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Optical properties of strongly correlated systems with spin-density-wave order
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The dynamical conductivityr(w), reflectivity R(w), and tunneling density of statdé(w) of strongly
correlated systems with the commensurate spin-density WaR&V-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 microscopic model, which assumes that the conduction elec-
trons are affected by the commensurate magnetic order with
The magnetic properties of the HF materials, which be-some large wave vect®@=G/2, whereG is the reciprocal
long to the class of strongly correlated systems, are due té/ave vector.
the competition between the Kondo effect—which leads to In Sec. Il we describe the model for systems with the
the screening of the f4(5f) magnetic moment below the commensurate spin density way8DW-CS order, whose
coherence temperaturd,,,, and the Ruderman-Kittel- dynamics is governed by strong-couplifrgtardation equa-
Kasuya-Yosida(RKKY) interaction—which is responsible tions. The effect of nonmagnetic impurities are also taken
for the antiferromagneti¢AF) order! The itinerant SDW into account. We _emphaS|ze that the consideration of strong-
magnetic order is most probably realized in YPURW,SI,, coupling effects in some respect resembles the Eliashberg

UCw, while in UPGAI it seems that an AF localized mag- theory for superconductivity and this analogy is pursued con-

netic order is present. In that respect resistivit measures—’equently throughout the paper. Since heavy fermions are
P o P stvity strongly correlated systems the charge fluctuation processes
ments on URWSI, show significant changes in(T) below

o c 4 _are suppressed in backward scattefitf,thus making neg-
Tn(~17 K) pointing to the SDW type of magnetism, while jgine the effect of the interband nonmagnetic impurity scat-
in UPGAl5 there is only a small kink im(T) below Ty tering on the SDW order. The single-particle dynamic con-
(=14 K). The latter fact is more in favor of a localized gyctivity of the SDW-CS state is calculated in Sec. Il by
magnetic ordef=* The neutron scattering measureméfits  including impurity and strong-coupling effects, while in Sec.
show that the magnetic moment in UAdi; is much larger | the numerical calculations foN(w), o(w), and R(w)
(u~0.85ug) than in UPf, URWSIi,, where one hast  are presented. The discussion of the obtained results and
~0.01ug . The small magnetic moment is compatible with atheir possible application to some HF systems is given in
SDW order. Sec. V.
Optical measurements in these compounds gave a possi-
bility for the study of progressive development of the optical
gap in spectra of the SDW systems YPURU,Si,—see
Refs. 2 and 8-10. Infrared optical measurements in A. Weak-coupling limit
UPd,AIl 3,219 have shown no effects of the magnetic order-
ing on electronic properties at frequencies above 30%tm
However, recent infrared optical measurem&nshow well
pronounced(pseudggap behavior at rather low frequency
wg=0.2 meV. We stress thaty; was too smallcompared to
Tn~14 K) in order to be explained by the simple weak cou-
pling SDW theory;® which predicts w3/ Tspw~3.5.

Moreover, the recent experimental restfligive evidence for consists of several Fermi surfacés patches and that at

an huge increase of the optical massuat wg and at oW aa5t one electron and one hole baedumerated by indices
temperature§ <2 K. The latter fact points to a very strong i=1,2, respectivelyfulfill the nesting condition

and retarded quasiparticle interaction with some bosoniclike
excitations, most probably spin fluctuations.
These experimental results imply a necessity for a system- §1k= ~&2k+0Q (1)
atic theoretical study of optical properties of the SDW metal
by including possible retardation effects. In order to probewith the energy dispersiof; = e;,— n and with the hole
the SDW state the effect of impurities is useful tool and thisspectrum ity o= — €55+ u. Other bandsgor patchepare
is also a topic of this work. In absence of a fully microscopicassumed not to participate in the formation of the SDW state
theory of the SDW order our analysis is based on a semiand they create the electronic reservoir with the dispersion

Il. MODEL OF THE SDW METAL

The microscopic theory of the SDW metals was well
elaborated in the past in the framework of the weak coupling
excitonic insulator(EXIN) model?” Since in the following
we shall generalize this approach to include retardation ef-
fects we give a brief introduction of the EXIN model—see
more in Refs. 18 and 19.

