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Antiferromagnetism and charged vortices in highT. superconductors
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The effect of the long-range Coulomb interaction on charge accumulation in antiferromagnetic vortices in
high-T, superconductors is studied within a Bogoliubov—de Gennes mean-field model of competing antiferro-
magnetic anal-wave superconducting orders. Antiferromagnetism is found to be associated with an accumu-
lation of charge in the vortex core, even in the presence of the long-range Coulomb interaction. The manifes-
tation of [1-triplet pairing in the presence of coexistidgvave superconductivity and antiferromagnetic order,
and the intriguing appearance of one-dimensional stripelike ordering are discussed. The local density of states
in the vortex core is calculated and is found to be in excellent qualitative agreement with experimental data.
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I. INTRODUCTION La,_,Sr,CuQ, (x=0.163 that show a field-induced signal in

The vortex cores of highz superconductors have been the low-frequency spin-fluctuation spectrum, near (them)
the subject of intense investigation in recent years. AdvanceRoint in reciprocal space, suggesting the existence of a fluc-
in experimental techniques, especially in the area ofuating spin-density wave with a periodicity close ta,8
scanning-tunneling microscodTM),~* have allowed un- along the CuO bond directions and a correlation length
precedented exploration of the electronic states at the atomie 20 lattice spacing®} More local measurements using spa-
scale. Local information on vortex core states has also beetially resolved NMR also provide strong evidence for the
provided by high-field nuclear magnetic resonariséMR) presence of antiferromagnetic order in the vortex cores of
experiment$;® which use inhomogeneity in the magnetic near-optimally doped YB&£u0,_; (Ref. 8 and
field to extract a spatially resolved relaxation rate. TI,Ba,CuQ;, s (Ref. 9. Muon-spin resonance measurements

Among the principal results of these experiments is theof the magnetic field distribution of underdoped
suppression of the low-energy density of states in the vorteXBa,Cu;Og 5qreveal structure in the high-field tail that is not
core®7 with either an absence, or possibly a strong splittingseen in optimally doped YB&u;O; o5 and is consistent with
of the zero-bias conductance peéZBCP),'~2 indicating static antiferromagnetisit. Elastic neutron scattering has
some form of ordering in the vortex core. STM results alsoshown a strong enhancement of incommensurate static anti-
show the presence of low-energy vortex core states whicferromagnetism in an applied magnetic field in underdoped
extend beyond the vortex core raditis? as defined by the La,_ Sr,CuQ, with x=0.10(Ref. 32 and withx=0.12 (Ref.
superconducting coherence lengthiThese extended vortex- 33). The antiferromagnetisnfAFM) is observed to have a
induced states were further observed to form a localizedery long correlation lengtb>400 A showing that AFM and
checkerboard pattern along the CuO bonds with a perioduperconductivitfSC) co-exist in the bulk? Similar results
near 4.3, (Ref. 4. A similar checkerboard pattern with a are seen in elastic neutron-scattering experiments on
period close to 4&, has also been seen in more recent STMLa,CuQ,., (Ref. 34. The picture that emerges from these
experiments in zero field, both in the pseudogap &tated  various measurements is that static or dynamic antiferromag-
in the superconducting stdté¢? of Bi,S,CaCyOg,s; netic order is induced, or at least strongly enhanced, by an
(BSCCO. These observations are corroborated by STM exapplied magnetic field. This antiferromagnetic order appears
periments on the superconductor ,8a_CuO,Cl, (Na- to be nucleated at the vortex cores, and extends into the bulk
CCOQ which show strong ordering with a period oagin of the superconductor with a correlation length that is much
a pseudogaplike statélt has been proposed that this check- longer than the superconducting coherence length.
erboard pattern is due to the formation of a pair-density wave Charge-density modulations induced at vortex cores by
of phase-incoherent Cooper paitfsi® however, this inter- the presence of antiferromagnetic or spin-density-wave order
pretation remains controversial and the existence of othenave been predicted within various theoretical
orderings, such as dynamically fluctuating stripe¥ spin-  approache&?3>-41|n partial agreement with the experimen-
density-wave ordering® or a particle-hole charge-density tal results discussed above, common features of many of
wave?® remains a likelihood. Indeed, neutron-scattering exthese calculations include an antiferromagnetic or spin-
periments have reported the existence of a periodic moduladensity-wave order that is nucleated at the vortex core
tion of antiferromagnetic correlations in zero fiéfd?° (where d-wave superconductivity is most strongly sup-

Many experiments have also reported observations ofiressefland which extends well beyond the core region into
field-induced magnetic order in the high-superconductors. the bulk of the superconductor. This antiferromagnetic order
It has been noted that the periodicity of the charge orderings accompanied by a local modulation in the charge density
observed in STMRef. 4 could be consistent with inelastic that reaches a maximum at the centre of the vortex core and
neutron-scattering  experiments on optimally dopedis seen to approach half filling in some cad&¥The vortex
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FIG. 1. (Color online From left to right, electron number density relative to the average deé&ity=(n;)-0.875, forv=0, 0.2, and
0.35 on one half of a 28 40 unit cell(the other half is equivalent by symmelrfpr an interaction strength=1.15. ForV=0.2 a region of
reduced electron density screens the peak in the cor¢ =8t 35 the vortex core charge and the screening charge have changed sign, and
modulations in the electron density have a much smaller amplitadethe order of 1% electrons per side The bottom row shows
two-dimensional2D) density plots of the 3D plots in the top row.

core charge is predicted to have a strong dopingCoulomb interaction in such a way that the essential features
dependencé In the overdoped region of the phase diagramof STM data on YBCO(Ref. 1) are captured within a sim-
the vortex cores are not antiferromagnetic, and the differencglified model of competing AFM andSC orders. We also
between the chemical potentials of the normal core and thetudy the manifestation di-triplet pairing in the presence of

surrounding superconducting region leads to a small decoexistingdSC and AFM order, and discuss the intriguing
crease in the charge density at the cBr€In this case the  appearance of one-dimensional stripelike ordering.

vortices are positively charged. As the doping is decreased,

the vortex cores become antiferromagnetic and expel holes

into the bulk of the superconductor, causing the vortices to Il. MODEL AND METHOD
become negatively charged.

