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Abstract

In this Letter, we consider a two-dimensional Hubbard modélittdudes a second-neighbor correlated hopping interaction,
and we find a triplepp-wave superconducting ground state witthe BCS formalism. A small dtortion of the square-lattice
right angles is introduced in order to break the degeneragy &f k, orientedp-wave pairing states. For the strong coupling
limit, analytical results are obtained. Analysis of the superconducting critical tematire reveals the existence of an optimal
electron density and the gap ratio exhibits a non-BCS behavior. Finally, the particular case of strontium ruthenate is examined.
0 2005 Elsevier B.V. All rights reserved.
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The Hubbard model is perhaps the most used start- tween nearest neighbors, can produce anisotropic su-
ing point to study many correlated electronic phenom- perconducting states. However, this later model has an
ena, such as magnetism in soliild, superconduc- intrinsic defect in favouring phase separation, which
tivity [2], charge and spin density wavgy. In par- inhibits the formation of the superconducting ground
ticular, the negativéd/ Hubbard model only leads to  state as the strength of the attraction grgdls On
s-symmetry superconductivity, and the introduction of the other hand, it has been shoy&} that the corre-

a negativeV term, i.e., an attractive interaction be- lated first-neighbor hopping interaction can induce an
extendeds-wave superconducting ground state with-
out attractive density—density interactions. Recently,

* Corresponding author. we have found that a small correlated second-neighbor
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in square latticeg6]. However, it has been stated
that triplet p-wave pairing never occurs in the two-
dimensional Hubbard modg¥]. In this Letter, we
report for the first time ap-wave superconducting
ground state induced by a small distortion of the
square-lattice right angles within the Hubbard model.
It would be worth mentioning that a structural distor-
tion has been observed at the surface of thd&k80,

[8], a p-wave superconducting material, although it is
not clear its occurrence in the bulk.

The d-wave superconductivity has also been ob-
tained by using the spin fluctuation technique within
the standard Hubbard mod@-11] Nevertheless,
the picture that strong ferromagnetic spin fluctuations
mainly induce thep-wave superconductivity may not
be appropriat§l2,13], since the spin fluctuations have
turned out to be more like antiferromagnetic than fer-
romagnetid14]. Indeed, the spin-triplet superconduc-
tivity in SroRuQy can rather be considered as a natural
result of electron correlatiofd5]. In this sense, the
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electron system, where a second-neighbor correlated-
hopping interaction(Ar3) is thought as the relevant
term, besides the on-site Coulomb interactioh, the
first- and second-neighbor single-electron hoppings,
as appear in the standard Hubbard model. This gen-
eralized Hubbard Hamiltonian can be written@ps

H=tg Z czdcj,(,—i—té Z CIJCJ}U
(i,j)o (i, j).o
+U2ni,Tl’li,¢
i

2

(.0, (.0 (i.j).o

+ At3 el ejoni, (1)

wherecIU (ci.o) is the creation (annihilation) oper-

ator with spinoc =| or 1 at sitei, n;j, = czaci,(,,

ni =n;4 +n;, (i, j) and((i, j)) denote respectively
the nearest-neighbor and the second-neighbor sites. It
is worth mentioning that the second-neighbor density—

present work represents an alternat!ve way to obtain density interactior(V') could be negative if attractive
p-wave superconduction by considering the correlated jngjrect interactions through phonons or other bosonic

hopping interactions.

During the last years, the experimental evidence fa-

vors a spin-triplet superconducting state i1,

excitations are included, as discussed in RE20].
However, a negativ& may cause a phase-separation
ground statg4,6] and then, in this Letter we take

[16]. More recently, phase sensitive measurements y — . Moreover, the models that include the nearest-
seems to indicate an odd parity superconducting state,neighbor correlated-hopping interactions) and Atz

most likely of thep-wave typg17]. In SpbRuQy, elec-
trons in the Ru@ planes are expected to play the most
important role for its electronic propertifl6]. In gen-
eral, thek, + k, oriented p-wave superconducting

states are doubly degenerated in a square lattice and a

small distortion in its right angles breaks this degener-
acy, favouring one of thp-wave states in competition
with s- andd-wave superconducting states. A single-

band Hubbard model has been considered to describeAtgi(Sg,

the electron dynamics on the Rp@laneq13], which
is often calledy band that plays the dominant role in

the superconducting transition, and the pairing on the

other two bandsy andg, is induced passively through
the inter-orbit couplings. The band structure obtained

can respectively lead te- and d-wave hole super-
conducting ground states without negative[6,21].
Therefore At = 0 and smallArz are considered in this
study to analyze only-wave superconducting states.
In addition, we consider a small distortion of the
right angles in the square lattice, which leads to
changes i) and Arz terms of Eq(1). The new val-
ues of these parameters afe= 7, £ 6 and At3i
where= refers to thex -y direction. Doing
a Fourier transform,

