highs superconductivity in  modated by a homogeneous electronic structure; albeit that
the cuprates has only been found to arise when they arthe latter has the tendency toward microscopic phase
properly doped away from stoichiometry. In the case ofseparatiofdue to strong electronic correlations. This view-
YBa,Cu;0;_, (YBCO) and BpSrCaCuyOg,, (BSCCO, point appears to be supported, to a certain extent, by
the dopants are the excess oxygen atoms. The latter injettansporf and photoemissidh measurements on BSCCO
holes into the Cu@ planes, leaving behind the negatively which observe quasiparticles with relatively well-defined
charged oxygen ions. While for YBCO, the dopant ions gomomentum, a mean-free path of about 100 A in the nodal
into the copper oxide chains and can be arranged mordirection, and a transport mean-free path of about 400 A.
periodically? in the case of BSCCO, the dopants, with a However, this conventional view has been seriously chal-
concentration ok, disorder themselves in the semiconduct-lenged by recent low-temperature STM measurements on
ing BiO layer which is abou5 A away from the Cu@plane  BSCCO? ! In Ref. 9, Panet al. (hereafter referred to as
where superconductivity is believed to originate. “we” ) observed spatially cross-correlated variations in the
In addition to doping holes into the Cy@lanes, the dop- LDOS and the superconducting energy gap on a remarkably
ant oxygen atoms inevitably introduce long-range randonshort length scale of about 14 A. We identified this as the gap
ionic potentials that scatter the carriers in the copper-oxidemplitude coherence length or the pair size. It directly con-
plane in analogy to the situation encountered in two-firms the local pairing nature in the highs superconductor.
dimensional (2D) electron systems in modulation doped The magnitude of the superconducting gap has a Gaussian
semiconductors. This has the potential to cause the electrondistribution with a mean value of 42 meV, close to the gap
structure in the copper-oxide plane to be inhomogeneousialue obtained from planar tunnelifg,and a full-width-
Early neutron scatteringtunneling? and STM data showed half-maximum of about 20 meV. This variance coincides
features that could be accounted for by inhomogeneity, butvith the intrinsic width 20 meV) of the coherence peak
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measured by angle resolved photoemission spectroscopshares an analogy to the 2D electron system in modulation
(ARPES near the antinodes where tdevave gap is at its doped semiconductors, where nonlinear screening leads to an
maximum?? It offers an explanation of the latter as arising, inhomogeneous mixture of metallic and dielectric regions at
even in the absence of bilayer splitting, from averaging ovetow electron density? The immediate consequence of the
a distribution of local gap values under the macroscopimonlinear screening is the strong spatially inhomogeneous
ARPES light spot. redistribution of the charge carrier density brought about by
Careful analysis of the STM data, combined with those ofthe bare ionic potential. The concept ofoeal doping con-
the ARPES, led us to conjecture in Ref. 9 that the observedentration (LDC)° therefore naturally arises. The-wave
inhomogeneous electronic structure arises from the ionic popairing amplitude turns out to follow locally the spatially
tential associated with the off-stoichiometry oxygen dopants/arying hole density, resulting in an inhomogeneous super-
disordered in the BiO layer. We argued that the screening ofonducting state. In the resonating valence bond picture,
the ionic potential in the doped Mott insulator is unconven-this corresponds to an inhomogeneous state of spinon pairing
tional and incomplete on the nanometer scale of the pair sizeand local holon condensation. We calculate the local tunnel-
causing the local dopinghole) concentration to exhibit spa- ing density of states spectrum, the integrated LDOS, and the
tial variations. Such a doping profile results in a highly crossdocal superconducting gap as those measured by STM. Sur-
correlated pairing gap profile if the pairing interaction is suf- prisingly, the local spectral properties can be well described
ficiently short-ranged. by the Mott—Hubbard picture once the notion of a LDC is
It should be stressed that the physics involved here igstablished. We perform a detailed comparison of our results
highly unconventional. In an ordinary metal, such as copperwith the experimental data and find remarkable agreement in
the Thomas—Fermi screening length in the linear screeningupport of the conjectures made in Ref. 9 and the theoretical
theory is shorter than 1 A, beyond which the ionic potentialpicture of spinon pairing with local holon condensation for
is perfectly screened and the charge density homogeneouse inhomogeneous superconducting state. Extending this
Such a short screening length is a result of the large thermgpicture to the underdoped regime, where the averaged inter-
dynamic density of states or the compressibilithn{(d ) in hole separation becomes larger than the setback disthnce
ordinary metals. However, adding holes to a doped Mott innaturally leads to percolative structures of superconducting
sulator causes significant shift in the chemical potential du@atches immersed in a background with a large tunneling gap
to the strong local Coulomb repulsion. This leads to a smalto single particle excitations.
electronic compressibility and thus a larger screening length Currently, there exists a “discrepancy” in the published
even within the linear screening theory. We believe that theSTM data by different grougs** with regard to whether the
observed inhomogeneous superconducting state is a result KDOS shows spatial inhomogeneity at low energies. We
the strong local correlation in a doped Mott insulator. point out that the difference in the presented experimental
It is important to provide theoretical tests for these ideaslata depends on whether they have been normalized to re-
and to compare theoretical results with experiments. In thisnove certain matrix element effects. In Ref. 9, we have
paper, we do so by studying thtwave superconducting taken into account, by correctly normalizing the data, the
state of a doped Mott insulator in a microscopic theory of aeffect of the tunneling matrix element along the direction
generalized t-J model, where doping is accompanied by ioniperpendicular to the surface. The normalized data reflect the
Coulomb potentials centered a distamigeaway from the 2D tunneling spectra when the tip to sample distance is kept
plane. Since an exact solution of this model for large systemseffectively at a constant. We believe this is physical. The low
is not possible even numerically at present, we provide a&nergy electronic spectrum as measured by the local tunnel-
self-consistent mean-field solution that captures the essentialg density of states is indeed inhomogenebdlrsthis paper,
physics. The hope is that, upon comparing the results to exwe show that the same inhomogeneity structure manifests
periment, we can develop useful insights to guide our underitself atall energy scales in the calculated tunneling spectra.
standing in the interim. Specifically, we solve a set of spa\We find that the calculated zero-bias tunneling conductance,
tially unrestricted Bogoliubov—de Gennes equations selfwhich is dominated by the nodal quasiparticles, shows spa-
consistently at every site on square lattices of up t&x32 tial variations that are correlated with that of the LDC. We
sites to obtain the spatial distributions of the hole concentraelucidate in detail the mapping, the differences, and similari-
tion, the resonating valence bond, and the pairing order paies between the tunneling differential conductance obtained
rameters for different nominal/average doping concentrain the constant tunneling current mode, which does not di-
tions. We find that the inhomogeneity originates fromrectly represent the electron LDOS, and the same data nor-
nonlinear screening of the ionic potential. We show that amalized to reflect a constant tip-to-sample distance that faith-
single negatively charged test ion inserted at a setback didully represent the electronic tunneling density of states. We
tanced, above the 2D plane induces a nonlinear screenin@lso provide preliminary evidence that the high supercon-
cloud wherein the doping concentration is significantly largerducting transition temperatur€, can be protected by the
than its averaged value. For a given strength of the Coulombhort superconducting coherence length and coexist with this
interaction, the size of the nonlinear screening cloud is contype of electronic inhomogeneity.
trolled by the distancelg and isindependenbf the average The rest of the paper is organized as follows. In Sec. Il,
doping concentration. With a finite density of dopant ionswe describe our generalized t-J model and set up the self-
(the same as the averaged doped hole densityinhomo- consistent equations for the spatially unrestricted Hartree-
geneous electronic structure on the scalelgémerges that Fock-Bogoliubov mean-field solutions. In Sec. Ill, we study
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the screening properties of the ionic potential in detail. Ation in the interesting parameter regirleThe off-plane
single test ion is inserted which imposes a Coulombic potenionic potential of the dopants is described Hy,,,

tial on the otherwise unifornd-wave superconducting state.

