


1 Introduction

The discovery of high-T, sﬁper‘conducﬁivit.y by Bednof& énd Mﬁilér 1]

‘in copper oxides has renewed interest to models with strong corelations,
the Hubbard model [2] and its version in the limit of strong coupling, the
t —.J. model [3], since many unconventional properties of these materials

are proved to be due to strong electron correlations. Among. them linear:

te'mpera,ture dependence of resistivity and anomalous freqiiency depen-
- ‘dence of optical conductlwty, the so-called mldmfra.red absorption, etc.
 (see, e.g.,[4, 5]). ' o
Several rigorous results for the optical conductlwty has been obtained
for the one-dimensional Hubbard and ¢ -- J ‘models (see, e.g., [6] - [14]).
" By using the Bethe ansatz exact solution the charge stiffness, or the
Dride weight D, was-calculated near the Mott-Hubbard metal-insulator
transition. However, to obtain the frequency ciependence of the optical
" conductivity some approximations or numerical ca,lculatlons for 'ﬁmte
chains were used.

There have been so far only few analytical calculations of optical con-
ductivity in two- and three-dimensional microscopical models with strong
electron correlations. Among them are the early theoretical studies of the
* optical conductivity in the framework of Kubo linear response theory [15]

done by the high-temperature expansion {16] and by the equation of mo-
_tion method for the Green functions in the Hubbard I [17] and Hubba,rd
III approximations [18, 19].

Later on the t — J model was con31dered by Rice and Zhang {20]
in the limit of small J when the hole motion has a diffusive character
described by an incoherent spectrum for single particle excitations. They

obtained a non-Drude conductivity, o(w) o 1/w, in the high-frequency -

limit, w > J. A detailed discussion of optical and photoernission sum

rules for one- and ‘two-dimensional = Hubbard models has been given by -

Eskes et al. [21] by comparing . a strong coupling perturbation theory in
powers of £/U/ with numerical calculations.
Recently the optical conductivity has been investigated within the
dynamical mean-field approach which becomes exact in the limit of infi-
"nite dimensions [22, 23], The symmetrical Hubbard model at half-filling
has been considered near metal-insulator transition and a semiquantita-
tive agreement with experiments has been observed. However, for the
realistic two- or three-dimensional Hubbard model nonlocal {q - depen-

dent) corrections to the transport vertices and the self-energy could be
important.

Most extensively the optical conductivity for two-dimensional models
of the CuQ, plane has been studied by numerical methods based on
exact diagonalization for small clusters within the framework of the the
Hubbard or the t — J models (see, e.g., [24] - [34] and the review paper
[35]). For example, in tecent papers {34] a universal behavior, o(w)
(1 — exp(—w/T")/w, has been claimed for the { — J model in the limit of
high ternperature, T' > 0.1t == 500 K.

However, numerical investigations for small clusters have a poor fre-
quency resolution and pronounced finite-size effects in the region of low
temperature and low frequency to be guantitatively compared with ex-
perimental results. Therefore, an analytical self-consistent investigations
of the one-particle and optical spectral functions in the strong coupling
limit for the realistic two-dimensional Hubbard and ¢ — J models are
required, '

In my previous paper [36] a frequency dependent, conductivity o(w)
has been calculated for the asymmetric Hubbard model [37] by applying
the memory function technique [38] in termis of the Hubbard operators.
The asymmetric Hubbard model is described by two nonequal hopping
integrals .5 for the lower Hubbard band (LHB: @ = 8 = 1) and the
upper Hubbard band (UHB: @ = 8 = 2). The generalized Drude for-
mula was obtained for the conductivity with frequency and temperature
dependent relaxation rates due to electron scattering on charge and spin
fluctuations. It has been shown that the interband transitions (x t13)
are essential for the Drude current relaxation. The latter is proportional
t0 [(fae)” — (t12)%]* and cancels out for the conventional Hubbard model,
(tap = t), which results in the §(w)-type Drude term. However, for cop-
per oxides which can be described by the effective asymmetric Hubbard
model (see, e.g., [39]) a finite relaxation rate is observed. In this respect
the results of [36] are a generalization of the optical conductivity calcu-
lations [40] for the p - d model. Numerical estimations for the relaxation
rate caused by spin-fluctuation scattering in [40} have shown that its tem-
perature and frequency dependence agree quite well with experimental
results in copper oxides.