Since there is no reason to expect pair-density-wave or- We describe a two-dimensiondwave superconductor in
dering to push the local charge density toward half filling,an external magnetic field by thteJ Hamiltonian with an
the presence of negatively charged vortices in the under@dditional long-range Coulomb interaction
doped cuprates could be a distinguishing feature of field-
induced antiferromagnetic ordering. However, the ability of V. nin;
this induced charge to survive the effects of the long-range He= 5~ |r—|l 1)
Coulomb(LRC) interaction has not been established. In or- T
der to determine whether negatively charged vortices can
persist as a robust prediction of a theory containing antiferwhere V=€?/ ¢,a3 with dielectric constant;,, and Irj| is in
romagnetically ordered vortices, we have set out to includeunits of the lattice constar,. The LRC interaction is added
the long-range Coulomb interaction in a self-consistento the Hamiltonian in order to study the competing effects of
mean-field theory of the cuprates that contains both antiferthe local antiferromagnetic order in the vortex cores and the
romagnetic and superconducting order parameters. The selGoulomb repulsion between electrofid’ We start with the
consistent effect of the long-range Coulomb interaction ormean-field model of Ghosat al3° and include the effects of
the doping and magnetic field dependence of the antiferrothe long-range Coulomb interaction over all sites for the Har-
magnetic order and vortex-core charge is calculated. Our reree shift(which includes the density-density interacti@md
sults suggest that an antiferromagnetic vortex coahigys  at the nearest-neighbor level for all other order parameters. It
associated with an accumulation of electrons in the core reis important to note that screening effects will be accounted
gion, even in the presence of the long-range Coulomb interfor by self-consistent calculation of the Hartree shift—which
action. However, both the AFM order and the associated vorallows for rearrangement of the charge density—as in den-
tex core charge are weakened with increased LRC interactiosity functional theorya similar approach has been taken in a
strength, and eventually vanisimultaneouslybove a criti-  zero-field study of thé-J model by Arrigoniet al#4). With
cal value. We further find that the local density of statesthe LRC interaction incorporated in this way, the effective
(LDOS) in the vortex core is modified by the long-range Hamiltonian of Ref. 39 becomes
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FIG. 2. (Color onling From left to right, the AFM ordem, (in units oft) for V=0, 0.2, and 0.35 on one half of a 2010 unit cell, with
J=1.15 andn,,=0.875. WithV=0.2 the magnitude of the AFM has been approximately halved a¥e @at35, where the vortex core is no
longer negatively charged, the AFM order is negligible. The shape of the AFM order is unaffected by the dramatic changes in the structure
of the electron density induced by the LRC interaction. The bottom row shows 2D density plots of the 3D plots in the top row.
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(2) where the sum irj is over all sites in a magnetic unit cell,
where rfa is the Fock shift that renormalizes the hopping contains the density-density part of the long-range Coulomb
amplitudet (we sett=1 in this papey, and 7, is the Hartree interaction. The constants ; are calculated by the method
shift that renormalizes the chemical potentjal Here §  of Ewald summation with the assumption that the magnetic
=+X, #y, the four nearest neighbors of any site, apl  unit cell is periodically repeated in all three directions in
=(m/ Do) [{*°A(r)-dr. The localdSOA?,) and AFM(my) or-  space, separated by a distance in the perpendicular direction
der parameters satisfy the following self-consistency relaof c~ 3a,, and surrounded by a uniform, neutralizing back-
tions: ground charge with a static dielectric constaqt In this

{J 3V } paper, we r_eport on results for frqm 0 to Q.35. Fort
AP =9 {Ciss-oCio) — (— - _><Ci+5,oci,—¢r> (3) ~0.5eV, this corresponds to a static dielectric constant for
' 4 4 2 the bound charges froma,—c down to ¢,~20. Since we
and are working at high fields, we assume a square vortex
lattice*46 with nearest-neighbor vortices along the Cu-O
m = i«n”) _ <nil>)eiQ-ri, (4) bond directions: our results, Which chus on the vortex core
structure, do not depend on this choice.

In order to diagonalize the effective Hamiltonian, we
make a Bogoliubov—-de GennéBdG) transformation and
block diagonalize the resulting BdG Hamiltonian by exploit-

s _1]3 Vo, g ing t_he magnetip—_t(anslational symmetry .of the problem.

o= 5 Z<Ci+§,— Ci—o) + E(Ci+5,oci,rr> e’ +H.c. (5  Starting with an initial guess for albcal variables and for

the value ofu, we solve for all eigenvalues and eigenvectors

is assumed to have no dependence on the direction of hopf the BdG matrix for each magnetic wave veckoResults
ping across a given bond, and is allowed to renormalize onlyn this paper are reported for 2412 wave vectors. Note that
the magnitude and not the phase of the hopping energy the time-reversal symmetry of the BdG Hamiltonfdn,
This is consistent with the assumption employed here tha,(k) ——-E_,(-k), allows us to find the eigenvalues and
the magnetic field is uniform throughout the sample. Theeigenvectors of th&-dependent blocks of the BdG matrix in
Hartree shift (k, —k) pairs

where Q=(m,w) is the antiferromagnetic wave vector. The
Fock shift
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FIG. 3. (Color onling From left to right, the magnitude of th@SCorder|A;| (in units oft) for V=0, 0.2, and 0.35 on one half of a
20% 40 unit cell, withJ=1.15 andn,,.=0.875. The structure df;| is unchanged by the LRC, but the magnitude is gradually reduced due
to weakening of the nearest-neighbor attraction that generatetsSiipairing. The bottom row shows 2D density plots of the 3D plots in
the top row. One can see that the coherence le&gticreases as the strength of tihevave pairing is reduced.

Ui »(K) ‘U;.—a(‘ k) seen in Fig. 1, which plots the_ nonuniform chargg Qensity
o) "\ ) (7)  &n)=(n)—ny,e the large nonuniform electron density in the
b b vortex core is first reduced and then eliminated as the LRC
The eigenvalues and eigenvectors are used to recalculate attength is increased from=0 to V=0.35. Initially, the ef-
of the local variables using the self-consistency equationgect of the LRC interaction is to sharpen the charge density
defined abovdEgs. (3)—(6)]. This iterative process is re- profile and to induce a screening region of reduced charge
peated until the largest change in all site-dependent variablefensity immediately around the vortex core. This screening
and in the average charge densityhich is controlled by region separates the charge density profile into two distinct
tuning the chemical potential) is less than 1®. The addi- regions: inside the core AFM order governs the charge den-
tion of the long-range Coulomb interaction destabilizes thissity, pushing it toward half filling; outside the core AFM no
iterative procedure, and we found it necessary to develop knger controls the charge density and there is a weak dip in
modified Broyden’s method to achieve convergence in thehe charge density along the nodal directions beyond the
Hartree shift. The details of the convergence method are disscreening region, due to the effectsdSC order.
cussed in the Appendix . Interestingly, the shape of the antiferromagnetic ordering
(see Fig. 2is not affected by these dramatic changes in the
IIl. RESULTS short-range structure of the charge density. This is reflective
of the long correlation length of the AFM order. However,
the magnitude of the AFM order is reduced along with that
of the nonuniform charge density. As the interaction strength
In the absence of the long-range Coulomb interaction thés further increased t&=0.35, the charge density modula-
suppression ofl-wave superconductivity at the vortex cores tions are greatly weakened, with a small amplitude on the
leads to the emergence of antiferromagnetic order with @rder of 102 electrons per site. At this point, the AFM order
correlation lengtt,,, that is much longer than the supercon- at the vortex core has been completely destroygd
ducting coherence lengt for the range of parameters that ~10%) by the reduction in the local charge density. In the
is appropriate to the cuprates. The antiferromagnetism iabsence of AFM order, the vortex core becomes weakly posi-
strongest at the center of the vortex core, and creates a nofively charged due to the gap variation between the “normal”
uniform charge density through the expulsion of holes fromcore and the surrounding superconduétdé The charge
the vortex core into the bulk of the superconductor. In thisdensity profile atv=0.35 is equivalent to that seen in more
paper, we focus our attention on the added effects of théighly doped systems where AFM order is absent even at
long-range Coulomb interaction on this charge ordering. V=0 (discussed below in Sec. III)C
As one would expect, the principal effect of including the  The d-wave superconductivitdSC is also suppressed by
Coulomb repulsion is to reduce the magnitude of the peakhe Coulomb repulsion, which weakens the nearest-neighbor
charge density at the center of the vortex core. As can bpairing attractionas can be seen in the second part of Eq.