The charge redistribution and the response of the pairing Nion Vion

order parameter to screening of the ionic potential is ana- Hon=2> Uin;, U= > ————————.
lyzed. In Sec. IV, we discuss the solution of the inhomoge- i ion=1 \/|ri—ri0n|2+ dg
neousd-wave superconducting state for a finite density of ) . ]
dopant ions and doped holes. We emphasize the concept bereds is the distance between the Cuflane and the BiO
LDC and analyze the distribution of tiuewave order param- layer where the negatively charged ions reside randomly at
eter and its correlation with the local hole concentration infion: @1dNiqn is the number of independent ions in the BiO
Subsection IV A. The numerical results of the local tunnelingl@yer. To model the situation in BSCCO, where each dopant
spectrum are presented in Subsection IV B and compared @xYgen gives one hole to each of the planes in a bilayer, we
experimental data. We analyze the statistical properties of thdS€Nion=Nhoie=X>XNs, whereNpqe is the number of doped
LDC, the integrated LDOS and the pairing gap distribution,holes,x is theaveragedoping (hole) concentration on a lat-
and the spatial correlation and cross-correlation among thedt€e of Ns sites. We useJ as the unit of energy and se
physical observables. In Sec. V, we focus on the inhomoge= 1.58, Vion=V:=5J, andt=3J in most of our numerical
neity at low energy scales. We study the spatial distributiorfalculations. We verified that varying these parameter in a
of the zero-bias tunneling conductance, its correlation witeasonable range does not qualitatively change our results.
the LDC, and make predictions for experimental tests. In It is convenient to describe the projected Hilbert space in
Sec. VI, we discuss the mapping between constant-currei@rms of a spin-carrying fermion, the spinbfy, creating the
differential tunneling conductance and the constant tip-tosingly occupied site with spip- and a spinless boson, the
sample distance LDOS spectra. The STM topography is cakolon b;, keeping track of the empty sité.The electron
culated for our system together with the constant-current difereation operator becomasT,,zf;r(,bi and the occupancy
ferential tunneling conductance and compared toconstraint translates in this slave-boson formulation into
experiments. A summary of the results and their implications f; +b/b;=1. In the mean-field theory, the antiferromag-
is given in Sec. VII together with discussions of several opemetic spin-exchange term is decoupled accordiftg to

issues.

4

_ T
S'Sj—_g[xi’]fio_fjg"‘h.C."‘Ai’](filf”_finH)'f'h.C.]
Il. GENERALIZED t-J MODEL AND THE SELF-
F30xg P+ 18y
CONSISTENCY EQUATIONS 8 ULXij ijl )

We begin with the generalized t-J model Hamiltonian thatwhere Aj; and ;; are the spinon pairing and bond order
includes the long-range Coulomb interaction and the ionid®arameters respectively,
potentials introduced by the process of carrier doping,
Ay=(fifi=fifi) xi=(flf), (5)

. ) defined for each nearest neighbor bond. The inhomogeneous
HereH,., is the usual 2D t-J model on a square lattice,  gperconducting phase is reached through the local conden-
sation of bosons at low temperatures,

H=H;+HcoutHion- (1)

. (2

1

H:_tE (C,Jr(,Clg-i—hC)-i—JE (SS]_annJ o

" " (bf)=(by)=b;. (6)
wherec!is the electron creation operator agdis the spin

' it = P aﬁ, P It is important to emphasize that in the presence of the trans-
Operatorsf(ﬁt))ciaaaﬁziﬁ. The sums ove(|,1d> are a_m(;mg lation symmetry breaking ionic potential in Eqd4),
e e e ot s o 15, ) become sptaly cependent and must e detr
pied. P PRYSICS, 1€, € ined at every site self-consistently. Note that the local

s_trong on-S|te_ Coulomb repulsion, is included in the.add"doped hole density or the LDC is then directly related to the
tional constraint of no double occupancy at each gite,

¥ local boson condensate density,

=Ci,Ci,<1. Hggy is the long-range Coulomb repulsion,
ni—n x=b{, (7)

Hoou= 2 Vini,  Vi=Ve2 ro—— 3
g 7 ri—rl and the constraint at the mean-field level beconms

i = T . = — . 1 i i
wheren denotes the average density. The Coulomb interacb fllg ];';” 1shi);£i,nwrt]rl1(zah fSrri?;cr)]rCciigi]cglvegg?\t;:I e}[/:r}\y site
tion strengthV, is given by V. =e?/4mea, with e=8 the y y 9 P f !

dielectric constadt anda~3.8 A the lattice constant cor- (Tjg fé(;?]:)olgg dheonusfi:hIirpt%zerz'ovr\;]einlgefj%dﬁnoéiaiiri\:;i%%e
responding to the Cu—Cu atomic spacing. The resulipg P y ping '

~t. As emphasized in Ref. 16, the inclusion of the long-

NS
range Coulomb interaction is necessary to prevent the mean- Y= i 2 X . ®)
field ground state oH,.; from macroscopic phase separa- Ng =1 ™
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The decoupled Hamiltonian can be written down usingthe
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resulting matrix to obtain the wave functions

the Bogoliubov—Nambu formalism over the Hilbert space of[u,(i),v,(i)] and the eigenvalueg,. Then we update the

paired spinons,

Fi ) (1
HZZ (fiTvail) F* —K* ( + | (9)
] n ji f”

where the sums onandj run over all lattice sites and

3
FijngAiJE i+ (10)
n
—, 3 _
Kij=—{ tbP+ g3xij | 2 811 n+[VsdD) = il
1
with 7= =X, %Y. In Eq. (11), Vi) given by

| P—x
VadD=Ui+ M+ V2 (12

j#i |ri_rj|

set of (Ajj,xij »Ni X, u¢) according to Eqs(15), (16), (17)
and insert them back into the Hamiltoniéd). The procedure
is iterated until convergence is reached. In general, we allow
Xij andA;; to be complex at the beginning of the iteration,
but both of these order parameters converge to real values at
the end of the iteration in the average doping range (0.06
<x<0.32) studied.

In order to compare to STM data, we calculate the local
tunnelingdensity of states,

Ni(w)=|mf dte'“'G*Y(t), (18)

where GiF{(t) is the retardedlocal Green’s function of the
electrons

GIF(t) =— ot)({c!(0),ci,(D}). (19)

is the nonlinearly screened local potential seen by thdn the mean-field theory, since the bosons locally condense,
spinons implied by the self-consistency conditions. Note tha¥veé have

in deriving Eq.(12), only the Hartree potential in the long-
range Coulomb interaction is retained, whereas the exchange

G'e(t) = — b2A()({F]. (0),f;(D)}). (20)

potential is neglected. The effects of the latter on the super-

conducting state will be studied elsewhere.

Notice that the local electron Green’s function and therefore

The Hamiltonian in Eq(9) can be diagonalized in real g |ocal tunneling density of states is equal to the local

space by solving the corresponding Bogoliubov—de Genn

equations to obtain the eigenstatja}, and vy, with energy

®olon condensate density times the local spinon Green's

function?® From Eq.(7), it is clear then that the LDOS is

E,,n=1,...,Ng. The spinon operator can be expanded ingyerall proportional to the LDG; . Using Egs.(13), (14),

this basis according to

flt)=2 ua(i)ye Ent, (13

fl (=2 va(i)vfe &,

n

(14

where[u,(i),v,(i)] is the wave function at site The order

parameters and the local hole density can be expressed

terms of the wave functions as follows:

Ajj =; [vf (Dun(DIL=F(En)]=un(i)og () F(En)],
(15

Xij =; [vf (Dvn(D[L=F(En) ]+ us(i)uy () F(En)],
(16)

1_Xi:; [loa(MPL1=FENT+ |un(DI*F(En)],
7

wheref(E,) is the usual Fermi distribution function.
We solve the self-consistency Eq8)—(17) through nu-

we obtain

Ni(@)=% > [|un(D)|28(0—Ep)+|va(i)]?8(w+Ey)].
(21)

The role played by the LDC is two-fold: it enters as an over-
all prefactor through essentially the wave function renormal-
ipation of the electrons as well as through the LDOS of
spinons from the response Af; and x;; to a spatially vary-
ing x;. This is a property of the tunneling density of states
which is different from the thermodynamic density of
states’!

