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Lattice model for the broken-time-reversal-symmetry pairing state near a surface
of d-wave superconductors
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Based on an extended Hubbard model, the spatial variation of the order parameter is calculated self-
consistently near the surface @fwave superconductors. It is showrda is order parameter can be induced
near a{11Q surface, leading to splitting of the zero-energy peak in the surface local density of states and the
generation of a spontaneous surface supercurrent. This splitting can be diminished by the increase of ortho-
rhombicity, on-site repulsive interaction, or temperature. Our results give a microscopic explanation for the
surface broken-time-reversal-symmetry pairing state.
[S0163-18289)04705-0

After many years of experimental and theoretical stily, In this paper, by introducing the supercell concept and
commonly shared point of view is that the pairing state ofusing the exact diagonalization technique, we study the elec-
high-temperature superconductors is predominantly offonic states at the surface ofdawave superconductor de-
d-wave symmetry. For such a pairing state, the energy gafined on a two-dimensional square lattice within an extended
can have a sign change along some nodal lines of an esseubbard model. The order parameter is self-consistently de-
tially cylindrical Fermi surface. As one of the direct conse-termined. We find that at low temperatures @xtended
quences, Huhas shown that midgap states with energy ar-SWave component of the order parameter, whichrf8 out
bitrarily close to the Fermi surface can be formed near th@f Phase with the suppressedvave component, is induced

{110 surface of ad,2_,2-wave superconductor, whegeand near a{110 surface. As a result, the local density of states
*a % ’ (LDOS) near the surface is split at zero energy, which di-

b are the crystalline axes. Midgap states do not exist on anyactly corresponds to the splitting of the ZBCP. This splitting
surface ofs-wave superconductors and o{10G surface of s gecreased with increased temperature and finally disap-
d.2_2-wave superconductors. One of the most intriguingpears at a critical temperature much lower than the bulk tran-
features of high-temperature superconductors, the zero-biaition temperature. In addition, we also find that at a fixed
conductance peaZBCP) observed when tunneling into the low temperature, the zero-energy splitting in the LDOS can
ab-oriented thin filmS= can be explained quite well in terms be reduced by the orthorhombicity and the increase of on-site
of the midgap states induced at surfatédviore recently, repulsive interaction.

Covington et al® reported the splitting of the ZBCP ob- To model decoupled copper-oxygen layers in highsu-
served for copper/insulator/Y-Ba-Cu-O in-plane tunnel junc-perconductors, we consider the single-band extended Hub-
tions at low temperatures in zero magnetic field. It is be-bard Hamiltonian on a two-dimensional square lattice

lieved that this zero-field splitting is caused by the energy

shift of the Andreev bound states in a broken-time-reversal-

symmetry(BTRS) state®'? Several previous works*? pre- H= _<%:0 tj ot % Uinio— ﬂ% Nig

dicted that a subdominastwave order parameter, which has

a relative phaser/2 with respect to the dominart-wave 2 \%1 E

order parameter, could appear near the surface. However, Vo i M=% & NigNjor - @)
within these continuum theories, an attractive subdominant i

s-channel interactions should be explicitly introduced for theHerei andj are site indices and the angle bracket implies
realization of the surface BTR&+ is state, even though this that the hopping and interactions are only considered up to
s-wave pairing interaction normally cannot compete with thenearest-neighbor sitelsi,(,zc;‘(,ci(, is the electron number op-
d-wave pairing interaction in the buf In addition, it is  erator on sité, andu is the chemical potential. To model the
unclear to what extent the continuum approach that was useatthorhombicity effect, the hopping integrgl are taken to

for swave superconductors is valid for treatidgvave su-  be direction-dependent and are respectivugly, along the
perconductors with short coherence length. This situatiorrystallinea andb axes.t,=t, corresponds to the tetragonal
presents a strong impetus for further study of the surfacstructure. The depletion of the carrier density at the surface is
electronic states in-wave superconductors. simulated by a single-layer impurity scattering potenti|:
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=UoZi/ ¢ 6 ; With the summation over the set of impurity
sites. The amplitude of the single-site potential is sufficiently
strong so that the tunneling of carriers between both sides of
the single layer is negligible. The quantitig¢g, andV, are
on-site and nearest-neighbor interaction strength, respec-
tively. Positive values o¥/, andV; mean attractive interac-
tions and negative values mean repulsive interactions. When
V<0 andV,>0, thed-wave pairing state is favorable. The
extended Hubbard model has been previously used to study
the single vortex structurl;'® electronic states on a twin
boundary:®!’ the effects of disordé?'°and single impurity
scattering?® and the effect of surface roughnédsdowever,

