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Local density of states of a strongly type-lld-wave superconductor: The binary alloy model
in a magnetic field
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We calculate self-consistently the local density of stét€¥0S) of a d-wave superconductor considering the
scattering of the quasiparticles off randomly distributed impurities and off externally induced vortices. The
impurities and the vortices are randomly distributed but the vortices are preferably located near the impurities.
The increase of either the impurity repulsive potential or the impurity density only affects the density of states
slightly. The dominant effect is due to the vortex scattering. The results for the LDOS agree qualitatively with
experimental results considering that most vortices are pinned at the impurities.
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Experimental evidence suggests that the pairing symmetrgt consistent picture of the various possible scenarios has
in high temperature superconductgi$TSC) is d wavel A been obtained.Studies of the superfluid stiffness due to the
good description of the nonconventional superconductingresence of the impurities have revealed that, even though it
phase is obtained using a standard BCS approach but a clegets lower, the decrease is smaller than expected. The reason
understanding of the normal phase of these materials remaitis that the order parameter is only significantly affected very
a hard challenge. If we apply a strong enough magnetic fieldzlose to the impurities and largely unaffected elsewhere.
these materialgbeing strongly type-Il superconductomsill Therefore the order parameter is very nonhomogeneous and
enter a vortex phase. Scanning tunneling microsd&iM) a fully self-consistent calculation is requirBdConsidering
studies of HTSC have revealed a very different quasiparticlexclusively the effect of the scattering off homogeneously
structure from that predicted by the putevave BCS single distributed vorticegno impurities it has been shown that in
vortex modelg. In a pured wave there are extended gaplessthe lattice case the low energy states are extended Bloch
states, a fourfold symmetric shape of the local density oktate8 instead of Dirac-Landau level8 Also, it was shown
states(LDOS) and a zero-bias conductance peak. Experithat the quasiparticles, besides feeling a Doppler shift caused
mentally, however, the following are observed) the ab- by the moving supercurrent$also feel a quantum “Berry-
sence of zero energy peakd, the absence of coherence like” term due to a half-fluxg,/2, Aharonov-Bohm scatter-
peaks close to the vortexXijii) low-energy states with an ing of the quasiparticles by the vortices. The effect of a ran-
energy ~5.5 meV for YBCO and~7.7 meV for BSCCO, dom vortex distribution was considered taking random and
and (iv) the absence of fourfold symmetric star-shapedstatistically independent scalar and vector potentfas fi-
LDOS? The coherence peaks are recovered about 10 Aite density of states was predicted at zero energy. Also, by
from the core centérand the core states are localized decay-considering randomly pinned discrete vortices the density of
ing exponentially with distancé~22 A).2 Possible reasons states was calculated, displaying low energy peaks and no
for the failure of the purel-wave theory to explain the ex- coherence peaks. However at low energies a power law de-
perimental results have included a mixed pairing of the typeviation from a finite zero energy value was found, where
dy_y2+id,y, considering that the vortices have antiferromag-both the zero energy value and the exponent depend on the
netic cores such that localized magnetic order coexists witmagnetic field and on the Dirac anisotrdpplso, it was
superconductivity or charge order fluctuatidrts. found that even though the low energy states are strongly

Recently, a puraed-wave pairing for a vortex lattice has peaked at the vortex cores, they appear to remain extended.
yielded results that are in good qualitative agreement withAn approximate scaling of the density of states was found at
experiment$. Indeed a calculation of the local density of low energies.
states shows that close to the vortex position the coherence In this work we study theombinedeffects on the quasi-
peaks disappear, there are significant low energy peaks, anpdrticle spectrum of the scattering off impurities and vortices
there is no zero energy enhancement of the density of $tatesnduced by an external magnetic field. We model the disorder
However, in most systems disorder is present, for instance, insing the binary alloy mod& where the impurities are dis-
the form of impurities. The presence of the impurities affectstributed randomly over the lattice sites. At each impurity site
the quasiparticlesQP) in two ways: the QP scatter off the it costs an energy to place an electrofit acts as a local
impurities due to potential scatterir@f they are nonmag- shift on the chemical potentjalThe impurities are randomly
netic and the impurities pin the vortices also affecting thedistributed over & X L periodic two-dimensional lattice and
density of states of the QP, particularly at low energies.  play the role of pinning centers for the vortices. It is favor-

The separate effects of the scattering of the quasiparticleable that a vortex is located in the vicinity of an impufity.
from the impurities and from the vortices have been studiedaking into account a given distribution of the positions of
before. The details of the impurity disorder are relevant andhe impurities{rip}i:mp, the distribution of the positions of
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preferably pinned in the close vicinity of an impurity. As we
take the London limit, which is valid for low magnetic field
and over most of thél-T phase diagram in extreme type-ll
superconductors such as cuprates, we assume that the size of
the vortex core is negligible and place each vortex core at the
center of a plaquette. So in the limit of the strong pinning
described above, each vortex will be pinned in the center of
one of the four plaquettes surrounding a site hosting an im-
purity. The plaquettes selected by the vortices are those mini-
mizing the interaction energ§, between the vortices.

