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The energy, momentum, and temperature dependence of the quasiparticle local density ({B3@8of
a two-dimensionald,z_>-wave superconductor with random disorder is investigated using the first-order
T-matrix approximation. The results suggest that collective modes such as spin-charge-density waves are
relevant low-energy excitations of the cuprates that contribute to the observed LDOS modulations in recent
scanning tunneling microscopy studies 058i,CaCy0O, .
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One of the most widely debated issues in cuprate supegquasiparticle coherence peaks at smaller enetgjesnd the
conductivity is the possibility of preformed Cooper paifs  other with rounded hump-like features at larger energits
and the origin of the pseudogap phenomenbRecent ex- On the other hand, low-energy LDQ®r E<0.54 ) of Bi-
periments have demonstrated that the pseudogap pheno@212 exhibit long-range spectral homogeneity. We therefore
enon is unique to the hole-dope@-{ype) cuprates and is conjecture that dynamic SDW or CDW coexist with cuprate
absent abov@, in electron-dopedr{-type) cuprates-°Fur-  superconductivity and that they are only manifested in the
thermore, in the quasiparticle tunneling spectra of theguasiparticle LDOS when pinned by disorder. Thus, regions
double-layer BjSr,CaCuyOg, 5 (Bi-2212) (Ref. 10 and the  with rounded hump features in the quasiparticle spectra are
one-layer Bj(Sr,_,La,)Cw0q. 5 (Bi-2201) (Ref. 1) sys-  manifestation of localized charge modulations due to pinning
tems, it is shown that the pseudogap can be distinguisheaf collective modes by disorder, and the wave vector of the
from the superconducting gap: the former evolves smoothlgharge modulation is twice of that for the collinear SDW
with increasing temperature whereas the latter vanishes atder, as proposed in Refs. 23,24 and 32. In contrast, regions
T.. These phenomena suggest that the pseudogap may wéth sharp quasiparticle spectral peaks are representative of
associated with a competing orféf that coexists with the generic Bogoliubov quasiparticle spectra with a well-defined
superconducting phase for< T, and persists abovE. until  d-wave pairing order parametar~ A 4cos 2, whereA is
a pseudogap temperatui€. The competing quantum or- the maximum gap value anéy is the angle between the
dered phagé* can be manifested in the form of collective quasiparticle wave vectde and the antinode direction. Our
modes such as charge- and spin-density wa@3W and model therefore assumes “puddles” of spatially confined
SDW) in the superconducting state, as inferred from neutron“pseudogap regions” with a quasiparticle scattering potential
scattering experiments in a variety pftype cuprated®®  modulated at a periodicity of four lattice constants along the
However, whether these collective modes are closely correCu-O bonding directions, and the spatial modulations can be
lated with superconductivity remain controversial. Recen©f either the “checkerboard” pattefh® or “charge nem-
scanning tunneling spectrosco8TM) studies of the Fou- atic” with short-range stripe&>** In the limit of weak per-
rier transformed(FT) quasiparticle local density of states turbations, we employ the first-ord&matrix approximation
(LDOS) of Bi-2212 (Refs. 20—22 have stimulated further and consider a (400400) sample area with either 24 ran-
discussions on the relevance of collective made€while ~ domly distributed point impurities or 24 randomly distrib-
Bogoliubov quasiparticle interference apparently plays artted puddles of charge modulations that cow6% of the
important role in the observed FT-LDOS in the supercon-Sample area. For simplicity, we do not consider the effect of
ducting state, certain spectral details of the LDOS cannot bgisorder on either suppressing the local pairing potential
accounted for unless collective modes are considerédin ~ Aqy(r) or altering the nearest-neighbor hopping coefficient
particular, the findings of four high-intensity Bragg peaksin the band structure of Bi-2212, although such effects reflect
remaining abovel, in the FT-LDOS map of Bi-2212Ref.  the internal structures of charge modulatigh&’
29) cannot be reconciled with quasiparticles being the sole Specifically, the Hamiltonian of the two-dimensional su-
low-energy excitations. These new developments motivate ugerconductor is given byH="Hgcst+ Himp, Where Hacs
to reexamine the role of collective modes in cuprate superdenotes the unperturbed BCS Hamiltonian of thevave
conductors by considering the enef§ymomentum transfer superconductorHgcs= =y, ( €x— M) CLyCrot EkAk[cchT_kl
g, and temperatur@ dependence of the resulting FT-LDOS +c_y Cy;], andHjy,, is the perturbation Hamiltonian asso-
modulations. ciated with impurity-induced quasiparticle scattering

We begin our model construction by noting that substanpotential®*?62":33Using the T-matrix method, the Green’s
tial quasiparticle gap inhomogeneities are observed in théunction G associated with#{ is given by G=Gy+ GyT Gy,
low-temperature tunneling spectroscopy of underdoped andhered, is the Green’s function oHgcs and T="H;n,,/(1
optimally doped Bi-2212 single crystal$?' suggesting at —GoHimp). The Hartree perturbation potential for single
least two types of spatially separated regions, one with shargcattering events in the diagonal partiéfand for noninter-
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acting identical point impurities at locations is V,(q)
=3;Veme'?" for nonmagnetic Ys) and magnetic ()
impurities?” whereas that for puddles with short stripelike
modulations centering af is*®

i 2 Sir(qy ij)Sin(qx ij)

\YJ = Voe'd'i — . , 1
HD=2 Vo Gy SN 20y) @

and that for checkerboard modulations is

) 2sin(qyR;)sin(qR;)

— ig-r
Vy(q) 2 VOe ] quIr(ZqX) +(qx‘_>qy) .

