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Enhanced far-infrared absorption in CePd3 and YbCuzsi2.
III. Comparison of a resonant-scattering model with experiment
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We present a model calculation for the low-energy (-10-meV} optical conductivity of valence-

fluctuation compounds for the case of resonant scattering of conduction electrons from a scattering
level lying vvithin 10 meV of the Fermi eneigy. The model is characterized by an enhancement of
the optical absorption in the far infrared over t4at of a normal metal, and it agrees Ieasonably Nell

vnth the measured low-temperature optical conductivity of CePd3 and YbCu2Si2 with suitable

choices of the model parameters. In the case of CePd3, in which optic phonons are observed, the ef-

fects of including the optic-phonon modes in the model calculations are also discussed.

I. INTRODUCTION

Expenmental measurements of the far-infrared absorp-
tion in valence fluctuating (VF) materials have produced
anomalous results. ' In particular, the absorptivities of
CcPd3 and VbCu2Si2 at helium temperature show a bI'oad

peak near 20 mcV. IQ this paper %'c present a model cal-
culation for the optical conductivity due to resonant
scattering of conduction electrons from a level near the
Fermi, energy and then compare this model calculation
directly with the experimental data given in Ref. 1 (here-
after referred to as paper I). With a suitable choice of
model parameters fairly good agreement is found with the
measured low-temperature optical conductivity of CCPds
and YbCu2Si2.

It was suggested in paper I that the optical absorption
of CCPds and YbCu2SiI could be roughly fitted by a
frequency-dependent conduction-electron scattering rate
1/r(to) with a resonant form. Such a form for the real
quantity r(ai) represents an oversimplified expression for
resonant-level scattering. In Sec. II me describe a more
complete calculation of the complex optical conductivity
0'(6) ) cori'cspolldlllg 'to collduct1011 electrons scattering
resonantly from a level at or near the Fermi level Ez.
The optical absorption predicted by this model successful-
ly fits the observed low-temperature frequency-dependent
absorptivity of CCPds and YbCuzSiz. Optic phonons are
included in the resonant-level model fits in Sec. III by
adding the phonon contribution calculated in paper II of
this series.

Tlml'c is 110 theoretical Illodcl c01111110111yagl'ccd 011 fol
a valence fluctuator. Those models sufficiently rich to
give a nontrivial optical conductivity o{oi) have so far
resisted a calculation of it. Accordingly, we consider the
simplest nontrivial model: treating a resonant level (RL}

with position E, (relative to the Fermi level) and width I .
Then the self-energy of conduction-electron scattering off
a density n; of such "impurities" is

( )
SI'/2

E—Z„+iI

where S=2n;(IrX(0)/0), X(0) being the density of con-
duction states per spin at the Fermi level and Q is the
volume. We observe, in passing, that identification of
—2 ImX(E) with an inverse scattering rate 1/~(E) would
g1VC

Sl
(E—E„}'+I'

This simple form has already been used in a prelimi-
nary' analysis of the CCPds data. That resulting fit is

ulte. good cxccpt above thc I"csonancc at 20 meV vfhcrc
the theory curve falls too rapidly with increasing energy.
Because Eq. (2} includes only the imaginary part of X(E),
however, the optical properties calculated from this sim-
ple form do not necessarily satisfy the Kramers-Kronig
lclatloIls. Accol'dlllgly, wc consider a 17lorc dctallcd ex-
amination of o(co) arising from the self-energy Eq. (1) for
which cr{co) automatically obeys the Kramers-Kronig rela-
tions.

In addition to scattering off the resonant level we sup-
pose that there is an additional frequency-independent
scattering rate I/ro describing the disorder scattering
present 1Q simple metals, aQd which 1s 1Q fact rcsponsiMc
for much of the dc resistance. Then the conductivity due
to this and the self-energy Eq. (1) can be written

ne Jd [f(E co) f(E)]/co— —
0

co+——X(E)+X"(E —co)
To

where f(E) is the Fermi function (e~ +1} ', with
p—= 1/kit T. [Note that if X is set to zero, (3) reduces to
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the Drude result o(co)=ne vplrn(1 —icorp) ].The prefac-
tor is derived from the plasma frequency co~ =4mn. e /rn
For kT «E, we can consider only the zero-temperature
limit where the difference of the Fermi factors reduces the
integral range to 0&E &m.

First consider a very simple approximation to Eq.
(3)—namely, we replace the integrand by its value at the
midpoint of the interval. Then

inc /m

co+i [(1/v )—[Sl (1 —ico/2)]/[(iI +co/2) E„]—]
(4)

Note that the curly bracket is an effective relaxation time
that looks rather similar to the sum of I/w plus Eq. (2),
i.e., to what was used in the earlier analysis. ' Note, how-
ever, that for large co it falls off as 1/co and not 1/co as
does Eq. (2); accordingly, this form will be more success-
ful at fitting the high-frequency absorptivity.