1 KR,
ko = — E e o, 2
k,o \/ﬁs - J,0 ( )

from the density functional theory can be reasonably gpg

well described in the vicinity of the Fermi level by a
square-lattice singlg-band tight-binding model with
first- and second-neighbor hoppings= 0.4 eV and
1o =—0.12 eV, respectively19].

In order to analyzg»-wave superconducting states,
we consider a minimal two-dimensional interacting

t 1 ikR; T
o = et il 3)
Lo T,

the Hamiltonian (Eq(1)) in the momentum space be-
comes
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H= Zso(k)cf;(rck,(7
k,o

1 T T
N Z VkkaCirg,1€—k+g,4 C—K'+a. L Ckta.t
kK.

1 T +
* Ny Z Wik qCk+9,0 € —k+q,0 C—K'+0.0 Ck'+0,0 5
N
kK,

o (4)
whereN; is the total number of sites,
eo(k) = 2io[coskya) + coskya)]
+ 21, cogky + ky) + 2t cogky, —ky), (5)
Vikq=U + Atz [y (k+0.k" +0)
+y(—k+q,—K +0q)]
+ Atz [¢k+ 9.k +q)
+i(—k+q, -k +g], (6)
and
Wikq = At5 y(K+ 0.k + )
+ Atz ¢(k+a.K +q), )
being
y (k. k') =2coda(k, +k})]
+2coda(k, +ky)]. (8)
¢k, k') =2coda(k, — k)]
+2coda(k, — ky)], 9)

and 2 is the wave vector of the pair center of mass.
Notice thatVj,.q and Wy respectively contribute to
antiparallel and parallel spin pairings, and their main
contributions come fromq = 0 terms.

Within the standard Bardeen—Cooper—Schrieffer
(BCS) formalism, a normal Hartree—Fock decoupling
of the interaction terms in E¢4) leads to the follow-
ing reduced Hamiltonian for parallel spif2],

H —uN
= (ek) = w)eg ko
k,o

1
+F Z Wkk/OCII,acik,ac*k/s”ck/v”’ (10)

S kKo

whereu is the chemical potentialy is the number of
electrons, and
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U

ek)=Zn+ 210[cogtkya) + cogkya)]
+2(t), + 2nAt]) cosky + ky)
+2(r" + 2nAty ) costhy — ky), (11)

beingn the density of electrons per site. Notice that the
single-electron dispersion relatiaiik) is now modi-
fied by adding termgn and ZhAtét to the self-energy
and the second neighbor hoppings, respectively.

At finite temperaturel’, the equations that deter-
mine the superconducting g&pk) and the chemical
potential(u) for the case of parallel spins are similar
to the singlet ong6], and they are

1 Ay Ey
Ak = —— Wio=——tan , 12
K N ; kK05 E r<2k3T> (12)
and
1 e(K') — Ey
—1=—— tan , 13
" N, 2 Er 2kpT (13)

k/
where the single-excitation energ¥y) is given by

Ex = \/(s(k) — )2+ A2,

It is worth mentioning that for the pairs with spin
function (|14) & [11))/+/2, corresponding to triplet
(+) and singlet—), the same equatior{$2) and (13)
are obtained except thaj, o replacesWy,q. In this
work, the p-wave superconducting gap is given by
Ay = Ap[sin(kya) £ sin(kya)], and Eq.(12) can be
written as

(14)