Our choice of the t-J model for quantitative calculations is
a natural one, because it is the simplest model that captures
the physics of a dopegntiferromagneticMott-insulator. In
this strong coupling approach, the carrier concentration is
proportional to the doping concentratidnather than the
electron density which is the most fundamental property of
a doped Mott-insulator. More specifically, as can be clearly
seen from Eq(20), the coherent weight of the quasiparticle
is small at small doping and scales with the LDC. This is in
excellent agreement with the recent ARPES
measurement$?2on BSCCO, where the weight of the emer-
gent quasiparticle peak below, near the anti-node was

merical iterations. Typically, we start with a random set offound to be proportional to the doping concentration at low

(Aij  xij »\i X up), insert them into E(9), and diagonalize

temperatures.
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FIG. 1. The Coulomb potential from a single negatively charged
ion located at a distana,= 1.5a above the center of an otherwise
uniform 2D d-wave superconductor. The lattice size isxZ%5 and
the average doping=0.12.(a) The long-range bare ionic potential

from Eq. (4). (b) The screened potential from E({.2).

I1l. A SINGLE OFF-PLANE ION AND NONLINEAR
SCREENING

Hole density

To understand the screening properties of the ionic poten: 3«

tial better, we start with the case where a single off-plane ion
(i.e.,N;;n=1) is placed above the center of aX285 lattice
with a setback distancd,=1.5a. The ion imposes a Cou-
lomb potential on the otherwise uniform superconducting
state at a doping leved This situation is similar to that of a
single nonmagnetic impurit§say Zr extensively studied us-
ing the t-J model recentR?~?° except that the impurity is
located out of the plane and the impurity potential is long-
ranged. The scattering is presumabbtin the unitary limit.

In addition, fully self-consistent solution ifb(, A, x;;) has

not been studied before.

Figure 1 shows the bare ionic potentld] from Eq. (4)
and the screened potentil{i) from Eg.(12) coming out

0.20

0.10

1.0

0.8

0.6

0.2

0.0
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0.24

—0.25

distance

exp[-(x/&,)°]
£.,=1.86a

4

8 12
distance

FIG. 2. Spatial variations of the LDC induced by the ionic po-

tential in Fig. 1.(a) The 2D plot of the local hole densityx{)
redistribution as a result of nonlinear screenifiy. The hole den-
sity and the corresponding-wave pairing order parameté©P)
along a horizontal line-cut passing through the center of the 25

of the self-consistent solution. The average doping concenx 25 lattice atx=0.12.(c) The azimuthally averaged autocorrela-
tration in the plane is=0.12. It is clear that the long-range tion function of the spatial variations in local hole concentraten
impurity potential in Fig. 1a) is perfectly screened at dis- def_ined_in Eqg.(22). The solid line is a Gaussian fit to the data,
tances much larger thai but poorly screened at short dis- Which gives a decay length, = 1.86a.

tances resulting in a short-range impurity potential in Fig.

1(b).

The nature of the screening is revealed when we look
the redistribution of the carrier density as a result of screen
ing. The self-consistently determined local hole concentra
tion x; is plotted in a 2D hole density map in Fig.a2, which
shows that in the vicinity of the dopant ion, the hole density.
is strongly inhomogeneous, namely the changes in the hol
concentratiorsx; , brought about by the dopant ionic poten-

tial, are comparable to the averaged concentratiotself.
ai&igure 4b) shows the hole density distribution along a hori-
zontal line-cut passing through the center of the lattice. This
clearly demonstrates that the screening of the ionic impurity
potential in the doped Mott-insulator is highly unconven-

jonal and is entirely dominated by nonlinear screetfiramn
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in screening is further verified by its nonlinear response to o)
changes in the strength of the Coulomb potentig),. It is 6%
instructive to compare to conventional screening in the Iinearg 0.10 89/
. . . (o]
response theory described by the Thomas—Fermi screenins 129
length, which is applicable to ordinary metals and supercon-= ° ~
ductors. For an electron gas in 2D, the Thomas—Fermi 14% K
screening length isndependent of electron densignd is
given by qre =a}/2, wherea} =#%e/m*e? is the effective
Bohr radius® Taking e=8 and a thermodynamic effective
massm*/ m~3, which is appropriate for the cuprates, gives A
af=1.4 A . The resulting Thomas—Fermi screening length  0-00
~0.7 A which is much less than a lattice spaciag 0 6 12 18 24
=3.8 A. Thus linear screening theory would have predicted distance
that the ionic Coulomb potential is screened on the length
scale of a lattice spacing and the charge redistribution in- 3.0F
duced by the bare potential is small. In our case, Fi¢a). 2
and Zb) clearly show that linear screening is only valid
when the distance to the center of the ionic potential is much
greater than the distanck, where the hole density is essen-
tially uniform and its value close to the average concentra-
tion x=0.12. :
Thus, the profile of the screened impurity potential and
that of the hole density distribution and, as we shall see later
that of thed-wave pairing OHsee Fig. 2b)], are controlled
by the crossover from nonlinear to linear screening as one 15
I ; 5h | 1
moves away from the center of the ionic potential. To better
quantify this crossover behavior, we study the autocorrela- 0.05 010 0.15
tion function of the local hole density variatiods; = x; — X, Average Doping

Q0> O

0.05

oping Varia

8 ()

LAY AN v Y Y Y Y Ty v
e A R RO Y

Correlation Length
®

1 b
C><(rj):|\|_32i (OXi X 1j)- (22) -008

In Fig. 2(c), we show the azimuthally averag&,, which
decays very fast with the distance, indicative of strong short- "<+
range correlation in the LDC. The short-distance behavior = 8 8
can be fitted very well by a Gaussian with a decay length o D D

= i i i = a a
§,=1.8@. For convenience, let us define the correlation .= O _=gQ Opog
length by the decay length of the Gaussian function. We & 8 g
arrive at a hole-density correlation lengih=1.86a, which (]
is quite close to the setback distandg=1.5a, suggesting
the latter as the length scale over which the crossover be

) . . 6 12 18 24

tween linear and nonlinear screening takes place. dist

We next study the average doping dependence of the Istance

screening in the nonlinear regime. In the linear screening FiG. 3. The average doping and setback distance dependence of
theory, the fact that the 2D Thomas—Fermi screening lengticreening.(a) The spatial variations in hole concentratiofix()

is independent of carrier density is a consequence of thglong the central line-cut at four different average doping concen-
properties of the density of states and the polarizability of tharations, showing screening is insensitive to average dopirih)

2D electron systerf® This suggests that the insensitivity of The decay lengths of the hole-densitfiamonds and thed-wave
screening to carrier concentration in 2D should be true evepairing OP (triangle autocorrelations, and that of the cross-
for nonlinear screening. Analytical solutions of the 2D non-correlation(circle) between the two as a function of average doping
linear screening problem only exists for the special case of. (c) Same as ir(@), but for a larger setback distandg=>5a.

an antidot in a semiconductor 2D electron gas in the

continuum?’ To study this question in thé-wave supercon- shows that the screening is indeed insensitive to the carrier
ducting state of a doped Mott-insulator in the presence of alensity in both the linear and the nonlinear screening regime.
periodic lattice potential, we plot, in Fig(®, the variation  This is verified quantitatively by the very weak doping de-
of the local hole density from its average valué{) as a pendence of the decay lengths extracted from the Gaussian
function of distance along the center horizontal cut for sevits to the correlation functions at the corresponding doping
eral different average hole concentrations. The fact that thievels, shown in Fig. @). Thus, for a given strength of the
data points almost completely collapse onto a single curvéonic Coulomb potential, the size of the nonlinear screening