Once the impurity positiongrP}i-; are fixed and the
correlated vortex positionéf}’}i:l,NU are determined we are
able to calculate the quasiparticle spectrum using the
Bogoliubov-de  Gennes (BdG) equations H(r)W,(r)
=€, W,(r), whereW!(r)=(uy(r),v,(r)). It is convenierft® to

FIG. 1. Quasiparticle density of states for @200 sites system pe_rform a unitary gauge transform_atior_1. After carrying out
with 4% of impurities, withU=5t, e-=1.2, andv=-2.3. We con- this gauge transformation the Hamiltonian reads
sider three cases: no vortic€¥), four vortices pinned at locations

p(e)

e/t

ensuring the minimization of the total vortex ener@y), and four hy A
vortices located at randoi®). For each case the density of states H= - ~y (1)
is averaged over 100 configurations. A" —hg

the vortices{r{}i=;n, is chosen in such a way it minimizes where
the total vortex energy given by¥=&,+&, where &,
:uvzriuyr_vKo(|r}’—r]-’|/)\) is the repulsive interaction energy
between the vortices in the London regime ady
:Z/{pE,iu',jpf(|r})—rjp\/rp) is the pinning energy associated with

the impurities acting as pinning centers for the vortices. The . _ _
interaction between the vortices is not significantly screened A= AHTRN(r 1 + §)85.

since the penetration length is very large. In the equations o

aboveld,=(¢o/4m\)? is the energy of interaction between

two vorticesK,(r) stands for the zero-order Hankel function, The phase factors are given by%(r)=/;"%k%-dl and
U,<0 is the pinning strength created by an impurity, andAxr) =3/ TK A -kE(D]-dI, where the vectorik(r)
f(r/rp) is a rapidly decreasing function favr,>1. In our =mvE(r)=AV ¢*—(e/c)A(r) is the superfluid momentum
model we assume that the pinning energy is much larger thavector of the effectiveu=A,B supercurrent. This quantity
the interaction between vorticfig,| >/, andr,~ dwheres  can be calculated for an arbitrary configuration of vortices,
is the lattice constant. In that case,Njs< N, each vortex is ~ such as
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FIG. 2. Quasiparticle density of states for2@0 sites. Left panel: system with 2% of impurities, four vortices pinned at locations
ensuring the minimization of the total vortex energy dand?2t (O),5t (H),10 (1), and 100 (4 ). The case of four vortices pinned at
random in a system without impurity is also presen{@). Right panel: system with four vortices pinned at locations ensuring the
minimization of the total vortex energy=>5t, and the following percentages of impurity: %ortices pinned at randoh(®), 1% (O), 2%

(M), 4% (OJ), and 6%( ).
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Here \ is the magnetic penetration length and the sum ex-
0.15 tends over all vortex positiong\(r) is the vector potential
i 55 associated with the uniform external magnetic field
- B=V X A. The vorticesA are only visible to the electrons
' 0.25 and the vortice® are only visible to the holes. Each result-
5 ] 0.30 ing u subsystem is then in an effective magnetic field
- Bi=—(mc/e)V X vE&=B—¢zZ;5(r —r#) where each vortex
035 carries now an effective quantum magnetic figx For the
0.40 case of a regular vortex lattiée® these effective magnetic
15 20 fields vanish simultaneously on average over a unit magnetic
cell containing two vortices, one of each type. More gener-
Vx ally, in the absence of spatial symmetries, as it is the case for
i e disordered systems, these effective magnetic fi@fg™®
IR vanish if the number of vortices of the two types are in equal
| P number, No=Ng, and equal to the number of elementary
qguantum fluxesp, of the external magnetic field penetrating
the system. The sums are over nearest neighbors
(6==x, ty on the square lattigeand the operatos; is de-
o fined through its action on space-dependent functions,
Ssu(r)=u(r + ). The energyld(r) is the impurity potential
which takes the valué) >0 at the siteqr/’};-; y_hosting an
impurity and zero elsewhere. The operatgr € "»5; carries
the symmetry of thel-wave order parameter. The disorder
- ‘ potential induced by the impurities and the inhomogeneous
e R 0 e superfluid velocities induced by the vortices strongly affect
the pairing potential A(r,r+6) defined over the link
[r,r+é] of the two-dimensional lattice. Thus for a given
configuration of the impurity positions and of the vortex po-
sitions the pairing potentialA(r,r +6) is calculated self-
consistently until convergence is obtained for each individual
link. On each lattice site we can define the amplitude of the
d-wave order parameter asy(r)==4-1)%A(r,r+6). The
amplitude of the order parameter is strongly suppressed in
the vicinity of impurities and vortices.