46
1=4-23
N
5 Z sir? ak, =+ sinak, sinak, an Ex ’
P Ex 2kgT
(15)

wheresds = (Aty — Atz)/2. Notice that givem and
T, Egs.(13) and (15)have to be solved together for
w and A,. In particular, the critical temperaturéc(

is determined byA ,(T.) = 0. For the case of triplets
with (|14) + |41))/+/2 andq = 0, the termU in
Eq. (6) is an even function in thé’ space andAy =
Ap[sin(kca) £sin(kya)] is odd, and then the sum over
the first Brillouin zone of the product of them is zero.
Furthermore, the termfﬁf\t?fE reduce to those oo,
except for a factor of 2. However, due to the sum over
o in the third term of Eq(4), it turns out that triplets
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Fig. 1. Critical temperatur&7,) versus electron densitgz) ob-
tained with a mean-field chemical potential approximation for
Arg =8=0, 15 =—-0.3|10|, 3 = 0.5|7p| (open squares),.B751|
(open circles), @5|7g| (open up triangles), .Q|7g| (open down tri-
angles), Q1251g| (open rhombus) and arbitrady. The solid lines
indicate the self-consigté solutions of equationgl3) and(15). In-
set: 7. versusArz for p- andd-channel superconducting states with
n = 0.61 (n = 0.5) respectively presented as open and solid black
(gray) circles foréz = 0.3751g|, as well as open and solid black
(gray) down triangles foé3 = 0.2|1g|.

with antiparallel spins obey the same equati¢h3)
and (15) in consequence the three types of triplets
with different total spin projections have the same su-
perconducting behavig23].

In order to reach very lowl,, instead of solving
two coupled integral equatior{&3) and (15)we have
calculatedu directly from the mean-field density of
states, obtained from E@L1). The results of this cal-
culation are shown irFig. 1 for 83 = 0.5|79| (open
squares), B751| (open circles), @5|7| (open up
triangles), @2|7| (open down triangles) and 1257
(open rhombus) forArz = 8 = 0, t;, = —0.3|7g|, in
comparison with the solutions of self-consistent equa-
tions (13) and (15)indicated by solid lines for the
cases oB3 = 0.5|1g| and Q3751g|. This agreement is
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Fig. 2. The variations of (a) maximum critical temperatgrg"a)
and (b) optimal densitynop) as functions of3.

n =0.61 (» = 0.5) as a function ofAt3 are respec-
tively exhibited as open and solid black (gray) circles
for 63 = 0.37519|, as well as open and solid black
(gray) down triangles foss = 0.2|fg]. Observe that
for large Arz the p-wave superconductivity is sup-
pressed byi-channel superconducting states, where
the latter depend slightly on the valuessef(see solid
circles and solid down triangles in the inset) because
83 only modifiese(k) in Eq. (10) of Ref[6]. In fact,

for n « 1, thed-wave superconductivity is suppressed
and therp-channel superconducting states become the
ground state even fég <« Ars. In addition, the results
show the existence of a maximum critical tempera-
ture (I,"®) at an optimal electron densitydp), which

are respectively plotted ifrig. 2(a) and (b), both as
functions ofs3. Notice thatZ,"®* increases andop de-
creases whebg grows, where the limit whefs; — 0
corresponds tap =~ 1.3, very close to the expected
y-band filling of SbRuQy [25,26]

somewhat expected since it has been shown that the Moreover, thep-wave superconducting states are

Fermi energy calculated from the correlated density
of states coincides with the chemical potential ob-
tained from Eq(13) [24]. Also, notice that there are
changes of’; up to 4 orders of magnitude in a narrow
range of electronic density. In the insetfeify. 1 the

T, of p- andd-channel superconducting states with

analyzed by looking at their gap strength {) and
the single-excitation energy gap\¢), which is de-
fined as the minimum value dfy given by Eq.(14),
with Ax = A, [sin(kya) + sin(k,a)] evaluated at the
antinode[6]. In the limit 1o, 75, At3, § — 0, analyti-
cal solutions have been obtained for the low density
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Fig. 3. Numerical results (open circles) of (a) thechannel super-
conducting gagA ), (b) critical temperaturéZ;), and (c) gap ratio
[2A0/(kpT,)] versus the electron concentratior), for §3 # 0 and

the other parameters equal to zero, in comparison with the analytical
solutions (dashed lines) valid far— 0.

regime ¢ — 0) and they are

A, = 25;»,«/5(1 -~ 97”), (16)
(1—n)ds3
kpT, = ——————> 17
5 tanh 11— n) (7
and
240 2In(EM) (- on
ksT.  (L—n) (1_ 7)' (18)