004 |- =l @]

ariation

in

-.004 1 ] ] ] ]

064509-6



INHOMOGENEOUSd-WAVE SUPERCONDUCTING STATE ... PHYSICAL REVIEW B5 064509

16 16 0.005
0.19
0.17 FIG. 4. The 2D maps showing the spatial

12 12 0:000 variations in the dominantl-wave (a), and the
0.15 accompanying extended s-wai® pairing OPs

’ in the vicinity of the ionic potential.
8 013 4 -0.005
8 12 16 8 12 16
(a) (b)

cloud around the center of the potential is controlled entirelydA 4dAs. Note that the order parameters in this- s state

by the setback distanak,. In Fig. 3(c), we show the spatial are both real and that spontaneous time-reversal symmetry

variation of the LDCéx; along the center horizontal cut for breaking, such as in @+ is state, does not occur. It is inter-

the case of a larger setback distane-5a at x=0.06 and  esting to point out that the reduction is greater in the anti-

0.12. It is clear that as the screened potential becomesodal direction where thd-wave gap is at its maximum.

smoother, the size of the screening cloud becomes larger, The autocorrelation function of the spatial variation of the

characterized by a decay length on the ordedaf d-wave OP S8A4(i)=A4(i)—A4 and the cross-correlation
In Fig. 4, we show the spatial variation of the self- function betweensA (i) and the local doping variatiodx;

consistently determined superconducting order parametefre defined by

near the center of the ionic potential fdg=1.5a. We find

that the nonlinear screening region where the hole concen- 1

tration exhibits strong inhomogeneity is accompanied by CAd(rj):N_z (6A4(1)6A4(i+1])), (25

spatial variation of the order parametgy . Moreover, when s !

Ajj, defined in Eq(5), is decomposed into a4 ,» and an 1

extended s-wave component at a $iteccording to Cx—Ad(rj): N_S Z (o%;00g(i+])). (26)

Ag(D) =2 (A izt A=Ay — Aoy, (29
We plot the azimuthally averaged correlation functions in
Adi)=3(Aj 5t A i—x+A iy +HA ;). (29 Figs. 5a) and 5b). The A4-correlation lengthé, =253,

we find that the spatially varying-wave order parameter which is close to the hole density correlation length. The fact

Aq4(i) shown in Fig. 4a) is complimented by a much smaller that the cross-correlation lengiy,, ,~2.26a, is close togy
nonuniformA(i) shown in Fig. 4b). The magnitude oy ~ and&,  shows that the spatial variations &y and the LDC
along the center line-cut in Fig(# has been shown in Fig. are strongly(anti-correlated. This is an important character
2(b). of thed-wave superconducting state emerged from the short-
This situation is quite reminiscent of a single-plane  range resonating valence bond staté where the local
nonmagnetic impurity, e.g., an intentionally doped Zn atomspinon pairing produced by the nearest-neighbor antiferro-
that replaces a copper atom causing strong scattering in theagnetic exchange interaction is directly affected by the lo-
unitary limit.>3-2>22%The inhomogeneity inducefl; shows  cal holon condensate density.
an interesting four-foldd-wave) symmetry, i.e., it is vanish- To summarize this section, an out-of-plane negatively
ingly small along the nodal direction & 4(i) and changes charged ion induces a nonlinear screening cloud in its vicin-
sign upon a 90° rotation. These properties can be qualitaty, wherein the doping concentration is significantly higher
tively understood from the Ginzburg—Landau thédri’that  and thed-wave pairing parameter significantly smaller than
permits by symmetry a mixed gradient term proportional totheir averaged values in the bulk of the 2D superconductor.

1.0/@ 1.0f@
c
e
C —
ke 2 S 2
ks exp[-(x/&s)"] g exp[-(x/&s)"] FIG. 5. The azimuthally averaged autocorre-
qt’ 05k §6=2_53a 8 05k §6=2_26a lation function for thed-wave OP variatior'(a)_
o o and theabsolutevalue of the cross-correlation
o ° . . -
o T function between the hole density variation and
(@) o the d-wave OP variation(b). The solid lines are
o Gaussian fits to the data.
0.0 L
1 L X 0o 1
0 4 8 12 0 4 8 12
distance distance
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The size of the nonlinear screening cloud is essentially inde-
pendent of the averaged doping concentration. It is con-
trolled by the setback distanak of the dopant ions to the
2D plane. This local picture for the response of thevave
superconducting state to a single ionic test charge will be
important for understanding the real situations of many ions,
particularly in the case of dilute dopants in the underdoped
regime. In the rest of the paper, we uke=1.5a. This comes

out naturally from the lattice constants of BSCCO which is
about 3.8 A in the plane an5 A in the c-direction. We will
come back to this issue in the last section and discuss other
physical processes, such as dielectric screening from inter-
band transitions and electron-phonon coupling, that could
complicate the choice aodg, but would not change the es-
sential physics described in this paper.

1.
IV. FINITE DENSITY OF IONS—INHOMOGENEOUS 0

SUPERCONDUCTING STATE OF A DOPED

MOTT-INSULATOR 08

Having studied how an external out-of-plane charge is
screened by thd-wave superconductor, we now turn to the
situation in BSCCO whereN;,, number of negatively
charged ions resides in the BiO layer donatMgye= Nion
number of doped holes to each of the CuO bilayers. Without
the knowledge of the detailed chemical frustration encoun-
tered by the dopant ions, we assume that they distribute ran-
domly in the BiO layer. This can lead to accidental clustering
of the dopant oxygen atoms which may or may not happen in 0 10 20 30
real materials depending on the details of the chemistry. (b)

Since very strong clustering happens rarely and locally, it
does not affect the essential physics we describe.

0.6

FIG. 6. 2D density plot of the bar@) and the screeng@) ionic
potential on a 3% 32 lattice at average doping=0.12. The data
have been smoothed to reduce the effects of the lattice discreteness.

A. Inhomogeneous electronic structures

The bare ionic potential calculated from H¢) is shown We present, in Fig. 8, the autocorrelation and cross-
in Fig. 6@ for a 32x32 lattice atx=0.12. The self- correlation function analyses for the variations in LDC and
consistently determined screened potential of Bp) is  thed-wave OP defined in Eq$22),(25),(26). The 2D hole—
plotted in Fig. 8b). The large fluctuations in the bare ionic hole correlation is plotted in Fig.(8), which shows a rapidly
potential are dramatically screened as can be seen by corflecaying central peak and a weak interference pattern at
paring Fig. a) and &b). The spatial variations of the self- larger distances due the presence of many-ionic impurities
consistently determined LDC in E¢7) andA4 in Eq. (23) and _thed-wave gap structure. Taking the azimuthal average
are shown as 2D maps in Figsiay and 7b). It is clearly ~ Of Fig. 8(a) results in Fig. ). The decay length extracted
seen from Fig. @) that the variations in the hole density from a Gaussian fit is,=1.8a, very close to that of the
C|Ose|y track the screened potentia| in qub)6 The local isolated ion case discussed in the preViOUS section. This in-
ionic dopant configurations are shown as black dots. Thélicates that the main effects controlling the average size of
reverse color-coding for th&,-map makes it easy to observe the “patches” come from the single ion screening cloud. The
the (anti-)correlation betweerx; and Aq4(i). The average Wea_k oscillatory structur_es a_t larger sep'aratlons isa re;ult of
inter-hole distance at this doping h~2.86a, which is the interference pattern in F|g@. The distance to the first _
smaller than the size of the screening cloug23.72a of a weak secondary pegk can be interpreted as the averaged dis-
single isolated ion discussed in the previous section. The fa¢@nce between regions or patches wheresthand Aq(i)
that the number of dopant ions is the same as the number ¥y significantly from their averaged values.
doped holes then implies that the screening clouds associated ' he azimuthally averaged autocorrelation for theave
with individual ions overlap and interfere such that nonlinearorder parameter variations is plotted in Figic)3 which
screening dominates and leads to significant inhomogeneit§hows the same structure with a decay length=2.2a. We
in the electronic structure throughout the entire system. Thisemark that at this average hole concentration, which is
confirms the conjecture we made in Ref. 9 that the inhomoslightly below optimal doping, the oscillatory structures are
geneity results from the lack of conventional metallic screenvather weak and are just beginning to emerge. Interestingly,
ing of the dopant ionic potential in doped Mott-insulators. the azimuthally averaged correlation functions obtained from
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0.4 ciated with screening and pairing in a doped Mott-insulator.
To further substantiate this idea, we produce a scatter plot of
the locald-wave order parametex,(i) versus the local dop-

