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Optical properties of strongly correlated systems with spin-density-wave order
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1Max-Planck-Institut, FKF, Heisenbergstrasse 1, 70569 Stuttgart, Germany
2Institut für Physik, Theoretische Physik II, Universita¨t Augsburg, 86135 Augsburg, Germany

~Received 1 October 2001; revised manuscript received 30 May 2002; published 8 October 2002!

The dynamical conductivitys(v), reflectivity R(v), and tunneling density of statesN(v) of strongly
correlated systems with the commensurate spin-density wave~SDW-CS! order are studied as a function of
impurity scattering rate. The theory is based on the excitonic insulator model and it is generalized to include
retardadion~strong coupling! and impurity effects on the SDW-CS order. The results are briefly discussed in
the light of optical experiments on some heavy-fermion materials with the SDW order.
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I. INTRODUCTION

The magnetic properties of the HF materials, which b
long to the class of strongly correlated systems, are du
the competition between the Kondo effect—which leads
the screening of the 4f (5 f ) magnetic moment below th
coherence temperatureTcoh, and the Ruderman-Kittel
Kasuya-Yosida~RKKY ! interaction—which is responsibl
for the antiferromagnetic~AF! order.1 The itinerant SDW
magnetic order is most probably realized in UPt3 , URu2Si2 ,
UCu5, while in UPd2Al3 it seems that an AF localized mag
netic order is present. In that respect resistivity measu
ments on URu2Si2 show significant changes inr(T) below
TN('17 K) pointing to the SDW type of magnetism, whi
in UPd2Al3 there is only a small kink inr(T) below TN

('14 K). The latter fact is more in favor of a localize
magnetic order.2–4 The neutron scattering measurements5–7

show that the magnetic moment in UPd2Al3 is much larger
(m;0.85mB) than in UPt3 , URu2Si2, where one hasm
;0.01mB . The small magnetic moment is compatible with
SDW order.

Optical measurements in these compounds gave a p
bility for the study of progressive development of the optic
gap in spectra of the SDW systems UPt3 , URu2Si2—see
Refs. 2 and 8–10. Infrared optical measurements
UPd2Al3,2,10,11have shown no effects of the magnetic ord
ing on electronic properties at frequencies above 30 cm21.
However, recent infrared optical measurements12 show well
pronounced~pseudo!gap behavior at rather low frequenc
vg'0.2 meV. We stress thatvg was too small~compared to
TN'14 K) in order to be explained by the simple weak co
pling SDW theory,13 which predicts vg

SDW/TSDW'3.5.
Moreover, the recent experimental results14 give evidence for
an huge increase of the optical mass atv,vg and at low
temperaturesT,2 K. The latter fact points to a very stron
and retarded quasiparticle interaction with some bosonic
excitations, most probably spin fluctuations.

These experimental results imply a necessity for a syst
atic theoretical study of optical properties of the SDW me
by including possible retardation effects. In order to pro
the SDW state the effect of impurities is useful tool and t
is also a topic of this work. In absence of a fully microscop
theory of the SDW order our analysis is based on a se
0163-1829/2002/66~13!/134510~7!/$20.00 66 1345
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microscopic model, which assumes that the conduction e
trons are affected by the commensurate magnetic order
some large wave vectorQ5G/2, whereG is the reciprocal
wave vector.

In Sec. II we describe the model for systems with t
commensurate spin density wave~SDW-CS! order, whose
dynamics is governed by strong-coupling~retardation! equa-
tions. The effect of nonmagnetic impurities are also tak
into account. We emphasize that the consideration of stro
coupling effects in some respect resembles the Eliashb
theory for superconductivity and this analogy is pursued c
sequently throughout the paper. Since heavy fermions
strongly correlated systems the charge fluctuation proce
are suppressed in backward scattering,15,16 thus making neg-
ligible the effect of the interband nonmagnetic impurity sc
tering on the SDW order. The single-particle dynamic co
ductivity of the SDW-CS state is calculated in Sec. III b
including impurity and strong-coupling effects, while in Se
IV the numerical calculations forN(v), s(v), and R(v)
are presented. The discussion of the obtained results
their possible application to some HF systems is given
Sec. V.