In the following it is assumed that the electronic system
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& . We assume that the SDW structure is commensuraté&olumn) operator¥, . In this notation the SDW-CS Hamil-
(SDW-SQ with the wave vectoiQ=G/2, whereG is the tonian gets the superconductivitylike form
reciprocal lattice vector, whereé; ,x ,0=¢12x and
é12k+0=&1.2k—q, and accordingly for operators Fermi op- A A A
eratorsfl’2k+2Q=f1,2k andf1’2k+Q:f1’2k_Q. The theory Of HSDWZE \I,;:o-[gk7-3+Aa'Tl]\I,k0'! (5)
the incommensurate SDW order is briefly discussed below. ke

The Hamiltonian of the two-band EXIN model has the

form (o is the spin index wherer;, i=0,1,2,3, are Pauli matrices{= 1) operating in
1 the electron-hole Nambu space. The Green’s function
H=, giykfi'rko_fika__}_ — > Vi im(k,k",q) GO(k,w,) is given by the BCS-like solution
i,ok 20 ijimo,o’ k,k',q
<t i aer frkeqot Hy - 2 . iy 7o+ ETat Ayt
ika!jk o' 'K +q mk—q r ( ) Go(k,wn):_ n’o fk 32 1 (6)
The indicesi,j=1,2 enumerate the two nested bands of the o+ Ei

EXIN model. For simplicity it is assumed th¥lf; ;(k,k",q)
are weakly momentum dependent and for the dynamics ofvhereE, = \/§E+A§. The SDW-CS order parametar, ful-
the model only termsVy,,=Vi, Vi1,7~Vi,1=V, are fills the BCS like self-consistent equation
kept. The reservoir Hamiltoniakl, describes electrons of
other(non-singular bands on the Fermi surface which do not
participate in the SDW state. Its importance in perturbing the Aazvtz ng_g_g(k,wn) (7)
SDW state is discussed below. The effects of phonons can be K, wn '
included easily.

In the weak coupling limit, wher¥; ;N(0)<1, the EXIN  with V,=V;+V,. For small\;=N(0)V, the SDW order ap-
model admits an asymptotically exact solution in the meanpears at the temperatur€spy=T.~1.14wexp(—1/\,),

field approximation wherél is replaced by théd yea with the cutoff energyw.. The gap aff=0 K is given by
Ay/T.=1.75. In solving Eq(7) the propertyA ,=—A__ is
Hooon = 2 3 it used. Note, Eq(7) can be generalized to describe an uncov-
MPA™ S Sk ko T ke entional SDW(USDW) order parametét?

Few comments are necessdty. The same reasoning and
i A 1 for ++C.C. mathema'qcal technique as for the tvyo-band EXIN model are
2| oo T1yceqo Toke also applicable to the case of a single-band metal having
planar segments at the Fermi surface with the dispersion low
" ~_1 ~ &=—&q- (2) When the perfect nesting is broken it is
+UEH (A)o(V Doro(B12-goro|- (3 gescribed by the parametér measuring the degree of the
e incongruence of the Fermi surface of electrons in bands 1
Here,N(0) is the density of electronic states of the nestedand 2, i.e.&; = &— d andé,y . o= — §— d. Inthat case the
portions at the Fermi surface. In fact the spin—maﬁQ(de— Gor’kov equations are similar to those of superconductor in

scribes various electronic orderin henomsin; AS the Zeeman_ field5. This analogy is useful in constructing
gp 070 the phase diagrai(5) for the SDW metal. It turns out that