0.3 ing x; in Fig. 9a). For a range of doping near the average
doping value ofx=0.12, the data points scatter around the
A4 vsx curve(solid line) obtained in the homogeneous case

0.2 without the ionic dopant potential. In the regions where the
local doping is low, the scatter iy is small and the corre-
lation betweemn 4(i) andx; is extremely strong. On the other

0.1 hand, theA 4(i) values show significant scatter in the locally

overdoped regimes and deviate appreciably from the values

in a clean system at the corresponding doping level. Also
shown in Fig. 9a) is the scatter plot of the much smaller,
extended s-wave order paramefefi) versusx; . It scatters
around a zero mean and shows a slightly larger variance with

0.30 decreasing LDC. The statistical distribution af; in this

single 32< 32 system is plotted as histograms in Figh)9 1t
can be fitted reasonably well by a Gaussian distribution.

0.0

0.25
B. Local tunneling density of states as measured by STM
0.20 spectroscopy
To enable further comparisons with the STM experiments,
845 we next calculate the local tunneling density of stategsw)

according to Eq(21). The § functions in Eq.(21) are re-
placed by the derivatives of the corresponding Fermi distri-
0.10 bution functiori? at an inverse temperature gfl=30. Par-
allel to our presentation of the experimental dawee extract
20 the local pairing energy gaffull gap), denoted byA (i) to
(b) differentiate from thed-wave OPA,(i) discussed above,
from the peak-to-peak distance in the electron LDOS spec-
FIG. 7. The spatial variations of the local hole concentratipn trum N;(w) at every sitei. Simultaneously, we obtain the
(@) and thed-wave order parametey(i) (b) shown as 2D maps for integrated LDOSILDOS) at every siteé from
x=0.12 on a 3X 32 lattice. The location of the negatively charged
ions projected on the 2D plane is shown as black dot&jnto- 0
gether with the contours of the doped hole density. Reversed color- li= f
coding is used inb) for easy visualization of the anti-correlation
betweenx; and A4(i).

doNi(w), (27)

—wg

where the integration limit is typically taken to be wg
= —J. Note thatN;(w) at w<0 corresponds to the LDOS of
the experimental STM data on optimally doped BSCCO,the occupied states below the chemical potential. It should be
shown in Figs. 28)—2(f) of Ref. 9, have the same structure, compared to the STM tunneling spectrunmagative sample
including the weak oscillations in the tails. We expect thepjaswhere electrons tunnel out of the occupied states in the
secondary peak to develop more prominently in more undetsample. The energy is related to the bia¥ according to
doped systems where percolativelike patches are likely tQ,—e\/.
become more pronounced with increasing average inter-hole The spatial variations oA(i) and!; are shown as the
distance. o _ gap and the ILDOS maps in Figs. (8D and 1@b), respec-
Comparison of the-map in Fig. 7a) and theAg-map in  tjvely. As used in Ref. 9, the reverse color coding in the gap
Fig. 7(b) shows that the order parameter gap is bigger whergnhap (brighter color for a smaller tunneling gamakes it
the doping rate is lower and vice versa, in agreement withaasy to observe itéanti-correlation with the ILDOS map,
the general trend of the doping dependencé gin a clean  pamely, bigger gap regions correspond to smaller ILDOS
system. This(anti-)correlated behavior is confirmed by the gnd vice versa, in agreement with the STM data. In Fig.
cross-correlation analysis k; and 6Aq in Fig. 8(d), where  11(a), we construct a scatter plot of the superconducting gap
the absolutevalue of the azimuthally averaged correlation yersys the ILDOS consisting of a total of 832=1024 data
function is plotted versus Separation. The fact that the Cros%ointS, which Suggests an approximate linear re'ationship be-
correlation length¢,_, =2.1a, is very close to that of the tween the two quantities, in remarkable agreement with the
auto-correlations indicates that the correlation between th8TM data we presented in Fig. 4 of Ref. 9.
spatial variations im\ 4 andx; is very strong. It is easy to notice the great similarity between the ILDOS
We proposed, in Ref. 9, the conceptlotal doping con- map in Fig. 10b) and the 2D hole density map shown in Fig.
centrationto emphasize the local nature of the physics asso7(a). This supports within our model the conjecture made in
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FIG. 8. The autocorrelation
and cross-correlation analysis of
the spatial variations in the doping
concentrationdx; and thed-wave
order parametersAq4(i). (a) 2D
autocorrelation ofdx;. (b) Azi-

10 15 20 muthally averaged autocorrelation
distance function of 8x;. (c) Azimuthally
averaged autocorrelation function
of 6A4(i). (d) The absolute value
of the azimuthally averaged cross-
correlation function of 6x; and

Hole Correlation
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Ref. 9 that the ILDOS as measured by STM should be appairing order parametekX, and the local hole concentration

proximately proportional to the LDC. X; . The histogram ofA; in the 32< 32 system is plotted in
To examine this relationship in more detail, we show aFig. 12a), which shows an approximate Gaussian distribu-

scatter plot of the ILDOS;, obtained from Eq(27), versus tion. The azimuthally averaged autocorrelation of the spatial

the local doping levelx; in Fig. 11(b). Remarkably, the gap variationSA+(i) is shown in Fig. 1), and that of the

ILDOS is indeed linearly proportional to the LDC whgnis  cross-correlation of the gap variation and the ILDOS varia-

small, i.e., when the local region is underdoped. This is contion,

sistent with the Mott—Hubbard picture in which doping a

Mott-insulator introduces spectral weight near the Fermi en- 1 .

ergy necessary to transform the insulator into a supercon- Cia =1 > (A1) 3l 145), (28

ductor. As observed in recent ARPES experiméts;>the s

integrated quasiparticle weight scales with the average doRz shown in Fig. 1) in the absolute value. The extracted

ing concentration in the underdoped regime. The iQea Oéap correlation lengthé, =2.9a is somewhat larger than
LDC that we advocate extends this Mott—Hubbard picture T