II. MODEL OF THE SDW METAL

A. Weak-coupling limit

The microscopic theory of the SDW metals was w
elaborated in the past in the framework of the weak coupl
excitonic insulator~EXIN! model.17 Since in the following
we shall generalize this approach to include retardation
fects we give a brief introduction of the EXIN model—se
more in Refs. 18 and 19.

In the following it is assumed that the electronic syste
consists of several Fermi surfaces~or patches! and that at
least one electron and one hole band~enumerated by indices
i 51,2, respectively! fulfill the nesting condition

j1,k52j2,k1Q ~1!

with the energy dispersionj1,k5e1,k2m and with the hole
spectrum isj2,k1Q52e2,k1m. Other bands~or patches! are
assumed not to participate in the formation of the SDW st
and they create the electronic reservoir with the dispers
©2002 The American Physical Society10-1
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j r ,k . We assume that the SDW structure is commensu
~SDW-SC! with the wave vectorQ5G/2, whereG is the
reciprocal lattice vector, wherej1,2,k12Q5j1,2,k and
j1,2,k1Q5j1,2,k2Q , and accordingly for operators Fermi op
eratorsf 1,2,k12Q5 f 1,2,k and f 1,2,k1Q5 f 1,2,k2Q . The theory of
the incommensurate SDW order is briefly discussed belo

The Hamiltonian of the two-band EXIN model has th
form (s is the spin index!

H5 (
i ,s,k

j i ,k f iks
† f iks1

1

2V (
i j lms,s8,k,k8,q

Vi j ,lm~k,k8,q!

3 f iks
† f j k8s8

† f lk81qs8 f mk2qs1Hr . ~2!

The indicesi , j 51,2 enumerate the two nested bands of
EXIN model. For simplicity it is assumed thatVi j ,lm(k,k8,q)
are weakly momentum dependent and for the dynamics
the model only termsV12,21[V1 , V11,22.V12,12[V2 are
kept. The reservoir HamiltonianHr describes electrons o
other~non-singular! bands on the Fermi surface which do n
participate in the SDW state. Its importance in perturbing
SDW state is discussed below. The effects of phonons ca
included easily.

In the weak coupling limit, whereV1,2N(0)!1, the EXIN
model admits an asymptotically exact solution in the me
field approximation whereH is replaced by theHMFA

HMFA5 (
i ,s,k

j i ,k f i ,ks
† f i ,ks

1 (
s,s8,k,q

F ~D̂q!s,s8 f 1,k1qs8
† f 2,ks11c.c.

1 (
s,s8s9q

~D̂q!s,s8~V̂21!s8s9~D̂12,2q!s9sG . ~3!

Here,N(0) is the density of electronic states of the nes
portions at the Fermi surface. In fact the spin-matrixD̂q de-
scribes various electronic ordering phenomenaD̂q5Dq

ss0

1DW q
t sW . Here,s0 , sW 5(s1 ,s2 ,s3) are the Pauli spin matri

ces andDq
s and DW q

t are singlet and triplet~charge and spin
density! order parameters, respectively. More on their phy
cal meaning see in Refs. 18,19. Since the~triplet! SDW mag-
netic order is characterized by the coupling constantVt
5V11V2 we assume thatV1 ,V2.0 and thatVt.Vs , i.e.,
the SDW order is more stable than the CDW one.

In the case of the SDW-CS order with the spin polariz
along thez axis one hasD̂q5dq,QDŝ3 and the SDW-CS is
characterized by the order parameterDs5sD.18,19 The
Hamiltonian reads~after renamingf 2,k1Q,s by f 2,k,s)

ĤSDW5(
ks

jk~ f 1ks
† f 1ks2 f 2ks

† f 2ks!1@Ds f 1ks
† f 2ks1c.c.#.

~4!