)

Here all lengths are expressed in units of the lattice constant
a, R; is the averaged radius of thith puddle, and/, denotes
the magnitude of the scattering potential by pinned collective
modes. For simplicity, we neglect the energy dependence of
V., and assume tha¥s, Vi, andV, are sufficiently
small so that no resonance occurs in the FT-LD®Sor
sufficiently large scattering potentials, fUltmatrix calcula-
tions become necessary as in Ref. 27. However, lafige
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FIG. 1. Calculated energy-dependent Fourier transfoRT)

would result in strong spectral asymmetry between positivenaps of quasiparticle LDOS in the first Brillouin zone with ran-
and negative bias voltagéswhich differs from experimen-  domly distributed nonmagnetic point defects using &yandV,,:

tal observatiorf>=>?We also note that the energy dependencea)

Ay=40 meV and (/Ay)=*0.15+0.45+0.75(up and down

of Vg , reflects the spectral characteristics of the collectivefrom left to right; (b) A4=20 meV and (/A4)=0.15,0.45,0.75
modes and their interaction with quasiparticles and impuri<left to righy. (c) Schematic illustration of the equal-energy con-

ties. For instance, we expe@t7~§y2 for pinned SDW, tou

rs and representative modulation wave vectprs gg andqc,

where ¢ is the impurity pinning strength angl is the cou-  Which correspond taj;, q;, andg;, in Refs. 20,21.

pling amplitude of quasiparticles with SDW fluctuaticii€?

Empirically for nearly optimally doped Bi-221R; ranges HereN is the total nu_mber_ of unit cells in the sample_and

from 5-10%! Here we take different values fd®; with a M- --] denotes the imaginary part of the quantity within

mean valugR;) = 10. the brackets, which is related to the equal-energy quasiparti-
Given the Hamiltonian and the scattering potentialsCle joint density of states. The uppéower) sign in the

V,.z.,(9), we find that for infinite quasiparticle lifetime and coherence factor applies to spin-independe(gpin-

in the first-order T-matrix approximation, the FT of the dependentinteractionsu, andv are the Bogoliubov qua-

LDOS p(r,E) that involves elastic scattering of quasiparti- Siparticle coefficientsug +vg=1, ug=[1+(&/E)1/2, &
cles from momentunk to k+q is =¢€— u, € IS the tight-binding energy of the normal state of

Bi-
1
po(@)=———lim> V, 5 (@) Ui qUicUics gk
TN 50 Kk

1
(0 Ex+i8)(@—Eyqtid))

Ivk+qvk)lm

2212 according to Normaat al. 3
€=t (cosk, + cosk,)/2+t,cosk,cosk +t3(cos XK,
+cos X, )/2+t,(cos Xk,cosk, + cosk,cos Xk, )/2

+tscos X,cos Xy,

wheret; _s=—0.5951, 0.1636;-0.0519,—0.1117, 0.0510

*+ Uk qUk(Uk+ qUk eV, u is the chemical potential, an, = /&2+AZ.

1

Using Eg. (3) and V, z,(q), we obtain the energy-

T U gU)IM - . dependent FT-LDOS maps in the first Brillouin zone for non-
! (T B9 (0= Bipqtio)] magnetic point impurities in Fig. 1 with two differem
+ Vs qUK( U4 Uk values.and_ for pinned SDMWwith spin—dep(_andent coherence
facton in Fig. 2, whereas the corresponding LDOS modula-
i) Im 1 tions due toV, g ,(q) in real space is shown in Figs(&3—
—Ukratk | (0—Ey+i0)(0+Ey; qtid)] 3(c). For nonmagnetic point impurity scattering BT,
the intensities associated witlz andqc are much stronger
~ Uk qUk(Uk+qUk than those ofy,, as shown in Fig. 1 and also in Fig(a}

IUI<+qu)|m

(0+E+i0)(0+Ey qtiod) q
) . B
(3) it
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e results in Fig. 1 differ from the STM observattdR®

that reveals comparable intensities associated gjthand

, and weaker intensities wity- . Interestingly, the inten-
es ofg, andgg c become reversed if one assumes mag-
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FIG. 4. Evolution of the relative intensities of FT-LDOS with
energy ) for qa, qg, andgc as defined in Fig. (t) andVs, V,,,
andV, all taken to be unity: quasiparticle scattering @ single
nonmagnetic point impurity an@) single magnetic point impurity.