For our actual analysis we have performed the integral
in Eq. (3) to obtain

ine /rn i V [(co/2) i W] —E„—
cT(co) = 1+ ln (5)

co+i /~p 2co W [(co/2)+i W]~

0.06—

Pn 0.04—

0,02— I
I

I
I

/
r

r
I

I

0

CePd&
0-08 4 pK

Energy (meV)
20

I I

OI

I I

!00 200
Frequency (crn ')

40
I

I

300

where

and

|~~ co+2/F
co+i /7p

W =V (iI +c—o/2)

(6)

(7)

FIG. 1. Model fits to the absorptivity of CePd3 at 4 K. The
solid curve is the experimental absorptivity. 0& and 03 denote
the infrared-active optic-phonon modes. The dashed curve cor-
responds to the resonant-level-scattering model presented in Sec.
II. In this model the conduction electrons scatter incoherently
from a level of width I at an energy E, away from the Fermi
energy with strength S. We also assume the presence of ordi-
nary elastic disorder scattering with rate 'Tp and plasma fre-
quency co~. The parameters used here are given in Table I.

Equation (3) has no ambiguity in phase but to perform
the integral square roots are taken which introduce branch
questions. The branches of the ln in Eq. (5) are chosen so
that cT(co) is a continuous function of co. This means that
the final result of the ln term must be continuously ex-
tended from —m/2 to m. /2.

Equations (5)—(7) give the optical conductivity of the
resonant-level model. Note that the Eq. (5) for 0(co) is
even in E„thus the model cannot distinguish whether the
resonance is above or below Ef.

The absorptivity of the resonant-level model is calculat-
ed according to

' 1/2

A (co) =4 Re l

e(co)

where e(co) = I+4mi o(co)/co is the d. ielectric function (see
paper I). The best fit of this model to the measured ab-
sorptivity of etched CePd3 (see paper I, Fig. 6) is the
dashed curve in Fig. 1. The parameters of the fit are
given in Tal le I. The fit is quite good throughout the fre-
quency regio.~. The conductivity at co =0 corresponds to a

resistivity of 36 pQ cm, in good agreement with the mea-
sured dc resistivity of 41 pQ cm.

As was mentioned in paper I, Hillebrands et al. have
reported a slight increase in the room-temperature ac con-
ductivity of CeP13 at an energy of about 16 meV, in con-
trast to the strong decrease in cr(co) we observe at 4 K.
They fitted their data using a memory-function formal-
ISI11:

COp ]
cr(co) = —+ . ico—

4'7T 'To I +EE& —g Q7

This form ensures that o(co) automatically obeys the
Kramers-Kronig relations. In this sense the memory-
function approach is similar to (but less complete than)
the resonant-level approach. They successfully fitted their
room-temperature data using the parameters E,=0, I =S
meV, A = 11 meV, 1/rp 77 meV, and co& ————2. 15 eV. The
dc conductivity derived from this fit, o.o ——8100 Q

TABLE I. Parameters of the resonant scattering model fits.

Sample

CePd3
YbCu2S1g

E„(meV)

6.32
5.58

I (me V)

1.61
3.10

S/cg (eV ')

0.0785
0.0254

~&&p (eV)

890
1430
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FIG. 2. Model fit to the absorptivity of YbCu2Si2 at 4 K.
The dashed curve corresponds to the resonant-level-scattering
model of Sec. II (see also Fig. 1) using the parameters listed in
Table I.

III. OPTIC PHONONS

cm '(po ——123 p, Qcm), is in good agreement with the
measured room-temperature resistivity. Because the mea-
surements are done at room temperature, they interpret
the assignment E, =O as meaning only that E„~kT=26
meV, consistent with our own assignment. Hillebrands
et al. have attempted to use the same formalism to fit our
data at 4 K and obtain E,=14 meV, I =8 meV, A =100
meV, 1/Io ——6.6 meV, and m~ =2.15 eV. The fit must be
regarded as less successful, however, since the derived
resistivity of p=200 pQcm is 5 times greater than the
measured resistivity of 41 pQ cm.

By a straightforward extension the absorption anomaly
in YbCuISi2 at 5 K (see paper I, Fig. 14) can also be
described by resonant-level scattering. The best fit
(dashed) is shown in Fig. 2 with a set of parameters, listed
in Table I, only modestly different from those of CePdl.
Thc I'csonancc occuI's Rt an cncI'gy comparable to that In
CCPd3, but is somewhat broader. %C stI'ess again that by
symmetry the resonance may be eitheI above or below E+.
Thc dc resistivity of thc model ls in this case 48 pQ cm
which should be compared with the experimentally mea-
sured value at low temperatures of 7 pQ cm.
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cally on the ratio 5= x—lr of the imaginary and real
parts of the surface impedance z =r+ix due to the elec-
trons (see paper II, Sec. II D and Fig. 4). In particular, in
non-Drude metals (such as CePdl) where x—/r&1 in the
ms ~(1 limit it is possible to obtain highly asymmetric ab-
sorption lines. This effect wiH be most important in fre-
quency regions where the absorptivity (and hence r) is
changing rapidly, which helps account for the difference
in line shapes between O~ and 03.