A. Effect of the long-range Coulomb interaction on the vortex
core charge
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FIG. 4. Peak values adSCA | (0J) far from the vortex core, FIG. 5. (Color onling Antiferromagnetic ordemy, (dotted
and AFM |mod (O) and electron densitineore (A) at the center  Jines), in units of t, and electron number densi§ney (solid
of the vortex core as a function of increased LRC strengtfor a  |ineg) at the center of the vortex core as a function of unit cell size

20X 40 unit cell withJ=1.15 andn,,=0.875. All quantities are | x 2L for LRC strengths ofV=0 (O), V=0.15(J), andV=0.25
plotted relative to theiV=0 values. Betweei=0.3 andV=0.35, (¢), with J=1.15 andn,,=0.875. Whenv=0 the density at the
the density of electrons in the core crosses over from positive t@ore increases toward half filling.125 in this plok with increasing
negative and the AFM order disappears. Lines are a guide to thgnit cell size. Forv>0 the dependence becomes non-monotonic
eye. with the peak charge density occurring in thex224 unit cell. The
anomalous increase in the AFM ¥t0.25 forL=24, 26 is due to
(3)]. Figure 3 shows the evolution of tldSC order as the the development of a 1D anisotropy discussed in sec. Il E. Lines
Coulomb interaction is increased frow=0 to V=0.35. The are a guide to the eye.
overall shape of thelSC order does not change; but, the
coherence length gradually increases as the magnitude is re9, the AFM increases and the charge density moves closer
duced. Note that it is the site-dependent gauge-invariant gajo half filling with increased unit cell size. In a larger unit
operator, defined as cell the AFM order, which has a correlation lendth> &, is
able to reach larger values by spreading out its variations
A= }E (- l)ﬁye"i‘biscrAfU, (8) over longer distan_ces. Figure 5 _shows _that t_he LRC interac-
850 ' tion has a dramatic effect on this relationship: whér 0,
, the AFM and the charge density at the center of the vortex
that is shown. _ _ , core initially increase, but then start to decrease with increas-
It is clear that the survival of antiferromagnetic order ating unit-cell size above a unit-cell size of 4.
the vortex core is dependent upon the existence of a local “pg giscussed above, the shape of the AFM order does not
charge den_sity that is clos_er to_half f_iIIing than th_e averag&nhange with increased, despite dramatic changes in the
density. This dependence is evident in Fig. 4, which showgycure of the charge density. The observed reduction in
the effects of the long-range Coulomb interaction on theapn order in larger unit cells is likely to due to the fact that
strength of thedSG on the AFM order, and on the peak {he peak in the AFM is spread out over large distances. At
charge density in the vortex core. The AFM decreases gradus—q this is to the benefit of the AFM: however, when the
ally until V>0.2, where it begins to rapidly fall off. Both the | R interaction is turned on the charge density peak is
antiferromagnetism and the charged vortex core disappe%‘harpened, and a hole rich region of screening charge forms
betweenV=0.3 andV=0.35. ThedSCorder|Ao| decreases around it. As the unit cell gets larger, more of this hole-rich
linearly at first and then gradually starts to fall off more (egion will lie underneath the central peak in the AFM order.
quickly with V, which is consistent with the reduction of the \ys suggest that the weakening of the AFM observed in
pairing interaction strength in the second part of ), and  |rger unit cells is due to this lowering of the “average”
is able to survive at larger values ¥fwhere the AFM and charge density under the peak in the AFM order.
the charge order are destroyed. The existence of antiferro- taken to its limit, this argument suggests that AFM will
mggnetic order clgarly implies, and is dependent upon, th%ventually disappear as the magnetic field is loweitdt,
existence of negatively charged vortex cores. maintains the spatial structure commensurate with that of the
supercurrent that is seen in Fig. 2. It is, however, more likely
that the spatial structure of the AFM will change at some
point as the unit cell size is increased beyond the AFM cor-
relation lengtht,,,, preserving the AFM vortex core. Indeed,
In an attempt to better characterize the effect of the longsuch an effect is discussed below in sec. Il E. It is also
range Coulomb interaction on the vortex core charge wémportant to note that AFM order with shorter-range 2D spa-
have also studied the dependence of the AFM order, and it$al structure that is not tied to the unit cell size, as seen in
accompanying charge density order, on the size of the unitther work!®:36:3741.48.4%0uld be accessed within our model
cell (H:2¢0/NXNya§z34 T for a 20x40 unit cel). At V. by tuning of the model parameters and introducing a next-

B. Magnetic field dependence of antiferromagnetic order
and core charge density
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0.1 ] its maximum value within a superconducting coherence
0.08 i length &; outside of the vortex coré\;| is approximately
1 uniform, and the shape ¢ff;| follows that of the AFM order,
046 7] falling with increasing distance from the core to zero at the
0.04 1 lines of zero supercurrent before rising again to smaller
. peaks in the corners of the unit cell. The magnitude of the
0.02 7 II-triplet order decreases with increasing LRC, along with
0 - that of the AFM order, and falls below 18 whenV reaches
N 0.35.
002 7 The II-triplet order parameter was introduced by Zh#¥ng
09 in the context of S@) theory, which proposes a unified

theory of AFM anddSC order for the cuprates. It was argued
FIG. 6. (Color online Antiferromagnetic ordeme (dotted ~ ON general symmetry grounds that a theory contaidingl;,
lines) in units oft, and electron number densin,, (solid liney ~ andm; orders will satisfy the relation
at the center of the vortex core as a function of the average density ~
N,ve for LRC strengths oV=0 (O), V=0.15(0), andV=0.25(<) IL; Ay =- m(1—(ny), (10

fora 20x40 unit cell withJ=1.15_. The region cqntaining AFM anq where the variables without the “tilde” are those of E(®
negatively chgrged _vor_tlces sr_mnks _sIowa at flrst_and then rapldly(4) and(9) without the prefactors indicating the interac,tion
toward half filling with increasing/. Lines are a guide to the eye. stréngth. AtV=0 this symmetry relation is satisfied within