In the present paper we consider the optical conductivity for the t —J
model by applying the memory function method in terms of the Hub-
bard operators. Contrary to the conventional Hubbard model we obtain



a finite relaxation rate in the ¢ — J model. It has two contributions: the
first one due to the kinematical interaction in the LHB as in the Hubbard
model considered in [36] and the second one due to the exchange interac-
tion that, however, do not compensate each other. So we conclude that
the Hubbard model in the limit of strong correlations is not equvalent to
the t—J model concerning their transport properties. It was also pointed
out in several numerical studies for finite clusters (see, e.g. [28]).

The employment of the Hubbard operator technique has a twofold
advantage. First of all by using equations of motion for the Hubbard
operators we automatically take into account scattering of electrons on
spin and charge fluctuations due to strong correlations as it has first been
pointed out by Hubbard [41). In the Fermi liquid models (see, e.g. [42] -
[45]) one has to introduce a phenomenological spin fluctuation scattering
mechanism to obtain nonzero relaxation. To study the transport proper-
ties in the auxiliary field representation (see, e.g., [46] and the references
therein).or in the gauge field technique [47, 48] one has to adopt a spin-
charge separation condition which has been rigorously proved only for
the one-dimensiorial Hubbard model.

By employing the Hubbard operator representation we can also pre-
serve rigorously restriction for no double occupancy for the LHB con-
sidered in the £ — J model. In the auxiliary field and the gauge field
techniques this restriction has to be imposed by the local constraint for
* the total number of fermions and bosons. The latter can be allowed for
only approximately as, e.g., in the 1/N expansion technique with N be-
ing the spin-orbital degeneracy (see, e.g., {46]). However, it is difficult to
give an unambiguous physical interpretation of the obtamed results for
a realistic value of N = 2.

The paper is organized as follows. In Section 2 we introduce the
t — J model by a unitary transformation of the asymmetric Hubbard
model written in terms of the Hubbard operators. In Section 3 a gen-
eral expression for the frequency dependent conductivity in terms of the
-memory function is obtained. The calculation of the relaxation rate for
the optical conductivity is given in Section 4. In the last Section 5 model
estimations for the relaxation rate and the conductlwty are presented
and the obtained results are summarized.

2 Thet-—-J model

We start our consideration from a two-band p - d model reduced by
a cell-perturbation method (39] to a singlet-hole asymmetric Hubbard
model with the LHB occupied by one-hole Cu-d like states and the UHB
occupied by two-hole p — d singlet states {37]. In terms of the Hubbard
operators the asymmetric Hubbard model reads:

i

H=Hy+ H, = ElzX""+E EX”

_ Z{tlinDX()a + tzzxzaXaz + 20,t12(X2aX00 + thonz)}. (1)
i#jo o
Here 20 = 41, & = —o and we introduce energy levels F; = Fy — p and
E; = 2E5 — 2u + U for singly and doubly occupied sites, respectively,
where Ey is a reference energy and g is the chemical potential. -The
Hubbard operators are defined by the equation:

X7 Jiyp) (gl XPXT® =6, XI? (2)
for 4 possible states at a lattice site 2 -

|7’vp) = |2’10) ) Ii,(J") 3 |7'>Tl)

for an empty site, a singly occupied site by electron with spin o = (1,])
and for a doubly-occupied site, respectively. For these states a complete-
ness relation for the Hubbard operators (2) holds

XP4+Y X7+ XP =1, (3)

The hopping integrals have different values for the LHB (¢}}), the UHB-
(t27) and the interband transitions (tj?). In the singlet-hole model the
Coulomb repulsion energy U in the standard Hubbard model is substi-
tuted by the charge transfer energy A = ¢, — €4 between p- and d-levels
in CuO; plane.

