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Mixed (s+id)-wave order parameters in the Van Hove scenario
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In the Van Hove scenario including orthorhombic distortion effect, we develop a pair of coupled gap
equations for the mixeds{+id)-wave order parameter. It is found that a mixe#¢tid symmetry state is
realized in a certain range of relative strength of ¢hand d interactions, and there are two second-order
transitions between the mixed and the pure symmetry states. Particular attention is paid to the temperature
dependence of two components in the mixed order parameter as well as their evolution frons ¢opaifgure
d symmetry state[S0163-182807)02305-9

The question of the order parameter symmetry in highd symmetry of the order parametér*® It was shown that
temperature superconductors is presently the subject of lsoth in the weak-coupling limit and at strong coupling, a
vivid debate! It is widely accepted that the superconductingmixed s+id symmetry state can be realized in a certain
gap is highly anisotropic, but there is much controversyrange of interaction, but there is no stable mixegld sym-
about whether the order parameter has an extesdedve  metry state in tetragonal systems. In the presence of ortho-
symmetry, or a pured-wave one, or a mixed rhombic distortion, however, thes{d) mixed state may
(s+e'%d)-wave one ¢ being the relative phase & and occur®® A study of the Ginzberg-Landau equations for a
d-wave componenjs Recent experiments seem to increas-d-wave superconductor with inhomogeneity indicates that
ingly favor the order parameter having dominantly the s-wave component is always induced near the inhomo-
dy2_,2-wave symmetry and mixing with th@wave compo-  geneous region®.
nent near the surface of a superconductor. Experiments that An important feature of higf-, oxide superconductors
directly probe the pairing symmetry using tricrystal junctionsfound by experiments is that there exist flat bands near the
by Tsueiet al? and corner junction by Wollmaet al> pro- ~ Fermi levelEx. High-resolution angle-resolved photoemis-
vide strong evidence supportingdawave pairing state. In  sion spectroscopy experimeht$® suggest that an extended
addition, very recent angle-resolved photoemission spectrosegion of flat CuQ derived bands close t&g exists for
copy study also suggests a d-wave sfattowever, there YBCO as well as other higfi cuprates with optimal dop-
exist some experimental results, such as the measurementsing, providing a strong support for the idea of Van Hove
Josephson supercurrent for tunneling between Pb anscenarid® The flat regions of the energy dispersion is asso-
YBa,Cu;0; (YBCO) (Ref. 5 and critical current of YBCO-  ciated with the logarithmic singularity in the density of states
YBCO grain boundary junctions in treeb plane® which are  (DOS), known as the Van Hove singulari’HS), which
difficult to be understood in the context of a putevave comes from two-dimensiondRD) nature of electronic dy-
symmetry. Similarly, some photoemission studies onnamics. An analytical formula for the density of staOS)
Bi,S,CaCyOg. , (Ref. 7) are inconsistent with the pue  having VHS was exactly derived from a tight-binding model
wave but more consistent with a mixed state sfand on a 2D rectangular lattic®,where the orthorhombic distor-
d-wave components. tion, second-nearest-neighbor, and interlayer hopping have

The concept of mixed+d ands+id symmetries of the been taken into account. Previous works on the Van Hove
superconducting gap was first discussed by Ruckenstein scenario are based on an assumption of the conventional
al.® and Kotliar? This idea has been used to interpret thes-wave symmetry. They have accounted for many anoma-
NMR and NQR data in the superconducting state oflous superconducting and normal-state properties of the
YBCO,!° as well as the Josephson critical current observedhigh-T, cuprate superconductors, including the highand
in YBCO SNS junctions and YBCO/Pb junctiofs.Re- reduced isotope effe¢t;?® the linearly temperature-
cently, a two-dimensional tight-binding model, together withdependent resistivit§; the specific heat jump &k, ,?* and
the electron spin susceptibility model of Mills, Monier, and the uniaxial stress effect of .% Recently, the VHS theory
Pines(MMP),12 has been used to study the effects of filling, has been extended to the pakavave pairing?*~?®indicating
band structure, and pair potential on the symmetry of the gathat thed-wave version of the Van Hove scenario is fully
with particular emphasis on possible mixed configurations. viable.