) . . 5% on a site-by-site basis. Wh&f>0 we find that Eq(10)
nearest-neighbor hoppirfg*® Such shorter-range ordering is still satisfied within 10—20 % over most of the unit cell,
may well be less perturbed by the screening effect of theycept in the vortex core where the charge density is pushed

long-range Coulomb interaction at low magnetic fields. away from half filling such that1-(n.J) no longer ap-
proaches zero. In the presence of the LRC interaction,
C. Doping dependence I1-triplet pairing is observed, but the symmetry relation con-

We have also studied the dependence of the vortex cora€ctinglli,Aj,m and the local hole density is weakened.

charge on the average density of electrons, or the doping. For . . .
V=0, our results are in agreement with those of Cheal. E. One-dimensional anisotropy

who observed positively charged vortices with negligible \ynhen the exchange interaction strengthis increased
AFM order for larger values of the hole density, with a tran- gpgye 1.15, the AFM and the charge density spontaneously
sition to negatively charged AFM vortices as the averaggjevelop a slight one-dimensional anisotropy\at0: both
density approaches half fillif§. For a unit cell of 20<40  the AFM and charge orders extend to a greater distance along
sites with two vortices this transition from positive to nega-he x or y direction (parallel to the Cu-O bongsWe have

tive vortices occurs near an average density.0f=0.855, at  cpecked the validity of this behavior by repeating the calcu-
V=0 (see Fig. 6 The chief effect of increasiny is to push  |5tions on a square 4040 site unit cell containing four vor-
this transition closer to half filling and to reduce the magni-tices, and by comparing the ground state energies of systems
tudes of both the AFM order and the vortex core charge. Thgith x- and y-oriented anisotropy in both rectanguléwo

AFM region shrinks gradually at first and then rapidly with vortice§ and squarefour vortices unit cells. All results
increasingV. This is consistent with the behavior seen in Fig.\yere found to be equivalent within the limits of numerical
4, where the AFM at the vortex core is seen to decrease moig:cyracy. Similar behavior has been seen in other BdG stud-
rapidly at largerV. The transition from positively to nega- jes of the vortex state based on mean-field solutions of the
tively charged vortices occurs when antiferromagnetism beaytended Hubbard model with added nearest-neighbor

gins to be nucleated in the vortex cores. pairing9.53
We have found that this one-dimensional anisotropy is
D. II-triplet pairing strongly enhanced by the long-range Coulomb interaction. At

V=0 (not shown the AFM and the charge density orders
have an elliptical shape. Af=0.35, as shown in Fig. 7, the
ﬁAFM and the charge density are strongly one dimensional,
extending throughout the unit cell along théirection while
oscillating in thex direction with a period of 28, for the
s J o AFM order and 18, for the charge density order. The period
7= Z{<Ci+6,icm> —(Ci, Civs )T, (9 of this oscillation is set by the size of the unit cell. We note
that other periodicities and more complex orders are acces-
where Q=(, ), has a triplet pairing amplitude in th®, sible within our model if terms such as a next-nearest-
=0 channel. The prefactor df4 is introduced for the sake neighbor hopping are addét*® The dSC order is only
of comparison with the other order parameters. We find thaslightly affected and, for the most part, retains its 2D struc-
the shape of thél-triplet order does not change with increas- ture. The AFM is strongest in the vortex core and has the
ing V: within the vortex core|II;| rises rapidly from zero to opposite sign at the edges of the unit cell. The magnitude of

It has been shown thdi-triplet ordef®°9-52is able to
develop self-consistently in the presence of coexistifg
and AFM order, even in the absence of any interaction whic
generates it directly. The locél-triplet order parameter
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FIG. 7. (Color onling From left to right, electron number densi&n;)=(n;)—0.875, AFM ordemy, anddSC order4;| for an interaction
strengthJ=1.3 and a LRC strengt¥d=0.35 on one half of a 28 40 unit cell. The bottom row shows 2D density plots of the same. Both the
electron density and the AFM order show a strong anisotropy, whilel$t order is only mildly affected. Note that, in contrast to the
=1.15 results foV=0.35, the AFM order survives and the charge density is negative at the vortex core.

the AFM at the edges is almost as large as it is in the centefhis balancing of the charge reduces the AFM in the center
“stripe” and has, surprisingly, beeenhancedby the LRC  and strengthens it along the edges of the unit cell. The LRC
interaction. The charge density tracks the magnitude of thénteraction does its best to create a uniform charge density
AFM and shows none of the rich, short-range, two-and strongly enhances the 1D character seeded by the AFM
dimensional structure seen & 1.15 in the presence of the order by washing out modulations in the charge density
LRC interaction. WithJ=1.3, the main effect of the LRC along they direction. Further increase of the LRC interaction
interaction(apart from reducing the magnitude of the AFM will maintain this stripelike order, but will reduce the mag-
and the charge density at the cpi®to strongly enhance the nitude of both the charge and AFM oscillations.
one-dimensional ordering that was only weakly developed at
V=0. We suggest the following reasons for this phenomenol-
ogy. First, as the exchange interaction strernghincreased,
the domain walls at which the AFM order parametar The local density of states provides a basis for compari-
changes sign cost increasing amounts of energy. As the AFMon of theoretical results with powerful experimental tools.
is strengthened, this energy cost creates a tendency #s is well known, the zero-bias conductance p¢aBCP)
straighten out and shorten these domain walls. We have algwredicted to exist in the vortex core by standard BCS theory
noticed a much weaker tendency toward anisotropyd at for d-wave superconductdfshas not been experimentally
=1.15 in larger unit cells with 24 48 and 26x< 52 sites, that observed. Scanning-tunneling microsco{®TM) measure-
leads to strengthening of the AFas can be seen in Fig).5 ments of the vortex state of YBCQRef. 1) and of BSCCO
This anisotropy is not obvious a=0, and is only weakly (Ref. 2-4 show a complete absence of the ZBCP in the
apparent folV>0. This unit-cell size dependence suggestsvortex core. Low-energy structure in the conductance at
that the correlation length,, which decreases with increas- +5.5 meV in YBCO (Ref. 1) and at +7 meV in BSCCO
ing J, may also be playing a role. Earlier work on stripes (Refs. 3,4 is observed in the vortex core spectra, and is seen
within SO(5) theory* showed that phase-separated AFM andto persist outside of the core to distances much longer than
dSC regions change from a droplet phase to one with alterthe coherence length.