In the strong coupling limit, A > ¢t A, which holds for the model
(1) (see [37]) we can apply perturba,tlon theory ‘and further reduce the
Hubbard model (1) to the one-band ¢—J-like model for the LHB (see, e.g.,



[21]). By using the canonical transformation, H = exp(—S)H exp(S), we
obtain the following expression for the one-band ¢ — J model:

H = H+H =E EX"" S XXy
i#tjo
(1/2) 3 i (XPTXTO - X X2 (4)

7
itjo

- where the exchange energy in the second order is equal to J;; = 2(t12)*/A
and we neglect contributions given by the operators X?? and three-site
terms (see {21]). " Usually in the ¢ — J. model only the nearest neighbor
hopping is considered, ¢} = ¢, that gives also exchange interaction for
the nearest neighbor sites J. However, in the model (4) reduced from the
effective two-band Hubbard model (1) these two parameters, t and J, are
independent ones since t'! # #17, _

In the ¢ — J model (4) only the singly occupied band (LHB}) is consid-
ered that gives X = 0 and the completeness relation for the Hubbard

operators (3) reads:
XP4+3 X7 =1, (5)

It should be pointed out that a number of important properties of
the Hubbard model (1) as, e.g., weight transfer from the UHB to the
LHB and cha,ng'es of the spectral functions with doping (see [37, 21]) are
lost in the ¢ = J fodel. However, as claimed in many publications, the
low energy physics should be the same in both models. To check this
statement for the Drude relaxation rate in the optical conductivity which
is essentially the low energy physics we consider in the present paper the
t — J model and compare the obtained results with those one for the
two-band Hubbard model {36].

3 Memory function
In the linear response theory of Kubo [15] the frequency dependent con-

ductivity is defined by the current-current correlation function

0vale) = -117 fn " e (1), ) (6)

where V is the volume of the system, Sw > 0, and

i) : .
(A, 8) = [ dra(e - )8) (7)

is the Kubo - Mori scalar product for the operators in the Heisenberg
representation, A(t) = exp(:Ht)A exp(—1Ht), and (AB) denotes equilib-
rium statistical averaging for a system with the Hamiltonian H g= l/T
(here A =ky =1).

The real, absorptive part of the conductivity (6) can be written in
the form : ®

R0 (w) = mi’%ﬁw—m f die ! J, (£)J,) . (8)

This fluctuation-dissipation equation is often used in numerical calcula-
tions (see, e.g., [28, 34]). It is also convenient for estimations of high-
frequency conductivity [20]. However, to obtain an interpolation formula
for the dynamical conductivity being valid from the hydrodynamical to
the optical frequency region it is much more convenient to employ the
memory function method as has been discussed by Gétze et al. [38).
Later in a vast literature it has been proved that Gotze et al. formula-
tion is very efficient in calculations of dynamical conductivity. Below we
shortly forimulate the memory function approach in a slightly different
form to overcome the problem of perturbation calculation of the memory
function.

To calculate the conductivity (6) we will use the equation of motion
method for the retarded two-time Green functions (GF) [49, 50] for the
scalar product (7)

((A|B)). / dte (A(8)), B) ©)
and for the commutator GF
(AIB)). / dte ([A(t), B) (10)

where Qw > 0 and the operators have zero average values: (A) = (8) =
0. The conventional dynamical susceptibility is given by

xa5(w) = ~((AB))a. o



The GF (9), (10) are coupled by the equation
w((A1B))w = (A1B))o = ((AlBYumo. (12)

We have also the following useful relations:
((AIB)) = ((A] = 2B))u = ({A|B))u (13)

(14, B) = (A, —B) = ([4, B)) (14)

where 14 = 1dA/dt = [A, H].

By using the above given definitions and writing the current operator
as the time derivative of the polarization operator of the system, J, = P,
we obtain the following equlva,lent representation for the optlca,l conduc-
tivity (6)

0(0) = 1T = (P = (e ® =) (15)

where we have omitted the indexes for the operators J,,, P, By employing
the standard dispersion relation [49} for the GF {10) or susceptibility
(11) we readily get the sum rule for the real, or absorptive part of the
conductivity (15):

?
/ R0 (0 / du2X3742) = R0 (0) = 55 (1, P2
(16)
The sum rules (16) has been extensively used by many authors to dis-
cuss the metal-insulator transitions in the Hubbard model (see, e.g., [6]-
[13},[21, 26, 28, 30, 35]) since the right-hand side of (16) can be calculated
from the static correlation functions.