+Ag0. Here, oo, 0=(01,07,03) are the Pauli spin matri-  5¢ 70 K and for 5< 5** the SDW-CS order is realized,
ces andA§ and A, are singlet and tripletcharge and spin  while for 5** <5< &° the incommensurate ordé8DW-IC)
density order parameters, respectively. More on their physiis more stable. The value$* , §° depend on the assumed
cal meaning see in Refs. 18,19. Since (iiplet) SDW mag-  microscopic model—for instance for the two-band weak-
netic order is characterized by the coupling constépt coupling EXIN model one hasé** ~0.5A, and &°
=V;1+V, we assume tha¥,,V,>0 and thatV,>Vs, i.e., ~0.75A,—see Refs. 18 and 19, and references therein. In
the SDW order is more stable than the CDW one. the following we assume that<s** holds and the
In the case of the SDW-CS order with the spin polarizedSDW-CS state is realized3) In most HF systems there are
along thez axis one has,= 8, oA a3 and the SDW-CS is  other bands on the Fermi surfa@escribed by the reservoir
characterized by the order parameté=cA.*®° The  HamiltonianH,) not participating in the formation of the
Hamiltonian readsafter renaming o, by f2x o) SDW state. If the average density of states of these reservoir
bands at the Fermi surfadg (0)>2N(0) then the renormal-
~ B ization of the chemical potential by the SDW order param-
HSDW_% EF Lot 1= oo T oka) + [0 i facot GG eter is negligiblé®'® We assume this case which is rather
(4 realistic for the multiband HF systems with the large fraction
of the nonsingular segments at the Fermi surface. This case
Since the SDW physics resembles the BCS model fois also realized in the Cr metéhnd in its alloy$ which is a
superconductivity we exploit this by introducing the Nambutypical SDW metal. In the opposite cadé (0)<2N(0)
("spinor”) operator¥| =(fl, f.,) and analogously the there is a significant renormalization pf

a0’ kq
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B. Strong-coupling generalization and impurity effects over the energy and by using the fact tE&lt(O':Z)nk—a' and

In the following we generalize the above Weak—couplingzmq_az _Kmq the Eliashberg equations read
model so to comprisé) the strong coupling retardation and
(b) impurity effects. ~ ~

. . . . L~ wp Wm
Some bosonicike excitaions i strong the effscive nterac. " T x4 MaleaTum e
tion is frequency dependent, i.&/;—V(w, k). The latter noon " (:anO)
gives rise to the renormalization,— w,, A—A(w,,K)
=A,, in Eq. (6) for the Green’s function—see Eq§L0), 5 A, s A
11). One should underline that since the SDW order is due A== Yimp——=+ 7T 2, M(wp— op)——.
'Eo t)he Coulomb interaction and the vertex corrections to the e Voi+A2 Mo " Voi+AZ
Eliashberg equations might be important, but this is not the (11

subject of this paper. o _ _ _
(b) The effect of nonmagnetic impurities on the SDW Here yimpl =2mniN(0)Vg] is the impurity scattering rate.
order is described by the Hamiltonian Note, thaty;y, enters equations fab, andA, with differ-
ent signs, which is due to thg matrix in Eq.(9). This leads
- i . to the detrimentalbreaking effect of nonmagnetic impuri-
Himp= kEO_R_ Pimp(K: Rimp) Uimp(K) i g1 ko fiao - () ties on the SDW-CS state. The coupling functiongw,
157 Fimp —wm)=Az(w,—wy,) depend on the spectral functions

The coordinateR;,,, enumerates randomly distributed impu- a|2F|(w)

rities. Usually and for simplicity(but without any micro-

scopic justification it is assumed that the intrabaritfor- o 5
ward”) scattering (with i=j) is present only, while the )‘I(“’n_“’m):fo doaiF(w)
interband(“backward”) one (with i #j) is neglected. Note

that the interband scattering? renormalizes the SDW order

parameted already in the first order and it must be included lIl. DYNAMITIC CONDUCTIVITY
from the very beginning what complicates the theory. How- OF THE SDW-CS METAL
ever, in strongly correlated systems the nonmagnetic scatter-

ng er:h I.arge momentum 'transfer IS stronlgly SUDPr%;é%ed Fermi surface there are contributions to the dynamitic con-
and“t e mter.band scattering can be neg ected, |'L_f'fr'np| ductivity o (@) (j=Xx,y,z) due to SDW and reservoir elec-
<|Ujmpl =Ug, 1=1,2. In that case the leading term H,,  trons. We calculate first5°"(w) which is due to electrons

. (12
w2+(wn_wm)2 12

In HF systems with SDW order and complex multiband

reads participating in the SDW-CS state. It is given by
~ ~ 17 SDW, H s A
Himp: E Pimp(kaRimp)UOqz \I}$+k(r7-0’\qu0" (9) O_ﬁDW(w): |H” (QHO,Iwn=>w+IO ) (13)
imp g w '