nating stripes when the AFM andSC regions occupy We present our results for the local density of states in the
roughly equal areas of the superconductor. The anisotropyortex core region in Fig. 8. In agreement with previous
observed here may be partly driven by coincidencef,gf results3*56-58we find that the presence of antiferromagnetic
with the length of the unit cell, such that the AFM order order in the vortex core provides a mechanism for splitting
parameter would like to occupy half of the unit cell area.of the ZBCP, both in the presence and absence of the LRC
Secondly, the LRC repulsion reduces the charge density amteraction. More importantly, the LRC interaction changes
the vortex core and creates a hole-rich screening region inthe spectrum at low energy, leading to excellent qualitative
mediately next to the core that screens the vortex chargagreement with experimental results. The main features in
from the rest of the unit cell. The charge that is moved awaythe local density of states attributable to the LRC interaction
from the core is thus pushed to the edges of the unit cellare the following: the unphysical spin gap Bt-0.5t is

F. Local density of states
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order of 10 to 30+ in the undoped parent insulétérand in
lightly doped cuprate® a range which is typical for other
oxides®” This suggests that negatively charged vortices, in-
duced by the presence of antiferromagnetic order in the vor-
tex core, could well be a robust feature of the cuprate super-
conductors in the underdoped region of the phase diagram. It
is important to note that variation in material properties, such
as the chemistry and ordering of the interlayer donor regions,
or the interlayer distance itself, could easily lead to nonuni-
versal behavior across various families of the cuprates. In
any case, one of the principal results of this paper is that
static antiferromagnetic order cannot be sustained in the ab-
sence of a negatively charged core. The nucleation of anti-
ferromagnetic order as the magnetic field, the doping, or the
[ Average over ot oA long-range Coulomb interaction strength are changed is al-
“[ coreregion -4/} AN TNAS A ways accompanied by a transition to a negatively-charged
AANAT T i vortex core. On this basis, we argue that measurements of the
0-,,,.,,,.,,,.,,,.,,‘;*,/':,.,,,.,,,.,,,.,,,- vortex core charge could provide strong evidence for—or
-1 -08 06 -04 -02 E(;t 02 04 06 08 1 against—antiferromagnetic ordering in the vortex cores of
high-T. superconductors.

FIG. 8. (Color onlin® The local density of states at the center of ~ Qualitative agreement of the local density of states with
the vortex core(top), away from the vortex core along the node STM datd~* is dramatically improved when the long-range
direction (middle), and averaged over all sites within a coherenceCoulomb repulsion is included in our model, suggesting that
length from the vortex centeftbottom), for J=1.15 andn,,. the splitting of the zero-bias conductance p¢akleast in
=0.875 on a 2&52 unit cell. Solid lines are fov=0.15 and YBCO (Ref. 1)] can be explained by the presence of antifer-
dashed lines are for=0. The lines have been shifted vertically for romagnetic order in the vortex core. We find that the
clarity. I1-triplet pairing amplitude is preserved outside of the vortex

core, as long as there is coexistence of AFM dB8¢ orders.
washed out fo=0.15 due to weakening of the AFM order; We have also seen that a stripelike ordering of the antiferro-
the asymmetry in height between the split zero-bias condugnagnetism and the charge density can occur when the AFM
tance peaks is reduced; and the peak splitting is found téteraction strength is increased, and that this one-
decrease linearly withm,,,d, as expected for the appearancedimensional anisotropy is strongly enhanced by the long-
of an order parameter that breaks time-reversarange Coulomb interaction.
symmetn?%-%3 The bottom trace of Fig. 8 shows the local At the relatively high magnetic fields to which we are
density of states averaged over all sites within the vortesimited by our approach, the vortices are close enough to
core. Given the simplicity of our minimal mean-field model, €ach other that static AFM order, which has a correlation
the agreement ar=0.15 with STM results on YBCQRef. length€> ¢, is extended throughout the bulk of the sample
1) is remarkable. Almost all of the qualitative low-energy and should be robust against the effects of fluctuations; AFM
features of the experimental data, including the appearandg still noticeable at the boundary of a unit cell size of 26
of slightly asymmetric peaks &~ A/4, with higher energy X 52 sites, which corresponds to a field of 19 T. At much
asymmetric “humps’(remnants of the strongly suppressed lower magnetic fields, where the intervortex distaiige- €,
coherence peaksare reproduced here. However, the weakeffluctuations may well destroy the long range AFM order.
low-energy “shoulders” observed in BSCQRefs. 2,3 are  However, even in the absence of long-range order, it is pos-
not consistent with our data. Since the coherence length igible that signatures of localized antiferromagnetism would
much smaller in BSCCO than in YBCO, it is more likely that be detectable at low frequencies in the vicinity of the vortex
mean-field theory will break down in the vortex cores of COres.
BSCCO, and that strong-correlation effects not captured in To our knowledge, only one attempt at a direct measure-
our model are responsible for the shift of weight to higherment of the vortex core charge in high-cuprate supercon-
energies. We do note, however, that the vortex-induced statékictors has been report€iNuclear quadrupole resonance
at +7 meV are seen to persist beyond the vortex 8@, (NQR) measurements of a field-induced shift in the NQR

P EPETEINY ) BT R B WA RS AR

partial agreement with theory. frequency, which is sensitive to the local charge density, of
the copper nuclei suggest that slightly overdoped
IV. SUMMARY AND CONCLUSIONS YBa,Cu;0; has negatively charged vortices and underdoped