To calculate the current-current correlation function for conductivity
(15} it is convenient to employ the memory function approach of Mori
{51] in the form slightly different from that one used by Gétze et al. [38].
We define the memory function M;;(w} = M{w) by the equation

®as) = (D = 55005 (17)

where yo = ¥, and

M(w £18) = M'(w) £ M"(w).

Here M'(w) = RM (w) and M"(w) = SM(w) are real functions.
We calculate the memory function by using equation of motion for
the GI

®ua(t = 1) = (J(2); J()).

By differentiating it in respect to time ¢ and ¢ we readily get an equation

for its Fourier transform (9):

B(w) = Do(w) + Bo(w) My(w)Bo(w) Cus)
where .
Do(w) = 2 (19)

and the ”scattering matrix” _
Mofw) = ~(xo)(FlPDll/x0)  (20)
is given by the correlation function for forces
P, = od, = [J, H]. C(21)
We have also used the relation of orthogonality for curren{: and force:
(Fay Ja) = (1 Jo) = (U, Ja]) = 0

From eqs. (17), (18) we obtain the following relation for the rﬁemory
function M(w) and Mos(w) (20): :

Mo(w) = —[M(w)/x0] — [M{w)/x0]®o(w) Mo{w). (22)

A formal solution of this equation by iteration shows that the memory
function is just the irreducible part of the scattering matrix {20) which

- has no parts connected by single zero order GF Po(w):

M(w) = (BB (1 x0). - (23)

In the original formulation of the memory function approach in the
calculation of the dynamical conductivity Gétze et al. [38] have used
a perturbation calculation for the memory function from egs. (20),
(22). However, in solving eq. (22) by perturbation expansion one should



be cautious since the solution is a non-analytical function in (w, cou-
pling constant) [52]. Evaluation of the memery function from the high-
frequency expansion of the dynamical conductivity (15):

o(w) = (xo/ V)(1fw — M(w)/w?)

used in several papers (see, e.g. [6, 13]) can be also misleading since the
frequency dependence of M(w) may be nontrivial. Therefore our "exact”
representation for the memory function in terms of the irreducible part of
‘the force-force relaxation function, eq.(23), seems to be more convenient.
Though, the exact meaning of the irreducibility is really given by Mori
in his definition of the memory function in terms of the operators with
the projected time evolution.

Now we can write the frequency dependent conductivity (15) by using
the representation for the GF (17) in the form of the generalized Drude

law:
aw m 1

o(w =
where the effective optical mass and the relaxation rate are given by

(24)

(w) - P(w)
= = 2
) S 1), T = (25)
with o

A =28 pey M. )
The real and imaginary parts of the memory function are coupled by the
dispersion relation

[eo0] "
M'(w) = = / e M) (27)
TS W

It is also ‘co'nvenient, by using the spectral representation for the GF, to
write the relaxation rate given by eq.(26) in terms of the conventional
time-dependent force-force correlation function:

(W) = 1;;%@1) / e (B (1) (28)
where : -
Xo = (Jm Jw) = z([‘]x: Pa:]) A (29)

is the static susceptibility.
In the next Section we calculate the force-force correlation function
and relaxation rate (28) for the { — J model (4).
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4 Relaxation rate

We start with a definition of the po]arlzatlon operator for the ¢t — J model

(4) .
Pm:eZRfN,-:eZR?ZX;"’ (30)

where R are coordinates of electrons with charge ¢ on a square lattice.
From th;s definition the following expression for the current operator

results
= [P, H] = e Z(RZ‘ —
idio
By introducing the g-representation for the Hubbard operators and the
hopping integral

1
Xal = —=3" X{PemaR
N
the current operator (31) can be written as

Jo=ed ulg) XX (33)

g

)t X70 X9 (31}

Ha) =) toe™ e, (32)

i50

where v,(q) = ~9t(q)/dq, is the electron velocity.

