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We study the real part of the optical conductivity in the ¢-J model using the slave-boson tech-
nique and the large-V expansion to the next-to-leading order in 1/N. The conductivity falls off at a
slower rate than predicted by the Drude theory due to the coupling to the low-energy spin excitation.
The absorptions from the mid-infrared (MIR) range to higher frequency (~ 1 eV) arise from the in-
coherent motion of the charge carrier. We compare our results to finite-cluster exact-diagonalization
studies and to experimental studies in the copper oxide system.

The optical conductivity is an established probe of
electronic structure. Measurements of this quantity in
the cuprate superconductors are interpreted to show a
genuine strong correlation effect. Two main features
of the experimental data in the Y-Ba-Cu-O (YBCO)
(Ref. 1) and in the La-Sr-Cu-O system? are (1) a slow
drop of the low-frequency absorption, indicating a scat-
tering rate proportional to ~ w in contrast to the ordi-
nary Drude form with constant scattering rate and (2)
broad mid-infrared (MIR) structures starting at around
500 cm~!. The slower decay of the low-frequency absorp-
tion is understood as a result of strong inelastic scattering
and is consistent with the linear temperature dependence
of the dc conductivity. However, there is no consensus
yet for the origin, or even the existence of a separate
mid-infrared structure. The work by Rotter et al.> and
the previous work by Schlesinger et al.* on untwinned
YBCO showed that any noticible MIR structure is ab-
sent in the & polarization® (CuO chains along the b di-
rection), and therefore implied that the CuO chains are
solely responsible for this structure. However, substan-
tial additional absorptions starting at ~ 500 cm™! and
persisting beyond 8000 cm~?! are still observed, particu-
larly in reduced-T, samples.® Moreover, there appears to
be a different doping dependence of the low-energy and
the mid-infrared absorption in the La-Sr-Cu-O system.?

The data can be well fitted either by a one-component
model using a generalized Drude model with frequency-
dependent scattering rate and mass, or by a two-
component model simply assuming extra absorption
channel(s) besides the free carrier. While the two-
component model appears to provide a simple explana-
tion for the data, there is some arbitrariness in the de-
composition and no other experimental identification for
the source of MIR oscillator(s). The authors of Ref. 3 and
4 showed that Reo,(w) can be fitted with a generalized
Drude model with frequency-dependent scattering rate
and mass at low frequency (up to 3000 cm™!). These
fittings suggest that the frequency- and temperature-
dependent scattering rate is ~ kT + Aw at low frequency.
The microscopic origin of the frequency dependence in
the parameters of this model is still unclear. Its micro-
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scopic justification, for example, with a conventional in-
elastic scattering of the charge carrier needs an unusually
large carrier-boson coupling constant which is not com-
patible with other transport data (resistivity, for exam-
ple).

The optical conductivity has been the subject of sev-
eral finite-cluster exact-diagonalization studies.” ' They
observed a gap in the optical spectra which scales with
the magnetic exchange energy.” '° These studies suggest
a possible explanation of the MIR structure within a one
band model. A severe limitation of these studies is the
very small size of the systems studied.

In a previous publication,'?!3 we have demonstrated
that the large-IV slave-boson method applied to the t-
J model, in the uniform phase, can accommodate the
strong correlation effect with “Fermi-liquid-like” quasi-
particle features. The one-particle spectral density'?
shows two main features: (1) the incoherent part of
the spectral density spanned over the energy scale of
the unrenormalized bandwidth (~ ¢) and (2) the ex-
istence of the strongly renormalized quasiparticle band
which satisfies the Luttinger theorem.'* The results are
in qualitative agreement with the finite-cluster exact
diagonalization!® except the details of the discrete peaks
which may be intrinsic to the finite size of the clusters
studied. Our goal is to see which features of the exper-
iments can be accounted for by our treatment of a one-
component model of strongly correlated electrons, and
also to understand the trends of the optical absorption
with doping and with %

Our main findings are the following. First, as in the
calculation of the one particle-spectral density, the low-
energy spin excitations (chiral fluctuations) govern the
low-energy physics and explain the slower decay of the
real part of the dynamic conductivity at low frequency.
Second, the same mechanism (convolution-type diagram
of the quasiparticle and slave boson!®), which contributes
to a broad incoherent part in the one-particle spectral
density, provides a large incoherent background in the
dynamic conductivity. The combination of these two
features provides a plausible explanation for the main
features of the observed optical conductivity within a
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one-component model of strongly correlated electrons. In
contrast to the finite-cluster calculations, we do not find
a sharp onset of the MIR structure. We explicitly include
several vertex corrections together with the various self
energy corrections.