YBa,Cu,Og has positively charged vortic€The results of
We find that the negatively charged, antiferromagneticthis experiment suggest a doping dependence of the vortex
vortex core is preserved up to a long-range Coulomb intereore charge that is opposite to that reported in this paper, and
action strength o¥/=0.35 in the underdoped superconductor.in seeming contradiction with the many observations of
Fort~0.5 eV, this corresponds to a static dielectric constanfield-induced antiferromagnetic ordér®3%-34n the cuprates
for the bound charges af,~20. Experiments indicate that and with the doping dependence of the Hall sigit. would
the static dielectric constant of the bound charges is on thbe interesting to see the results of these and Gtineeasure-
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ments of the vortex-core charge in the more highly- [y — [ (m=2)
. (m) — _Xin Xin
underdoped cuprates. The results of this paper suggest that |Ax™) = _||X(m)> _ |X(m—1_)>|1 (A6)
in in

such measurements could well be definitive.
such that(Ax™|Ax™)=1. At convergenceG™ =MD,
This suggests that the path to convergence can be found by

minimizing the change
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discussions. We acknowledge the financial support and use
of computing facilities provided by SHARCNEThttp://  (where|---| denotes the Frobenius noynin the inverse
www.sharcnet.cgeat McMaster University. This research was Jacobian from one iteration to the next, subject to the con-
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This minimization leads to a recursion relation for the in-
APPENDIX: CONVERGENCE METHOD verse Jacob_iar(G(m”)) that is the basis of Broyden’s
method’* While the use of Broyden's method does go some
The long-range Coulomb interaction severely destabilizesvay towards suppressing oscillations in the charge density
self-consistent calculation of the order parameters, by caugrom iteration to iteration, we found that a long-wavelength
ing divergent long-wavelength oscillations in the charge denoscillation (with a period in “time” of two iterationsin the
sity from one iteration to the next. In order to suppress theseharge density would slowly build up over many iterations
divergent oscillations we tried a number of convergenceand cause the system to diverge.
methods, in increasing order of sophistication, which we re- A higher order approach is the modified Broyden’s
view below. method, first introduced by Vanderbilt and Lo@éL).”® The
The simplest way to suppress these oscillations is to linproblem with Broyden’s method is that the inverse Jacobian

early mix the input(|Xﬁm>>) and the outpu(|XgL‘i>) from the  G™ has not been required to satisfy

in
current iteration to generate the input for the next iteration (N — _ (M) A =)
™Yy =(1-a)[x\™)+a|x™). While this method has been [Ax™) = = CTIAFT) (A9)
used with some success in other self-consistent calculatiorfer all previous iterationsi<m, as it should.
(see Ref. 71, and references thefeéinis unable to suppress Following VL,”® information from all previous iterations
the divergent oscillations in the charge density in the BdGcan be introduced by doing a least-squares minimization of

calculations of this paper for any reasonable values @the  the following “error function:”

reasons for this failure are discussed in Ref). 72 m
LetA more sophisticated approach is Broyden's method. E:wSHJ(m)_J(O)” +3 wﬁ||AF(n)>+J(m)|AX(n)>|2'
n=1
[F™) =xgm = xin) (A1) (A10)
where|F)=|0) at convergence. Expandifig) to linear order Where w, represents the weight given to the information
near convergence gives from the nth iteration. As an aside, we note that we tried
™ ™ - various weighting schemes and found that choosing
|F> = |F > -J (|X|n> - |Xin >)l (A2) <F(m)|F(m)>
where the Jacobian wp==1n m _(my |° @0~ 0.01, (A11)
(Xin |Xin )
(m)y. . . . . . . .
Jm = _ Ll m>l_ (A3) which gives more weight to the information from iterations
" XMy, in which the differencéxu) —|xin) is small, works well for

our particular problem. The new error function introduced by
VL allows the minimization of both the change and the error
[based on Eq(A9)] in the Jacobian from iteration to itera-
[Am Dy = | my 4 MMy (A4)  tion. Note that we are now considering the change in the
Jacobian and not the inverse Jacobian, and that the change in
whereG=[J] s the inverse Jacobian. This equation is usetthe Jacobiaf|)™-J©)|, is now defined relative t3©. This
to generate a new set of inputs after each iteration. The goahay seem like a step backwards, since it is the inverse Jaco-
of Broyden’s method is to improve the inverse Jacobian abian that is needed to generate the inputs for the next itera-
each iteration so that the new inpdl)‘#”“lb are as close to tion[as in Eq.(A4)]. This point was made by Johns&hyho
convergence as possible. introduced a numerically more efficient version of the modi-
Define, for convenience and for numerical accuracy, fied Broyden’s method by defining an error function in terms
of the inverse Jacobian. However, we have found that, for

If convergence occurs at iteratian+1, such thatF(™%)
=0, then

(my _ |p(m-1)
|AF(M) = w (A5)  our particular problem, using the error function based on the
[y = | ximy| Jacobian leads to a procedure which requires far fewer itera-
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2

tions to reach self-consistency. Furthermore, by making the wg
qn¥ne =~ Ok t Ll

standard assumptiéh’ that the initial Jacobian©=1/«
(meaning that linear mixing is used to construct the first
guesy we are able to use the numerical innovations ofto simplify the productg™[I'™]2,

Johnson to greatly enhance the efficiency of the method of Substituting Eq(A17) into the updat€A4) gives

(A18)

VL by avoiding any explicit calculations of the inverse.

We start by minimizing the error functiofEq. (A10)]
with respect to the new Jacobian. Setth.}/aJIi(jm)zo gives
(as in Ref. 73

Jm = pmpgm-1 (A12)
where
m wz
T = O -3 “ZAFT) A" (A13)
n=1 Wp
and
m (,()2
B =1+ 2 S|Ax "X ax™. (AL4)

n=1 @Wo
In order to update the inputs for the next iteration, as in Eq
(A4), one needs the inverse Jacobiadff’=aM[T™M], As-
suming that)@=1/a,
m 2 -1
(M™M= o 1- 3 ag|AFT) AL

n=1 ®g

(A15)

Borrowing an idea from Johnsdf,we expandT'™]? to
infinite order in the vectorfAF™) and|Ax™) and then re-
sum:
m
[T =al+a X wjmd AFPXAYY], (AL6)
n,(=1

where v, =[(w3/ @)l-a);; and a; =w 0 (AxV|AFD). This
procedure exchanges the inversion of a lakjg N matrix
for that of a much smallemx m matrix. The inverse Jaco-
bian is thus

m
CM=CO+ X wepeu)ax),
k¢=1
where [u®)=w(GO)AFK)+|Ax®)) and where we have
used the identity

(A17)

m
D) = [} + o F™) + X dMu®),  (A19)
k=1
where
m
d™ = > (A20)
=1
and
¢ = w(AxO|F™) (A21)

have been introduced for numerical convenience. The modi-
fied Broyden's method described here should be generally
applicable to problems other than the one discussed in this
paper’8

* The use of the modified Broyden’s method eliminates the
divergent oscillations in the charge density by taking infor-
mation from all previous iterations to construct the input for
the next iteratiorf®7° Since we start with a converged solu-
tion for V=0 and since the largest change¥/at0 are to the
charge density we restrict application of the modified Broy-
den’s method to updates of the Hartree shift. The inputs for
all other order parameters are taken to be the outputs of the
current iteration. We found that it was necessary to fix the
antiferromagnetic order parameter—which strongly influ-
ences the charge density—and allow the Hartree shift to par-
tially converge over several iterations using the modified
Broyden’s method. Temporarily fixing the antiferromag-
netism keeps the convergent endpoint of the Hartree shift
within reach of the modified Broyden’s methgdhich is
based on the assumption that the starting state is not too far
from convergence Once the Hartree shift has partially con-
verged, we allow the antiferromagnetism to change and then
restart the modified Broyden’s method for the Hartree shift
by setting] =1/« and taking as initial inputs the most recent
outputs. In this way the system proceeds stepwise towards a
convergent endpoint without exceeding the reach of the
modified Broyden’s method in any given step.