On the other hand, a two-dimensional Fermi liqguid model In this work we apply the Van Hove scenario to the su-
with free-particle dispersion relation and with attractive in- perconducting state with a mixedandd symmetry. The 2D

teraction in boths andd channels has been used to examinetight-binding model is considered as our starting point since
the possibility of a superconducting state with mix@dnd it can well describe VHS in the DOS. Based on the same
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model, we consider the two-body interaction to contain arwherev = —uvqy+ (1+8)%v,/2 andvy4=v,/2 corresponds to
on-site repulsion and a nearest-neighbor attraction, whickhe effectives- and d-wave channel interactions, respec-
may provide two attractive interaction channels srand tively. In this model bothvs and vy are positive only if
d-wave pairing. The antiferromagnetic superexchange is thev,<(1+ 8)?v,, which is a necessary condition of coexist-
most plausible candidate of the nearest-neighbor attractiving thes- and d-wave states.

interaction. However, a phonon-mediated attraction can also The present calculations are confined to the weak-
contribute to the high, superconductivity in a dominant coupling limit in which the BCS theory is valid. It is straight-
d-wave superconductor. For example, two holes on adjacerfbrward to extend our calculations to the strong-coupling
copper sites may experience an attractive interaction due tcase in terms of the Eliashberg formalism. For the
motion of the intervening oxygen atofh A competition of  momentum-dependent interactiar(k—k’) the BCS gap
thes andd interaction channels can give rise to either of theequation has the following form:

pures- andd-wave pairing, or the mixeds(+id)-wave pair-

ing. The present discussion will be restricted to the A(k") W,/

(s+id)-wave symmetry, i.e., the relative angle between the A(k)zz U(k_k/)mtam(ﬁ)v 4

s- andd-wave components is taken to k€2. Such a state K g

has been shown to be a St?E,"e solution of the gap equation gherew?2= £2+|A(K)|? with &=E,— E as the quasiparti-
Igast in the tetragonal ca$®®Using a pair of coupled equa- cle energy measured from the Fermi level, ahi$ the tem-
tions fors- and d—wave_components of_order parameter, ‘_’Veperature. In Eq(4) both A andv have been regarded as a
calculate the phase diagram of consisting of three regiong,tion of momentumk, which allows for more general
corresponding to the pure andd-wave pairing as well as o in the conventiona-wave case. We now focus atten-
the mixed 6+id)-wave pairing. It is found that bots- and 51 on the superconducting state with a mixedid sym-

d-wave states can coexist o_nly in a small range of relat_ivqnetry of the gap. Corresponding to the interacti@)y the
strength of the two attractive interactions. Particular attentlorzs +id)-wave order parameter is taken to be

will be paid to the temperature dependence of sheand
d-wave components of the order parameters in a _ ; _
(s+id)-wave state. Ak =As+1Ag(cosk— foosky), ®
We start from a tight-binding model on a 2D rectangularwhich is a sum over the- and d-wave components with a
lattice with nearest- and second-nearest-neighbor hopping ife|ative phase ofr/2 between them. Substituting Eq&)
tegrals. The quasiparticle energy is given by and (5) into Eq. (4), and separating the real and imaginary
parts of the equation, we obtain a pair of coupled equations

Ex=—2t[ coky+ y1C0K, — ¥,C0K,COK, |. (1)
. - d’k A W,
Heret andty, are the nearest-neighbor hopping integrals As=vg —z—tan!‘(—>, (6)
along thea andb axes, respectively, and,/2 is the second- (2m)7 2Wi 2T
nearest-neighbor hopping integral. It has been sRbwmat
such a tight-binding model yields the VHS in DOS. In the B d’k  Ag(cok,—Bcok,)? (W,
presence of orthorhombic distortiory{<1), there are two d=Ud (272 2W, tan >T/ @)

singular peaks in the DOS at the energids, =

2t(1—y,— y,) andE_=—-2t(1— y,+ v,), the distance be- Wwith

tween them being equal t&, —E_ =4t(1-1y,). For a

square lattice 4;=1) the two singular peaks in the DOS W= E8+ A2+ Ad(cosk,— Bcok,)?, (8)
merge into one aE,=—2ty,. With the aid of the same

model we consider the two-body interaction which governsrom whichAg andA in a mixed 6+id)-wave state can be
the spatial variation of the order parameters. Supposing a$€lf-consistently solved. Obviously, when only one of the
on-site repulsiow, and an attraction; between the nearest- two interaction channels is present, i.e., eitiey=0 or

neighbor sites, the two-body interaction is given by A4=0, the coupled gap equations above reduce to a single
one for a pure symmetry order parameter. In Efsand(7)
v(k—k')=—vo+v,[cog k,— k) + BZcog ky— k). we have assumed that the attractive interactions in $athd

