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Electronic Properties of the Trellis-Lattice Hubbard Model: Pseudogap and Superconductivity
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We study the electronic states of the two-dimensional frustrated coupled ladder (trellis lattice) Hub-
bard model, which is a theoretical model of the superconducting material, 88, Cu,04;. Tem-
perature dependence of the density of states and magnetic susceptibility are discussed by using the
fluctuation exchange method, which is applied to this model for the first time. At half filling, a large
pseudogap appears in the density of states at higher temperatures. Moreovesydhie supercon-
ductivity appears at lower temperatures, where the pseudogap is well developed. These behaviors
have similarities to the under-doped high-cuprates. [S0031-9007(98)06461-8]

PACS numbers: 71.27.+a, 71.10.Fd, 74.72.Jt

After the discovery of highE. superconductors exchange (FLEX) method. Here, we study the metallic
(HTSC), various copper-oxide compounds have beestate at half filling as the first step, since the frustrating
investigated intensively. In 1996, gr,Ca,Cu40Oy interladder hopping’ stabilizes the paramagnetic metallic
was added to the list of a new type of superconductorsstate for moderat& > 0. As the temperature decreases,
For x = 13.6, the superconducting transition temperaturea pseudogap appears in the density of states (DOS) below
(T.) is about 12 K under high pressureB,~ 3 GPa some characteristic temperatuf, and the uniform
[1]. In Sr4—.CaCuwy0O4, doped holes move on the magnetic susceptibilityy also begins to decrease below
two-dimensional Cu d,--,-) network, connected by  T,. Successively, a-wave superconductivity occurs at
orbitals of O. The structure of the Cu network is calleda critical temperaturel.. We find thatT, < T, and
trellis lattice, which is a frustrated coupled ladders in twothe pseudogap is well developedZat These non-Fermi
dimension as shown in Fig. 1. On the other hand, ifiquid behaviors of our model, brought by the large spin
HTSC the carrier moves on the square lattice Cu networkfluctuations, are also characteristic properties of the HTSC
For x = 0 the system is a Mott insulator, which is rep- in the small doping region.
resented by the = 1/2 spin Hamiltonian on the trellis The Hubbard Hamiltonian in real space is shown by
lattice. Experimentally, it has a singlet ground state withFig. 1. The unit cell of this lattice consists of two
a spin gap consistent with the theoretical predictions [2]Cu sites AB). We have integrated out the @-orbital
For x > 0, hole carriers are introduced into the trellis degrees of freedomss and ¢’ are the hopping parame-
lattice, and the resistivity decreases.aicreases. For ters for the intraladder processes and interladder ones,
x = 11.5, the resistivity shows an anisotropic 2D Fermi respectively. It is reasonable to assume that> |¢/|
liquid behavior p,, pe « T?, pa/p. < 15) for T > T, in Sr4—,Ca,Cuwy04 because the Cu-O-Cu bond angle
under the optimum pressur,= 4.5 GPa [3]. is close to 180 within each ladder, but nearly 90

Electronic properties of a single ladder Hubbard modebetween ladders.U is the on-site Coulomb repulsion.
(or t-J model) have been studied intensively by manyln this Letter, we putt = —1 and ¢/ = —0.15, which
authors. For example, by exact diagonalization studys consistent with the recent band calculation [11]. The
[4], density matrix renormalization group method [5], noninteracting band widthD is given by D = 6|t +
resonating-valence-bond (RVB) mean-field theory [6],4|¢'| = 6.6. Figure 2 shows the two Fermi surfaces, both
bosonization technique [7], quantum Monte Carlo (QMC)are electronlike and open orbits.
simulations [8,9], and others. According to these studies, In the present study we use the FLEX method, which
it has been shown that the ground state of a single laddés a kind of self-consistent perturbation theory with
has an instability towards &-wave superconductivity.
Nonetheless, thermodynamic properties of the two-
dimensional trellis lattice Hubbard model, which
corresponds to $r-,Ca,Cws04, has not been studied
so far. For this model, a perturbation treatment with
respect taU is valid at least up to a moderate positi/e
which is not the case for 1D systems. Recent perturbative
renormalization group study with respect to the inter-
ladder coupling andJ reports that the 2D Fermi liquid
region would be realized for realistic parameters [10].

In this Letter, we study electronic properties of theFIG. 1. Trellis lattice Hubbard model. The length obonds
trellis lattice Hubbard model by using the fluctuation and:’ bonds are 1 and/+/2, respectively.
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FIG. 2. One-half of the Brillouin zone. Fermi surfaces at half
filling are shown by the solid lines fa¥ = 0 and by the dashed
lines for U = 2.9. In both cases;y = —1, ¢/ = —0.15, and

T = 0.02.