SinceHim, is proportional to ther, matrix it means that the  wherelI1S?Y(iw,) is the current-current correlation function
nonmagnetic scattering breaks the SDW-CS order similarly

to the effect of magnetic impurities in singlet B
superconductors—the effect is also proportionatgoPhysi- HﬁDW(q,iwn)=J dre'n(Ty;(q,7)J;(—09,0)). (14
cally it means that the scattering on random impurities prefer 0
to make the system homogeneous by washing out the noré—_ . L .
uniform SDW structure. ince we study the optlcal properties in the London limit
In fact there are two effects of nonmagnetic impurities on(d—0) the current operatoy;(q,) of the SDW-CS metal
the SDW-CS state. The first one changes the chemical potef€ads
tial leading to a destruction of nesting effects. This effect is
similar to the effect of the “Zeeman field§ discussed in the - e
previous subsection. It is known that by alloying Cr with Ji(q,7)= m 02 Uj
some nonisoelectronic impuritigshe number of electrons P
er unit cell is changedthe chemical potential is . LA .
Ehanged giving rise tgea SDW-CS» SD\F/)V-IC tranéi)tion. where in obtainindy;(q,7) the nesting property/(ke)
However, by alloying Cr with isoelectronic impurities there A:_VF(kFJrQ) of tt‘e Fermi velocity is used. Note, that
is no change of: and the only effect of such impurities is to Jj(d,7) contains thers matrix, while in the superconducting
scatter electron¥® In the following we assume that the (SC) state it contains,. This makes profound differences in
later case is realized. transport properties of these two systems.
In the following the isotropy of the spectral functions By neglecting the vertex correction Ih(q,i w,) (index|j
Vz(wny,k) and Vi(w,k) is assumed. After the integration is omitted one obtains

q -
P+ L JSCN (15)
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On(@m+ Omin) FARAn+A L)
Rumn

2
. Wp)
HSDW(q=0,|wn)~ﬁTmE IS oy, 0m),  (16)  TISP%(e 0 )=

Z’m+n(z’m+n+;m) +Zm+n(zm+n+zm)

where -
Rumn

(18)

HEDW(wn,wm)If d&.Spl 136, (k, 0, with Ry,= \/Z’Zm"'zzm and IDmn:“:’Zm_":’éJrn"'Z ~A%

By comparing this expression with the corresponding one for
superconductof$ one sees thatl>"" contains the coher-
ence factorsA (A, + A ) and Am+n(Am+n+Am) while
, trn in the SC state one has (A ,—Am.n) and A n(Amen
Here, wj ,=(87e°N(0)(v;))™* is the bare plasma fre- —A ). This profound difference is reflected in different be-

quency ands is the Fermi velocity. havior of the optical conductivities S°®"(w) and oS4 ).
After the integration over the energy variable one obtains It gives

+ 0) 736 4o (K, o) - (17)

w _
’ @ o7
w.
S w)= Lpl fdw'

16miw

w+)
tanh —
2T

DA

V(@R (B2 (@5)2- (3%

oot —ARAA

V(@h2— (BA)2(38)2— (BA)?

W, w_
tanh — | —tanil —
2T 2T

Da

1-

’(:)A"‘ ZAZR

J(w 12— (BA)2(aR)2— (AR)?2

: (19

where DRA= \/(@RA)2— (AR*)2+ \[(R™)2—(AR*)2 and  Drude-like behavior at low frequencies<2A %, the lat-
Da= \/(;‘,5)2_(35)2_ \/(Z,A)z_(zlj)Z_ Here, .=’  tercontribution ) is due to othereservoiy electrons at

+ w/2, and the indeXR(A) correspond to the retardgdd-  the Fermi surface which are described by the Hamiltonian
vanced branches of the complex functiofR")=Rer H,. One expects that the total cpnductivity is asum of both
+iImF. These expressions are similar to the ones for th€omponentso~ o®'+gSPY. This problem will be dis-
optical conductivity of strong-coupling superconductsse ~ cussed in the Sec. V.