X

Ay Nt

the existence of BTRS pairing state at the surface within this g o1 L |
model has not been exploréd. e =
To study the electronic states near the surface, we intro-
duce the supercells. For tH&#10 surface, the size of each
supercell isN,v2axX Nyv2a, wherea is the lattice constant. 0.0 M
The system Hamiltonian is invariant under a supercell trans- 0 10 20 30 . 40
lation. We then define the supercell Bloch states labeled by a X/a,
wave vectok and a site index within the supercell. Within
the mean-field approximation, the diagonalization of Eq. FIG. 1. The spatial variation of the amplitudes of order param-
can be transformed to find the solutions to the latticeeter(a) and the spontaneous currébf away from the{110 surface
Bogoliubov—de Genne@BdG) equaﬁong3 of a tetragonal superconductor. The distance is measured in units of

a;=al/v2. The solid line(with filled triangle corresponds to the
Hj (k) Aj umk umk d-wave component and the dashed liwéith filled circle) to the
( (k) ( ) = k( ) @

Al _H. ! v:"'k . swave component. The parametdgsT =0.02, andV,=0.
ij ij

>

J

values give theA;=0.266, and T,=0.418, for the bulk
tetragonal structure and the corresponding coherefice
=hvpl/mAg~

— i aik-danvz _ Since a quasiparticle reflected from tiel0; surface will
. = - o .
(="t divayt(Uim )y, & see an order parameter, which has a different sign from that
. e experienced before its reflection, the pair breaking effect at

= B0 TA41) i+ 55 @ this surface is most pronounced. In Figa)l we plot the

where é=+%+§ are the unit vectors, andky, spatial variation of the amplitudes of and s-wave order
=27, [VIM Ny, with n ,=0,1,2,..M, ,— 1. The inte- ~ Parameters defined ds
gersM, , label the supercell. The energy gaps for on-site and 1
nearest-neighbor pairing are determined self-consistently Ag(i)=[Ag()+A 5()—Ay()—A _4(i)], (78

k k

Here u* and v{"* are the Bogoliubov amplitudes corre-
spondlng to the eigenvalug,

Ag(i)= 2 uMuMk* tanhE, /2kgT), (5) 1
Ag(i)=Z[A(D+A () +Ag()+A (D], (7b)

A,;(I)— 2 [u™ KNk o ik da for the {110 surface of a tetragona-wave superconductor
i+ atT=0.02, andV,=0. The spatial variation of the average

current Wh|ch given by
+ulkpM ek BtaniE,, | /2kgT), (6)

where kg is the Boltzmann constanyl =M, XM, is the 3=~ 7 2 E {[F(E,)uM** ke ik @2

number of supercells. This technique has several méijts:

the desired resolution to resolve the resonance in energy can +[1—f(Ep) oM n+k; glk @2 _c cl ®)
i .C.

be obtained{ii) the band structure effect can be taken into
account; (i) it can be easily implemented to study more is plotted in Fig. 1b), where the Fermi distribution function
general situations. f(E)=[expE/ksT)+1] 1. Our numerical results show that
We solve the BAG equations self-consistently by startinghe d-wave component of order parameter comes from the
with an initial gap function. After exactly diagonalizing Eq. real part of the bond order parameter, while the extended
(2), the obtained Bogoliubov amplitudes are substituted intas-wave component from the imaginary part. Therefore, it is
Egs.(5) and(6) to compute a new gap function. We then usedemonstrated unambiguously that the relative phase between
it as input to repeat the above process until the relative erras- andd-wave components ig/2. Thed-wave order param-
in the gap function between successive iterations is less thaster is suppressed near the surface and increases monotoni-
the desired accuracy. Throughout our work, we (&g cally to the bulk value at a coherence length scal@he
=2.5,, u=—t,, and Uy=10Q,. This set of parameter induceds-wave component near the surface oscillates at an
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FIG. 2. The local density of states as a function of energy at a FIG. 3. The local density of states as a function of energy at a
distancea/v2 from the{110 surface of a tetragonal superconductor distancea/v2 from the{110G surface of a tetragonal superconductor
at temperaturégT=0.02, (solid ling), 0.0, (dashed ling and  atkgT=0.02Z, with the on-site repulsioky=0 (solid ling), — 1.5,
0.1t, (dotted lind. For comparison, the bulk density of states (dashed ling and —3t, (dotted ling.