Since the SDW physics resembles the BCS model
superconductivity we exploit this by introducing the Nam
~’’spinor’’ ! operatorCks

† 5( f 1ks
† f 2ks

† ) and analogously the
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~column! operatorCk . In this notation the SDW-CS Hamil
tonian gets the superconductivitylike form

ĤSDW5(
ks

Cks
† @jkt̂31Dst̂1#Cks , ~5!

wheret̂ i , i 50,1,2,3, are Pauli matrices (t̂051̂) operating in
the electron-hole Nambu space. The Green’s funct
Ĝ0(k,vn) is given by the BCS-like solution

Ĝ0~k,vn!52
ivnt̂01jkt̂31Dst̂1

vn
21Ek

2
, ~6!

whereEk5Ajk
21Ds

2. The SDW-CS order parameterDs ful-
fills the BCS like self-consistent equation

Ds5Vt (
k,vn

G12,2s2s
0 ~k,vn! ~7!

with Vt5V11V2. For smalll t5N(0)Vt the SDW order ap-
pears at the temperatureTSDW[Tc'1.14vcexp(21/l t),
with the cutoff energyvc . The gap atT50 K is given by
D0 /Tc51.75. In solving Eq.~7! the propertyDs52D2s is
used. Note, Eq.~7! can be generalized to describe an unco
entional SDW~USDW! order parameter.20,21

Few comments are necessary.~1! The same reasoning an
mathematical technique as for the two-band EXIN model
also applicable to the case of a single-band metal hav
planar segments at the Fermi surface with the dispersion
jk52jk1Q . ~2! When the perfect nesting is broken it
described by the parameterd measuring the degree of th
incongruence of the Fermi surface of electrons in band
and 2, i.e.,j1,k5jk2d andj2,k1Q52jk2d. In that case the
Gor’kov equations are similar to those of superconducto
the Zeeman fieldd. This analogy is useful in constructin
the phase diagramTc(d) for the SDW metal. It turns out tha
at T50 K and for d,d** the SDW-CS order is realized
while for d** ,d,dc the incommensurate order~SDW-IC!
is more stable. The valuesd** , dc depend on the assume
microscopic model—for instance for the two-band wea
coupling EXIN model one hasd** '0.5D0 and dc

'0.75D0—see Refs. 18 and 19, and references therein
the following we assume thatd,d** holds and the
SDW-CS state is realized.~3! In most HF systems there ar
other bands on the Fermi surface~described by the reservoi
Hamiltonian Hr) not participating in the formation of the
SDW state. If the average density of states of these reser
bands at the Fermi surfaceNr(0)@2N(0) then the renormal-
ization of the chemical potentialm by the SDW order param
eter is negligible.18,19 We assume this case which is rath
realistic for the multiband HF systems with the large fracti
of the nonsingular segments at the Fermi surface. This c
is also realized in the Cr metal~and in its alloys! which is a
typical SDW metal. In the opposite caseNr(0)!2N(0)
there is a significant renormalization ofm.
0-2
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B. Strong-coupling generalization and impurity effects

In the following we generalize the above weak-coupli
model so to comprise~a! the strong coupling retardation an
~b! impurity effects.

~a! In the case when the quasiparticle interaction w
some bosoniclike excitations is strong the effective inter
tion is frequency dependent, i.e.,Vt→Vt(vn ,k). The latter
gives rise to the renormalizationvn→ṽnk , D→D̃(vn ,k)
[D̃nk in Eq. ~6! for the Green’s function—see Eqs.~10!,
~11!. One should underline that since the SDW order is d
to the Coulomb interaction and the vertex corrections to
Eliashberg equations might be important, but this is not
subject of this paper.

~b! The effect of nonmagnetic impurities on the SD
order is described by the Hamiltonian

Ĥ imp5 (
i j ,k,qs,Rimp

r imp~k,Rimp!uimp
i j ~k! f i ,q1ks

† f j ,qs . ~8!