Thc clcctroMc component In Ccpd3 1s simply given by
the ac conductivity o(co) describing the absorptivity
enhancement. We take o {~) from the resonant-level-
scattering model [Eq. (5)]. When the optic phonons are
included the full dielectric function is given by

0
( ) 1

47ricr(co) y 1 (10)
CO(CO+i/ ) —CO.J J J

The final term encompasses the optic-phonon modes. The
frequencies coj and widths yJ. are taken from the experi-
ment, while the mode strengths QJ are adjusted to fit the
observed st.rengths. The absorptivity is calculated from
e(co) using Eq. (8). Figure 3 shows the results of superim-
posing the optic phonons 01 and 01 on the resonant-level
fit shown in Fig. 1. In the figure the dotted curve
represents the resonant-level model alone prior to the in-
clusion of the phonon term in Eq. {10). The parameters
of the fits are given in Table II, including for comparison
the theoretical strength QJ calculated in paper II. The
calculation reproduces all of the salient features of the
data. The details of the strengths and line shapes do not
match completely, however, indicating that our under-
standing of optic phonons in VF materials is incomplete.

Optic phonons exist in metals quite apart from whether

The sharp features at 14.7 and 21.6 meV in the absorp-
tion spectrurD of CePd3, labeled 0~ and 03 in Fig. 1, are
clearly identified in paper I as zone-center optic-phonon
modes. The strength and line shape of these modes werc
calculated in paper II. An important result from paper II
is that the electronic contribution to the dielectric func-
tion llas a profound 1IIlpact oI1 tile phonon absorption lllle
shape. Specifically, the phonon line shape depends criti-

FIG. 3. Absorptivlty of Cepd3 in the vicinity of the optic-
phonon modes Ol and O3. The solid curve is the experimental
data. The dotted curve is the resonant-level-scattering model fit
of Fig. 1 prior to the inclusion of the phonons. The dashed
curve is the same resonant-level fit where the optic-phonon.
modes have been included via Eq. (16). O~ has center frequency
~q ——14.6 meV, width y &

——0.20 meV, and ion plasma frequency
0)——86.8 meV.
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COj

(meV)
Yj

(meV)
Qj (expt. )

(meV)
Qj (theor. )'

(meV)

TABLE II. Optic-phonon parameters in CePd3.

CePd~
O, OS—

Energy (rneV)
20

l l

40
I

Oi
0,

14.6
21.6

0.20
0.20

86.8
49.6

'Reference 2.

or not they are VF materials. We can ask, therefore,
whether optic-phonon modes can be observed in the ab-

sorptivity of other, particularly non-VF, metals. Al-

though in principle the modes should be observable in
other systems, it appears that experimentally the answer is
no. Certainly to date they have not been seen in any oth-

er compound we have studied, including the isostructural
non-VF compound YPd3, whose phonon spectrum should

be similar to that of CePd3 (see paper I, Fig. 2). In order
to assess the effect of the resonant level on the strength of
the optic phonons, we show in Fig. 4 what happens when

the resonant level is removed from o (co) while the parame
ters describing the phonons remain unchanged. The ab-

sorptivity is then that of hypothetical "non-VF CePd3"
having the same dc resistivity. The optic phonons, al-

though still present, are barely observable in the spectrum.
Indeed, the relative size of the phonon absorption lines de-

creases much faster than the absorptivity itself. This sug-

gests that while in principle it is possible to observe the

optic phonons in any metal, including Drude metals, the
absorptivity enhancement in VF materials also enhances
the relative magnitude of the optic phonons and renders

them more easily observable. In non-VF materials the
phonon modes will be most easily observed in "dirty"
high-resistivity compounds with a large absorption back-

ground.
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FIG. 4. The relative strength of the optic-phonon modes is

sensitive to the magnitude of the absorptivity. The upper curve
is the resonant-level fit of Fig. 3 to the measured absorptivity of
CePd3, including the optic-phonon modes. The effect of remov-

ing the resonant scattering from CePd3 is shown in the lower

curve, which corresponds to a hypothetical compound having a
Drude frequency dependence and a dc resistivity the same as
that of CePd3, 41 pQcm. The parameters describing the optic
phonons are unchanged. The relative magnitude of the optic
phonons is greatly reduced, even though the absorptivity has
changed only by about a factor of 2.

IV. CONCLUSIONS

We have attributed the broad-absorption anomaly in

CePd3 and YbCu2Si2 to resonant scattering of conduction
electrons from a level at or near the Fermi level. We
place the level within roughly 10 meV of EF, and with a
comparable width. Whether this is correct is far from
clear. There are two main schools of thought. One
would argue that the f ' lies 1—2 eV below the Fermi sur-

face and hybridizes so strongly (due to its large orbital de-

generacy) with the conduction electrons that a (Kondo?)
resonance is produced in the f density of state some tens
of meV above the Fermi level. The other point of view

proposes a dynamical model in which a "weakly
screened" f ' level lies 1—2 eV below the Fermi level while

a "strongly screened" level lies near but below the Fermi
level. In either case there seems evidence for some f-like
state near the Fermi level. But what is unclear is the role
such an XPS or UPS-detected state would have at far-
infrared energies.
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