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Enhanced far-infrared absorption in CePd3 and YbCuSi2. Experiment
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Experimental results are presented for far-infrared optical measurements on the valence fluctua-
tion compounds CePd3, YbCu2Si2, CeA13, CeCu2Si&, and YbCuA1 at photon energies between 3 and
40 meV and temperatures between 4.2 and 150 K. The optical absorptivities of the valence-
fluctuation compounds were measured using a dual-cavity technique. An improved analysis of the
dual-cavity technique was developed so that an absolute measurement of the sample absorptivity
could be extracted from the data. The absorptivities of CePd3 and YbCu2Si2 at helium temperature
show a broad anomaly near 20 meV. No such feature is seen in the isostructural integral valent-

analog compounds YPd3, DyPd3, or LuCu2Si2. The absorptivity is also strongly temperature depen-

dent, decreasing in magnitude with increasing temperature up to 150 K, where the absorptivity has
a Drude-type frequency dependence. The anomaly in CePd3 is virtually independent of whether the

optical surface is prepared by mechanical polishing or by chemical etching. CePd3 also has sharp
absorption features at 14.7 and 21.6 meV. Their positions and widths are independent of tempera-
ture and applied magnetic field although the magnitude of the feature decreases with increasing

temperature, vanishing by 150 K. Both of these features have been identified with q =0 optic pho-

nons. No anomalies have been seen in the absorptivities of CeA13, CeCu2Si2, or YbCuA1 between 3

and 40 meV. The characteristic energies of anomalies in other physical properties of these corn-

pounds, however, are an order of magnitude smaller than those in CePd3 and YbCu2Si2, so that the
absence of a resonance above 3 meV in the former compounds is to be expected.

I. INTRODUCTION

Among the rare-earth (RE) compounds, the "valence-
fluctuation" (VF) or "intermediate-valence" metals form a
special subset characterized by a nonintegral occupation
number of the RE 4f subshell. ' The near degeneracy of
the 4f" and 4f" '5d rare-earth electronic configurations
(or valences) allow an electron to transfer back and forth
between the 4f subshell and the 5d conduction band at the
Fermi level. The coexistence of localized 4f states with
the delocalized conduction-electron states manifests itself
through anomalous behavior in a wide variety of physical
properties, ' but the crucial experimental hallmarks of
VF materials are as follows: (1) A superposition of the
signatures of the two configurations in x-ray absorption
and x-ray photoemission spectroscopy (XPS), (2) a weight-
ed average in the Mossbauer isomer shift and static mea-
surements such as lattice constant, and (3) a transition in
the magnetic susceptibility from a high-temperature mag-
netic regime to a low-temperature nonmagnetic" regime,
which neither orders magnetically nor shows a Curie
divergence. This transition typically occurs at thermal en-

ergies in the neighborhood of 1—10 meV and is often ac-
companied by anomalies in the temperature dependence of
the transport properties.

The present work centers on the VF compounds CePd3
and YbCu2Si2, containing rare-earth elements from either

end of the RE series. The evidence for VF behavior in
these two materials rests mainly on lattice constant and
susceptibility data. In CePd3, for example, a simple inter-
polation of the measured lattice constant between those
predicted on the basis of the ionic radius of the Ce + (4f ')
and Ce + (4f 5d) configurations gives 3.4 as an estimate
of the average Ce valence. Similarly, the lattice constant
of YbCuqSi2 departs from the trend established by the rest
of the ACu2Siz series, ' implying a mixture of the Yb +

(4f' ) and Yb3+ (4f' 5d) valences. The crossover be-
tween magnetic and nonmagnetic susceptibility occurs at a
thermal energy kT of roughly 20 meV in both materi-
als. '" Both materials also have anomalies in the tem-
perature dependence of the electrical resistivity at about
the same energy. ' ' These experiments demonstrate the
relevance of low energies ( —10 meV) in VF materials.

The spectra of VF materials can be roughly divided into
two energy regimes, the high-energy (greater than 0.1 eV)
interband regime and the low-energy (less than 0.1 eV) in-
traband regime. The vast majority of optical measure-
ments on VF compounds have concentrated on the high-
energy regime. ' At these energies it is possible in
principle to observe directly the interband excitations of
the two configurations, just as in XPS. In fact, a few
weak interband transitions have been observed, for exam-

ple, in TmSe above 2 eV. Below 2 eV, however, the ra-
pid rise to high reflectivity below the conduction-electron
plasma edge masks the weak interband response. Most
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studies, therefore, have focused on the energy of the plas-
ma edge as a measure of the number of conduction elec-
trons, and hence the effective RE valence. The plasma
edge in CeN, for example, gives an estimated contribu-
tion of 0.4 electrons from the Ce f shell, or an effective
valence of 3.4, in agreement with the valence estimated
from the lattice constant.