-Now we calculate the force (21) for the current (33) which can be
written as a sum of two terms:

Fy= FLg B = [0 H) + [, 1)), (34)

The first term comes from the kinematical interaction and has the fol-
lowing form:

| - a z o0 o’
Fi=—e Y N(RY — R4t XX B, + H. c.). (35)
i#i#£l oo’

The second term is proportional to the exchange interaction. It reads:

o x > o o
F = e DR - RO Ju XX B! L 4 H. c). (36)
i#Ei#l oo’

Here the Bose-like operators have been introduced:
Blogr = (X7 + X7%V6000 + X296

old 3

11



Bl = — X6y + X80tz = B,y = b0t - (37)

log! =

In the second line of this equation we have used the completeness rela-

tion, eq.(6), for the Hubbard operators. The Bose-like operators describe
electron scattering on spin and charge fluctuations caused by the non-
fermionic commutation relations (kinematical interaction) for the Hub-
bard operators and by the exchange spin-spin interaction. It can be
demonstrated explicitly by using the following representation

1

L Fo o 1 oo && ga
— X7+ X7 3_52){1“*5(&' - X7+ X7

1 L4
= —§NJ+2US;+SJ (38)

where 57 = £1/2 and 57 = Sf for 20 = +1. From eq. (38) it follows
that the operators (37) can be written in terms of the number N; and
spin 5% operators.

Now we can write the total force (34) in q-representation as

Fo= = 330 h) [ = 0) = J@NXE X B 410 ) 59

kg oo

where we neglected the g = 0 term in the functions (37) and introduce
only one function Byger = Byypr = B;faa, in the g representation

1
qua’ = \/_N‘ ZBiaa’e_iqRi . (40)

Now we can calculate the relaxation rate given by eq.(28):

- exp(ﬁw) = ek

MNw) = 5 vow » dte™ {F, Fo(t)} . (41)
To calculate the many-particle time-dependent correlation functions in
the right-hand side of eq. (41) we apply the mode-coupling approx-
imation in terms of an independent propagation of electron-hole and
charge-spin fluctuations. This approximation is essentially equivalent to
the self-consistent Born approximation.in which vertex corrections are
neglected. The proposed approximation is defined by the following de-
coupling of the time-dependent correlation functions: -

(XX Buoor| X% o () X2 (1) (Byraw (1))

12

= ‘Sk.k‘aq,q"ss.aés’.a’(XEOXga(t))(Xl?i‘qXl:,—uq(t))(BqW'_(B;;w' (t))*) (42)
There are 4 correlation functions of the type given by eq.(42). However,
by using the symmetry relations for the correlation functions in terms of
the Bose-like operators {37) we can write the final result for the relaxation
rate in a compact form: ' '

_ exp(fw) —12¢*
B Xow N

rw) Yk k=0) [ [ dindonn(lt = nes)

, kg
N{w — w4 wp)xi(g,w — wi +wa) Ak, w1) A(k — g, w2) (43)

where n{w) = (exp fw+1)"1, N{w) = (exp fw—1)"" and the momentum
dependent vertex is given by

galk, k—q) = volk) t(k—q)—va(k—q) t(k)+7(g) [va(k)—va(k—g)] (44)

The charge-spin susceptibility x%(q,@) = SXes(g,w) is defined by the
Fourier component of the retarded Green function (see [49]):

eo(859) = ~{{pes@)lpes(— Do = (Nl V- = S (5152,

S (45)
We introduced also the spectral function which does not depend on spin
o in the paramagnetic state: !

M) = LK | X )

It defines the spectrum of electronic excitations by the one-electron (fully
"dressed”) Green function for the ¢ - J model.

To conclude this Section we calculate the static current-current sus-
ceptibility (29) in the denominator of eq.(43) that is also define the sum
rule for the conductivity, eq.(16). By performing the commutation be-
tween the polarization operator (30) and the current (33) we readily get

Xo = (I du) = Ul Pul) = €8 D (RY — B} tai(X{°X77) . (47)
i#o _ ) S
For the model with only the nearest neighbors hopping, (Rf — R%)? = a},

the static susceptibility (47) is equal to the average kinetic energy, the
hopping term H; in eq.(4), multiplied by a constant: '

Xo = —e*az(1/2){H) . i (48)

13



The latter equation for the conventional Hubbard model (3) has been
used by many authors to study the conductivity sum rule (16) (see, e.g.,

[6]- {14],{21, 26, 28, 30, 31]). In the g-representation the static suscepti-
bility (47) reads:

o t(?) 0 0 Ne?
Xo = —e X"X"—-——_ (49)
’ ; 9 ( / Mgy
where the doping and temperature dependence of the effective mass m. sy
is defined by the correlation function (X7°X2). The latter can be cal-

culated by using the solution for the one- electron Green function for the
t — J model.