In Fig. 3(a)—(c), numerical results of\ /63, T./33,
and the gap ratio (Ro/ ks T;) versus: are respectively

8 T T T T T T T T T T

0.0 0.2 0.4 0.6 0.8 1.0
T/T
C

Fig. 4. Temperature dependence of the gap @ity /(kpT)] for
the p-wave case (open circles) withrz = § = 0, té = —-0.3|1g],
83 =0.3751g| andn = 0.61, and thes-wave case (solid line) with
U = —25]rg|, andzy = —0.3]1p].

of 3.57 predicted by the BCS theory and it decreases
as the electron density grows. It is important to men-
tion that inFig. 3the unique parameter taken different
to zero isd3 and in this case the real strong-coupling
limit is obtained only whem — 0, since the kinetic
energy (Eq(11)) is proportional ta:33.

The temperature dependence of the gap (&tity/
kpT,) for one of the systems ifrig. 1, with 3 =
0.37510| (open circles) andi = 0.61, is shown in
Fig. 4in comparison with the-wave superconducting
state obtained from a negativé-Hubbard mode[2]
with U = —2.5|rg|, 1, = —0.3|70| andn = 0.61 (solid
line). In the inset ofFig. 4, the normalized gap ratios
[Ao(T)/Ao(0)] for the same systems of the main plot
are comparatively shown. Observe that thavave
2A0/kp T, is larger than the-wave one and the corre-
sponding normalized gap ratio has a different behavior
from the BCS theory.

Finally, in Fig. 5 the excitation energy of the
quasiparticles 4o) for the p-channel superconduct-
ing state is plotted as a function of the polar angle

shown with the rest of parameters equal to zero, where § = tan*l(kyV /ky) for the same system as Fig. 4,

the universal analytical solutions (Eq46)—(18) are

where Ag is calculated aroundr, ) point in thek

indicated by dashed lines. Note that the gap ratio in the space since the minimum @y is located there (see

dilute limit is independent of the interaction parame-
ters, as found in Ref§6,21]. Furthermore, irig. 3(c)
it is observed that at the low density limit the gap ratio

Eq. (14)). Observe a cleap-symmetry gap and the
orientation ofAg is determined by the sign é§.
In summary, we have demonstrated that fhe

reaches very high values in comparison with the value wave superconductivity can be obtained within a
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Fig. 5. Calculated single-particle excitation energy @aip) as a
function of the polar angle for the samewave superconducting
system as irFig. 4.

two-dimensional generalized Hubbard model and the
BCS framework. We have verified that in the studied
regime,i.e.lU/|to| > 1, At3 =8 = 0, the truly ground
state hagp-symmetry, sinca- andd-wave supercon-
ducting states are inhibited by largé [21] and the
condition Atz = 0 [6], respectively. In fact, for finite
Atsz, the p-channel superconductivity still survives in
competition with theZ-channel wheds <« Arz in the
low carrier region § < nop), as shown in the inset of
Fig. 1, similar to the two-particle behavigit8]. One

of the main features of thp-wave superconducting

state is the existence of an optimal electron density for

T. and A, as shown irFig. 1 and Eq.(16), because
the attractive interaction grows with the Fermi surface

size but at the same time, the increase of electron den-

sity reduces the potential energy, given W 1) =
Yk Wik — Wi —k)ukvkug vge [22]. Also, we have
proven that a tiny distortion of the square lattice gen-

eratesp-wave superconducting states and one of them

becomes the ground staéven in competition with-

andd-wave superconducting states for certain parame-

ter regions. In the limit of tiny distortion the optimal
electronic density tends tb.3, in agreement with the
Fermi energy position estimated by the band theory
for SrRuQ [25,26] Moreover, we have observed
that the Fermi energy obtained from the mean-field

density of states could be a good candidate for the

real chemical potential, which simplifies the numeri-
cal calculations enormously. Finally, the Hamiltonian
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used in this Letter can be further addressed beyond the
BCS formalism, for example, by using the spin fluctu-
ation technique or the density-matrix renormalization
approach27], as done for the Kubo conductivifg8]

and its extension to multidimensional systefi2@].
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