In view of the importance of the 10-meV-energy re-
gime, there have been surprisingly few studies of the low-

energy electronic intraband spectrum with the use of opti-
cal spectroscopy. This is doubtless largely due to the ex-
perimentally formidable task of making accurate quantita-
tive reflectivity measurements in the far infrared (FIR),
where the reflectivity of metals is nearly 1. Furthermore,
at room temperature the thermal energy kT is larger than
the photon energies. Reducing the temperature to remove
thermal effects adds the further complication of carrying
out the optical measuremcnts undcI cryogcnlc conditions.
Prior to the work presented here, the reflectivity of CeP13
had been measured only at room temperature. Allen et al.
did not report any FIR anomalies down to 5 rneV. Re-
cently, however, Hillebrands et a1. have observed a small
deviation from simple metallic behavior near 20 meV.
Other studies have been carried out on the VF compounds
Sm86 and TmSe. Allen et al. ' have investigated the re-
flectivity of Sm86 at room temperature down to 20 meV
and found evidence, supported by resistivity measure-
ments, that Sm86 is nonmetallic at low energies. Batlogg
et aI. have extended these measurements down to 2 meV
on Sm86 thin films at 4 K and also report evidence for a
deep minimum in the density of states at the Fermi lev-
el. One study of TmSe at 4 K found no anomalies in the
FIR optical properties, but recent work has revealed a
deviation from Drude behavior at room temperature and
77 K in the intraband regime. Both Sm86 and TmSe,
however, are qualitatively different from the Ce and Yb
VF intermetallics, as will be discussed later.

The concurrence of phonon frequencies with the low-

energy electronic intraband regime has attracted Raman

scattering studies of the phonon spectra in VF materi-
als. Most of the spectral weight in these Raman ex-
periments lies in the phonons at the Brillouin-zone boun-
dary. In the VF system SmS, for example, softening of
the optic phonons at the zone boundary has been ob-
served, which is consistent with a softening of the pho-
non dispersion curves seen in neutron scattering results on
the alloy system Sm~ „Y„S("chemically collapsed
SmS"). A similar softening has been seen in the optic
phonons of Tm„Se.

This paper expands on our discovery of anomaHes in
the low-temperature FIR optical response of CePd3 and
YbCu2Si2 VF compounds, which we reported in earlier
publications. ' Section II outlines our extension of a
known FIR technique to measure quantitatively the re-
flectivity of samples at cryogenic temperatures. Our opti-
cal results for VF materials are presented in Sec. III; they
show a broad absorption enhancement 1n CcPd3 and
YbCu2Si& at low temperature and, additionally, optic pho-
non excitations in CePd3, Section IV gives some conclud-
ing remarks.

II. EXPERIMENTAL

A. Sample px'eparation

Polycrystalline samples of 9FPd3 (A =Y,Ce,Dy),
9FCuzSi2 (A'=Ce, Yb,Lu), CeA13, and YbCuA1 (Ref. 40)
were prepared by arc melting in an argon atmosphere.
The samples were annealed as shown in Table I, and all
samples consisted of a single phase according to x-ray dif-
fraction analysis. The crystal structures and lattice con-
stants are also listed in Table I. Two samples of Cepd3
were investigated, denoted here as CeP13(a) and
CePd3(b). ' X-ray diffraction analysis indicated that the
samples of CePd3 did not require annealing, and so most
of the optical measurements were done on unannealed
samples. Nevertheless, one sample CePd3(a) was investi-
gated prior to and after annealing to confirm that anneal-
ing had no significant effect on the low-energy optical

TABLE I. Crystal structure and annealing procedure for the samples used in this work.

Sample

CePd3(a)'
CePd3(a)
CePd3(b)
DyPd3'
YPd3"
CeCu2Si2'
YbCu2Si2'
LuCu2Si2'
CeA13
YbCuA1'

'Reference 9.
Reference 63.

'Reference 64.
dReference 65.
'Reference 66.

Symmetry

cubic

cubic
cubic
tetragonal
tetr agonal
tetr agonal
hexagonal
hexagonal

Structure

CU3AU

Cu3Au
Cu3Au
ThCr2Si2
ThCrqSi2
ThCr2Si2
Ni3Sn
Fe2P

(A)

4.061
4.062
4.105
3.926
3.907
6.545
6.925

9.933
9.987

10.004
4.609
3.984

Anneal time
(weeks)

Temperature
('C)

850
850
800
800
800
900
830
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spectrum. All CePd3 results are for unannealed samples
unless otherwise specified.

Slices about 0.5 mm thick and about 1 cm in diameter
were cut from the ingot and mechanically polished to 1-

pm grit size. The optical measurements were then carried
out on these mechanically prepared surfaces. The optical
results were shown to be relatively insensitive to the
method of surface preparation by testing a second tech-
nique on CePd3(a), in which polished slices were subse-
quently immersed for 3 min in an agitated acid etch (75
vol% HC1 and 25 vol%%uo HN03 diluted 50%%uo). The etch
removed the polished surface layer, and visual examina-
tion could clearly distinguish the individual grains.