We consider the SU(NNV) generalization of the ¢-J model
in two dimensions defined by

t
H=-_

J
Ty pl T et o

5 2 (FLbifiob) + He) + =3 fL fior floi fion
NN NN

(1)

and the constraint ) _ fifafia + b}bi = N/qo with the
sum over repeated o0 = 1,...,N implied. The spin-
1/2 t-J model corresponds to the N = 2 and ¢o = 2
limit of Eq. (1) where b; is a slave boson introduced to
label an empty site and f:a is a fermion carrying the
spin quantum number of the projected electron operator
c}‘o = fifabi. The partition function of the model is given
by Z = [ DATDADbVDb D f1D f D Aexp[— fOB Ldr], with
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where A;; is a Hubbard-Stratanovich field to decouple
the spin exchange term and ); is a Lagrange multiplier
to enforce the local constraint. We work in the radial
gauge'” where the fermion excitations can be identified
with the Fermi liquid quasiparticles. In this gauge, the
phase of the slave boson (b; = %) has been absorbed in
the newly defined quasiparticle operator ( fie = fice®::
from now on we will use f;, instead of fw) while making
A; dynamic field. With the choice of this gauge we can
avoid the violation of the Elitzur’s theorem!® because
we do not break the local U(1) symmetry explicitly. The
Fermi liquid phase of the model'2 is described by a saddle
point uniform in the fields rZ = N§/2, Ao = 4tA/J,
and A = J/N, Y, cosk, f(ex). It describes quasiparticle
with dispersion Fj = —2W/(cosk, + cosky) + Ao — p,
W = A+tr2/N. The residual interactions are generated
by the fluctuating part of the Bose fields: r; = ro(1+7;),
i\ = /\0+i5\1~, and A; , = A(1+Rim)ei‘4"’" withn = z,y.
The effective Lagrangian to quadratic order in the real
bose fields ¢1¢ = (7, A, R,, A,) is written as

Leg =Y fl,(ivn — E) fro + > AadSfl,  feo
k
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where A, = [_%rg (ext+ + €x—),%, —2A cos k,), 2A sin ky],
erx = [cos(ke £ %) + cos(ky 321)] is the fermion-
boson coupling vertices, and the inverse boson propa-
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gators are given by D™(q) = Dy (q) +x°(q) where Dy*
are the inverse bare boson propagators in Eq. (2) and
the x° are fermion polarization bubbles calculated with
the vertices.!3

The total current is the sum of the diamagnetic and
paramagnetic components. At zero frequency, and at
zero temperature, there is an incomplete cancellation be-
tween these terms which gives rise to a § function peak in
the real part of the conductivity.!® In this paper we cal-
culate the paramagnetic current-current correlation func-
tion for nonzero frequency to understand the qualitative
feature of experiments and to compare the results with
the results of exact diagonalization of finite clusters.

The current operator which couples to the electromag-
netic field in the z direction at zero momentum is given
by )
it o

para __ X A | .
Jm - N (Ci,acl+ma0 Ci+:t,ac%°)
i,0
2 ., g
= - E sinkycp,  Ch,os (4)
N k,o

where ¢ = -N—:: 3 a fk+qb};. And the paramagnetic con-
ductivity is written by

Tonenl10) = 7 [ AT OISO (5)