Ref. 23 but with different sign in the termA**AR* in the

; ; T RAXRA ;
coherence factors, |.e:, in front of the termg .AJr . This . IV. NUMERICAL RESULTS FOR THE SDW-CS STATE
fact was used sometimes to describe experimental data in

systems with C3)DW by using the famous Mattis-Bardeen  In the following N(w) and ¢°®(w) are calculated for
expression for the optical conductivity with the coherencevarious scattering rateg,. The spectral functioa{F(w)
factor of the first kind*?°The latter formula works properly is taken in the form of a broadened Einstein-like bosonic
in two limiting cases:(a) in the nonlocal Pippard limit and spectrum centered at the frequeri¢yand with the coupling
(b) in the very dirty limit ( <&;). However, none of these constant\=\{(w=0)=5.
limits is valid for the SDW-CS state in the HF systems since (i) Tunneling density of states(M). The calculatedN(w)
these are in the normal-skitocal) limit, and as mentioned in the clean limit ¢;,,=0) is shown in Fig. 1. As expected
before normal impurities are pair breaking and destroy SDWt has strong BCS-like singularity due to the gap opening in
itself, i.e., it must be fulfilled > &, with &, the SDW coher- the quasiparticle spectrum. Since the nonmagnetic impurities
ence length. are SDW-breaking this leads to a strong suppression of
Since in most of the HF systems with the SDW magneticN(w), by smoothing it and shifting its maximum to lower
order the optical measurements show ttgeneralizegl energies. Fory,,~A, it shows the gapless behavior—a
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FIG. 2. Real part of the dynamitic conductivity™(w) for

FIG. 1. Tunneling density of stateN(w) for the broadened . . ; .
various impurity scattering ratg;m, .

Einstein spectrum with;=5 for various impurity scattering rates
Vime check of the SDW-CS state in HF systems.

property analogous to the case of superconductors with mag- The reflectivity along thej axis R(w)={[\/m
netic impurities. It turns out that due to laryé=>5) thereis  _17/[ /s(w)+ 1112 is defined by the dielectric function
clear dip inN(w) for >4, [with N(w)/Np(0)<1] fol-  ;(4)=¢, +47ic®Y(w)/w. The numerical results for
lowed by a broad peak at larger. We emphasize that the R(,) are shown in Fig. 3 forr,(w) from Fig. 2, and for the
dip structure, followed by the peak at higher frequenciesgssymeds..=9. A rather rich structure irR(w) is seen,
appears always in the strong-coupling Eliashberg theory ofyhich is partly due to the strong-coupling limik €5) of
superconductors for sufficiently large coupling constant  ihe theory. In the clean case there is a peakoa2A,, fol-
and it is weakly dependent on the shape of the bosonic spegsyed by the minimum arouné/Q~5 which is just the
tral function®® Similar behavior of the tunneling density of hsition of the dip in the density of states shown in Fig. 1
statesN(w) has been seen also in the tunneling conductivityyhile the maximum of the shoulder a#/Q~7.5 corre-
of UPd,AIl; but in the superconducting statewhich to- sponds to the second maximumnht{w).

gether with the above theoretical and numerical results Usually, experimental results far(w) are modeled by

points to a strong scaftering of quasiparticles on SOM&e generalized Drude formula with-dependent scattering
bosoniclike excitations. Since the above equations for the i +« ) and the optical mass™* (o)
e

Green functions andN(w) hold also for singlet supercon-
ductors with the same spectral functiorﬁFt(w) atT<T,

<Ty, the results shown in Fig. 1 confirm earlier w2| 1

conclusion$’?8 that superconductivity in URdI; is in the W w)= . (20
- i i i i AT T oo ) — i omEpyl w)/m

very strong-coupling regimene&1). Regarding the theoret eff SD %

ical results folN(w), which are shown in Fig. 1, it would be
interesting to search experimentally for possible strongAs the result we obtain that in the SDW-CS statg,(»)
coupling effects—the dip structure and second peak, in SDVis negative (not shown, while I'.z(w)—shown in Fig.
metals at temperaturds.<T<Ty.

(i) Dynamitic conductivity c>®"W(w) and reflectivity 1.00
R(w). Due to the peculiar coherence effects in the SDW-CS
state the dynamitic conductivityS°"(w) differs signifi- ..
cantly from the corresponding one inswave 0.95
superconductors—see E@L9). The numerical calculations
of o;(w)=Red>®™(w) are shown in Fig. 2. In the clean
limit (yimp,=0) and at very low temperaturesT<{A)
o1(w) is singular atw=2A,. For finite yim(<Ag) o1(w)
is broadened and its maximum is shifted to loweras it is
seen in Fig. 2. It is also apparent from Fig. 2 that g, 0.85
=0.1A, the suppression, broadening and sttift lower fre-
quency of o4 are very pronounced, already for the large
mean-free path,~20 £gpy, i.€., isoelectronic nonmagnetic %803 5 m 5 20 25
impurities affect the SDW-CS condensate appreciably. This
property is robust and practically independent on the shape
of the spectral function. We stress that this pronounced im- FIG. 3. Reflectivity in the SDW statRSP(w) for o5°W(w) in
purity dependence ofS°V(w) may serve as an important Fig. 2 and and for various impurity scattering ratgs,,.

