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Optical and magneto-optical response of a doped Mott insulator
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We study the optical, Raman, and ac Hall response of the doped Mott insulator within the dynamical
mean-field theory (d5`) for strongly correlated electron systems. The occurrence of theisosbecticpoint in
the optical conductivity is shown to be associated with the frequency dependence of the generalized charge
susceptibility. We compute the Raman response, which probes the fluctuations of the ‘‘stress tensor,’’ and show
that the scattering is characterized by appreciable incoherent contributions. The calculated ac Hall constant and
Hall angle also exhibit the isosbectic points. These results are also compared with those obtained for anon-FL
metal in d5`. The role of low-energy coherence~FL! or incoherence~non-FL! in determining the finite
frequency response of strongly correlated metals ind5` is discussed in detail. As an application of interest,
we compute the dielectric figure-of-merit~DFOM!, a quantity that is of potential importance for microwave
device applications. We demonstrate explicitly that systems near the filling driven Mott transition might be
good candidates in this respect, and discuss the influence of real-life factors on the DFOM.
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The celebrated Landau theory of the Fermi liquid~FL!,1

has been the mainstay of the conventional theory of me
for over four decades. It has proved to be remarkably sta
even when local correlations are strong, as has been obse
in a variety of heavy fermion metals. Recent theoretical w
concentrating on thed5` limit of lattice fermionic models
has shown up the robustness of the local Fermi-liquid p
ture, even for large values of the interaction.2

The d5` works have also clarified the conditions und
which the metallic phase for a given lattice model is d
scribed by FL theory;3 in the situation where symmetr
breaking is suppressed, the FL metal survives as long
there is no ground-state degeneracy, as in the Hubb
model. In every case where the ground state exhibits a
generacy as a function of the model parameters, FL beha
is invalidated; examples are the quantum paramagn
phases of the spinless Falicov-Kimball model4 and the two-
channel Kondo model5 in this limit. The crucial role of the
transfer of spectral weight over wide-energy scales across
insulator-metal transition has also been revealed; it
thereby become clear that the itinerant and the atomic
pects of the problem should be treated consistently on a c
mon footing to obtain reliable answers.

Optical conductivity is an insightful probe that can pr
vide detailed information about the finite frequency cha
dynamics of a correlated electronic fluid.6 In recent years,
much information about the non-Fermi liquid charge dyna
ics in the ‘‘normal’’ state of cuprate superconducto
has been gleaned by careful optical measurements.6 The
in-plane optical conductivity,sab(v) for hole-doped cu-
prates shows a non-FL fall off withv at small v!D (D
is the bandwidth!,6 while the electron-doped cuprat
Nd22xCexCuO42y shows behavior characteristic of a FL.6 A
curious feature observed in these studies is the fact tha
varioussab(v) curves for different dopings cross at asingle
point ~this is theisosbecticpoint in the literature!. It is inter-
esting to ask for the underlying physics manifesting itself
such observations.
0163-1829/2001/64~7!/075108~6!/$20.00 64 0751
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Hall measurements provide a detailed picture of fini
frequency charge excitations in an external magnetic fie
and probe the nature of the transverse-scattering process
an electronic fluid.7 Measurements carried out on the c
prates show that the transverse-scattering processes are
acterized by anomalous temperature and frequency de
dences, leading to the two-relaxation rate phenomenology7 It
is well known that FL transport is generically characteriz
by a single-scattering rate governing transport, and the a
pearance of two-relaxation rates is therefore cited as a s
ing manifestation of the breakdown of FL ideas.

Given the above, the theoretical problem of computi
the ac conductivity tensor for a strongly correlated meta
interesting; this quantity encodes detailed information ab
the finite-frequency charge excitations and their respons
external electric and magnetic fields. Theoretically, the pr
lem of computing the transport coefficients for a strong
correlated fermionic system in a controlled way is a rath
hard task. The problem is even harder in the case of mag
totransport; to compute the Hall conductivity tensor, one h
to evaluate explicitly three-point functions. In finite-spati
dimensions, vertex corrections, which may be importa
cannot be evaluated satisfactorily in any controlled appro
mation. The above difficulties make it imperative to sear
for controlled approximation schemes where some of
above difficulties can be circumvented without sacrifici
essential correlation effects.