5 Results and Discussion

In the present paper we have derived a closed set of formulas for the
Arequency dependent conductivity for the ¢ — J model (4) in the form of
the generalized Drude law (24) with the relaxation rate (43) depending on
the kinematical and the exchange electron interactions (44) with spin and
charge fluctuations. The static current-current susceptibility (49) defines
the sum rule (16) and enter as a normalization factor in the definition-of
the relaxation rate (43).

In comparison with the relaxation rates for the two-band Hubbard
model [36], where the kinematical interaction gives a contribution propor-
tional to [(¢ ,m) - (t12)*]* and cancels out for the conventional Hubbard
model, (tas = 1), in the present paper we observe a finite kinematical
contribution in the ¢t — J model. It is defined by the first part of the
vertex (44), gi(k, k — q) = va(k) t{k — q) — vo(k — ¢) #(k) o t*. How-
ever, in the ¢ —J model we have an additional spin- exchange scattering,
gJ(k k—q) = J(g) [va(k) — va(k — q)] o #2J7 o 18 since J  t2,/A in
(4). S0 we observe a nonequivalence of the two-band Hubbard model
in the strong correlation limit to the ¢ — J model (even with allowing
for the three-site terms omitted in (4) [21]). We can also suggest that
higher order in £*/A contributions in the conventional Hubbard model
could give a final Drude relaxation rate depending on the spin-exchange
scattering.

Now we estimate the relaxation rate (43) and the conduct1v1ty (24) by
adopting some approximations for the one-electron spectral function (46)
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and the charge spin susceptibility (45). As it has been proved in many
calculations for the ¢ — J model {see, e.g. [35]), the spectral function for
one-hole excitations can be written as a sum of a coherent contribution
from the quasiparticle propagation in a narrow band of the order 2J and
an incoherent part due to diffusive motion of holes in a broad band of
the order 2W ~ 8t. So we can use the following approximation:

Alk,w) = Zpo(w +p— ex) + Ainc(k,w) -(50)

where Zy is the quasiparticle weight for excitations with the dispersion
¢;. For the second, incoherent contribution we write:

Aune(ky ) 2 Nige O(W — | + ) - NESY

Here the incoherent density of states Ni. =~ (1 — Z¢)/2W. The total
density of states (50) obeys the sum rule

NZ] dwA(k,w) = (X + XY =1~

*
where n = 2 Xf") is the occupation number. In this approximation we
get estimations for the chemical potential pu/W ~ (1 — 36)/ (12+ §) and
for the static current-current susceptibility (49) xo/N =~ e?a*Wé with
§=1-—n. .
By using eqs.(50), (51) we,get the following expressions for the relax-
ation rate (43) depending on the coherent contribution

exp(fw} — 1 2¢*
Uw N

(52)

wof S

a2k, k — q) 2y Z..q

k.

n(er)[l — ner—g)|N(w — & + Gk—q)st(q,w —ck+e—y)  (53)

and the incoherent contribution

Foor(w) =

-Pim(w) _ exp(f:u )—1 2;[ k - ‘I)f dwldwz
NEen(wi)[1 = nfw2)]N(w — wr + wz)X (g, w—wy +w,) . (54)

The coherent part of the relaxation rate (53) has the conventilona.}
form for the Drude relaxation rate calculated in the Born approxima-
tion. However, the relaxation rate and the conductivity (24) have quite

15



a complicated temperature and doping dependence due to a very specific

dependence of the one-electron spectra e, and spin susceptibility on that

parameters. The formula (53) has been evaluated in [40] numerically
for the p — d model and for the Millis-Monien-Pines spin susceptibil-
ity model [53]. It has been shown that the relaxation rate (53) has a
crossover from 1'% at T — 0 to a linear temperature dependence in the
static limit, (w — 0), and a crossover from w? at w — 0 to a linear
frequency dependence for low enough temperatures in agreement with
experiments for copper oxides.