commonly used to interpret macroscopic spectroscopy proghat of d-wave order parametef, .. Although the values of
erties, to microscopic scales. It remains valid in describinghe decay lengths depend on the value of the setback distance
the local spectroscopies of the short-coherence length supets of the dopant oxygen ions, we find fol,=1.5a, anda
conducting state of the doped Mott-insulator. However, for=3.8 A, £,_=11 A which is close to the corresponding
larger hole concentration, i.e., further away from the Mott-value of 14 A obtained by analyzing the experimental data.
insulator, the ILDOS in Fig. 1b) tends to taper off and The similar cross-correlation length is consistent with
saturate. It shows that the two quantities are more intricatelyhe observation that these two quantities are strongly
connected than the overall proportionality stemming from(anti-)correlated.
the quasiparticle wave function renormalization which is ap- Next we turn to the details of the spatial variations of the
parent in Eq.21). This result turns out to be important for local tunneling spectrum and make comparisons to experi-
the analysis of the low energy inhomogeneity structures ilments. Figure 1&) shows a three-dimensional rendering of
the following section. the tunneling spectra along a horizontal line-cut marked in
The statistical properties of the tunneling gap and the  Fig. 10, exemplifying the detailed variations of the LDOS,
ILDOS I, are in general quite similar to those of thavave  the pairing energy gap, and the correlation between them.
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g L ;_: 0.02
>
2 AHN .
=] M i
\
e i ] \-“ 10 20 0 %
Q B b
2 \ (b)
% - ] \ FIG. 10. The 2D tunneling gap mdg) and the ILDOS maytb).
] /— \ The reverse color coding in the gap méprighter color for a
o smaller gap makes it easy to observe itanti-)correlation with the
o / ILDOS map. The tunneling spectra along a line-cut marked by the
e B B dashed line and at the five locations marked>byn (a) are shown
O in Fig. 13.
! — .| given in the captions. Notice that the spectral lines plotted
0.0 0.1 0.2 0.3 0.4 versus the bias voltage show remarkable resemblance to the

experimental data shown in Fig. 3 of Ref. 9. The most strik-
ing feature is that the spatial inhomogeneity exists all the
FIG. 9. (a) A scatter-plot of thed-wave order parameteX 4(i) way down to low energies as can be clearly seen from the
and the extended s-wave order paramatgi) versus local doping systematic scatter in the zero-bias tunneling conductihce.
concentratiorx; . The solid line corresponds thy as a function of ~ The broad range of agreements between the results presented
x obtained in the absence of the ionic dopant potentilA histo-  in Figs. 11, 12, and 13, and the experimental findings includ-
gram showing the statistical distribution Af;(i) in this single32  ing such details add to our confidence that the present theory
% 32 system. The solid line is a Gaussian fit. of the inhomogeneous-wave superconducting state with
spinon pairing and local holon condensation captures the es-
The projection of Fig. 1&) onto the 2D plane is shown in sential physics of the superconducting state in BSCCO.
Fig. 13b). It is clear that regions with higher ILDOS also
exhibit smalle_r pairing gaps and_ higher coherence peaks. The \, ;ERO.BIAS TUNNELING DENSITY OF STATES
black dotted lines trace the positions of the coherence peaks.
Combined with the gap map in Fig. ), one can see that One of the most striking results of both the STM measure-
the gap varies somewhat less rapidly near the center of ments(see Fig. 3 of Ref. Pand the present theokgee Fig.
“patch” than at its “edges.” We expect this feature to be- 13) is that the spatially inhomogeneous electronic structure
come more prevalent for smaller average doping concentrazot only appears at the energy scale of the superconducting
tions, i.e., more underdoped samples. In FigclL3ve show gap, but persists all the way down to low energies, including
five characteristic tunneling spectra calculated at the five pothe zero-bias tunneling conductance. On the experimental
sitions marked in Fig. 1@). The LDC at these points are side, the low energy inhomogeneity can only be observed

d-wave Order Parameter

064509-11



WANG, ENGELBRECHT, WANG, DING, AND PAN PHYSICAL REVIEW B65 064509

-
N
T

|

(a)

g Gap
o -
4] (@)

T I

o
[2)
T

Tunnelin
o
N
T
Gap distribution

o
N
T

o
o
F

'0.00 0.02 0.04 | | | T
0.4 0.5 0.6 0.7 0.8
ILDOS Gap (J)

1.0

0.04 it s 5,

ILDOS

0.5

o
o
N
T
Gap Correlation

0.00 & 1 | 1 (b) 1 0.0
0.0 0.1 0.2 0.3 0.4 A  0ga®" ) |

Hole density 0 5 10 15 20
distance

FIG. 11. (a) A scatter plot of the superconducting gap(i) in
the tunneling spectrum versus the ILDAO8B) A scatter plot of the
ILDOS versus the LD; .

clearly when the tunneling matrix element effect along the
c-axis is removed by a normalization procedure introduced
in Ref. 9. Let's take a brief detour and study this matrix
element effect. The tunneling current at gifa@s given by

Gap-ILDOS Correlation

|E(riV)=f dof(w)[1-f(o+eV)]

0 5 10 15 20

XNij(w)p(o+eVIM(r,2)[? (29 distance
wherep(w) is the density of states of the STM tip which is
usually taken to be a constant, akdr;,z) is the tunneling
matrix element. Our knowledge dfl is scarce in compli-
cated materials, but in general one should be able to fact
out its dependence arwhich corresponds to the tip distance

to the tunneling surface,

FIG. 12. Statistical properties of the tunneling gap. (a) A
histogram ofAt in the 32< 32 system ak=0.12, showing approxi-
dpate Gaussian distributiosolid ling). (b) The azimuthally aver-
aged autocorrelation function of the tunneling gap variatidos.
The absolute value of the azimuthally averaged cross-correlation
function between the variations ii; and the ILDOS. The solid
M(r;,z)=constx m(ri)e_“’sz(ri). (30) lines are Gaussian fits.
Here 6z(r;) is the spatial variation of the tip-to-surface dis- lieve that the constant tip distance normalization is physical
tance in the constant-current scanning mode, @rmgla con-  and should be carried out in order to obtain the true elec-
stant determined by the work function. The detailed behaviotronic contribution to the tunneling spectra. Our theoretical
of m(r;) is presently unknown and can at best be assumed toalculations in the inhomogeneodsvave superconducting
have no or very weak spatial dependence. However, the spatate based olocal spinon pairing andocal holon conden-
tial variation in the tip distancéz(r;) is known in the form  sation indeed support the experimental observatibat the
of the surface topography from experiments. The normalizalow energy STM tunneling spectra is spatially inhomoge-
tion procedure we used in Ref. 9 is precisely to remove thisieous. We next provide a careful analysis of the theoretical
part of the matrix element effect such that the resulting datalata at zero-bias and make a few predictions that can be
represent tunneling measurements carried out with the tip-tdested and used to guide further experiments.
surface distance effectively held constant. While it has been Figure 14a) shows a 2D map of the zero-bias LDOS at
common practice to present STM data without such a norevery point on our 3% 32 lattice. The spatial variations are
malization, in which case the low energy inhomogeneity ofobvious, but what is striking is that this is teamepattern of
the tunneling conductance is not clearly revedfethwe be-  inhomogeneity that we saw at the energy scale of the super-
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FIG. 14. Spatial inhomogeneity at zero-bi&s). A 2D map of

the zero-bias LDOSN;(0), showing the same pattern of inhomo-
geneity as the tunneling gap map and the ILDOS map in Fig0.
A scatter plot ofN;(0) versus the LDCx;. (c) A scatter plot of
N;(0) versus the ILDOS.

