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Quasiparticle damping in two-dimensional tight-binding
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Abstract. The quasiparticle damping and the phase space are studied through the Fermi
liquid analysis for a non-half-filled two-dimensional weakly interacting tight-binding Fermi
system. The T2 In T or w? In w dependence of the damping is obtained, in the same
way as for 2D Fermi systems with effective-mass dispersions.

In recent years there has been a great deal of interest in the question of whether
or not Landauw’s mean field theory of Fermi liquids is valid in two-dimensional (2D)
Fermi systems [1}, especially since the discovery of high-temperature superconductors.
A Fermi surface [2] and apomalies in the pormal state of Cu-O high-temperature
superconductors [3] have been observed, the latter being unlike those observed in any
other metals and not as expected for a Fermi liquid. So there is a suggestion that
the normal state of the high-temperature superconductors may not be an ordinary
Landau-Fermi liquid [4-6]. Two of the basic factors that make the systems non-Fermi-
liquid-like may be the low dimensionality and the tight-binding energy structure of the
systems. It thus seemed important to us to study the 2D tight-binding Fermi systems
to seek a clue to the question.

Low dimensionality may lead to singular consequences. The three-dimensional
(3D) interacting Fermi systems are well described by the Fermi liquid theory [7]. The
quasiparticle damping, namely the imaginary part of the single-particle self-energy
Im ¥ is proportional to T or w?, where T is the absolute temperature and w is the
energy measured from the Fermi energy. The analysis [8] of the one-dimensional (1D}
electron systems by the use of the Fermi liquid theory gives Im X ~ T or w, which
implies the disappearance of the discontinuity of the momentum distribution n, and
the quasiparticle weight z; = 0. So the 1D interacting Fermi systems are non-Fermi-
liquid-tike. The ground state of 2D interacting Fermi systems is not completely clear
at the present time. The calculations [9-13] for 2D fermions with an effective-mass
dispersion mode] show that the leading term of Im X is proportional to T2 In T or
w? In w. In addition, we can show that the quasiparticle weight z, # 0, and n; has a
discontinuity at k = kg. Thus, although the 2D quasiparticle damping is stronger than
that in 3D systems, it is still small compared with the quasiparticie energy given by T
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or w, ie., the quasiparticle lifetime near the Fermi energy is long enough. In other
words, the guasiparticles are well defined and Landau-Fermi liquid theory is valid
in such 2D systems. The same conclusion is obtained for 2D itinerant Fermi systems
[12]. In this letter we will study the quasiparticle damping and the phase space for
the non-half-filled 2D weakly interacting tight-binding Fermi systems. The 72 In T" or
w? In w dependence of the damping is obtained, as it is for 2D Fermi systems with
effective-mass dispersions.

Tight-binding energy structure may also lead to singular consequences. By in-
cluding the electron-electron scattering terms corresponding to a typical nesting mo-
mentum for the 2D tight-binding model, the quasiparticle damping is shown [6,14]
to be proportional to T or w, which is different from what is found for both the 3D
Landau-Fermi liquid and the 2D Fermi liquid with effective-mass modeis. This is true
for perfect-nesting Fermi systems. Here we consider the non-half-filled case with the
following Hamiltonian:

A= Z E . CLCoo + U Z éz_'+q1‘é:—q1 Cuy ék‘T (D

ko k' q¥0

where U > 0 denotes the on-site Coulomb repulsion and &3, (&, ) is the creation
(annihilation) operator of an electron with momentum %k and spin o within a tight-
binding band

E, = —2t[cos(k,) + cos(k, )] 2)

with 8¢ the width of the band. The quasiparticle damping, i.e., the imaginary part of
the single-particle self-energy, is given by [15]

* duwl w—w w'
Imz(k,w} = [m W (coth ——271.‘— —tanh '2“?)
o] dw” w” wﬂ + W - wl .
x f_w—z;-(tanh o7 — tanh —zvcr“_) > Im Gk - g,u")

kg
x Im G(k',w")m G(k' + ¢, w" + w — T (k, k'; & + g,k - 9)|13)

where G(k,w) denotes the Green’s function and I'(k,k'; k' + g, k - ¢) denotes the
vertex part. The conventional T%-term is given by [16]

Im $ @(k,0) = 1(xTU)* Y Im G(k — g,0)1(q) 4)
L
where n(q) is the phase space available for scattering quasiparticles through wavevec-
tor g fromk to k4 g,
1
ne) = 5 ;Im G(k,0)Im G(k + ¢,0). )

We consider the second-order term in U, namely within the Born approximation,
where Green’s function G and the vertex part I' are replaced by the corresponding
unperturbed values, respectively. In this limit, from (2) and (5) one finds