mw

In the leading order in the 1/N expansion, o1 (w) [o(w) =
o1(w) + io2(w)] consists of only a diamagnetic § func-
tion peak which carries whole spectral weight. In or-
der to see the interesting inelastic scattering contribu-
tion at finite frequency we have to go beyond the leading
order calculation. Figure 1 shows all diagrams which
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FIG. 1. The next-to-leading order diagrams for the con-
ductivity in 1/N; (a) convolution type and the corresponding
vertex correction, (b) anomalous self-energy correction, (c)
ordinary self-energy correction and vertex correction, and (d)
two-boson processes. The solid line is for fermion propaga-
tor, the dotted line is for slave-boson propagator Ds;, the
dash-dotted line is for Dzo, and the wiggly line is for all
bosonic propagators Dog. The numbers next to the diagrams
are the symmetry factors.
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contribute to the conductivity for finite frequency to the
next-to-leading order in 1/N. Because of the nature of
the compositeness of the physical electron operator and
the condensation of the slave boson new diagrams ap-
pear at the next to leading order in 1/N. Figure 1(a) is
the familiar “convolution-type” diagram which gives rise
to the incoherent background in the one-particle spec-
tral density and the corresponding vertex-correction di-
agram which has no contribution at ¢ = 0 limit, respec-
tively. Figure 1(b) is the “anomalous self-energy cor-
rection” (also shortly called “anomalous”) diagram. In-
terestingly, these diagrams self-contain the correspond-
ing vertex-correction. This can be seen by a pictorial
construction of the vertex correction, i.e., by inserting
a photon line to all possible places of the correspond-
ing one-particle propagator. Or, more straightforwardly,
when all possible diagrams are exhausted for a given or-
der in any consistent expansion, it automatically includes
all necessary vertex- and self-energy corrections. As de-
scribed in Ref. 12, the physical meaning of the “anoma-
lous self-energy correction” is the dynamic realization to
impose the no-double occupancy constraint via fluctua-
tions, thereby representing the strong particle hole asym-
metry inherent in strongly correlated electron systems.
Figure 1(c) is the standard “self-energy correction” and
“vertex correction” diagrams. The numbers next to the
diagrams are the symmetry factors. Finally, Fig. 1(d)
is the “two-boson” processes, which are the same or-
der as the other one-boson processes in 1/N expansion.
Therefore, including the two-boson processes is required
to satisfy the Ward-Takahashi identity for the f fermion.
For the calculation of two-boson processes, we pick up
the singularities only coming from two-boson propagators
and take only regular parts from fermion loops, which is
a reasonable approximation to take account of the most
dominant and also physically interesting resonance pro-
cess in the two-boson diagrams.2® All other diagrams
are calculated exactly without approximations except the
discretized numerical integrations in momentum and fre-
quency spaces. For most of calculations, 20x20 meshes
for one quarter of the Brillouin zone and the frequency
discretization Aw = 0.04¢ are used.

Now we discuss the results of the calculation. We found
that the ordinary self-energy correction diagrams are the
main source of absorptions at frequencies below ~ J with
smooth but slower decay (~ w™%, a < 2). Using a numer-
ical experiment, i.e., isolating the contributions of each
Bose propagator out of 6x6 propagators, we could iden-
tify the low-energy spin fluctuations (or chiral fluctua-
tions in our formalism, i.e., DA"An’) as the origin of this
large scattering at low frequency. The vertex correction
does not introduce any qualitatively new feature, but it
is the same order of magnitude as the self-energy correc-
tion and it is not positive or negative definite. Therefore,
it is important to include this diagram for any quantita-
tive comparison with the finite-cluster calculations. The
convolution-type diagram provides a large volume of in-
coherent absorptions extending to the energy scale of the
unrenormalized bandwidth of the model (~ 2¢). Combin-
ing with the other contributions, this provides a plausible
explanation for the origin of the extra absorption rang-
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ing from MIR frequency to ~ 1 eV (Ref. 3 and 6) in our
approach. In contrast to the Holstein process, which is of-
ten employed to explain the MIR structure with ordinary
bosons (for example, phonons), we do not need an unusu-
ally strong quasiparticle-boson coupling to have this large
extra absorptions. The anomalous self-energy correction
diagram shows the negative absorption power for most of
frequencies except w ~ 0. It is another important strong
correlation effect in the slave-boson approach!? which
eliminates the double occupancy. Finally, each of the
two-boson processes is of the same order of magnitude as
the one-boson vertex correction process. However, there
is strong cancellation between direct and exchange pro-
cesses resulting in a small contribution. The sum of all
these contributions gives the real part of the conductivity
at finite frequency to the next-to-leading order in the t-J
model. More details of each diagrams will be presented
elsewhere.?!