LDOS

0.04

0.02
troscopy. To further illustrate the correlation between them,
we construct a scatter plot of the zero-bias LDOO0)
% B - 6.4 0.8 versus 'the LDC; in Fig. 14('b). It suggests a strong corre-
Bias (J/e) lation via a linear relationship between the two quantities in
the regions of low doping. The scatter increases gradually

FIG. 13. Spatial variations of the LDOS spectrum as a functionWith increasing LDC and the linear relationship tappers off
of bias. (a) A three-dimensional rendering of the tunneling spectra@nd saturates. This is quite similar to the behavior of the
along the line-cut indicated in Fig. (). (b) The same data from a |LDOS and points to the more intricaig-dependence of the
bird's-eye view. The black dotted lines trace the locations of theLDOS in Eq.(21) beyond the overall linear proportionality.
coherence peakc) Five characteristic spectra taken at the positions ~ Since the local doping concentration is not directly acces-
marked in Fig. 108). The local doping concentrations are;  Sible experimentally, in Fig. 14) we present the scatter plot
=0.05, x,=0.07, x3=0.10, x,=0.14, x5=0.19. of the zero-bias LDOS versus the ILDOS. Interestingly, due

to the weaker variation of the ILDOS in regions of higher
conducting gap, as shown in the gap map in Figalan hole concentratiofisee Fig. 14)], the scatter of the zero-
complete agreement with experimefftsvioreover, compar-  bias LDOS exhibits a slight upward curvature with increas-
ing Fig. 14a) to the local hole density map in Fig(& ing ILDOS. Such a scatter plot can be directly constructed
shows that they are directly correlated. This strongly sugfrom the STM experimental data for comparistinyhich
gests that the same kind of inhomogeneity pattern should bserves as another test for the present theory. Two remarks are
observable atll energy scales in the STM tunneling spec-in order:
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1.0F 0.20F
& (b) i
O FIG. 15. The tunneling LDOS
0.8 9 for spinons(a) The spinon tunnel-
8 » ing spectra at the five positions
O 0.6 :g marked in Fig. 1), in compari-
_C' o son to those of the electron tunnel-
S 44 o ing spectra shown in Fig. 18
= = i where the LDCx;, i=1,...,5
% O o005k AL UHCE were given.(b) A scatter plot of
0.2 g_ Pt g the spinon zero-bias LDOS versus
)] the LDCx;, showing remarkable
0.0 1 1 | 1 0.00 1 1 L similarity to that of Ay4(i) versus
08 -04 00 04 08 0.0 0.1 02 03 04 X; presented in Fig. @).
Bias (J/e) Hole density

(i) It is important to emphasize the difference between the/I. STM TOPOGRAPHY AND THE TUNNELING SPECTRA
electron tunneling DOS that spectroscopy measurements AT CONSTANT CURRENT
phrobehand the _ther:mody;amm_DOS or the compresh3|bll|ty We next derive from our numerical data a theoretical
that shows up In thermodynamic measurements such as t@l’M topographic image at constant tunneling current for the
specific heat. While the former depends on both the quas

il f ) lizatighand th i B2x 32 system we study. We then use the result to recon-
particie wave function renormalizati aln the self-energy  qict the local tunneling spectra at constant current, which
corrections, the latter is insensitive % Although the in-

h i th i t - ._corresponds to the original STM data before normalization.
omogen?ty Inh the tyr|1ne INg ~Spec rah a OV\;] enerr]gleqn doing so, we will further illustrate the physics behind the
emerges from the spatial variations in the LD{throug normalization procedure used in Ref. 9, which is essentially

both the wave function renormalization and the spinon tun

. X TR a mapping from a constant current topography to the electron
neling spectra as_descrlbed by D), its |mpI|cat|qns ON | DOS measured at constant tunneling barrier width.
the thermodynamic DOS and the transport properties requiré o g1y measurements are usually carried out at a con-
a different analysis. We stress that the difference betweep, . tunneling current, which is equivalent to the inte-

these tWO. density of states even a}t our unrestrigted mea@'rated LDOS from the sample bias voltag&/, to the Fermi
field level is more than the local doping concentratipnthe level. Thus we can write
prefactor in the electron tunneling LDOS, due to the pres-
ence of the spinon wave functions in EgJ1). 0 dl

(i) Although the spinon tunneling DOS is not directly |o=f dvgylrV.znl, (32)
accessible by STM measurements, since only the physical ~Vo
electrons can tunnel in and out of the sample, it can bewhere dI/dV)[r,V,z(r)] is the LDOS or the tunneling dif-
nevertheless, readily extracted from E81). Dividing out  ferential conductance. It is a function of the 2D coordinates
the prefactor; , we show in Fig. 1) the spinon tunneling on the tunneling surface, the sample bigsand the tip to
spectra,N{(w)=Ni(w)/xi, at the five locations marked in surface distance(r) (topography that must vary at every
Fig. 10@). Comparing to the corresponding spectral lines forin order to keep the currehg a constant. Note that(/dV)
electron LDOS at the same locations shown in Figcl3t  in Eq. (31) corresponds precisely to the original STM data
is clear that the degree of inhomogeneity remains large at thieefore normalization. From our discussion following Eg.
energy scale of the superconducting gap. This is not surprig29), it is clear that ¢l1/dV) is related to the physical elec-
ing because the gap inhomogeneity results from local spinotronic tunneling spectrd(r,eV) obtained at constars(r)
pairing in our picture. However, the degree of inhomogeneityaccording to
appears to have been somewhat reduced at low energies near
zero-bias, suggesting that the spinons near the gap nodes,
unlike the (electron nodal quasiparticles, experience less
inhomogeneity® The scatter plot of the spinon zero-bias ) , .
LDOS versus local hole concentration is shown Figibls  Integrating Eq(32) overV from —V, to 0 gives, after using
Although the relative magnitude of the variations is reducedd- (31),
by about 30% from the electron case in Fig(d4the spatial 1(r) =1 e 33)

.. . . . —1Ip y
variation of the zero-bias conductance for spinons is not only
clearly visible, but shows a very well defined correlationwhere I(r) is the electronic ILDOS given by Ed27) in
with the local hole concentration that is remarkably similarterms of the normalized or the calculated tunneling spectra.
to that of thed-wave order parameteyy shown in Fig. %a). Equation(33), together with Eq(32), completely describes
Therefore, we conclude that the low energy spinons near théthe mapping between the constant current topography and
d-wave gap nodes will experience the same type of inhomothe local electron tunneling spectra at constant tunneling bar-
geneity as the spinons at the gap edge. rier width.

dl
N(r,e\/)=d—V[r,V,z(r)]e”Z(r). (32

064509-14



INHOMOGENEOUSd-WAVE SUPERCONDUCTING STATE ... PHYSICAL REVIEW B5 064509

From our calculated ILDOS map and using Eg&3), we 0.6A
obtain the constant current STM topographic ima@e on
our 32x 32 lattice usingr=2.3 A ~! which corresponds to
a work function of about 4 eV. The topography is presented
in Fig. 16a), which exhibits identical structures as the elec-
tron ILDOS map shown in Fig. 1B). We next covert the
entire local tunneling spectid(r,V) at constant tip-sample
distance to the tunneling differential conductance at constant
current using Eq(32) and the topography map. The proce-
dure turns out to be equivalent to normalizing the LDOS
spectra by the corresponding ILDOS.

In Fig. 16b), we show five differential conductance
curves at the same five positions marked in FigalONo-
tice that, typical of the raw STM data, the spectral lines on
the negative bias side cross approximately at one value of the
voltage as a result of the constraint that the integrated area
under each curve, i.e., the tunneling current, must be the
same. The spatial inhomogeneity on the energy scale of the
superconducting gap remains, albeit that the peak height
does not show the same systematics—smaller gap with
higher coherence peak—as in the experimental data with or
without normalizatior?® This discrepancy may be due to the
simplification of the mean-field theory which ignores the ef-
fects of fluctuations, and perhaps also, to a certain extent,
due to the complication of the matrix element effects in the
STM tunneling data. The spatial variations of the tunneling
differential conductance spectra at low energies are, how-
ever, much less visible. The scatter plot of the zero-bias con-
ductance versus local doping concentration is shown in Fig.