4.0 80 @

respect toU. The FLEX method has advantages for P(w) o
handling large spin fluctuations. It has been applied to s
HTSC by many authors, and various non-Fermi liquid
behaviors observed in HTSC are reproduced well [12—

15]. Though it is an approximation, it has been shown ()
that the imaginary time Green’s function obtained by the 0.1}
FLEX agrees well with the QMC result for the square
lattice Hubbard model with moderat& [12]. In our
calculation, both the thermal Green’s function and the
self-energy have @ X 2 matrix form, i.e.,G.g(k, €,) 990 1o
and 2,3(k,€,), where a,3 = A or B. The Dyson

equation Is written as FIG. 3. (a) The DOS as a function of energy for several

A -1 _ g0 -1 _ < U = 0. (b) The DOS atu (solid line) and the Stoner factor
{Glk, e,)} {67 (k. €0} 2(k, &), @ as (dashed line) as a function &f, at7 = 0.02.

whereG(k, €) is the unperturbed Green’s function. The
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self-energy is given by ' # 0. By definition, the DOS is given by (w) =
(_2/7T)Z.k Im GAA(k,a) + lO), andGAA(k,a) + lO) is
Sopk,€) =T D Gagk — q, € — w)) - U obtained through numerical analytic continuation from
a! Gaa(k, €,) by N-point Padé approximation [16].
% [%f((_)(q, w)) + %X/H)(q, ) We see in Fig. 3 that a V_—shape pseud(_)ga_lp around
u grows monotonously a$/ increases. This is very
0 different from the results obtained by the dynamical mean
- X'(q, wz)} ; (2)  field theory since the DOS at does not change by
() o ff . the latter method. Based on the extrapolation from the
X7 o) =" {1 U e) . () normal state, the metal-insulator (MI) transition may take

place aroundU = U. ~ 3.5. By neglecting the vertex
Xgﬁ(% w)) = _TZGa,B(q + K, 0 + €)Gpa(k, €,), corrections, the Stoner factor of the present madglis
k.n defined as
4) as = mkax{U “[xaa(k, @ =0) + |xap(k, 0 =0)|]},

wheree, = 2n + 1)#T and w;, = 2i#T, respectively. 5)
The k summation is taken in the first Brillouin zone, which is given af(0, 7r) in case of half filling. as < 1 is
shown in Fig. 2. We solve Egs. (1)—(4) self-consistently satisfied at least fot/ =< 2.9 in the FLEX approximation,
choosing the chemical potentiat so as to keep the which means there is no magnetic ordering. On the
total electron number constant. We use 4@8¢oints other hand, in the RPA calculation without the self-
and ~512-2048 Matsubara frequencies fof = 0.02.  consistency conditiongg = 1 for U = Uy =14. In
(If] = 1.) the FLEX calculation, the DOS gt begins to decrease
Now, we show the results of the present FLEX calcu-monotonously forU = UY, which may be interpreted
lations. Figure 3(a) shows the DQ8w) as a function that large quantum fluctuations prevent the magnetic
of energy for varioud/, and Fig. 3(b) shows the DOS at instability by making a pseudogap. A$ is increased
m as a function ofU, at T = 0.02 in both cases. Here- further, we find that the/-wave superconductivity occurs
after we takeu as the origin of energy. It should be for U = 2.9, where the system is close to the magnetic
noted that our model is particle-hole asymmetric whercritical point, as ~ 0.99.
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We determinel. by solving the linearized Eliashberg equation with respect to the singlet-pairing order parameter,
d)a,B(_k» En) = +¢,3a(k7 En);

)\d’aﬁ(k, €,) = _TZ Z Vaﬂ(k —q,6;, — €,)Gaa(q, em)GB,B’(_q» _Em)¢a/,8’(qs €m)
qma’,p’

. 3 (e 1 N
V(k, w;) = > Uk, wp) — 3 Uk, ) + U, (6)

where T, is given by the condition thaih = 1. We | the V-shape pseudogap aroupd grows monotonously
find that T. = 0.02 for the present set of parame- below the characteristic temperatuf@, ~ 0.4. The size
ters. To identify the symmetry of the supercon-of the V-shape pseudogap, measured from the width
ductivity the nearest neighbor pairing functions between the two peaks, &,, ~ 2. Interestingly,A,,
[Asar = Re Dy daa(k,ie, —0)expliky) and Axp = is about 5 times larger thafi, for the present set of
Re >y dap(k,ie,—0)explik,)] are calculated (see parameters. AT, = 0.02, thed-wave superconductivity
Fig. 1.) We have found thatAssAsp <0 and occurs as was discussed in the preceding paragraph.