7(q) = [1/(2t)*| &(q, F) (6)



Letter to the Editor L57
with

&g, F) = 1/{V2r*[(1 - cos(q, + ,) — 26%(a,, 253 HI?
+ (1 = cos(q, — q,) = 20%(q,»~q,; Y} + (a. & —4,) Q)

and

9(4,, a,; f) = 3(sin(q,) + sin(q,)) — F*/[cot(g,/2) + cot(q, /2)]
1/2
+ {7 leot(aul2) + cotla, /DN + [ sintan - 0,)/2']

In (8) f = —u/2t, with u the chemical potential. Obviously this phase space is
strongly dependent on the wavevector ¢ and the chemical potential u. For the half-
filled-band case, n{g} ~ (cos(q,) —cos( qy))‘l, which is divergent along the [111] or
[110] direction. For the nearly half-filled cases, there is ridge of #(qg) along the entire
[11(1)0] direction arising from transitions along the edge of the Fermi surface. These
same transitions will contribute strongly to the imaginary part of the susceptibility Im
x(q,w) for small .. We think that such a strong g dependence of Im x(g,w) must
be taken into account in modelling the recent nested-Fermi-liquid model [6]. For
nearly empty or nearly filled cases, n(q) ~ (q\/4k‘2 g?)~!, which is divergent for

q_1/q,,+qy--0cirzkF
We next turn to a calculation of the quasiparticle damping. We now need to
include the quasiparticle scattering terms corresponding to all the possible transfer

momenta as illustrated above. Using (6)—(8), within the Born approximatioin we find
from (4) that

Im T ®)(k,0) - 0. - ' 9)

It is easy to see that the divergence is due to the special scattering processes. For
example, for nearly half-filled cases, the transfer of momentum is given as g, = g,
while for nearly empty or nearly filled cases, the transfer of momentum is 0 or 2kg.
This divergence implies that the leading term of the imaginary part of the self~energy
is not proportional to T2 or w?. -

On the other hand, we can show that the leading term of the imaginary part of
the self-energy is not proportional to T' or w. This result is independent of the details
of the dispersion, so long as the Green function has the quasiparticle form, ie. Im
G(k,w) ~ 2z 6( E}, — p — w), where E}, is the renormalized quasiparticle energy. At
T = 0, we expand Im Z(k,w) to the T- or w-order. For f # 0, the corresponding
coefficient is given by

[6 Im E(k’w)/aw} ]w:T:O = [a Im E(k:w)/aT] lT:w:O =0. (10)
Thus, we may write

=[x TU% (24)?| F(k,nT/2t) if7T> |w

—[wU?/(2)? F(k,w/2t) i T > o] (11)

Im T(k,w) ~ {
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where F(k,¢) is vanishingly small but F(¢)/¢ is divergent in the ¢ — O limit, as
indicated by (10} and (9). The leading term of F'(k,¢) is given by

Fk,e) = ’;}:g(k +a, F)8(f — e —cos(q,) —cos(q,)).  (12)

In some limiting cases, using (7) and (8) in (12), we get the following results for the
small-¢ limit. For example, for nearly empty and nearly filled cases,

F(k,¢) = [3¢/32n%(2 - f)]ml(2 - f)/e]. (13)
For nearly quarter-filled cases,
F(k,€) ~ (e/47%)In|1 /€| (14)

For nearly half-filled cases,

F(k,e) ~ (3v3e/32n/Hlal/Fle|. ' (15)

The numerical calculations show that F{k, ¢) is proportional to € In ¢ for the general
cases (f = 0). Clearly, such a quasiparticle damping (equations (11)—(15)) is small
compared with the quasiparticle energy given by T or w. Therefore we can define
quasiparticles in the non-half-filled 2D weakly interacting tight-binding Fermi systems.
This is the same as for the 2D Fermi systems with effective-mass dispersions where
the Fermi liquid theory is valid [9-13].

We now have to discuss the effect of including the higher-order terms in U. As
shown in (3), the effect on Im X results from both the renormalization for the Green’s
function by z, and E} and the vertex function I'(k,k'; k' + g,k — g). We note that
the quasiparticle weight z,, is not included in the delta function in the imaginary part
of the Green’s function. So the only effect on Im ¥ results from the renormalized
quasiparticle energy Ej;. We know that the T2 In T or w? In w dependence of
the damping is not altered by the remormalization for the quasiparticle energy Ej,
and thus by the renormalization for the Green’s function. As for the vertex function
T(k,k'; &' + g,k — q), since it is difficult to determine its detailed form in 2D tight-
binding systems, its effect on Im X is currently unknown. A further study is needed
for the vertex function I'. It should be pointed out that the possible singularities in
the vertex function may also make the system non-Fermi-liquid-like.
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