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Observation of an Energy- and Temperature-Dependent
Carrier Mass for Mixed-Valence Cepd3
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The far-infrared conductivity of Cepd3 has been obtained from temperature-dependent reflectivi-
ty measurements between 0.4 and 400 meV. The low-temperature results are consistent with sim-
ple Fermi-liquid ideas, even though the conduction-carrier density is less than 0.3 electron per for-
mula unit, .

PACS numbers: 72.15.Lh, 78.30.Er

The mixed-valence compound CeP13 has been
under theoretical'2 and experimental investigation2 in
recent years because it represents a class of systems in
which dramatic low-temperature transport properties
are thought to be produced by the interaction between
the conduction electrons and the partially filled 4f lev-
el of the rare-earth ion. Implicit in the interpretation of
the very large thermopower, 3 Hall constant, ~ and spec-
ific-heats coefficients has been the assumption that the
carrier density is on the order of three to four elec-
trons per formula unit. The electronic structure within
a few millielectronvolts of the Fermi energy has al-

ready been probed by infrared measurements, but all
of these studies have failed to make a connection
between the dc and the ir results. Room-temperature
ir measurements, 6 which cover many decades in fre-
quency, show normal-metal behavior, while low-

temperature measurements, which do show anom-
alous absorptivity, have been made over too restricted
an interval to provide a direct measure of the carrier
density.

In this Letter we report on temperature-dependent
reflectivity measurements between 0.4 and 400 meV
for CePd3 and identify both bound- and free-carrier
contributions to the low-temperature conductivity. A
temperature-independent carrier density whose value
corresponds to less than 0.3 electron per formula unit
is the source of the low-frequency conduction. The
far-infrared conductivity can be explained by Fermi-
liquid theory with a "free"-carrier mass that is both
frequency and temperature dependent.

The polycrystalline samples are prepared from
stoichiometric amounts of the constituents by arc
melting in an argon atmosphere and formed into 0.5-
cm-diam disks using a mousetrap mold. These disks
form one wall of a nonresonant cavity for the lowest-
frequency absorptivity measurement. At higher fre-

quencies ( —12 meV) the sample absorptivity is so
large that the cavity technique breaks down. s In this
region a direct measurement of the reflectivity is made
with two reflections at 45 angle of incidence but with
a wave-guided beam. A lamellar or Michelson inter-
ferometer has been used in conjunction with a 3He-
cooled bolometer detector to make these measure-
ments. Above 120 meV the reflectivity is measured
using strictly a ray-optics configuration. As an in-
dependent check, the reflectivity values at two fixed
frequencies have also been obtained using laser
sources (29.5 and 115 meV). Measurements have
been extended at 300 K from 0.5 up to 5 eV using a
CARY spectrometer and a near-normal —incidence
three-bounce configuration.

Figure 1 shows the normal-incidence absorptivity for
CePd3 for three different temperatures. The solid line
represents the data at 4.2 K, the dashed line at 77 K,
and the dot-dashed line at 295 K. The two dashed
vertical lines define the frequency interval over which
temperature-dependent measurements have been
made. Below 1 meV, the measured absorptivities are
in close agreement with the classical skin-effect result
calculated with the measured dc resistivities. With in-
creasing frequency the 4.2-K data exhibit a 15-fold in-
crease in absorptivity between 8 and 40 meV which
persists at least to the notch near 300 meV. Over this
entire region the enhanced absorptivity weakens with
increasing temperature.

To obtain the optical parameters ei(co) and tTi(to),
~here

e(Co) = ei(to) +i (4n/Ql)tri (6)),

the absorptivity data are first extrapolated to co =0 with
the Hagen-Rubens relation; next the data at 300 K are
used to extend the low-temperature data from 0.5 to 5
eV. Since the absorptivity retains some temperature
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FIG. 1. Normal-incidence absorptivity of Cepd3 vs fre-
quency. The different curves identify different tempera-
tures: 4 K (solid), 75 K (dashed), and 295 K (dot-dashed).
The vertical dashed lines identify the frequency interval over
which temperature-dependent measurements have been
made. The curves are extended below 0.5 meV with the
classical skin-effect value determined from the measured dc
resistivity. Room-temperature measurements were made
from 5 meV to 5 eV. The instrumental resolution is typical-
ly 6'/o of the frequency.