B. Connection between the absorptivity
and the dielectric function

While a viable technique for measuring the optical
properties of metals in the visible, a simple reflection ex-
periment lacks sensitivity in the far-infrared intraband re-
gime, where the reflectivity R of metals is very high (typi-
cally 95% or better). The absorptivity A =1—R at nor-
mal incidence provides a much more sensitive measure of
the optical response. The absorptivity of a surface is sim-

ply the fraction of incident power absorbed on a single re-
flection. In general it depends not only on the frequency
co of the incident radiation, but also on the angle of in-
cidence. For the case of normal incidence, "

where r is the real part of the reduced surface impedance

z(co) = r +lx = [p(co)/6(co)] (2)

Here e(co) and p(co) are the dielectric function and the
magnetic permeability, respectively. For nonmagnetic
metals p(co)=1, and we will neglect it henceforth. In turn
e(co) is related to the ac conductivity o(co) by

4mio(co).
Eco =1+ (3)

' 1/2

z(~)= (1 i) . —
8m o.o

Note that x /r = —1 for a Drude metal in the limit where
d'or «1. The far-infrared absorptivity has the particularly
simple Hagen-Rubens form

The complex surface impedance z(co), dielectric function
e(co), or conductivity o(co) provide equivalent descriptions
of the dielectric response of the material.

A free-electron metal can be modeled by the Drude
theory, in which the scattering of conduction electrons is
parametrized by a frequency-independent relaxation time
~. The ac conductivity is then

2
CTp CO~'7

o(a))=, o.o —— (4)
1 —l Q)7 4&

where O.
p is the dc electrical conductivity and co& is the

plasma frequency. In the far-infrared limit d'or«1 the
corresponding surface impedance is

1/2

7T'0 p

in which A increases as co' with a magnitude scaled by
the dc conductivity o.p.

C. The dual-cavity technique

We measure the absorptivity of the bulk samples, using
a dual nonresonant cavity technique. By "nonresonant"
we mean that the wavelengths of interest are much small-
er than any of the dimensions of the cavity, so that there
are no preferred resonant modes, but rather a large num-
ber of closely spaced and nearly equally excited modes.
The radiation in the cavity can then be thought of as a
uniformly distributed photon gas. The radiation is cou-
pled by a light cone through a small hole into a brass cavi-
ty partially lined with sample. The geometry of the light
cone is such that the light is spread through 2m. solid angle
as it passes out of the cone and into the cavity, so that the
hole effectivity resembles a point source. After about 100
reflections on average the light exits either back through
the entrance hole or through a second small hole lead ng
to the detector. A second cavity consisting entirely of
brass serves as a reference. The details of the experimen-
tal technique have been given elsewhere. An abbreviated
discussion follows.

The use of nonresonant single cavities in the far in-

frared was pioneered by Richards and Tinkham, and
subsequently used by a number of investigators to study
the energy gap in superconductors. Dual cavities
have also been used as a qualitative measure of sample ab-
sorptivity. ' We have refined an approximate analysis
of microwave cavities by Lamb and extended it to the
dual-cavity technique to extract absolute quantitative
values for the absorptivity from the dual-cavity measure-
ments.

Broadband radiation from a mercury arc lamp is
chopped at low frequency (50—100 Hz) and passes
through a step-and-integrate Michelson interferometer
for the frequency analysis. This signal beam is directed
by a —,-in diameter light pipe into a cryostat containing
liquid He at 4 K. After passing through the sample
chamber containing the cavities, the radiation is filtered

by cold alkali halide filters and/or black polyethylene,
then detected by a Ge bolometer cooled to 0.3 K with the
use of a closed liquid- He system pumped by a charcoal
pot. The chopped signal beam is phase-sensitive detect-
ed by a lock-in amplifier. The maximum frequency avail-
able is set by a sapphire window at the detector, which is
opaque at frequencies above 350 cm ' (43 meV). The
lower frequency limit is set by the breakdown of the non-
resonant condition at frequencies below about 30 crn ' (4
meV).

With the reference cavity in the signal beam, the inten-
sity I„(co)transmitted through the cavity is measured as a
function of frequency co. The sample cavity i's then rotat-
ed into the beam and the transmitted intensity I, (co) is
measured. Typically three spectra are taken at each cavity
and averaged, although for high-resolution data only a
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single spectrum is taken. The averaged transmission spec-
tra of the reference and sample cavities are ratioed to ob-
tain I,(co)/I„(co). This ratio clearly gives a qualitative
measure of the absorptivity of the sample. If, for exam-
ple, the sample has a higher absorptivity than does the
reference material (brass) at frequency co, the ratio I,/I„
will be less than 1 at that frequency. It is in this qualita-
tive sense that the dual-cavity technique has been em-
ployed in the past. We have shown, however, that quanti-
tatiue information can be obtained.