) d channels are energy-independent in a energy range

bounded by the cutoff energkgT.o, and are zero for
Here B=1 for a square lattice and its deviation from 1 |&|>kgT,. To embody the cutoff of the energy, the follow-
stands for an orthorhombic distortion. If one expands théng integral,
interactionv(k—k’), one finds it to contain the-wave,
d-wave andp-wave channel interactions. The terms of the kgTco
p-wave channel interaction, such as ksgink, and fﬁ T 8(€—&)dE, ©)
sinkysink; can be neglected since they do not contribute to B e
the spin-singlet pairing state. The dominant interaction causaeeds to be added to the right-hand sides of Ejsand (7).

ing the superconductivity is given by Substitute Eq(1) into Egs.(6)—(8) and make a change of
integral variablesi=cok, andv =cok,. The § function in
v(k—k")=ves+ vd(coskx—Bcod<y)(cosk)’(—ﬁcosk)’,), Eg. (9) can be used to integrate over and the remainder is

3 a double integral oves and ¢, yielding
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keTco N(§v) — [W(Ev)
AS=USAJ BTcod J dvzw(g a l{ >T ) (10
kBTCO N(g,U)D(g,U)2+ W(gvv)
Sg=vaa e O e % 2T )’ (0

where
W(&,0)2=8+A2+A%D(£,0)?,
NO
Sa—v)(b—v)(v—c)(v—d)

+(B+y)v—Bryw?
1—’)/2U

N(&v)=

€
D(¢v)=

with No=1/(2t 72, 'yl 72) and e=(¢+Eg)/(2t). Herea,b,c, andd are functions ofe, having different function forms in
different € regions. They are

a=(1—-e)/(yitvy2), b=l c=—(1+e)(y1—7v2), d=-1 for —l+y;—y,=e=—-1-vy+vy,,
a=(1—e)/(y1t7y2), b=1, c=-1, d=—(1+e)(y1—7vy) for 1—y—y,>e>—1+7y,—y,,

a=1, b=(1-e)(y;+t7v), c=-1, d=—(1+€)/(y1—7v2) for 1+y;+ty,=e=1—y;—7,.

We wish to point out that in gap equatioff0) and(11) the  the s-wave case. This behavior will be favorable for the
VHS is embodied in the functiolN(&,v). As a=b at  high-T, superconductivity ifEg is located right at or very
e=1—vy;— vy, or c=d at e=—1+y;— vy,, the integral of close to the VHS.
N(&,v) over v exhibits logarithmic singularity. To see Unlike the gap equationd.0) and(11), Egs.(12) and(13)
clearer the physical meaning bi(§,v), we examine thd.  are two independerif, formulas. Only one of them deter-
formula. TakingA;=A4=0 atT, in Egs.(10) and(11), we  minesT, of the superconductor, depending on which has the
obtain higher transition temperature. The competition between the
s andd interaction channels can lead to either one of the two
B kgTeo d§ § pure symmetry superconducting states, or a mixed
As=vh f kBTcoz_ft n Ns(), (12 (s+id)-wave state. Our calculation shows that there exists a
narrow range of interaction ratio,,;<v4/vs<rmax, Where
the s- and d-wave states coexist. Farg/vs<rpin, only
keTeo d& 3 L : :
Ag=vgly f —tanl'(—) Ng(&), (13) s-wave superconductivity appears and Tig is .delztermmed
kgTeo2& 2T by Eqg. (12). On the contrary, fowy/v>Tmax it is a pure
d-wave superconductor whodg is determined by Eq.13).
with It is interesting to point out that in the range of a mixed
(s+id)-wave pairing the value of; is also determined by
Eq. (13 if vy is fixed andvy is changed.
Ns(£)= fc N(¢,v)d, (14 We now perform numerical calculations by choosing a set
of parameters. For ease of comparison, the parameters used
X in the present calculggion are taken to be the same as those in
— 2 the pures-wave casé. They aret=0.46 eV, T =400 K,
Na(€) Jc N(£.v)D(Ev)"dv. A9 v,=0.35, andvN,=0.056. We first consider a square lat-
tice of y;=1 and B=1, in which there is only one VHS
Notice thatNg(&) is the exact DOS of the tight-binding peak in the DOS centered at — y,, and assume the Fermi
model under consideration. It can be expressed as a compldavel to be located right at the VHS. Figure 1 shows the
elliptic integral of the first kind and its explicit expression phase diagram of the superconductor at zero temperature.
has been given in Ref. 20l4(¢) is not a real DOS, but can What is plotted is the zero-temperature order parameters as a
be regarded as an effective DOS in fhig formula for the  function of the interaction rati@4/v¢ with fixed vg. The
d-wave pairing. It cannot be expressed as a simple ellipticdotted line indicated\ ¢ of the solution of the gap equations
integral function, but its singular behavior is similar to that (10) and(11) at zero temperature, while the solid line stands
of Ng(€). It has been found that the VHS peaksNp(¢) for  for Ay. We see that thes-wave solution exists at
d-wave pairing are much higher and narrower than those i0<v4/vs<0.39 and the d-wave solution exists at
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We now focus attention on the intermediate region where
A and Ay coexist and study their temperature dependence.
Figure 2 shows the calculated results of and A, as a
function of temperature for several valuesuf/v s between
I min=0.34 andr ;,,,=0.39. Atv4/vs=0.38 just belowr .4,
the mixed 6+id)-wave state has a dominaditwave com-
ponent and a smadkwave component, as shown in Figap
At zero temperature the wave coexists with the wave, but
A4(0) is much greater thai4(0). At low temperatures g
decreases rapidly with temperature while; changes
smoothly. When the temperature comes up to a certain value
T* (T*<T,), A, first vanishes. After then, only theé wave
appears and\; decreases gradually with temperature until
T.. This basic feature of the variation ixy andA 4 remains