®/Q
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FIG. 4. Optical relaxation rateSF"Y(w) [see Eq(20)] for vari- FIG. 5. Real part of the total conductivity? () + o$"(w) for
ous impurity scattering rategy, . o3°(w) in Fig. 2 and for various impurity scattering rateg,, -
4—has also a rich structure due to the strong-coupling efseems to be URSi,, which can be considered as a typical
fects resembling those in the superconducting State. example of the HF systems with the SDW-SC order. For
such a purpose it would be necessary to study the optical
V. DISCUSSION spectra of this material in which a controllable amount of the

In real HF systems with SDW order electrons participat—'soelemromc impurities are introduced.

L . . In conclusion, we have studied the retardati@trong-
ing in the S[;]W state af‘d those_ from_ the reservoir Cl(?ntr'bl"t%ouplin@ and impurity effects on the dynamitic conductivity
g)rgéj(w)'ng etir\tl-:;tser\[/)ow partt ?rlves rr|15(ia 0 iﬁgeAner;a;zreﬁj o(w) and tunneling density of statd§(w) in strongly cor-
ude conductivityo™(w) at frequenciesn<2do. For a 0 metalgsuch as heavy fermiohsvith commensurate
guantitative analysis the bosonic spectral function is neede%DW order. It is shown that nonmagnetic impurities, with

as well as the plasma frequency, etc. In absence of the . . . :
relevant informations we assume for simplicity that thes(:s(?rongly suppressed interbattsackward impurity scattering

> S in strongly correlated systems, affebt(w), o(w), and
two fo.ects are additive and .that the contnbuuon of the res R(w) significantly. Such impurities broaden and shift the
ervoir is described by the simple Drude part with constant "’ :

) : . Y maxima ofN(w) to lower frequencies and are SDW break-
scattering rate and optical mass, i.er(w)=0>""(w)

D, \_ _SDW, 2 . . ~72 ing. The latter effect might be an important test for the itin-
;‘Th(“’)_‘f i (“35“’%!%477( I""+7’D)' Itis again fit o ont character of the SDW order in the HF systems. It is
y the generalized Drude formula shown that in systems with a multiband Fermi surface, con-

02+ w2 1 taining SDW and reservoir electrons antifw) is additive
o(w)= —1D__Pl.SDW _ then the optic mass is increased at low frequencies only be-
4 —iom* (w)/m,+ T e(w) cause of additivity ofo(w) without any additional inelastic

(21 scattering mechanism. This result demonstrates clearly that

The real part of the conductivity(w) is numerically calcu-
lated by assuming for simplicity yp=2"%imp, wﬁLD
:wfn,sow and it is shown in Fig. 5, whilen* (w)/m,. and
I'ef(w) are shown in Fig. 6. The rich structurenm® (w)/m.,, g
andl' () is partially due the properties of(w) ando(w) »3%
and to the assumed parametrization in E2{). In that re- =
spect it is worth of mentioning that there is an increase of the o
optical massn* (w) by factor 2 with respect tm,, which is 4
in fact not due to any inelastic quasiparticle scattering, but it
is due only to the fitting method af (w) by Egs.(20) and
(21). This interesting result tells us how dangerous is to in-
terpret the optical mass as the quasiparticle mass. Such -
misinterpretation of the optical mass was made very fre- .
quently in interpreting optic measurements in HTS materials. . L . . . . . .
We stress, that in order to compare to experimental results 0 2 4 8 8 10 2 "
in real SDW heavy fermion materials the realistic values for o/
wgzal,Dv “);Z)I,SDWI m.,, etc., are needed, as well as optic mea- FIG. 6. Optical relaxation rat€ «s(w) and the effective mass

surements in the low-frequency regian<wy. The most m*(w) extracted froms(w) in Fig. 5 for various impurity scatter-
appropriate candidate for the application of the above theoring ratesy;n, .

10

m (e)/m,
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