The dynamical mean-field approximation~DMFA or d
5`) has proved to be a successful tool to investigate tra
port in strongly correlated systems in a controlled way.8 This
is because the vertex corrections entering in the Be
Salpeter equation for the two-particle propagator for the c
ductivity vanish rigorously ind5`. To evaluate the conduc
tivity tensor, one needs only to compute the fully interacti
local self-energy of the given model, following which th
Kubo formalism can be employed.9 Given that DMFA cap-
tures the nontrivial local dynamics exactly, one expects t
it provides an adequate physical description in situatio
©2001 The American Physical Society08-1
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where local fluctuations are dominant. In fact, the dc re
tivity and Hall effect, as well as the longitudinal ac condu
tivity for the Hubbard model, have already been conside
in the literature, in the framework of thed5` approxima-
tion.10

However, the harder problem of computing th
frequency-dependent Hall effect~Hall constant and angle!
has not been studied to date in detail. Actually, Lange7 has
employed the Mori-Zwanzig projection formalism to stud
dc magnetotransport in the Hubbard model. The ac
evaluation of the complicated equations is, however, actu
carried out in the Hubbard I approximation. This is known
lead to spurious instabilities~like ferromagnetism, which is
washed away when local quantum fluctuations are includ!.
Moreover, only the dc Hall constant is evaluated explicit
The Hubbard I approximation does not correctly capture
transfer of high-energy spectral weight to low energy up
hole doping, a feature characteristic of correlated syste
and so one expects that it will be inadequate when one
tempts to look at the ac conductivity. Some of the deficie
cies of the Hubbard I approximation may be cured by
so-called Hubbard III approximation;12 this is actually the
exact solution of thed5` Falicov-Kimball model.13 How-
ever, the metallic phase is not a Fermi liquid, and actua
describes the charge dynamics in a model with x-ray e
singularities at low energy.4 More recently, Lange7 have
computed the ac Hall constant using the iterated perturba
theory ~IPT! in d5`. However, the ac Hall angle and th
Raman response, which we compute, has not been co
ered in Ref. 7. Additionally, we have also compared o
results with those obtained for a non-FL metal12 in d5` to
clarify the role of low-energy coherence~incoherence! in de-
termining the ac response of correlated metals. The deta
doping and frequency dependence of the Hall constant
Hall angle for a strongly correlated FL ind5` thus remains
an open problem to date.

In this paper, we attempt to fill in this gap by studying t
ac Hall effect and its doping dependence in detail. We c
centrate on the one-band Hubbard model; the simplest m
exhibiting FL behavior ind5`. We have recently studied
the ac Hall response for the ‘‘simplified Hubbard model’’12

exactly in this limit, as mentioned above, it describes
response of a non-FL metal. We make an in-depth stud
all the properties that can be computed without making f
ther approximations. Specifically, we study the optical co
ductivity tensor, the ac Hall constant and Hall angle, as w
as the Raman intensity line shape as a function of filling
the correlated FL metal. We also compare our results w
those obtained for a non-FL metal ind5`. Lastly, as a
specific application of the treatment presented here, we
port the dielectric figure-of-merit~DFOM! in the strongly
correlated metal. We show that systems near the filli
driven Mott transition might be good candidates for poten
microwave device applications~high DFOM!, and assess th
role of real-life factors in optimizing the DFOM.