Within the cavity the radiation is effectively incident on
the sample at all angles. To within a few percent the
angle-averaged absorptivity A in the FIR (where
r - 1x

1

—10 ) is given by 7

A =4r[ ," +c(r)]—, (7)

where the correction c(r)=r[ln(2r /1+2r) —,']. Co—m-

parison of the energy transmitted through the reference
and sample cavities gives

I,(a) ) S,(Ag —A„)=1—
I„(to) 2S„+S,A, +(S—S, )A„

where A, and A, are the angle-averaged absorptivities of
the sample and reference material, respectively. The
quantities S, S„andS~ are geometrical quantities describ-
ing the cavities, with S being the total interior surface area
of each cavity, S, being the surface area of the sample
within the sample cavity, and Sl, being the area of each in-
put and ouput hole. The absorptivity at normal incidence
2, of the sample is obtained from Eqs. (1), (7), and (8) and
from the measured intensity ratio I, /I, . The absorptivity
A, of the reference material (brass) is simply that of a
Drude metal with the corresponding dc electrical conduc-
tivity.

The dependence of the sample absorptivity on magnetic
fields up to 75 kG was studied using a superconducting
magnet cryostat. Because of the small bore of the mag-
net, only a single cavity could be used. This limited the
magnetic experiments to comparisons of the spectra of a
single sample cavity taken in different magnetic fields.

In order to connect the ac optical response with the dc
transport properties, we have also investigated the tem-
perature dependence of the electrical resistivity of all the
samples. The resistivity was measured on bars cut from
the ingot, using a standard four-probe low-frequency ac
technique.

latter degrades in air. The Dy + ion DyPd3 has a 6~5~2
spin-orbit f-electron ground state with an effective mag-
netic moment of 10.6pz. LuCuzSiz is isostructural to
YbCu2Si2 and CeCu2Siz, but the Lu ion has a filled 4f
shell and hence has no magnetic moment.

A. CePd3

l. Entraband absovptivity

The electrical resistivity of CePd3 exemplifies the
anomalies seen in the transport properties of VF com-
pounds. The dc resistivity of CePd3(a) as a function of
temperature is shown in Fig. 1. The resistivity rises
sharply with increasing temperature up to a maximum of
about 165 IMQcm near 120 K (kT=10 meV), then de-
creases slowly up to room temperature. This behavior
agrees with independent measurements on other samples
of CePd3. ' The resistivity at 4 K can be used as a rough
gauge of sample stoichiometry, ' and the value of 41
pQ cm found for our sample indicates that it is of quite
satisfactory quality. By comparison the resistivities of
YPd3 and DyPd3 in Fig. 1 show typical metallic behavior,
characterized by a linear temperature dependence at high
temperature and saturating to a residual resistivity due to
disorder scattering at low temperature. .

Before turning to the optical absorptivity of CePd3, it is
instructive to examine the absorptivity of the non-VF ana-
log compounds YPd3 and DyPd3. The frequency-
dependent absorptivity of YPd3 at low temperature,
shown in Fig. 2, does indeed show the simple Drude
behavior predicted by Eq. (6). The shape and magnitude
of the absorptivity agree to within the experimental error
(+15%) with the Drude response calculated from the dc
resistivity at 5 K (25.6 pQcm), indicated as the dashed
curve in Fig. 2. The 15% error in absorptivity is
equivalent to measuring the reflectivity to an accuracy of
0.004. Furthermore, m.ost of the error lies in assigning the
absolute magnitude of the absorptivity, that is, in estab-
lishing the vertical scale. The error in the shape of the
curve is substantially smaller. We also find a Drude-type
frequency dependence for DyPd3. The magnitude of the
absorptivity is much smaller in DyPd3, however, due to its

150

III. ABSORPTIVITY OF VALENCE
FLUCTUATORS

E" 1OO

In this section we present the results of dc resistivity
and FIR optical-absorptivity measurements on the
valence-fluctuation compounds CePd3, YbCu2Siz, CeA13,
CeCu2Si2, and YbCuA1, as well as related integral-valent
analog compounds. Both nonmagnetic (YPd3) and mag-
netic (DyPd3) isostructural analogs of VF CeP13 have
been measured. The Y + ion in YP13 has the filled-shell
electronic configuration of krypton and hence has no
magnetic moment. YPd3 was used instead of the rare-
earth nonmagnetic analog compound LaPd3 because the

50

I

50 100 150
T(K)

I

200

OyPd3
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250 300

FIG. 1. Electrical resistivity of CePd3 and the two iso-
structural compounds YPd3 and DyPd3 ~
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FIG. 2. Absorptivity of YPd3 as a function of frequency at
low temperature. The dashed curve gives the predicted Drude
absorptivity calculated with the use of Eq. (6) and the measured
dc electrical resistivity of 25.6 pQ cm at 5 K. The instrumental
resolution is 1.4 cm
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much lower dc resistivity, and consequently it is much
more difficult to measure accurately. The large error bars
unfortunately preclude a meaningful quantitative compar-
ison with Drude theory. Nevertheless, the absence of
anomalies in the absorptivity of magnetic DyPd3 demon-
strates that the anomaly observed in CePd3 arises from its
VF character and not merely from the presence of a mag-
netic moment. For both Ypd3 and DyPd3 the temperature
dependence of the absorptivity is weak, consistent with the
weak temperature dependence in the dc resistivity.