In Fig. 2, we show the conductivity for different dop-
ings (6 =0.2, 0.25, and 0.3) with J/t=0.3. While the
t-J model is an oversimplification of the experimentally
relevant systems our results seem to provide a natural
explanation for the basic features which are observed®4:¢
(slower decay at low frequency and the extra absorptions
ranging from MIR frequency to ~ 1 eV).

Our results agree with the exact-diagonalization
studies” ! of small clusters on the energy scale of the
broad absorption background.?? However, we do not see
any explicit onset of absorptions which is separated from
the lower frequency smooth decay, whereas, some finite-
cluster calculations” '° show the beginning of a second
absorption which is separated from the lowest frequency
absorption peak and seems to scale with J. We believe
that this is a finite-size effect, and the lowest energy peak
and the next absorption peak will merge in the thermo-
dynamic limit to provide the slower decay of the con-
ductivity due to the spin fluctuations, the characteristic
energy of which scales with J.

0.02 —_—
0.015 T T T
= y
—~ c
= >
[= 2 g
3 < i
o) £ =~ \\\
S
(4] \3/ \\'\
~ o} S S — —
— T===3 0N
3 & SI3n
o 4
o)
oc
0 -
0 4

w/t

FIG. 2. The conductivity for J/t=0.3 and for different dop-
ings: § = 0.2 (solid), 0.25 (dashed), and 0.3 (dash-dotted),
respectively. The dotted curve is the power-law fitting
(~ w™%*) for a guide for the eye. Inset: The conductiv-
ity for 6 = 0.2 and for different exchange couplings: J/t= 0.1
(solid), 0.2 (dashed), and 0.3 (dash-dotted), respectively.



The absorption power of the regular part of the con-
ductivity is proportional to the doping rather than the
number of particles, consistent with the fsum rule in the
strongly correlated electron system in the vicinity of the
Mott-Hubbard transition.?® For guidance, we show the
fitting by power-law curve to the data for § = 0.2. It
decays slower than ~ w™?!, which is not quite compatible
with the experiments. However some general trends of
the data can be explained by our calculations. It is pos-
sible that a partial resummation of diagrams, like the one
performed in a previous paper,!? could result in a better
fit to the experiments because the imaginary part of the
self energy of the quasiparticle is linear above a very low
frequency region. In this case, however, it is not clear
how to carry out the vertex corrections consistently. In
the inset of Fig. 2, we show the conductivity for different
J/t (0.1, 0.2, and 0.3) with a fixed doping § = 0.2. The
results again show that the absorption power increases
with increasing J, which is also consistent with the f
sum rule because increasing J increases the total kinetic
energy.

Finally, in Fig. 3, we show the one-particle spectral
densities calculated next-to-leading order in 1/N.2® A
simple convolution of the spectral densities gives quali-
tative features of the optical conductivity.

In conclusion, we have calculated the real part of con-
ductivity at finite frequency in the t-J model using the
slave-boson large- N technique. The results show that the
slow decay at low frequency is due to the strong low en-
ergy spin fluctuations extending to ~ J, and the extra
absorption, extending to the unrenormalized bare energy
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FIG. 3. The one-electron spectral function for J/t
= 03 and § = 0.2 at k = 0.87(n/2,7/2) (solid); k

= 0.63(7/2,7/2) (dash); k = 1.25(n/2,7/2) (chain-dot). The
0 function peak at the position of quasiparticle poles is not
included.

scale ~ t, is from the incoherent motion of the charge
carrier. In connection with experiments, it provides a
natural explanation for the anomalous behavior of the dy-
namic conductivity within a one-component model of the
strongly correlated electron system. It is also in general
agreement with finite-cluster calculations, and gives com-
plementary informations in the thermodynamic limit.
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