(dotted-dashed lineat kg T=0.02, is also displayed. The param-

eterVy=0. on-site repulsive interaction. Thus the splitting of the ZBCP

) ) _ ) ) is not always observable in a high-temperature supercon-
atomic scale and vanishes into the bulk region at a distancgctor, which depends on the strength of the microscopic

£ Correspondingly, the current flowing along the surface ispteraction. The spin-singlet interaction within the extended
limited to the surface region. _ Hubbard model with on-site repulsidn-V,>0 in our defi-
Once the BAG equationi@) are solved self-consistently, pition) and nearest-neighbor(V;<0) attraction in the real
we can calculate the thermally broadened local density ngace can be Fourier transformed into the momentum space
states(LDOS) as  V(k,k')=—Vo—V;(coska-+cosksa)(coskia+coska)
2 —Vy(coska—coska)(coskia—coskja), in which the first
pi(E)=—M2 (UM 2" (Ep— E) + oM % (Ep kT E)], two terms correspond to thechannel interaction and the
n.k third term to thed-channel interaction. Thus the on-site re-
© pulsion and nearest-neighbor attraction compete with each
where the prefactor 2 comes from the twofold spin degenother in determining the-channel interaction. As a result,
eracy andf ' (E) is the derivative off (E). p;(E) is propor- the increase of on-site repulsive interaction is unfavorable to
tional to the local differential tunneling conductance which isthe s-channel pairing, which leads to the reduction of the
measured in a scanning-tunneling microsco®TM)  induced sswave component near the surface. The lattice
experiment? In Fig. 2 we plot the LDOS as a function of model discussed here gives a possible origin for the induc-
energy at a distanca/v2 from the{11Q surface of a tetrag- tion of subdominans-wave order parameter near the surface
onal superconductor for various temperatures. For comparand provides a natural explanation for the observed splitting
son, we have also displayed the density of states for the bul@f the ZBCP in high-temperature superconductors.
system, where a gaplike feature with,,,~0.78&, is exhib- We have also studied the orthorhombicity effect on the
ited. From the figure, the splitting of LDOS at zero energysplitting of the zero-energy peak. As shown in Fig. 4, the
can be seen clearly. Calculations without surface pair breaksplitting of the zero-energy peak is reduced by the presence
ing, do not allow one to describe the splitting of the zero-
energy peak in the LDOS. The asymmetry line shape in 25
p(E) with respect to zero energy reflects the lack of particle-
hole symmetry as the chemical potentjal deviates from
zero. When the temperature is increased, the splitting dimin-
ishes and finally a single zero-energy peak evolves at a criti-
cal temperaturd@, which is estimated to be 16% &f . We
find that thesswave component becomes vanishingly small
at T, which gives a direct signature of BTRS surface pair-
ing state. The estimatef is a little larger than the experi-
mentally observed value 1084However, as will be shown
below, thisT can be decreased by the presence of ortho- :
rhombicity and by increasing the on-site repulsion. Figure 3 15
shows the LDOS as a function of energy at a distame@
from the {110 surface of a tetragonal superconductor for
various values of on-site repulsive interactioriTat 0.02, . FIG. 4. The local density of states as a function of energy at a
Clearly, the increase of on-site repulsive interaction reducegistancea/v2 from the{110 surface of an orthorhombic supercon-
splitting of the zero-energy peak. In particular, splitting of ductor witht, /t,=1 (solid line), 1.2 (dashed ling and 1.5(dotted
the zero-energy peak can even be destroyed by a strongkte). The parameterkgT=0.02, andV,=0.
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of orthorhombicity (represented by the ratig, /t, in our ao(T)=as+ (y1—27,)|A4|?>0, for all temperatures, where
work). When the orthorhombicity is very strong, the splitting |A4|=[ — aq/B4]*2 At the {110 surface, theswave com-

will disappear. This result verifies a previous prediction ofponent could be induced due to the suppressiod-afive

the local BTRS state based on Ginzburg-Land&L) component. However, the presence of the orthorhombicity
theory* The GL free energy density for a homogeneousgdiscourages ther/2 relative phase, which leads to the de-

orthorhombicd-wave superconductor is given by crease of splitting of the zero-energy peak. This result pre-
dicts that the BTRS state may be easier to measure for te-
Fo= 2 [ai A2+ B Ai[*1+ y1|Ag % Agl? tragonal samples like JBa,CuQ;. 5 and BpSr,CaCyOg, 5.
i=d.s So far, the BTRS state has not been observed in these mate-
4 72(A§2A§+A§A§2)+ ya(AXAg+AAY), rials, which may be due to a relative large on-site interaction.

Note that there is no sign change oflavave order pa-
(10 rameter for §100 surface, we do not see the induction of an

where all coefficientgexcepta;) are assumed to be positive. SWave component near the surface of a tetragonal supercon-
The vy, term favors/2 relative phase between tlse and ~ ductor and the splitting of ZBCP is not exhibited.

d-wave components. The orthorhombicity effect is repre-

sented by they; term, which favors the relative phase Omar This work was supported by the Texas Center for Super-
Within this GL formulation, to ensure a pudewave state in  conductivity at the University of Houston and by the Robert
a bulk tetragonal superconductor, it is required that the efA. Welch Foundation, and by the ARP-ATP program of the
fective second order coefficient ok is positive, i.e., State of Texas.
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