The optical absorptivity of CePd3(a) at 4 K is shown as
a function of frequency in Fig. 3. The dashed curve gives
the predicted Drude response of CePd3 at 4 K calculated
from Eq. (6) with the use of the measured dc electrical
resistivity of 41 p 0 cm. For comparison the low-
temperature absorptivity of YPd3 (at lower instrumental
resolution) is also shown. The low-temperature absorp-
tivity of CePd3 departs radically from the Drude predic-
tion with increasing frequency, reaching a peak near 150
cm ' (20 meV) enhanced by about a factor of 2.5 above
the Drude prediction. The deviation from Drude behavior
is particularly emphasized by the region of positive curva-
ture below 120 cm ' (l 5 meV). Above the peak at 150
cm ' the absorptivity remains roughly flat up to 290
cm ' (35 meV). We have attempted to push the measure-
ments to higher frequency, however, our spectrometer is
less accurate above 300 cm ', primarily because of imper-
fections in the moving mirror translation stage. Figure 4
summarizes the results of four trials in the frequency re-
gion 200—500 cm '. Although the results show some
spread, they indicate that the frequency response is basi-
cally Qat in this region, and that the absorption anomaly

0, I 0

Ce Pd&

P. P8 — T= 5 K

20
Energy (me V)

40
I I

60
I

0.06—

CL

C)

~ 0.04—

P.P2—

I

IOO
I I I

200 '50O 4pp
Frequency (crn )

I

500

FIG. 4. Low-temperature absorptivity of CePd3 extended to
500 cm '. The results of four measurements between 200—500
cm ' are shown. The dotted curve is the same high-resolution
(1.4-cm ') data for polished CePd3 shown in Fig. 6. The instru-
mental resolution of the high-frequency data is 11.5 cm

FIG. 3. Absorptivity of CePd3 as a function of frequency at
helium temperature. Also shown is the absorptivity of YPd3.
The dashed curve gives the predicted Drude absorptivity of
CePd3 calculated from its dc electrical resistivity of 41 pQcm
with Eq. (6). The instrumental resolution is 8 cm ' above 130
crn ' and 3 cm ' below 130 crn
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extends at least up to 500 cm ' (62 meV).
Superimposed on the main broad anomaly in Fig. 3 is a

sharp secondary feature (labeled 0&) near 120 cm ' (15
meV), which is not resolved in these data. A similar drop
in absorptivity (labeled 03) at about 175 cm ' (22 meV) is
a real, reproducible feature of the data and hints at a
second sharp feature at this energy. No such features are
seen in YPd3 and DyPd3, even in the high-resolution data
of Fig. 2. These two sharp features are discussed in Sec.
IIIA2 below, where the nomenclature will become evi-
dent.

The absorptivity is strongly temperature dependent, as
shown in Fig. 5. The magnitude of the broad enhance-
ment decreases with increasing temperature, until at 150
K the absorptivity has a Drude-type behavior. The ab-
sorptivity at 150 K is roughly consistent with the room-
temperature reflectivity data of Allen et al.

In order to test the sensitivity of the results to the
method of surface preparation, two more slices of
CeP13(a) from the same ingot were prepared by first pol-
ishing the samples as usual, then using a chemical etch to
remove the polished layer. After the etch the grain boun-
daries in the polycrystalline samples were clearly delineat-
ed. The absorptivity of etched CePd3(a) at helium tem-
perature is shown in Fig. 6, along with the absorptivity of
polished CePd3(a) samples for comparison. The resolution
of both curves is 1.4 cm '. The shapes of the two curves
are nearly identical, agreeing to well within the error bars
at low frequency, and with the etched sample lying slight-
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FIG. 6. Comparison of the absorptivity of etched CePd3
(solid line) to that of polished CePd3 (dashed line) at helium tem-
perature. The instrumental resolution of both curves is 1.4
cm '. Note the second feature of 174 cm
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FIG. 5. Absorptivity of CePd3 as a function of frequency and
temperature. The instrumental resolution is 8 cm ' above 130
cm ' and 3 cm ' below 130 cm

ly higher at high frequencies. Even at the high resolution
of these curves the sharp feature O~ at 118 cm ' (14.7
meV) is not fully resolved. It is noteworthy that the sharp
spike is more pronounced in the etched sample, and so is
unlikely to b= a surface-related feature. The improved
signal-to-noise ratio of the etched sample data clearly
shows the second sharp feature 03 at 174 cm ' (21.6
meV). Figure 6 demonstrates clearly that the broad
anomaly in the absorptivity of CePd3 is almost completely
insensitive to the method of surface preparation.