The coordinateRimp enumerates randomly distributed imp
rities. Usually and for simplicity~but without any micro-
scopic justification! it is assumed that the intraband~‘‘for-
ward’’! scattering ~with i 5 j ) is present only, while the
interband~‘‘backward’’! one ~with iÞ j ) is neglected. Note
that the interband scatteringu12 renormalizes the SDW orde
parameterD already in the first order and it must be includ
from the very beginning what complicates the theory. Ho
ever, in strongly correlated systems the nonmagnetic sca
ing with large momentum transfer is strongly suppresse15

and the interband scattering can be neglected, i.e.,uuimp
12 u

!uuimp
i i u5u0 , i 51,2. In that case the leading term inĤ imp

reads

Ĥ imp5 (
Rimp ,k

r imp~k,Rimp!u0(
qs

Cq1ks
† t̂0Cqs . ~9!

SinceĤ imp is proportional to thet̂0 matrix it means that the
nonmagnetic scattering breaks the SDW-CS order simil
to the effect of magnetic impurities in single
superconductors—the effect is also proportional tot̂0. Physi-
cally it means that the scattering on random impurities pre
to make the system homogeneous by washing out the
uniform SDW structure.

In fact there are two effects of nonmagnetic impurities
the SDW-CS state. The first one changes the chemical po
tial leading to a destruction of nesting effects. This effec
similar to the effect of the ‘‘Zeeman field’’d discussed in the
previous subsection. It is known that by alloying Cr wi
some nonisoelectronic impurities~the number of electrons
per unit cell is changed! the chemical potential (m) is
changed giving rise to a SDW-CS→ SDW-IC transition.
However, by alloying Cr with isoelectronic impurities the
is no change ofm and the only effect of such impurities is t
scatter electrons.18,19 In the following we assume that th
later case is realized.

In the following the isotropy of the spectral function
VZ(vm ,k) and Vt(v,k) is assumed. After the integratio
13451
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over the energy and by using the fact thatṽnks5ṽnk2s and
D̃mq2s52D̃mq the Eliashberg equations read

ṽn5vn1g imp

ṽn

Aṽn
21D̃n

2
1pT(

m
lZ~vn2vm!

ṽm

Aṽm
2 1D̃m

2
,

~10!

D̃n52g imp

D̃n

Aṽn
21D̃n

2
1pT(

m
l t~vn2vm!

D̃m

Aṽm
2 1D̃m

2
.

~11!

Here g imp@52pniN(0)V0
2# is the impurity scattering rate

Note, thatg imp enters equations forṽnk andD̃nk with differ-
ent signs, which is due to thet0 matrix in Eq.~9!. This leads
to the detrimental~breaking! effect of nonmagnetic impuri-
ties on the SDW-CS state. The coupling functionsl l(vn
2vm)5lZ,t(vn2vm) depend on the spectral function
a l

2Fl(v)

l l~vn2vm!5E
0

`

dva l
2Fl~v!

2v

v21~vn2vm!2
. ~12!

III. DYNAMITIC CONDUCTIVITY
OF THE SDW-CS METAL

In HF systems with SDW order and complex multiba
Fermi surface there are contributions to the dynamitic c
ductivity s j j (v) ( j 5x,y,z) due to SDW and reservoir elec
trons. We calculate firsts j j

SDW(v) which is due to electrons
participating in the SDW-CS state. It is given by

s j j
SDW~v!5

iP j j
SDW~q→0,ivn⇒v1 i01!

v
, ~13!

wherePSDW( ivn) is the current-current correlation functio

P j j
SDW~q,ivn!5E

0

b

dteivnt^T̂ j~q,t! ̂ j~2q,0!&. ~14!

Since we study the optical properties in the London lim
(q→0) the current operator̂ j (q,t) of the SDW-CS metal
reads

̂ j~q,t!5
e

m (
s,p

v j S p1
q

2DCps
† t̂3Cp1qs , ~15!

where in obtaining̂ j (q,t) the nesting propertyvF(kF)
52vF(kF1Q) of the Fermi velocity is used. Note, tha
̂ j (q,t) contains thet̂3 matrix, while in the superconducting
~SC! state it containst̂0. This makes profound differences i
transport properties of these two systems.