As the effective magnetic fields experienced by the par-
ticles and the holes vanish on average, within the gauge
transformation we are allowed to use periodic boundary con-
ditions on the square lattidel’(x+nL,y+mL)=W¥(x,y) with
n,m e 7]. The L XL original lattice becomes then a mag-
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et eft netic supercell where the impurities are placed at random and
o . ) _where the vortices are placed in such a way as to minimize
FIG. 3. Quasiparticle local density of states for different pointsineir total energy. The disorder induced by the impurities in
on the lattice. The impurity concentration is 0.75%. We have chose%e system is then established over a lerigtfihus in order

a particular distribution of the impurities and vortices where we cal
find the various possibilities of a site far from any impurity or
vortex (Bulk), an impurity site with no vortex nearbymp), a site

"to compute the eigenvalues and eigenvectors of the Hamil-
tonian (1) we seek for eigensolutions in the Bloch form

t — ik * 4 i i i i
close to a vortex and no impurity nearbyx) and an impurity site \P”k(r)gve di (Up., l\./”k)tr\:Vhe:Ek ||_|S a _[lJtom_t _(ri)il(‘.rtheeier:cloum
with a vortex attachedmp+Vx). For each of these four possibili- zone. We diagonalize then the Hamiltonkeir7¢ ora

ties we have calculated the quasiparticle local density of state?_rge numbelt of .pOIntk in the Brillouin zone and for ma}ny
along a path of six numbered sites.16. On the top most pannel different realizationgaround 100 of the random impurity

the four particular paths are shown on the top of the corresponding0Sitions and of the correlated vortex positions.

profile of thed-wave order parametéry(r). The path located on the In Fig. 1 we show the density of states averaged over 100
center of the lattice corresponds to the Bulk case, the one centeré®nfigurations for a moderate impurity concentration and for
on the site(6,12) corresponds to the ImpVx case, the one centered @ typical value ofU=5t. We compare the cases with no vor-
on the sitg(3,3) corresponds to the Vx case, and the one centered otices and with a low vortex densityconsidering both an
the site(11,3 correspond to the Imp case. energetically favorable distribution of the vortices and a fully
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random configuration The self-consistent calculation of the obtained beforgwith no coherence peaks close to the vortex
order parameter gives a maximum amplitudg, of the or-  and an enhanced zero-energy density of states near the vor-
der of 0.4. Itis clear that when there are no vortices presenttex. (iv) Finally the interesting case of a location where a
coherence peaks appearat A,. If the vortices penetrate vortex is bound to an impurity reveals that the coherence
the sample these peaks disappear. Without vortices the depeaks are recovered very close to the vortex. Also, the low-
sity of states vanishes at zero energy as found before and éhergy density of states at the impurity site is increased with
we include the magnetic field the density of states becomegspect to th¢lmp) case, due to the vortex nearby. However
finite.® Also it is clear that if the vortices are fully randomly the density of states is considerably smaller than for the case
distributed the DOS is larger than the one where the vorticegyx) of a vortex far from any impurity.
tend to be pinned at the impurity sites. The results are there- The results obtained previously for the vortex lattice case
fore qualitatively similar to the ones obtained when there argvith no impurities explain qualitatively the DOS results but
no impurities presenU=0).° In Fig. 2, we show the influ- are not realistic. In the experimental systems disorder is
ence of the impurity concentration and of the repulsive locapresent and its effect must be taken into account. The results
potentialu. Changing the impurity concentration leads to noshow that the dominant effect on the quasiparticle DOS is
qualitative difference except that there is a slight increase inlue to the vortex scattering. The presence of an impurity
the density of state¢DOS). The same happens with the basically renormalizes the DOS except when the impurity is
change ofU. Both sets of results indicate that the strongstrongly repulsive where the density of states is significantly
effect is the scattering off the vortices. depressed near the impurity. This is the unitary limit where a
More detailed information about the scattering of the quagapped system is predicted in the absence of magnetic’field.
siparticles is obtained calculating the LDOS for a given im-The quantum effect originated in the Aharonov-Bohm scat-

purity and vortex configuration. It is defined by tering of the quasiparticles circulating around a vortex line
o= 2 2 has been shown to have considerable effects on the density
pr.e) = - [un(DI* + fon(M*1o(e ~ €n). of statest®17 Significant changes with respect to the classical

Doppler shift effectt occur at low energie¥ The results
In Fig. 3 we compare the LDOS at four different sité@$ At obtained in this paper show that the addition of impurity
a site in the bulk the band-structure profiles are somewhagcattering is not very significant and the Berry phase is domi-
similar to the case of a vortex latti€éThe coherence peaks nant, as argued befofé.The results are very similar to the
are evident, the zero-energy density of states is very smatines obtained experimentally with STM in Ref. 3 except for
(but not strictly zer@, and the low-energy peaks are smearedthe finite density of states at zero energy in the vicinity of an
out. (ii) At an impurity site(and no vortex nearbythe same isolated vortex. The experimental results are therefore more
structure is apparent except that since the impurity potentiatonsistent with the situation where all or most of the vortices
is repulsive the density of states at the impurity site is conare pinned to the impurity sites. At these points, even though
siderably depleted at low enerdfor instance, in the very there is an enhancement of the low-energy density of states
large U limit the density of states is virtually zero at the with respect to an impurity with no vortex attached, the in-
impurity site. (iii) In the vicinity of a vortex site(but far  crease is reduced by the presence of the impurity with re-
from any impurity the structure is very similar to the case spect to the case of a vortex but no impurity nearby.
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