We have also tested the effect of annealing on the ab-
sorptivity. Figure 7 shows etched CePd3(a) both before
and after annealing for one week at 700'C in an evacuated
quartz crucible. The annealed sample was re-etched to re-
move the surface contamination from residual gases in the
quartz tube. As Fig. 7 shows, the absorption anomaly was
essentiaHy unchanged by annealing. The differences be-
tween the two curves can be attributed primarily to the
change in the amount of disorder scattering resulting from
the anneal. It has been reported that improper annealing
can degrade the quality of CePd3 samples. We consider
that the maintenance of the absorption anomaly and low
residual resistivity indicate that our sample has been suc-
cessfully annealed.
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an energy E, away from the Fermi level and with width
I . We described the scattering by a frequency-dependent
conduction-electron relaxation time r(co) given by
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FIG. 7. Low-resolution spectra of CePd3. Etched sample,
dashed curve; etched and annealed sample, solid curve.

0. I 2

Energy {meV)
20 40

Finally, we have compared our unannealed sample
CePd3(a) with another unannealed sample CePd3(b)
prepared at another laboratory. These results are shown
in Fig. 8. The two independent samples show essentially
the same frequency response. The features Ot and 03 do
not show up in these curves because of the low resolution
of the data. They are present in both samples at higher
resolution.

In our earlier report we attributed the broad anomaly
to conduction-electron scattering from a resonant level at
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I I
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I l

/

/
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I

This model successfully fit the data over a limited fre-
quency range below 200 cm '. However, the oversimpli-
fication of treating the scattering by the completely real
quantity r(ro) accounts for the model's failure above the
resonant peak. In fact, the optical constants derived from
this model do not necessarily obey the KK relations. A
more sophisticated analysis of the complex ac conductivi-
ty due to resonant scattering fits the observed absorptivity
throughout the measured frequency range. Details of this
analysis will be given in a future publication.

We have evaluated the optical constants of CePd3 in the
far infrared by converting our absorptivity data to reflec-
tivity R =1—A and performing a standard KK analysis
to obtain the phase shift 8. The data were artificially
smoothed to remove the noise prior to the KK analysis.
This smoothing process removed the spike 03 at 21.6
meV, but the feature O~ at 14.7 meV was intentionally
preserved. The data were extended below 4 meV with the
use of a Drude-model extrapolation. At frequencies above
40 meV the data were connected smoothly to the room-
temperature data of Allen et al. At very high frequen-
cies (greater than 5 eV) a v" extrapolation was used. A
number of schemes for connecting the data and extrapo-
lating at high frequencies were tried, but the salient
features of the KK results were relatively insensitive to
the details of the schemes. Figures 9 and 10 show the real
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FIG. 8. Low-resolution spectra of samples from two sources.

CePd3(a), dashed curve; CePd3(b), solid curve.

FIG. 9. Real part r (solid line) and imaginary part —x
(dashed line) of the surface impedance of CePd3 at low tempera-
ture. The absorptivity A is related to r according to A -4r. The
real part r was obtained by smoothing the experimental absorp-

tivity data. The imaginary part was obtained from a Kramers-

Kronig analysis of the data as explained in the text.
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feature 0, at 118 cm ' (14.7 meV) may be the sharpest
feature ever seen in a metal. Figure 11 shows a detailed
view of data in which 0' has been fully resolved, taken on
etched CePd3 at helium temperature with resolution of
0.35 cm ' (0.043 meV). The spike is very sharp, with a
full width of about 3 cm ' (0.4 meV), and it is nearly an-
tisymmetric. The absorptivity drop from the maximum
to the minimum occurs in a frequency interval of about
1.2 cm '(0.15 meV). The temperature dependence can be
seen in Fig. 5 (in which OI is not fully resolved). As the
temperature increases, the magnitude decreases, but it is
still evident at temperatures as high as 100 K. The posi-
tion and width of OI do not change appreciably as a func-
tion of temperature, which means that at all temperatures
above 4.2 E the width is less than kT. Furthermore, there
is no observable change in the position, width, or depth of
the absorption line as a function of applied magnetic field
up to a field of 75 kG. Ef it is assumed that the energy
AE of the hypothetical magnetic transition depends linear-

ly on the applied field H, i.e.,
I I

' 0 l00 200
Frequency (cm ')

FIG. 10. Real (solid line) and imaginary (dashed line) parts of
the optical conductivity of CePd3 at low temperature. These
curves were obtained from a Kramers-Kronig analysis of the ab-
sorptivity data as explained in the text. Note the minimum in o.

I

near 15 meV.

I

300

2. Optic phonons

We turn our attention now to the sharp features Ot and
03 observed in etched CePd3 at 14.7 and 21.6 meV. The

and imaginary parts of the surface impedance r+ix and
the ac conductivity o~+ioq Note .that crl(co) is character-
ized by a minimum.

It is interesting to compare our low-temperature results
with the recent low-frequency measurements of Hille-
brands et al. on CePd3 at room temperature. From
careful measurements of the reflectivity they deduced a
slight increase in the ac conductivity of CeP13 above its dc
value with a peak at about 16 meV. Note that this change
in conductivity from dc has the opposite sign to our re-
sults at 4 K, shown in Fig. 10.