By neglecting the vertex correction inP(q,ivn) ~index j
is omitted! one obtains
0-3
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PSDW~q50,ivn!'
vpl

2

4p
T(

ms
Ps

SDW~vn ,vm!, ~16!

where

Ps
SDW~vn ,vm!5E djkSp$t̂3Ĝss~k,vn

1vm!t̂3Ĝss~k,vm!%. ~17!

Here, v j ,pl5(8pe2N(0)^v j
2&)1/2 is the bare plasma fre

quency andv is the Fermi velocity.
After the integration over the energy variable one obta
th

a
n
c

c

W

ti
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s

PSDW~vn ,vm!5
ṽm~ṽm1ṽm1n!1D̃m~D̃m1D̃m1n!

RmPmn

2
ṽm1n~ṽm1n1ṽm!1D̃m1n~D̃m1n1D̃m!

RmPmn

~18!

with Rm5Aṽm
2 1D̃m

2 and Pmn5ṽm
2 2ṽm1n

2 1D̃m
2 2D̃m1n

2 .
By comparing this expression with the corresponding one
superconductors22 one sees thatP j j

SDW contains the coher-
ence factorsD̃m(D̃m1D̃m1n) and D̃m1n(D̃m1n1D̃m) while
in the SC state one hasD̃m(D̃m2D̃m1n) and D̃m1n(D̃m1n

2D̃m). This profound difference is reflected in different b
havior of the optical conductivitiessSDW(v) andsSC(v).

It gives
sSDW~v!5
v j ,pl

2

16p iv
E dv8H tanhS v2

2T
D

DR F 12
ṽ2

R ṽ1
R 2D̃2

R D̃1
R

A~ṽ_
R!22~D̃2

R !2A~ṽ1
R !22~D̃1

R !2
G

2

tanhS v1

2T
D

DA F 12
ṽ2

A ṽ1
A 2D̃2

A D̃1
A

A~ṽ_
A!22~D̃2

A !2A~ṽ1
A !22~D̃1

A !2
G

2

tanhS v1

2T
D 2tanhS v2

2T
D

Da F 12
ṽ2

A ṽ1
R 2D̃2

A D̃1
R

A~ṽ_
A!22~D̃2

A !2A~ṽ1
R !22~D̃1

R !2
G J , ~19!
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whereDR,A5A(ṽ1
R,A)22(D̃1

R,A)21A(ṽ_
R,A)22(D̃2

R,A)2 and

Da5A(ṽ1
R )22(D̃1

R )22A(ṽ_
A)22(D̃2

A )2. Here, v65v8
6v/2, and the indexR(A) correspond to the retarded~ad-
vanced! branches of the complex functionFR(A)5ReF
6 i ImF. These expressions are similar to the ones for
optical conductivity of strong-coupling superconductors~see
Ref. 23! but with different sign in the termD̃2

R,AD̃1
R,A in the

coherence factors, i.e., in front of the termsD̃2
R,AD̃1

R,A . This
fact was used sometimes to describe experimental dat
systems with C~S!DW by using the famous Mattis-Bardee
expression for the optical conductivity with the coheren
factor of the first kind.24,25The latter formula works properly
in two limiting cases:~a! in the nonlocal Pippard limit and
~b! in the very dirty limit (l !j0). However, none of these
limits is valid for the SDW-CS state in the HF systems sin
these are in the normal-skin~local! limit, and as mentioned
before normal impurities are pair breaking and destroy SD
itself, i.e., it must be fulfilledl .j0 with j0 the SDW coher-
ence length.

Since in most of the HF systems with the SDW magne
order the optical measurements show the~generalized!
e

in

e

e

c

Drude-like behavior at low frequenciesv!2DSDW
0 , the lat-

ter contribution (sD) is due to other~reservoir! electrons at
the Fermi surface which are described by the Hamilton
Hr . One expects that the total conductivity is a sum of bo
componentss'sD,r1sSDW. This problem will be dis-
cussed in the Sec. V.

IV. NUMERICAL RESULTS FOR THE SDW-CS STATE

In the following N(v) and sSDW(v) are calculated for
various scattering ratesg imp . The spectral functiona t

2Ft(v)
is taken in the form of a broadened Einstein-like boso
spectrum centered at the frequencyV and with the coupling
constantl[l t(v50)55.