excitations in cuprates besides quasiparticles. In particular,
FIG. 2. Energy-dependent FT-LDOS maps with randomly dis-only pinned collective modes can account for the observation
tributed pinned SDW using Eq3) andV,,: (8) Ayj=40 meV and in the FT-LDOS map abovd.. Although our simplified
(w/Ag)==0.15+0.45~75, up and down from left to right(b) model cannot exclude CDW, we note that pinned CDW
Ay=20 meV and /A 4)=0.15,0.45,0.75, from left to right. The would have coupled directly to the quasiparticle spectra and
FT-LDOS does not exhibit discernible differences in the spectrakesulted in stripelike periodic local conductance modulation,
characteristics except the total intensities if we simply repMge  which has not been observed in STM studies. On the other
by V; and assume nonmagnetic coherence factors in3g. hand, various puzzling phenomena seem reconcilable with
the SDW scenario. For instance, the nanoscale gap variations
netic point impurity scattering, as illustrated in Figb¥}  gpserved in Bi-2212Ref. 31 may be understood by noting

However, there is no evidence of magnetic scattering in thenat the LDOS in regions with disorder-pinned SDW con-
samples used in Refs. 20 and 21. In contrast, the presence of

pinned collective modes, regardless of CDW or SDW, gives
rise to much stronger intensities fqx (by about two orders
of magnitudg¢, as shown in Fig. 2. Thus, the empirical FT-
LDOS mapé®?! cannot be solely attributed to quasiparticle
scattering by nonmagnetic point impurities.

The relevance of collective modes become indisputable

LDOS. As shown in Fig. &), in the limit of T—>T_ , theq
values contribute to the FT-LDOS map become significantly
extended and smeared for point-impurity scattering. In con-
trast, pinned SDW vyields strong intensities in the FT-LDOS |
map only atg, for T>~T., as shown in Fig. &). The
overall energy dispersion due to pinned SDW is weaker thar
that due to point impurities, as shown in Fig(cp for
|gal-vs-V(biased voltageat bothT=0 andT=T,. In par-

ticular, we note that the dispersion is further reduced at 040H(C) > T=0
These findings are consistent with recent experimental obsel vl °\ —= T=Tc
vation by Yazdanet al?° s [ ‘e
The energy, momentum, and temperature dependence ¢ & omf ™
our calculated FT-LDOS in Figs. 1-5 is supportive of spa- ~ | \°\°\
tially modulated collective modes being relevant low-energy © 25| ®o.
- ._._._.‘—l—l—-—l’.-.’.’."{;
L2y N TR
V(my)

FIG. 5. The FT-LDOS maps at=0, 0.757., andT, (from left
to right) for (&) point impuritiesV ,(q) and(b) pinned SDWV (q).
We assumed 4(T)=A4(0)[1—(T/T)]Y% A4(0)=40 meV, tun-
neling biased voltage =18 mV, and T.=80 K. Besides
temperature-dependent coherence factors, the thermal smearing of
FIG. 3. Real-space quasiparticle LDOS for a (400) area at quasiparticle tunneling conductancel{(dV) is obtained by using
T=0 due to scattering bya) nonmagnetic point impuritiesb) (d1/dV)e|f py(E)(df/dE)|e-evdE|, where f(E) denotes the
pinned CDW, and(c) pinned SDW for A4=40 meV and w Fermi function.(c) |qal-vs-V (biased voltagedispersion relation
=30 meV. for pinned SDW aff=0 andT,.
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tains information of disorder potential coupled with quasi-anomalously large Nernst effect undet axis magnetic field
particles and SDW, so that the humplike spectral features atboveT. % with spin fluctuations responsible for the excess
+A* represent neither the SDW gap nor the superconducientropy.

ing gapAy, and the values oA* vary in accordance with In summary, we employ first-ordéf-matrix approxima-

the disorder potential. The long-range spatial homogeneity ofion to study modulations in the quasiparticle FT-LDOS of
quasiparticle spectra in YB&WO;_ 5 (YBCO) (Ref. 35 as  cuprates as a function of energy, momentum, and tempera-
opposed to the strong spatial inhomogeneity in Bi-2212 cafyre, Our results suggest that a full account for all aspects of
also be reconciled in a similar context. That is, SDW can bgyperimental observation beloW, must include collective
much better pinned in extreme two-dimensional cuprates like,odes as relevant low-energy excitations besides quasiparti-

Bi-2212 than in more three-dimensional cuprates such agjes and that only collective modes can account for the ob-
YBCO. Furthermore, SDW can be stabilized by magneticsgryed FT-LDOS above. .

fields2>243® which naturally account for the checkerboard-

like spectral modulations around the vortex cores of We thank Professors Subir Sachdev, Doug Scalapino, C.
Bi-2212%%" Finally, the smooth evolution of the pseudogap S. Ting, and Mr. Yuan-Yu Jau for useful discussions. This

phase with temperature through may contribute to the research was supported by NSF Grant No. DMR-0103045.
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