Neutron scattering provides an alternative technique for
investigating VF materials at meV energies. Unlike opti-
cal absorption, which is sensitive to charge excitations,
neutron scattering is sensitive to spin excitations. In elas-
tic neutron scattering experiments on CePd3 Holland-
Moritz et al. reported a temperature-independent
quasielastic peak with a 4f form factor and a width of 19
meV. There is no corresponding structure in the optical
data. Likewise, there is no inelastic peak in the neutron
data at 20 meV corresponding to the optical anomaly.
The neutron scattering measurements only went down to
100 K in temperature, however, which is just where the
optical anomaly washes out, hence the latter is not really a
valid comparison. They find no evidence of crystal fields
in CePd3. Neutron scattering in CePd3 is currently an ac-
tive area of investigation, as Sec. IIIA2 below will show.

AE =gp~H, (10)

0.08

Energy (rneV)
l5 l7

0.06—
CL

O

0.04—

IOO
I

I IO

Resolution = 0.55 cm
l I

I 20 I30
Frequency (crn ')

I40

FIG. 11. Expanded view of the absorptivity of etched CePd3
in the vicinity of the sharp spike OI. The instrument resolution
of 0.35 cm ' (0.043 meV) is indicated on the figure. The drop
from maximum to minimum absorptivity occurs in a frequency
interval of about 1.2 crn ' (0.15 meV).

then the upper limit on the g value is g (0.07 (a typical g
value of, for example, g=2 would given an energy shift of
7 cm at 75 kG). This rules out electronic transitions be-
tween sharp f-electron crystal -field levels, for example, as
a possible origin, since such levels shou1d sp1it in an ap-
plied magnetic field.

The existence of such sharp structure in a metal is
surprising, since the conduction electrons are expected to
smear out such features. One set of excitations with well-
defined energies, however, are the optic phonon modes at
the center of the Brillouin zone. Because the incident
photons interact with the phonons at q =0, where the op-
tic modes are nearly dispersionless, these excitations can
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FKJ. 15. Electrical resistivity of CeA13.

(27 meV), above which it remains roughly constant up to
310 cm ' (38 meV). As a function of temperature the
anomaly decreases in magnitude at least up to 50 K. Al-
though we have quantitative data only up to 50 K, earlier
qualitative data indicates that this decrease continues up
to 150 K, as in CePd&. High-resolution (1.4-cm ') data
were also taken on YbCu2Si2„but no sharp features corre-
sponding to those in Cepd3 were seen.

C. YbCuA1, CeA13, and CeCuqSi2

Although YbCuA1, CeA13, and CeCu2Si~ are VF ma-
terials, no obvious anomalies are seen in the optical prop-
erties of these materials above 3 meV. The anomalies in
the temperature dependence of the magnetic susceptibility
and transport properties of these materials, however,
occur at temperatures nearly an order of magnitude lower
than in Cepd3 and. YbCu2Si2, with characteristic energies
in the neighborhood of 1—3 meV. This is demonstrated
by the resistivity curves measured for these materials,
shown in Figs. 14—16.

Since the characteristic energies of these compounds are
an order of magnitude below those of CePd3 and
YbCu2Si2, the optical anomalies may be occurring at

much lower frequency. For this reason helium-
temperature samples of YbCuA1 were measured at low
frequencies (between 10 and 70 cm ') using a lamellar
grating interferometer for the frequency analysis. The ab-
sorptivity of YbCuA1 is shown in Fig. 17 and agrees to
within the experimental error with the Drude prediction.
The results of these low-frequency measurements are
suspect below about 25 cm ' (3 meV), however, since we
can no longer be assured that the nonresonant condition is
satisfied. Although the dc resistivity changes by a factor
of 2 between 4.2 and 150 K, as shown in Fig. 14, there is
only a slight temperature dependence in the absorptivity,
rather than the expected 40% increase. Thus the tempera-
ture dependence of the absorptivity is quantitatively in-
consistent with the expected Drude result.

We have also measured CeCu2Si2 at low frequency, as
shown in Fig. 18. CeCu2Si2 lies substantially below the
Drude prediction, and in fact is well fit by a Drude curve
corresponding to a resistivity of 280 pQcm. The excess

0.04
I

YbCUAI

T= 4.5K

6OG

20
l

40
Frequency (crn )

l

60 80

IOO 200

FIG. 16. Electrical resistivity of CeCu2Si2.

FIG. 17. Lour-frequency absorptivity of YbCuA1 at helium
temperature. The dashed curve gives the predicted Drude
response. The instrumental resolution is 2.2 cm
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FIG. 18. Low-frequency absorptivity of CeCu2Siq at helium

temperature. The instrumental resolution is 2.2 cm '. The
dashed curve is the predicted Drude absorptivity. The absorp-

tivity of CeCuqSi2 has a Drude-type frequency dependence, but
lies considerably below the Drude response calculated from the

dc resistivity.