FIG. 1. Phase diagram of the superconductor at zero tempera&most unchanged in the whole range of the mixed
ture withv fixed. A (dotted ling andA4 (solid line) as functions  (s+id)-wave state. The major change is that with decreas-
of vylvs for B=vy,=1, andA (dot-dashed lineand A4 (long-  ing v%v®, the s-wave component grows up gradually while
dashed lingfor 8= y;=0.99. the d-wave component reduces, afiti moves towards right

and gradually close td.. It is worth mentioning that, for
v4/vs>0.34. As a result, the phase diagram is divided intosmallervy/vs, As is greater thamd 4 in most range of tem-
three parts: the purg@wave region fow 4/v,<0.34, the pure peratures, but still first goes to zero Ht which is always
d-wave region for vy/vs>0.39, and the mixed lowerthanT., asshown in Fig.@) . This indicates that, for
(s+id)-wave region for 0.34v4/v<<0.38. Next, we dis- a fixedvg, the T, formula (13) is suitable not only to the
cuss the effect of orthorhombic distorti6h.By taking pured-wave superconductors, but also to the superconduct-
¥1=0.99 andB=0.99, and keeping other parameters un-ing state with mixed ¢+id)-wave symmetry.
changed, we obtaif; andA 4 as functions ob /v, respec- For the 6+id)-wave state, the maximum value of the
tively, as shown by dot-dashed and long-dashed lines of Figgap at zero temperature is given by, (T=0)
1. Their behavior is qualitatively similar to that in a tetrago- =[A§(T=O)+4A§(T=O)]l’2. In Fig. 3, we show the ratio
nal structure, having only a quantitative difference. In theR=2A,,.(T=0)kgT. as a function olv4/v, together with
presence of orthorhombic distortion, the mixedT. vsvq4/vg curve. In the pures-wave case the present cal-
(s+id)-wave region shifts toward right, but its width be- culated value 24(T=0)/kgT.=3.72 is slightly greater than

0.3 ——r—r—Trrr—TTT—T T

......

AIK,T,,

0.0 ———u
0.30

0.35 0.40

Va/Vs

0.45 0.50

tweenr . andr i, appears to be almost unchanged.

the standard BCS value 3.52, which arises from the VHS
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(a) T(K) () FIG. 2. A (dashed lingand A4 (solid line)
plotted vs temperature for several values of
0.20 prer ) 020 vylve: (8) 0.38,(b) 0.36,(c) 0.35, andd) 0.342.
< 015 ] 0.15 [
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200 ] 5 symmetry there is a continuous changeRrfrom the pure
I e d state to the purs state. From Figs. 1 and 3, one sees that
T 1,4 the order parameter changes continuously eithar,at or
. I max: While the change in its derivative is uncontinuous. It
then follows that the two phase transitions between the
mixed and the pure symmetry states are second order. The
transition aftr ,;, from s to s+id is one from isotropic sym-
[ . | metry to anisotropic symmetry, while the transitionraj,,
S l 14 from d to s+id is one from a state with zero gap nodes to a
i ) | nodeless state.
P AT 0 In summary, we have studied the coexistences-oand
000 025 050 075 100 d-wave states and the temperature dependence of the
Va /Vs s+id-wave order parameters in the Van Hove scenario in-
cluding the orthorhombic distortion effect. A competition be-

FIG. 3. R=2A,,,(T=0)kgT, (solid line and T, plotted vs fweens- _andd-wave pai_ring is f_ound_ to depend strongly on
v4lvs with vy fixed. the relative strength of interactions in the two channels.
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