|Asgl/|Aaa/| = 1.4, which means that a/-wave type The pseudogap behavior in our model, calculated by
superconductivity is realized. We have also looked at dhe FLEX method, has close relationship to the spin
triplet-pairing solution §,3(—k, €,) = —{dap(k, €,)}7] fluctuations. It is a characteristic feature of the present
by solving the corresponding linearized Eliashberg equamodel that the pseudogap behavior is observed for a wide
tion, but ther P g always lower tharrsm@e |t has region of parameterg/ or 7. Similarly, the square lattice

been confirmed that’ dependence of, is very weak. Hubbard model at half filling also shows the pseudogap
Even at half filling, the superconducting state is stabld>€havior as a precursor of the Ml transition in the FLEX
against magnetic ordering, which is consistent with thestudy [15]. However, a clear pseudogap develops only
fact that the trellis lattice spin system has the gapful spirdt close vicinity of the magnetic critical point, where

singlet ground state. (1 — as)”' > 0(100). We find that the critical region
Figure 4(a) shows the DOS as a function of energy fois much wider for the trellis lattice than for the square
variousT, and Fig. 4(b) the DOS &t as a function off,  lattice. Moreover, superconductivity is not realized in the
for U = 2.9 in both cases. As the temperature decrease§,qgaf_e lattice model at half filling prevented by magnetic
ordering.
' . ' _ ' Now, we investigate the temperature dependence
03} 1 of the magnetic susceptibilities. In Fig. 5, we show
the uniform magnetic susceptibilityy] and the local
magnetic susceptibility of the nearest neighbor sites
in a ladder §4, xag). They are derived, neglecting
02| the vertex corrections, as followsy = limg_y up X
@ D 6,00+ x3s'0 0h - xane = s T xan (6, 0) X
expliky), and xap = us Xk xas (k,0)explik,). In
01 b Fig. 5, we see that shows a maximum arouriyy ~ 0.4,
which corresponds to the temperature of the pseudogap
formation (see Fig. 4). Moreover, botlsa and yag
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FIG. 4. (a) The DOS as a function of energy for severalFIG. 5. The uniform magnetic susceptibility and the local
T = 0.02. (b) The DOS aiu (solid line) and the Stoner factor magnetic susceptibility of the nearest neighbgrs: and x4z,
as (dashed line) as a function @f (U = 2.9). as a function off (U = 2.9). We putug = 1.
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low temperatures experimentally observed [3] may be
explained in terms of the renormalization of the effective
. Another consequence of the large pseudogap for-
mation derived by the present work is that the electronic
states will be unstable against the localization effect by
0ec¢ ] LW Aaadantand impurities, or the CDW transition. In fact, at low tem-
peratures good metallic states are realized experimentally
only in the high-doping region [1,3]. This sensitivity
to impurity scatterings may be the reason of I@w in
Sr4—xCa,Cuy 04y, compared with the HTSC.

In summary, we have studied low temperature elec-
tronic properties of the trellis lattice Hubbard model at
FIG. 6. k dependence of the diagonal part of the self-energyhalf filling by using the FLEX method, for moderaté
Saalky, ky, 0 = 0). (U ~ 2.9). As the temperature is lowered, a pseudo-

gap emerges in the DOS suppressing magnetic orderings,
grow rapidly as the temperature decreases, which meangth increasing short range singlet correlations. As
the increase of short range singlet correlations at loweis lowered further, we find al-wave superconductivity
temperatures. To be precise, for the calculation of correat 7. = 0.02 in the present model. The large pseudo-
lation functions, the vertex corrections are indispensablgap formation seems to redu@g, in spite of the strong
to satisfy conservation laws [17]. In general, the Stoneshort range singlet correlations. On the other hand, in the
factor as defined by Eq. (5) is slightly overestimated, square lattice model, magnetic instability prevents the oc-
especially at low temperatures [14]. In the same waygurrence of superconductivity at half filling. It is remark-
the obtainedyss and y4p at lower temperatures would able that the geometry of the trellis lattice makes these
be overestimated, although the qualitative behavior ipseudogap properties more explicit than in the square lat-
expected to be the same. tice model.
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