~i! Tunneling density of states N(v). The calculatedN(v)
in the clean limit (g imp50) is shown in Fig. 1. As expecte
it has strong BCS-like singularity due to the gap opening
the quasiparticle spectrum. Since the nonmagnetic impur
are SDW-breaking this leads to a strong suppression
N(v), by smoothing it and shifting its maximum to lowe
energies. Forg imp;D0 it shows the gapless behavior—
0-4
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property analogous to the case of superconductors with m
netic impurities. It turns out that due to largel(55) there is
clear dip in N(v) for v.D0 @with N(v)/Nn(0),1] fol-
lowed by a broad peak at largerv. We emphasize that th
dip structure, followed by the peak at higher frequenci
appears always in the strong-coupling Eliashberg theory
superconductors for sufficiently large coupling constanl
and it is weakly dependent on the shape of the bosonic s
tral function.26 Similar behavior of the tunneling density o
statesN(v) has been seen also in the tunneling conductiv
of UPd2Al3 but in the superconducting state,27 which to-
gether with the above theoretical and numerical res
points to a strong scattering of quasiparticles on so
bosoniclike excitations. Since the above equations for
Green functions andN(v) hold also for singlet supercon
ductors with the same spectral function,a t

2Ft(v) at T,Tc

,TN, the results shown in Fig. 1 confirm earlie
conclusions27,28 that superconductivity in UPd2Al3 is in the
very strong-coupling regime (l@1). Regarding the theoret
ical results forN(v), which are shown in Fig. 1, it would be
interesting to search experimentally for possible stro
coupling effects—the dip structure and second peak, in S
metals at temperaturesTc,T,TN .

~ii ! Dynamitic conductivity sSDW(v) and reflectivity
R(v). Due to the peculiar coherence effects in the SDW-
state the dynamitic conductivitysSDW(v) differs signifi-
cantly from the corresponding one ins-wave
superconductors—see Eq.~19!. The numerical calculations
of s1(v)[ResSDW(v) are shown in Fig. 2. In the clea
limit ( g imp50) and at very low temperatures (T!D0)
s1(v) is singular atv52D0. For finite g imp(,D0) s1(v)
is broadened and its maximum is shifted to lowerv, as it is
seen in Fig. 2. It is also apparent from Fig. 2 that forg imp
50.1D0 the suppression, broadening and shift~to lower fre-
quency! of s1 are very pronounced, already for the lar
mean-free path,l;20 jSDW, i.e., isoelectronic nonmagneti
impurities affect the SDW-CS condensate appreciably. T
property is robust and practically independent on the sh
of the spectral function. We stress that this pronounced
purity dependence ofsSDW(v) may serve as an importan

FIG. 1. Tunneling density of statesN(v) for the broadened
Einstein spectrum withl t55 for various impurity scattering rate
g imp .
13451
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check of the SDW-CS state in HF systems.
The reflectivity along the j axis R(v)5$@A«(v)

21#/@A«(v)11#%2 is defined by the dielectric function
«(v)5«`14p isSDW(v)/v. The numerical results for
R(v) are shown in Fig. 3 fors1(v) from Fig. 2, and for the
assumed«`59. A rather rich structure inR(v) is seen,
which is partly due to the strong-coupling limit (l55) of
the theory. In the clean case there is a peak atv52D0 fol-
lowed by the minimum aroundv/V'5 which is just the
position of the dip in the density of states shown in Fig.
while the maximum of the shoulder atv/V'7.5 corre-
sponds to the second maximum inN(v).

Usually, experimental results fors(v) are modeled by
the generalized Drude formula withv-dependent scattering
rateGeff(v) and the optical massm* (v)

sSDW~v!5
vpl

2

4p

1

Geff~v!2 ivmSDW* ~v!/m`

. ~20!

As the result we obtain that in the SDW-CS statemSDW* (v)
is negative ~not shown!, while Geff(v)—shown in Fig.

FIG. 2. Real part of the dynamitic conductivitysSDW(v) for
various impurity scattering rateg imp .