dli/dv

o
0
T

o
)
T

di/dVv(0)
o
N
I
-n_.
!‘-
e

16(c). Comparing to the same plot for the electron zero-bias 02k

LDOS shown in Fig. 1), we find that the relative magni- (c)
tude of the variations in the zero-bias conductance is sup- 0.0 L L L 1
pressed by about 65% and it shows almost no systematic 0.0 0.1 0.2 0.3 0.4
dependence on the LDC. These findings are in good qualita- Hole density

tive agreement with the experimental observation that the

original STM data before normalization show much less spa{h FIG. ltGI tCaIcuIatted Sdle _ls_ﬁecttroscopthf t.h@@ I?ttlce n
tial inhomogeneity at low energies. e constant-current mo € topograpnic image or our sys-

tem, showing the same inhomogeneity structures as the electron
ILDOS map plotted in Fig. 1®). (b) The characteristic tunneling
VII. SUMMARY AND DISCUSSIONS differential conductance spectra at the same five positions marked
in Fig. 10@@. The integrated area under the spectral lines on the
We have investigated in this paper, through microscopigegative bias side is the same, i.e., the constant tunneling current.
calculations based on a generalized t-J model, the effects ofote that the inhomogeneous distribution of tunneling differential
the off-plane ionic potential associated with off- conductance near zero bias is hardly visiléé® A scatter plot of the
stoichiometry doping in theé-wave superconducting state of zero-bias conductance versus the LDC.
a doped Mott-insulator. We find that nonlinear screening
dominates the response of the doped Mott-insulator to théhis context, the concept of Ebcal doping concentration
ionic potential. One of the main characteristics of nonlinearmugmented by the generalization of the Mott—Hubbard pic-
screening is the emergence of a percolative-type of inhomature to local spectroscopies that we advotievery useful.
geneity in the electronic structure. In 2D electron systemdMVe have shown that, within our self-consistent, spatially un-
formed in modulation doped semiconductors, nonlinearestricted mean-field approach, local spinon pairing and local
screening of the ionic dopant potential at low electron denholon condensation capture the essential physics of the inho-
sities can tear the 2D electrons into an inhomogeneous mixnogeneous superconducting state and provide remarkably
ture of metallic and dielectric regio$. What we have consistent descriptions of the experimental data.
shown here is a striking analogy of the physics in a doped We have shown that there is one length scale, controlled
Mott-insulator: nonlinear screening of the dopant ionic po-by the ionic setback distanak, that characterizes the inho-
tential leads to an inhomogeneodsvave superconducting mogeneity. The decay lengths of the autocorrelations of the
state wherein the LDC and tleewave superconducting gap spatial variations in the LDC and ttetwave pairing order
exhibit significant spatially correlated variations on the scalgparameter are found to be closedg, suggesting that the
of a nanometer comparable to the short coherence length. Buperconducting pair-size is determineddyy In this paper,
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we have chosed =1.5a based on the physical distance of 0.20F
~5 A between the CuPplane and the BiO layer where the a_
dopant oxygen ions reside arm=3.8 A for the Cu—Cu

atomic spacing. However, it is important to emphasize the &
effects of anisotropy in the background dielectric screeningg
constant which enters the ionic potential. It was pointed outw 0-10

—=— uniform
—=— disordered

to us by Kivelson that, for the high; cuprates, the back- &

ground dielectric constant, determined by the electronic in-& g o5l

terband polarization and phonon contributions, is highly an- 2

isotropic, i.e., it has a different value along tbelirection, < 0.00k | .

€, , than in theab-planee . If this anisotropy is taken into N -
account, the ionic potential given in E@) must be modified 0.00 0.05 0.10 0.15 0.20
by replacing” V4— VY and dg—d¥ with d} =eje, ds. Temperature (J)

Thus theeffectivedistance between the BiO layer and the

CuO, plane can be significantly larger than 5 A. Takiag FIG. 17. The temperature dependence of dheraged ewave

=8.0 andej=1.5, it follows that the effective setback dis- order parametefopen squargson a 16<16 lattice at an average
dopingx=0.15. Also shown in open circles is the temperature de-

tgnced§:3.§a: 13 A . Our results thep imply tha’F the PaI hendence of thel-wave order parameter in the uniforthwave

size, determined by the decay length in the spatial variatioate without the ionic potential.

of the d-wave order parameter, would be on the order of one

to two nanometers, in good agreement with our experimentaeasonable scattering strength. Moreover, as we have pointed
findings? out in Ref. 9, the scattering by the out-of-plane ionic poten-

The physics discussed here can be continued to more ufial involves predominantly small momentum transfers lim-
derdoped cases where the percolative structures resultingd by the small scattering angle on the order ()
from nonlinear screening are expected to be more progherek. is the Fermi momentum. This type of scattering is
nounced. Already in the case of 12% average doping studieghych less effective at reducin@, than at increasing the
here, the tunneling spectra along particular line-cuts in Figsingle-particle scattering raf8.

10(a) show patches over which the superconducting gap is \we have preliminary results on the temperature depen-
nearly flat in the center and changes quickly near the edgegence of the distribution of the-wave order parametet, .
indicative of a percolative electronic structure which is often)p, Fig. 17, we plot theaveragedA 4 versus temperature on a
referred to as microscopic phase separafiii'As we have  16x 16 [attice at an average dopimg=0.15. Also shown is
shown that the size of the screening cloud around an isolatgge temperature dependence/gf in the same system with-
ion is determined by its effective setback distaniGe it is oyt the ionic potential. Comparing the two curves shows no
||ke|y tha.t, with ianeaSing doping, a perCOlation transition/ Sign of degradation OTC defined by the averaged order pa-
crossover takes place near optimal doping where the averaggmeter. Nevertheless, a distributionof does imply a dis-
inter-hole distance becomes comparable to an effective sefripution of T, and a finite width of the transition. We leave
back distancely . this topic for future study.

We have not discussed the very underdoped physics in There is no evidence at present that would suggest the
detail because in that case it will become important to ininhomogeneity as being necessary for observing figku-
clude the effects associated with magnetism that is not imperconductivity. However, the existence of such inhomoge-
portant and has thus been left out in the average dopingeity should at least help protect thavave superconducting
range considered in this paper. We have tested that if magtate from other possible competing instabilities. Similarly,
netism is included, locally antiferromagnetic ordered insulatfrom a theoretical perspective, the inhomogenedwsave
ing regions emerge and percolate at sufficiently low averageguperconducting state with spinon pairing and local holon
doping. This is left for further studies. Nevertheless, thecondensation may do much better at suppressing low-lying
present theory implies that in underdoped BSCCO, the localuctuations beyond the self-consistent mean-field solutions
tunneling spectra should reveal a percolative structure of sithan its uniform counterpart.
perconducting patches embedded in a background where we next briefly discuss what happens if the dopant ions
larger tunneling gaps to single-particle excitations arise.  are more ordered in the BiO layer. Experimentally, thermal

A frequently asked question is how does the high transiannealing is believed to be able to achieve a certain degree of
tion temperature coexist with the inhomogeneity. While wedopant ordering. To this end, we studied a case where the
do not have a complete answer, we would like to discuss @opant ions are periodically ordered and the average doping
few relevant issues related to this question. One of the most=0.14. We found that the LDC and thkwave order pa-
obvious reasons for higlz superconductivity to survive the rameter show spatial variations that are periodic with the
inhomogeneity is its short coherence length. In our theorysame periodicity as that of the dopant ions. The widths of the
the latter, determined by the effective setback distaticeis  distribution functions are significantly reduced when com-
also the scale of the inhomogeneity and will therefore remairpared to the disordered case. We therefore expect that, al-
shorter than the mean-free path which is usually much largethough the spatial inhomogeneity would remain after thermal
than the correlation length of the scattering centers for annealing, the spatial variations would be more periodic in
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structure with a noticeably smaller magnitude. inhomogeneous pairing interactid?&' or impurities and de-
Based on these results, we expect that the microscopiects in the superconducting pldAé®and many other kinds
variations in the electronic properties of YBCO, particularly studied previously in the context of disordered superconduct-
in its ortho-phasé,should be more periodic in space becauseors. These are interesting and important issues that need to
the oxygen dopants can be ordered in the copper-oxygefe further investigated.
chains. However, there exists an important difference in the
role of the dopant ions. In BSCCO, the BiO plane is essen-
tiaIIy.ir]suIating vyhich a}llows us to treat 'ghe.dopants as solely ACKNOWLEDGMENTS
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