Therefore, in the present paper we do not discuss the coherent part
or the relaxation rate (53) and consider only the incoherent part (54).
By using the model for the spin susceptibility suggested in the numerical
calculations {34]

1

X(g:0) = xa(9) x3(w) = x.(q) tanh 2= 2T 1+ (wfw,)?

(55)

we get after some algebra the fol!owing estimation for the incoherent
relaxation rate:

ine(@) = 0, T, 7) A = w0, D(v,7)

” 2k k—q)NZ x.(q) (56)

where the dimensionless function for the frequency v = w /27 and tem-
perature 7 = T/w, 1s given by
I'(v,7) = 27 y(v,7)

+oo.
tanh v dx 1 vtanhv — ztanh z

=27
v / (1+4722?) cosh®z tanh®y — tanh®z
o -

(57)

It is remarkable that for the incoherent spectrum (51) the g— and fre-
quency dependence is factorized as the product of the scaling function
(v, 7) in (57) and the integral over scattering vectors, the constant A in
(86). Therefore, the problem of hot spots on the Fermi surface discussed
by Hlubina and Rice [54] is irrelevant for the incoherent scattering.

The frequency and temperature dependence of the relaxation rate
['(v,r) is shown in Fig. 1 for several temperatures 7 = T/ws where w, ~

J ~ 1500 K.
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Fig.2. Dimensionless conductivity (v, 7)/(xo/Vw,) as a function of
frequency v = w/2T and temperature 7 = T'fw;
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A linear frequency dependence is observed for v = w /27 > 1 for low
temperatures, 7 < 0.2 (T < 300 K). In the static limit, v = 0, we

have a linear temperature dependence even in the low temperature limit
T — 0, since

]

+oo
. z dz 72
P == U o~ = —_
(v T 0) _/sinha: ™ (58)
0

This low temperature linear behavior is due to the specific temperature
dependence of the model spin susceptibility (55).

For the absorptive, real part of the conductivity, neglecting the optical
mass renormalization, A(w) o~ 1, we obtain from (24), (56) the following
representation for the incoherent scattering:

_oxo 1 Av(v, 1)
(1) = Vi, 27 1% (Ay(v, 7))~ - (59)

The frequency and temperature dependence of the dimensionless con-
ductivity o(s,7)/{x0/Vw;) for A = 1 in eq.(59) is shown in Fig2 for
several temperatures. Since I(»,7) o » in the low temperature region
(see Fig.1) the conductivity o{v, 7) & 1 /v in a wide frequency range in-
cluding the midinfrared band. This universal 1 /w behavior was observed
by Rice et al. in the model with purely incoherent spectrum of holes
[20] and also in numerical calculations for small clusters [34] and in the
Hubbard model in the limit of infinite dimension [22, 23]. So we can
confirm by our analytical calculations that midinfrared absorption or the
universal (1/w) dependence of the optical conductivity can be explained
by the diffusive character of the hole motion in systems with strong cor-
relations, as in the copper oxides. In the static limit, (v — 0), we obtain
a linear temperature dependence for the resistivity, p(r) = 1/5(7), in the
limit of low temperature which readily follows from (58).

The results presented in this section have been obtained for the model
incoherent, spectrum (51) and the model spin-fluctuation susceptibility
(55). Both the coherent part in (50) in the form of the undamped quasi-
particle spectrum and the incoherent part (51) in the form of the fre-
quency independent contribution are really very crude approximations
to one-hole ARPES spectra observed in copper oxides (see, e.g., [55]).

18

However, since relaxation rate (43) depends only on the averaged values
of the spectral functions we can argue that a qualitative behaviour of the
relaxation rate should not depend on the details of the former. There-
fore, the main result of our analytical study - the non-Drude behaviour of
the relaxation rate caused by the diffusive character of the hole motion
in systemns with strong correlations, seems to be justified. To improve
our estimations that enables nus to compare them with experiments one
has to solve numerically the full self-consistent system of equations for
the one-electron Green function for doped holes and for the spin suscep-
tibility for the ¢ — J model. These very invelved numerical calculations
are planned to consider later.
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