We start with the one-band Hubbard model,

H52t (
^ i j &,s

~cis
† cj s1H.c!1U(

i
ni↑ni↓ , ~1!
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defined on a hypercubic lattice ind dimensions. In thed
→` limit, this corresponds to a Gaussian unperturbed d
sity of states~DOS!.2 In this limit, the lattice model, Eq.~1!,
is mapped onto a one-channel Anderson impurity probl
~SIAM! embedded self-consistently in a dynamical ‘‘bath
function that encodes the dynamical information about
quantum nature of the problem. Solution of the HM@Eq. ~1!#
therefore requires a reliable way to solve the impur
problem.2 Unfortunately, there is no exact analytical solutio
available for the SIAM, and one has to resort to schemes
give reliable answers, and agree well with ‘‘exact’’ method
e.g., with exact diagonalization.2 In this paper, we use the
iterated perturbation theory~IPT! away from half filling14 to
solve the SIAM. This technique uses the Friedel sum ru15

~equivalent to the Luttinger theorem! to ensure that the cor
rect Fermi-liquid behavior is recovered at low energy. B
construction, it is also exact in the band and the atomic l
its, and so is a reliable interpolation scheme that descr
the full local dynamical spectrum for allU/t and band fill-
ings. The inability of the IPT to treat broken-symmet
phases is not a serious problem here, since we restrict
selves to study the ac response across the Mott transi
Knowledge of the local dynamics in the SIAM enables us
compute the full local dynamics of the HM ind5`. We do
not repeat the features of this method here, but refer
interested reader to Ref. 14 for details.

Solution of thed5` problem using the IPT yields thefull
local self-energy S(v) and the Green functionG(v)
51/N(kG(k,v)51/N(k@v2ek2S(v)#21 for the symme-
try unbroken paramagnetic case, which we consider here.
have computed the local DOS for the HM, and have chec
that all features of the strongly correlated Fermi-liquid me
are reproduced in accordance with~Ref. 14!. The quadratic
energy dependence of ImS(v) at small energy, the collec
tive Fermi liquid peak that shifts to lower energy with ho
doping, as well as the transfer of spectral weight from
upper to the~central FL resonance1 lower! Hubbard band
are all reproduced well.

As mentioned above, knowledge ofS(v) for the lattice
problem is the only input required to calculate the optic
conductivity tensor ind5`. Since vertex corrections dro
out in the two-particle equation for the conductivity in th
limit, the longitudinal optical conductivity is given by a
simple bubble diagram involving thefull interacting, local
propagators. Using the well-known equation forsxx(v),2,16

sxx~ iv!5
1

ivE r0~e!(
in

G~e,in!G~e,iv1 in!, ~2!

we have computedsxx(v) for a given choiceU/D53.0 and
for different band fillingsd5(12n) (D is the effective
bandwidth of the noninteracting model!. The results are
shown in Fig. 1. We see thatsxx(v) shows three distinct
features worthy of mention:~1! The low-energy part (v
,0.25) is characteristic of a renormalized FL metal, a
correlates well with the behavior of the central FL peak
the DOS.~2! However,sxx(v) begins to rise again aroun
v/D.1, passes through a broad peak centered aroundU/2
~for n51), and starts falling off at larger frequencies. T
8-2
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transfer of optical spectral weight from high- to low-ener
upon hole doping is clearly exhibited, and is understanda
in terms of the interplay between the high-energy~localized!
part, which inhibits double occupancies, and the low-ene
~coherent! part of the spectrum, reflecting carrier itineran
that increases with hole doping.~3! Most interestingly, the
sxx(v) curves for variousd all cross at asingle point (v
.1.4D); this is the isosbesticpoint cited in earlier work.4