IV. CONCLUSION

Our experimental results are summarized in Table II,
where we give the center frequency of the broad absorp-

resistivity could arise from cracks in the sample, since
changes in resistivity CeCu2Si2 with thermal cycling have
been reported. However, the resistivity of this sample
CeCu2Si2 did reproduce to within 1% on each of three
thermal cyclings, indicating that sample cracking may not
be a problem here. The lack of correspondence between
the measured absorptivity and dc resistivity of both
CeCu2Si2 and YbCuAl may indicate optical structure at
frequencies below 3 meV.

tivity anomaly for CePd3 and YbCu2Si2 at helium tem-
perature. This structure in the dielectric response of
CePd3 and YbCu2Si2 occurs at an energy comparable to
the characteristic temperature kT~ inferred from the tem-
perature dependence of the magnetic susceptibility X and
to the temperature kT& of the maximum in the dc electri-
cal resistivity. The VF compounds YbCuA1, CeA13, and
CeCuzSi2 do not show any obvious anomalies above 3
meV. Inspection of Table II, however, shows that the
characteristic energies in these compounds are an order of
magnitude lower than those of CePd3 and YbCu2Si2. The
absence of a resonance above 3 meV is thus not unexpect-
ed. The absorptivities of the integral valent-analog com-
pounds YPd3, DyPd3, and I uCu2Si2 all have a Drude-type
frequency dependence, even when a magnetic moment is
present as in DyPd3. In the one case where a quantitative
comparison with Drude theory is possible (YPd3) the
agreement is good.

The two sharp features at 14.7 and 21.6 meV superim-
posed on the broad absorption anomaly in CePd3 are
clearly identified as the infrared-active optic phonon
modes at zone center. A third mode seen in neutron
scattering is not infrared active. These features remain
sharp even at elevated temperatures, where the thermal
energy kT exceeds the linewidth by more than an order of
magnitude.

In the Introduction we pointed out that departures from
Drude behavior have also been observed in the intraband
optical response of SmB6 and TmSe. These two materials,
however, are qualitatively quite different from the Ce and
Yb intermetallics such as CePd3 and YbCu2Si2. In the Srn

and Tm compounds the only conduction electrons are
those liberated from the 4f shell by the valence mixing.
This difference shows up most dramatically in the dc con-
ductivity, which is more typical of a semiconductor than a
metal. In Sm86 the conductivity decreases by as much as
4 orders of magnitude (for good samples) as the tempera-

TABLE II. Summary of the experimental results on valence-Auctuation systems. The second

column gives the center frequency of the absorption anomaly at 4 K. The characteristic energies for
these materials deduced from the magnetic susceptibility (kT„)and the dc resistivity (k1~) are also list-

ed.

Compound

CePd3 (polished)
Cepd3 (etched)
YbCu&Si2
CeA13
CeCu2Si2
YbCuAl

Center frequency
(IneV)

20
20
27

No resonance above 4 meV
No resonance above 3 meV
No resonance above 3 meV

11"
16e,b

3b

3b

71,]

'Reference 67.
"This work.
'YbCuqSiq is anisotropic.
dReference 11.
Corrected for the resistivity of isostructural nonmagnetic LuCu2Si2.

Reference 68.
gReference 10.
"Reference 69.
'Taken as the temperature where the resistivity becomes constant.
'Reference 70.



ture drops from 300 to 4 K. In the optical conductivity
this appears as about an order of magnitude drop in crI(co)
between 80 meV and dc in Sm86 thin films at 4 K (Ref.
32) (and, by extrapolation to the dc conductivity, a 4 order
of magnitude drop in single crystals). This is cited as evi-
dence for a deep minimum, possibly even a small
bandgap, 111 thc density of states Rt thc Fcrmt cIMIgy'1n
Sm86. This optical behavior is quite distinct from that
observed in CCPd1. The conductivity of TmSe likewise
decreases by about an order of magnitude ln a seIllicon-
ductorlike fashion between room temperature and 4 K.
The optical response of TmSe, though, is qualitatively
similar to that of Cepd3 and YbCu2Si2. At room tempera-
ture the optical conductivity rises @Bove the dc value ashen
the photon energy falls below about 0.2 CV. When the
sample is cooled to 77 K the reflectivity decreases, indicat-
ing an Increase in the absorptivity apparently above the
Drude prediction. This behavior is in fact qualitatively
attributed by the investigator to conduction-electron
scattering from an f level at the Fermi level 2' I.n view of
the qualitative differences between TmSC and the Ce and
Yb intermetallics, however, the mechanism responsible for
the optica1 response of the two classes of Inateria1s may be
quite different.

The broad absorptivity enhancement observed in CePd3
and YbCu2Si2 arises solely as a consequence of the VF na-
ture of these materials. %e attribute the additional ab-
sorption to the frequency-dependent scattering of conduc-
tion electrons presumably from a resonant level located
near the Fermi level.
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