FIG. 3. Reflectivity in the SDW stateRSDW(v) for sSDW(v) in
Fig. 2 and and for various impurity scattering ratesg imp .
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4—has also a rich structure due to the strong-coupling
fects resembling those in the superconducting state.29

V. DISCUSSION

In real HF systems with SDW order electrons particip
ing in the SDW state and those from the reservoir contrib
to s j j (v). The reservoir part gives rise to the~generalized!
Drude conductivitysD(v) at frequenciesv,2D0. For a
quantitative analysis the bosonic spectral function is need
as well as the plasma frequency, etc. In absence of th
relevant informations we assume for simplicity that the
two effects are additive and that the contribution of the r
ervoir is described by the simple Drude part with const
scattering rate and optical mass, i.e.,s(v)5sSDW(v)
1sD(v)5sSDW(v)1vpl,D

2 /4p(2 iv1gD). It is again fit
by the generalized Drude formula

s~v!5
vpl,D

2 1vpl,SDW
2

4p

1

2 ivm* ~v!/m`1Geff~v!
.

~21!

The real part of the conductivitys(v) is numerically calcu-
lated by assuming for simplicitygD52g imp , vpl,D

2

5vpl,SDW
2 and it is shown in Fig. 5, whilem* (v)/m` and

Geff(v) are shown in Fig. 6. The rich structure inm* (v)/m`

andGeff(v) is partially due the properties ofN(v) ands(v)
and to the assumed parametrization in Eq.~21!. In that re-
spect it is worth of mentioning that there is an increase of
optical massm* (v) by factor 2 with respect tom` which is
in fact not due to any inelastic quasiparticle scattering, bu
is due only to the fitting method ofs(v) by Eqs.~20! and
~21!. This interesting result tells us how dangerous is to
terpret the optical mass as the quasiparticle mass. Su
misinterpretation of the optical mass was made very
quently in interpreting optic measurements in HTS materi

We stress, that in order to compare to experimental res
in real SDW heavy fermion materials the realistic values
vpl,D

2 , vpl,SDW
2 , m` , etc., are needed, as well as optic me

surements in the low-frequency regionv,vg . The most
appropriate candidate for the application of the above the

FIG. 4. Optical relaxation rateGeff
SDW(v) @see Eq.~20!# for vari-

ous impurity scattering ratesg imp .
13451
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seems to be URu2Si2, which can be considered as a typic
example of the HF systems with the SDW-SC order. F
such a purpose it would be necessary to study the op
spectra of this material in which a controllable amount of t
isoelectronic impurities are introduced.

In conclusion, we have studied the retardation~strong-
coupling! and impurity effects on the dynamitic conductivit
s(v) and tunneling density of statesN(v) in strongly cor-
related metals~such as heavy fermions! with commensurate
SDW order. It is shown that nonmagnetic impurities, w
strongly suppressed interband~backward! impurity scattering
in strongly correlated systems, affectN(v), s(v), and
R(v) significantly. Such impurities broaden and shift th
maxima ofN(v) to lower frequencies and are SDW brea
ing. The latter effect might be an important test for the iti
erant character of the SDW order in the HF systems. I
shown that in systems with a multiband Fermi surface, c
taining SDW and reservoir electrons and ifs(v) is additive
then the optic mass is increased at low frequencies only
cause of additivity ofs(v) without any additional inelastic
scattering mechanism. This result demonstrates clearly

FIG. 5. Real part of the total conductivitys1
D(v)1s1

SDW(v) for
s1

SDW(v) in Fig. 2 and for various impurity scattering ratesg imp .

FIG. 6. Optical relaxation rateGeff(v) and the effective mass
m* (v) extracted froms(v) in Fig. 5 for various impurity scatter-
ing ratesg imp .
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the interpretation of the quasiparticle mass to be proportio
~or even equal! to the optical mass may lead to wrong co
clusions regarding the inelastic quasiparticle scatter
mechanisms. The proposed theory can be with mi
changes extended to systems with unconventional spin
sity wave order, as well as to charge-density wave order
B
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