These are exactly the features observed in optical exp
ments performed on Nd22xCexCuO42y ,6 which shows FL
behavior in contrast to the hole-doped cuprates. We ha
partial understanding of this curious feature: Followi
Vollhardt,18 who investigated such features seen in the s
cific heat for the HM for differentU, we ask for the reason
for the crossing of the different curves, and the width of t
crossing region. Focusing on the first part of the question
is easy to show that there must exist somev5vc(n) for
which the curves cross. First, consider the high-energy li
of our results. In general,sxx(v)52x9(v)/v. Now, asv
→`, S(v)5U2(n/2)(12n/2)/v, andG(v)51/v, so that
sxx(v→`)5(n/2)(12n/2)/v, whereby dsxx /dn.0 for
v→` for all n,1. On the other hand, it is clear from Fig.
as well as from the optical sum rule, thatsxx(v) increases
with increasingd, i.e., with decreasing n, at energiesv
<1.4D, so that we havedsxx /dn,0 at smallv. This im-
plies thatsxx(v) curves for differentd must cross at some
vc(n). This crossing occurs at a single point ifvc(n) is
independent ofn. Our results show that this seems to be t
case to a high accuracy, but we are unable to quantify
argument further. It is an interesting problem to inquire in
the deeper reasons for such features in the HM@see Ref. 18
for a thorough discussion of the crossing points inCp(U,T)#.

Knowledge of the longitudinal optical conductivity allow
us to compute the Raman spectrum within thed5` meth-
odology. This is because, as long assxx(v) is completely
determined by the renormalized bubble contribution~vertex

FIG. 1. The optical conductivity of the Hubbard model wi
U/D53.0 for various band fillings;d50.1 ~solid line!, d50.2
~dashed line!, d50.3 ~dot-dashed line!. sxx(v) for the FKM ~non-
FL! for U/D53.0 andd50.1 ~bold-dashed line!.
07510
le

y

ri-

a

-

e
it

it

e
is

corrections drop out, as ind5`), the Raman intensity is
directly related to the optical conductivity19 via the equation,

I xx~v!5
v

12e2bv
Resxx~v!. ~3!

In Fig. 2, we show the Raman line shapes calculated fr
Eq. ~3! for the sameU/D and doping values. Since all ca
culations are carried out atT50.01, I xx(v) is finite at v
50. A sharp peak at low energy, reminiscent of the plasm
peak in continuum treatments,19 is visible, followed by an
incoherent response characteristic of Mott-Hubba
systems19 at higher energies. However, the low-energy pe
is more the characteristic of the coherent part of the parti
hole response at low energies in a strongly correlated Fe
liquid. Evidence in favor of this interpretation is provided b
the fact that the sharp peak broadens out as the temper
is raised aboveTK , the lattice Kondo temperature, where
is destroyed by strong scattering off local moments~which
exist for T.TK , rendering the FL description invalid!.

It is interesting to compare the above results with tho
obtained for a non-Fermi-liquid~NFL! metal ind5`. In this
limit, NFL behavior at T50 is obtained when the loca
Kondo effect is suppressed; this is exactly what happen
the Falicov-Kimball model~FKM! in this limit.4 Since the
↓-spin hopping is zero in the FKM, the Kondo effect do
not occur, and the metallic state is not a FL near half filli
@it is actually described by the local x-ray edge physics
d5` ~Ref. 17!#. In the inset of Figs. 1–2, we show the re
part of sxx(v) and the Raman intensity line shape for t
FKM with identical values ofU/D53.0 and hole doping
(d50.1). It is seen thatsxx(v) for the FKM falls off much
more slowly~like 1/v) in comparison with the fast Drude
like falloff observed for the HM. As expected, the sha
low-energy peak inI xx(v) is changed into a broad con
tinuum, reflecting an incoherent low-energy response cha

FIG. 2. Raman intensity line shapeI xx(v) for the Hubbard
model ~FL! with U/D53.0, and for various band fillings;d50.1
~solid line!, d50.2 ~dashed line!, d50.3 ~dot-dashed line!. I xx(v)
for the FKM ~non-FL! for U/D53.0 andd50.1 ~bold-dashed line!.
8-3
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teristic of a NFL metal. We also observe thatI xx(v50)Þ0
at T50 in the FKM case, as argued by Shastry a
Shraiman.19 This corresponds to the fact that, in a non-F
metal~where the Green function has a branch cut rather t
a pole structure!, the action of the kinetic energy, or the stre
tensor @which has nonvanishing matrix elements betwe
lower-Hubbard band~LHB! states# does not create well
defined elementary excitations. This results in the broad c
tinuum with nonvanishing intensity in the FKM~NFL!, in
contrast to the sharp peak with vanishing intensity~at T
50) in the HM ~FL! observed above. Hence, the finit
frequency response of correlated metals is determined by
presence of a pole~branch cut! structure in the single-particle
Green function at low energy. Within thed5` ideas used
here, the low-energy coherence is a manifestation of the
lective lattice Kondo effect in the Hubbard model, while t
incoherent response in the non-FL case is understoo
terms of the vanishing of the↓-spin hopping, and to the
complete suppression of this Kondo scale.