*Electronic address: dan@danielk.ca
TCurrent address: Department of Biochemistry, University of Tor-
onto Hospital for Sick Children, 555 University Avenue, Toronto,
Ontario, Canada M5G 1X8.
1. Maggio-Aprile, C. Renner, A. Erb, E. Walker, and @. Fischer,
Phys. Rev. Lett.75, 2754(1995.
2C. Renner, B. Revaz, K. Kadowaki, . Maggio-Aprile, and .
Fischer, Phys. Rev. Let80, 3606(1998.
3S. H. Pan, E. W. Hudson, A. K. Gupta, K.-W. Ng, H. Eisaki, S.
Uchida, and J. C. Davis, Phys. Rev. Le85, 1536(2000.

4J. E. Hoffman, E. W. Hudson, K. M. Lang, V. Madhavan, H.
Eisaki, S. Uchida, and J. C. Davis, Scien2@5, 466 (2002.

5N. J. Curro, C. Milling, J. Haase, and C. P. Slichter, Phys. Rev. B
62, 3473(2000.

6\. F. Mitrovi¢, E. E. Sigmund, M. Eschrig, H. N. Bachman, W. P.
Halperin, A. P. Reyes, P. Kuhns, and W. G. Moulton, Nature
(London 413 501 (2001).

7K. Kakuyanagi, K. I. Kumagai, and Y. Matsuda, Phys. Re\6B
060503R) (2002.

8V, F. Mitrovi¢, E. E. Sigmund, W. P. Halperin, A. P. Reyes, P.

064504-10



ANTIFERROMAGNETISM AND CHARGED VORTICES IN..

Kuhns, and W. G. Moulton, Phys. Rev. &, 220503R) (2003.

9K. Kakuyanagi, K. Kumagai, Y. Matsuda, and M. Hasegawa,

Phys. Rev. Lett.90, 197003(2003.

10M. Vershinin, S. Misra, S. Ono, Y. Abe, Y. Ando, and A. Yazdani,
Science303 1995(2004).

11C. Howald, H. Eisaki, N. Kaneko, M. Greven, and A. Kapitulnik,
Phys. Rev. B67, 014533(2003.

12k McElroy, D.-H. Lee, J. E. Hoffman, K. M. Lang, E. W. Hud-

PHYSICAL REVIEW B 71, 064504(2005

Mangkorntong, T. Sasagawa, M. Nohara, H. Takagi, and T. E.
Mason, NaturgLondon 415, 299 (2002.

33s. Katano, M. Sato, K. Yamada, T. Suzuki, and T. Fukase, Phys.
Rev. B 62, R14 677(2000.

34B. Khaykovich, Y. S. Lee, R. Erwin, S.-H. Lee, S. Wakimoto, K.
J. Thomas, M. A. Kastner, and R. J. Birgeneau, Phys. Reés6B
014528(2002.

35D. P. Arovas, A. J. Berlinsky, C. Kallin, and S.-C. Zhang, Phys.

son, E. Eisaki, S. Uchida, J. Lee, and J. C. Davis, cond-mat/ Rev. Lett. 79, 2871(1997).

0404005(unpublishegl

13T, Hanaguri, C. Lupien, Y. Kohsaka, D.-H. Lee, M. Azuma, M.
Takano, H. Takagi, and J. C. Davis, Natdtendon 430, 1001
(20049.

36E. Demler, S. Sachdev, and Y. Zhang, Phys. Rev. L8,
067202(2001).

37y, Zhang, E. Demler, and S. Sachdev, Phys. Re\6@ 094501
(2002.

1H.-D. Chen, J.-P. Hu, S. Capponi, E. Arrigoni, and S.-C. Zhang,®®S. Sachdev and S.-C. Zhang, ScierR@5, 452 (2002.

Phys. Rev. Lett.89, 137004(2002.

15H.-D. Chen, O. Vafek, A. Yazdani, and S.-C. Zhang, cond-mat/

0402323(unpublishegl

167. TeSanou, cond-mat/040523%unpublished

17s. A. Kivelson, I. P. Bindloss, E. Fradkin, V. Oganesyan, J. M.
Tranquada, A. Kapitulnik, and C. Howald, Rev. Mod. Phy$,
1201 (2003.

18\M. Norman, Science303 1985(2004).

9A. Polkovnikov, M. Vojta, and S. Sachdev, Phys. Rev.@s,
220509R) (2002.

20H. C. Fu, J. C. Davis, and D.-H. Lee, cond-mat/04030@ipub-
lished.

21H. F. Fong, P. Bourges, Y. Sidis, L. P. Regnault, A. Ivanov, G. D.
Gu, N. Koshizuka, and B. Keimer, Natufeondon 398 588
(1999.

22H. He, P. Bourges, Y. Sidis, C. Ulrich, P. P. Regnault, S. Pailhés,

N. S. Berzigiarova, N. N. Kolesnikov, and B. Keimer, Science
295 1045(2002.
23y, Hinkov, S. Paillhés, P. Bourges, Y. Sidis, A. Ivanov, A. Kula-

39A. Ghosal, C. Kallin, and A. J. Berlinsky, Phys. Rev. &5,
214502(2002.

40Y. Chen, Z. D. Wang, J.-X. Zhu, and C. S. Ting, Phys. Rev. Lett.
89, 217001(2002.

413.-X. Zhu, I. Martin, and A. R. Bishop, Phys. Rev. Le&9,
067003(2002.

42D, |. Khomskii and A. Freimuth, Phys. Rev. LetZ5 1384
(1995.

43G. Blatter, M. Feigel'man, V. Geshkenbein, A. Larkin, and A. van
Otterlo, Phys. Rev. Lett77, 566 (1996.

44E. Arrigoni, A. P. Harju, W. Hanke, B. Brendel, and S. A. Kivel-
son, Phys. Rev. B35, 134503(2002.

45R. Gilardi, J Mesot, A. Drew, U. Divakar, S. L. Lee, E. M. For-

gan, O. Zaharko, K. Conder, V. K. Aswal, C. D. Dewhurst, R.

Cubitt, N. Momono, and M. Oda, Phys. Rev. Le&8, 217003

(2002.