As mentioned above, computation of the magnetotra
port is an extremely delicate matter, since one has to eval
three-pointfunctions7 to first order in the external magnet
vector potentialA. Generally speaking, in a nearly free ele
tron picture, the Hall effect is determined by the vagar
~shape and size! of the Fermi surface. That such a correspo
dence cannot be made for strongly correlated metals
pointed out by Shastryet al.20 showed that the Hall constan
in a strongly correlated system is dominated by spec
weight far from the Fermi surface, and hence, is independ
of its shape. This suggests that the results should no
sensitive to the choice of the free DOS, allowing us to u
the d5` DOS for the hypercubic lattice. Calculations for
three-dimensional~3D! system, where thed5` approach
works quite well,2 can be carried out by replacing thed
5` DOS by a 3D DOS.

To compute the Hall conductivity, we need to add
Peierls coupling term to the HM, where it enters via t
hopping.20 The Hamiltonian in a magnetic field is

H52 (
^ i j &,s

t i j ~A!~cis
† cj s1H.c!1U(

i
ni↑ni↓ , ~4!

where the hopping matrix elements are modified by a Pei
phase factor and aret i j 5exp(2ip/f0*i

jA•dl), whereA is the
vector potential andf05H.c./e. The off-diagonal part of the
conductivity involves the computation of athree-pointfunc-
tion to first order in the external field, as mentioned befo
Fortunately, a convenient form has been derived by Lan7

and in this approach the imaginary part ofsxy(v) is given
by

sxy9 ~v!5cxyE
2`

1`

der0~e!eE
2`

1`

dv1dv2A~e,v1!A~e,v2!

3
1

v FF~e,v1 ;v!2F~e,v2 ;v!

v12v2
1~v→2v!G ,

~5!

where
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F~e,v;v1!5A~e,v12v!@ f ~v1!2 f ~v12v!#, ~6!

and A(e,v)52Im@v2e2S(v)#21/p is the sp spectra
function in d5`.

Given the sp spectral function ind5`, sxy9 (v) is com-
puted from the above, and the corresponding real par
obtained from a Kramers-Kro¨nig transform. The Hall con-
stant and Hall angle are obtained directly as

RH~v!5
sxy~v!

sxx
2 ~v!

, ~7!

and

cotuH~v!5
sxx~v!

sxy~v!
. ~8!

We describe the results obtained for the HM withU/D
53.0 andd50.1,0.2,0.3. In Fig. 3, we show the real part
the ac Hall constant, RH8 (v), with the corresponding imagi
nary part in the inset. Since we work at a smallT50.01, the
v50 part of RH8 is finite and negative, in agreement wit
Ref. 10 (RH9 is identically zero atv50). At small frequency,
RH(v) shows features in good agreement with Ref. 11; i
it is constant at smallv in accordance with what is expecte
of a Fermi liquid. Interestingly enough, the isosbectic beh
ior shown in the optical conductivity is also shown up
RH9 (v). The real part of RH(v) is negative at low energy, a
expected for a correlated Fermi liquid. Ford50.1 ~small
doping! RH8 (v) decreases monotonically up tov/D'1.04,
and thereafter starts to increase, becoming positive in ag
ment with the results of Lange and Kotliar.11 As a function of
doping RH8 (v) becomes more FL-like and the frequency d
pendence is also less pronounced. Indeed, forv/D,2, the
real part of the ac Hall constant does not change in sign
the positive peak observed in the low-doping limit atv/D
'1.5 is totally suppressed ford50.3 ~see Fig. 3 for more

FIG. 3. AC Hall constant of the Hubbard model withU/D
53.0 for various band fillings;d50.1 ~solid line!, d50.2 ~dashed
line!, d50.3 ~dot-dashed line!. ReH(v) for the FKM ~non-FL! for
U/D53.0 andd50.1 ~bold-dashed line!.
8-4
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details!. The corresponding results for the FKM~NFL! are
shown with the bold-dashed line in Fig. 3. In this ca
RH8 (v50).0, in contrast to what is observed for the H
~FL!, where it is negative. The underlying reason for this
again that in the FKM, the kinetic energy~stress tensor!,
which connects LHB states, does not create well-defined
ementary excitations~since the Green function is totally in
coherent!.

In Fig. 4, we show the real and imaginary parts of the
Hall angle computed from the above equation. First, we e
phasize that we recover the correct Fermi-liquid fo
(v-independent! ac Hall angle at smallv, in full agreement
with Ref. 11. Furthermore, the strong frequency depende
of cotuH(v) found near half filling (d50.1) is weakened on
increasing hole doping. The imaginary part is positive at l
energy. This is again in marked contrast to the results o
similar calculation done for the NFL case~FK model!, re-
sults for which are shown with the bold-dashed line in Fig.
We have also computed the frequency-dependent transv
scattering rate,Gxy(v) that goes likev2 in the case of the
HM. In the case of the FKM,Gxy(v) goes likeav21b, in
marked contrast to the longitudinal relaxation rate, wh
follows a sublinearv dependence.9 Since the transport
scattering rate as deduced from the Drude-like respons
sxx(v) also varies quadratically in thed5` Hubbard
model, the longitudinal- and transverse-scattering rates
described by asingle-relaxation rate, as they should be in
FL metal. This is in contrast to the results obtained from
similar analysis for the FKM,12 where the electron~hole!-
like quasiparticles are absent, FL theory breaks down,
the longitudinal and transverse responses to an applied
entz field are governed by qualitatively differe
timescales.21–23In this context, it would be interesting to se
whether the inclusion of short-ranged antiferromagnetic~AF!
spin fluctuations~beyondd5`) could push down the low-
energy FL coherence scale in thed5` HM to zero, yielding
a non-FL response. This is beyond the scope of the pre

FIG. 4. AC Hall angle for the Hubbard model withU/D53.0
for various band fillings;d50.1 ~solid line!, d50.2 ~dashed line!,
d50.3 ~dot-dashed line!. cotuH(v) for the FKM ~non-FL! with
U/D53.0 andd50.1 ~bold-dashed line!.
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paper, as no known controlled technique to access nonl
vertex contributions~which enter into the Bethe-Salpete
equation for the conductivity in a nonlocal theory! is avail-
able.

Last, we present results for the dielectric figure of me
~DFOM! in the quantum paramagnetic metallic state as
plications of the ideas presented above. The DFOM i
quantity that quantifies the dielectric efficiency of a materi
and is of potential interest for microwave-device applic
tions. A large value for the DFOM would make the mater
in question an attractive candidate for use in microwa
device applications. An attractive criterion in this context
the relation DFOM(v).1. Formally, the DFOM is defined
as,

DFOM~v!5
uIm exy~v!u
2uIm exx~v!u

, ~9!

where Imexy(v) is the imaginary part of the off-diagona
dielectric constant. The above definition of the DFOM can
looked upon as the ac analogue of quantities like the ther
electric figure of merit.24 Thus, one requires the full dielec
tric tensor to access the DFOM. From the equation abo
one sees that a high value for the DFOM depends on
detailed frequency dependences of the ac conductivity
sor. With specific reference to materials that undergo M
transitions, one expects the DFOM to mirror the radic
modification of the optical spectrum occurring across
transition. The Mott insulator is characterized by poor diele
tric screening, while in the paramagnetic metal, dynami
screening should be effective. The dramatic transfer of o
cal spectral weight over large energy scales seen in the o
cal conductivity tensor should also be reflected in t
DFOM. This fact might make such materials attractive ca
didates for potential device applications; a high DFOM
this context would be promising.