465, p. Brown, D. Charalambous, E. C. Jones, E. M. Forgan, P. G.
Kealey, A. Erb, and J. Kohlbrecher, Phys. Rev. L&&, 067004
(2004).

kov, C. T. Lin, D. P. Chen, C. Bernhard, and B. Keimer, Nature*’P. G. de GennesSuperconductivity of Metals and Alloys

(London 430, 650(2004).

243 Pailhes, Y. Sidis, P. Bourges, V. Hinkov, A. Ivanov, C. Ulrich,
L. P. Regnault, and B. Keimer, cond-mat/04036Q0$hpub-
lished.

25J. M. Tranquada, H. Woo, T. G. Perring, H. Goka, G. D. Gu, G.
Xu, M. Fujita, and K. Yamada, Natur€_ondon 429 534
(2004).

263, M. Hayden, H. A. Mook, P. Dai, T. G. Perring, and F.g2a,
Nature(London 429 531 (2004.

27N. B. Christensen, D. F. McMorrow, H. M. Rgnnow, B. Lake, S.
M. Hayden, G. Aeppli, T. G. Perring, M. Mangkorntong, M.
Nohara, and H. Takagi, cond-mat/040348@published

28C. Stock, W. J. L. Buyers, R. Liang, D. Peets, Z. Tun, D. Bonn,
W. N. Hardy, and R. J. Birgeneau, Phys. Rev.6B, 014502
(2004.

29C. Stock, W. J. L. Buyers, R. A. Cowley, P. S. Clegg, R. Coldea,
C. D. Frost, R. Liang, D. Peets, D. Bonn, W. N. Hardy, and R. J.

Birgeneau, cond-mat/040807@npublished
30B. Lake, G. Aeppli, K. N. Clausen, D. F. McMorrow, K. Lef-

mann, N. E. Hussey, N. Mangkorntong, M. Nohara, H. Takagi,

T. E. Mason, and A. Schroder, Scien281, 1759(2001).

31R. I. Miller, R. F. Kiefl, J. H. Brewer, J. E. Sonier, J. Chakhalian,
S. Dunsiger, G. D. Morris, A. N. Price, D. A. Bonn, W. H.
Hardy, and R. Liang, Phys. Rev. Lett88, 137002(2002.

328, Lake, H. M. Ronnow, N. B. Christensen, G. Aeppli, K. Lef-
mann, D. F. McMorrow, P. Vorderwisch, P. Smeibidl, N.

(Addison-Wesley, New York, 1966

48M. Franz, D. E. Sheehy, and Z. TeSangwhys. Rev. Lett.88,
257005(2002.

49Y. Chen, H. Y. Chen, and C. S. Ting, Phys. Rev.6B, 104501
(2002.

50s.-C. Zhang, Scienc@75 1089(1997.

5IM. Murakami and H. Fukuyama, J. Phys. Soc. Ji&7, 2784
(1998.

528, Kyung, Phys. Rev. B62, 9083(2000.

53M. Takigawa, M. Ichioka, and K. Machida, J. Phys. Soc. Jp8..
450 (2004).

54M. Veillette, Y. B. Bazaliy, A. J. Berlinsky, and C. Kallin, Phys.
Rev. Lett. 83, 2413(1999.

55Y. Wang and A. H. MacDonald, Phys. Rev. &, R3876(1995.

56B. M. Andersen, H. Bruus, and P. Hedegéard, Phys. ReW1B
6298(2000.

57M. Ogata, Int. J. Mod. Phys. B3, 3560(1999.

58J.-X. Zhu and C. S. Ting, Phys. Rev. Le&7, 147002(2001).

59M. Matsumoto and H. Shiba, J. Phys. Soc. J4, 1703(1995.

60M. Matsumoto and H. Shiba, J. Phys. Soc. Jpd, 3384(1995.

61M. Sigrist, D. B. Bailey, and R. B. Laughlin, Phys. Rev. LeTd,
3249(1995.

62D, Rainer, H. Burkhardt, M. Fogelstréom, and J. A. Salus, cond-
mat/9712234unpublished

63M. Fogelstrom, D. Rainer, and J. A. Sauls, Phys. Rev. L&#.
281 (1997.

064504-11



KNAPP et al. PHYSICAL REVIEW B 71, 064504(2005

64G. A. Samara, W. F. Hammetter, and E. L. Venturini, Phys. Rev.”D. D. Johnson, Phys. Rev. B8, 12 807(1988.

B 41, 8974(1990. 75Y. Chen and C. S. Ting, Phys. Rev. Lefi2, 077203(2004.
65C. Y. Chen, R. J. Birgeneau, M. A. Kastner, N. W. Preyer, and T.”5W. A. Atkinson cond-mat/040745Qnpublished
Thio, Phys. Rev. B43, 392 (199). "’Since we are mainly interested in the effects of long-range screen-
66S. V. Varyukhin and O. E. Parfenov, Pis’'ma Zh. Eksp. Teor. Fiz.  ing, we neglect the on-site Coulomb repulsion. Including the
58, 98 (1993 [JETP Lett.58, 101(1993]. on-site term would lead to additional AFM and triplet-pairing
67M. A. Kastner, R. J. Birgeneau, G. Shirane, and Y. Endoh, Rev. order parameters and would complicate a direct comparison with
Mod. Phys. 70, 897 (1998. V=0 results. We note that mean-field solutions of thlemodel
68K. 1. Kumagai, K. Nozaki, and Y. Matsuda, Phys. Rev. @3, at V=0 give the same qualitative results as are seen in mean-
144502(2001). field solutions of the extended Hubbard mo@sge for example,
69T. Nagaoka, Y. Matsuda, H. Obara, A. Sawa, T. Terashima, I. Ref. 79 which include an on-site Coulomb repulsion.
Chong, M. Takano, and M. Suzuki, Phys. Rev. Le80, 3594  "8We have posted a copy of thrertran77subroutine used to imple-
(1998. ment the modified Broyden's method described here online at
70J. A. Clayhold, T. S. Fleming, and M. J. Skove, Physic&8@l, www.danielk.ca/code.html
272 (2003. 79At the time of writing we became aware of a recently-developed
7IW. E. Pickett, Comput. Phys. Rep, 115(1989. convergence-method, specific to the self-consistent calculation
72D. Raczkowski, A. Canning, and L. W. Wang, Phys. Rev6& of Coulomb potentials and known as the Pulay-Thomas-Fermi
121101R) (2002). mixing scheme(Ref. 72, which has been used in a study of
73D, Vanderbilt and S. G. Louie, Phys. Rev. B, 6118(1984). dopant-induced inhomogeneity in the cupratesf. 76.

064504-12