With this in mind, we show in Fig. 5 the results for th

FIG. 5. The dielectric figure of merit@DFOM(v)# for the Hub-
bard model withU/D53.0 for various band fillings;d50.1 ~solid
line!, d50.2 ~dashed line!, d50.3 ~dot-dashed line!. DFOM(v) for
the FKM ~non-FL! for U/D53.0 andd50.1 ~bold-dashed line!.
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DFOM calculated from the dielectric tensor. This is direc
obtained fromsab(v), a,b5x,y via the equationeab(v)
5dab1 (4p/v) isab(v). The DFOM shows a strong pea
at intermediate energy, and reaches values up to 1.6 fo
termediate doping strength. This behavior is directly rela
to the minimum insxx(v) @and hence in Imexx(v)# around
the energy range where the DFOM has a maximum. Si
the features insxx(v) are a direct consequence of the tre
ment of low- and high-energy features on an equal footing
the d5` Hubbard model, the high value of the DFOM
intermediate energies is also a direct fall out of the comp
tion between the quasicoherent~low-energy! and incoherent
~high-energy! processes characteristic of strongly correla
materials.

We believe that this number is an overestimate for r
materials, since real band-structure effects, in conjunc
with multiorbital situations and doping-induced static diso
der, have the generic effect of reducing coherence in
metallic state, leading to smaller values of the DFOM. In r
situations, multiorbital character of these materials, sp
orbit interactions, Jahn-Teller distortions, etc., have the ef
of transferring optical spectral weight over large ener
scales, and of pushing coherent low-energy spectral we
to high-energy~incoherent! regions. In principle, suitable ex
tensions of the IPT technique used here for the single-b
Hubbard model without disorder can be generalized to
clude these additional important effects without drastic c
ceptual difficulties. However, we believe that the DFOM w
still have a respectable value when such effects are inclu
suggesting that materials close to filling-driven Mott tran
tions might be promising potential candidates for mic
wave-device applications.

An amusing feature of the present calculations done
the Hubbard model is the existence of isosbectic points
various calculated quantities, likesxx8 (v), ReH9 (v), and
cotuH8 (v), as a function of hole doping~see Figs. 1–4!. It is
. B

07510
n-
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-
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l
-
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ht

d
-
-

d,
-
-

r
in

an extremely interesting problem to examine this feature
more detail, perhaps in a manner analogous to Ref. 18.
interesting and open problem is to study multiorbital situ
tions, which are more representative of the materials un
consideration. We leave these issues for a more detailed
vestigation in the future.

In conclusion, we have determined the optical, Ram
and ac Hall response of thed5` Hubbard model using the
IPT off half filling as a reliable approximation.14 We have
identified interesting features in the results~isosbectic points
mentioned above!, and shown that the response of a strong
correlated Fermi-liquid metal is explainable in terms of t
competition between the atomic and itinerant aspects in
ent in the Hubbard model. The evolution of the ac respo
with hole doping is controlled by the increasing weight
the quasicoherent processes~corresponding to transitions in
volving only the lower-Hubbard band states! relative to that
of the high-energy incoherent features, whose weight dim
ishes with progressive hole doping. As an application of
ideas presented here, we have computed the dielectric fi
of merit ~DFOM!, a number of importance in the context o
possible microwave-device applications. Last, we have co
pared our results with those computed earlier by us fo
non-FL metal ind5`, and have discussed the role of low
energy coherence~or incoherence! in determining finite-
frequency response of strongly correlated metals. Given
success2 of the d5` methodology in understanding aspec
of the physics of three-dimensional transition-metal oxid
we believe that the calculation presented here in combina
with the actual 3D band structure~which is equivalent to
using the LDA DOS, for example! can be more relevant fo
studying ac response of 3D TM oxides.
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