FIG. 2. oi(cu) and ~i(co) for Cepd3. The curves identify
different temperatures: 4 K (solid), 75 K (dashed), and 295
K (dot-dashed). The zero-frequency limit of o i(0) is set
equal to the measured dc conductivity. At 4.2 K oi(0)
= 60x10» s-'.

zero frequency. The dielectric response function is
separated into contributions from free [crf(ao)] and
bound [cr~(co) ] carriers:

o.i(~) = crf(~) + crI'(~)

dependence at 0.5 eV, it is necessary to join the two
reflectivity curves in this region. We find that as long
as the joint is smooth the low-frequency optical param-
eters are not significantly affected by the details of this
connection. Finally, beyond our largest measured fre-
quency the absorptivity is extrapolated to co ~ with
an cu approximation. A Kramers-Kronig analysis of
the extended absorptivity curve gives the optical pa-
rameters ei (co) and o i(c0) shown in Fig. 2.

There is some value in attempting first a standard
decomposition of Fig. 2. The room-temperature data
(295 K) represented by the dot-dashed lines display
the frequency dependences characteristic of a metal.
In the infrared ~i(c0) ( 0, and the conductivity peaks
in crt(co) identify bound carriers, while at lower fre-
quencies o.i(co) shows the characteristic Drude depen-
dence for free carriers with a rolloff at about 30 meV.
At 4.2 K the contributions from the free and bound
electrons display prominent features in separate fre-
quency regions. The lowest-frequency interband is lo-
cated at 0.235 eV and the free-carrier conductivity is
characterized by an extremely sharp spike centered at

e, (co) = ( —4Ir/c0)of(0)) + eI'(c0) +e„, (3)

where in the far infrared, the Drude model is used to
describe the free carriers; a Lorentz oscillator, the in-
terband transition at 0.235 eV; and the constant
screening term e~, the higher-energy interbands.
With this model a good fit can be obtained to the
room-temperature data shown in Fig. 2. The free-
carrier plasma frequency is obtained from the Drude
contribution to cri (~). We find coz = 4m x 1030 sec

bFits to the temperature-dependent data show that e
is constant and that the 0.235-eV transition can be ac-
curately described with a Lorentz oscillator of constant
strength and position but temperature-dependent
width. The surprising result is that although the low-
temperature Drude parameters are energy independent
for energies larger than 40 meV, for smaller values
they are no longer constant.

Attempts to reproduce both the real and imaginary
parts of the low-frequency dielectric function by ad-
ding another set of free or bound carriers to the

1952



~3 OCTOBEQ $986VoLUME 57, NUMBFR 15 PHYSICAL REVIEW LETTERS

0

20
meV

60

~ ~ ~ ~* ~ ~ ~ ~ ~

'- l200

the magnitude weakens and the knee moves to some-
what higher frequencies.

The consequences of frequency-dependent scatter-
ing have een eriveb d

'
d for the electron-phonon interac-

tion. "' However, the analysis should be valid for
frequency-dependent scattering arising from coup ing

F i li uid to any bosonic energy spectrum, " so
that some of these ideas which have genera app ica i-
ity are out ine e ow.d b 1 Associated with an interaction

~ ~

which produces a frequency-dependent scattering is
the concomitant requt f quency-dependent renormalization
of the quasiparticle effective mass. To '

p yTo dis ay t is
dependence the conductivity [Eq. ( ) is rewritten in
terms of a frequency-dependent scattering time and

12, 13.plasma frequency

I/r (cu) = Re[j (cu) ]/[1+)i.(o)) ]
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FIG. 3. Frequency-dependent parameters fors for the free car-
riers in CePd3 at different temperatures. Top'. frequency-

Re[ (co) ]. Bottom: enhancement factor,
1+5.(cu). Solid curves, 4.2 K; dashed curves,
dot-dashed curves, 295 K. The magnitude of the frequency

nc osition of thedependence decreases and the frequency position o e
knee (arrow) increases with increasing temperature.

-temperature model have failed; however, aroom- em
ii sical icture consistent with the temperatu

frequency-dependent data is obtaine w en
model is generalized to allow the free carriers to un-

rin while at thedergo frequency-dependent scattering
same time keeping this carrier density fixed at the
room-temperature va ue.t value. '0 The free-carrier conduc-
tivity equation now becomes

o.~(~) = (~p'/47r) [j(0i) —i~l (4)

where the real and imaginary parts of j(ru) are con-
straine y ad b a Kramers-Kronig relation an co~

s. In—4 2/ here m is the optical band mass. n
the limit of zero frequency, Rej (co) approaches e c
scattering rate and Imj (co) tends to zero.

The top o ig. sf F' 3 hows the frequency dependence
At 4.2 Kof Re[j(co)] as a function of temperature. At

2 from a small value atthe scattering rate grows as m .rom
zero frequency an d then levels off at a constant value.
Th 1 teau may result from saturation of the scatter-is pa
ing since e mthe mean free path calculated
Re[j (~) ] and co~2 is about one lattice constant. With
increasing emp
dependent scattering rate does not change, a t oug

oo

Re[j(~)]—Re[j(0) 1 = —„, ) (co) d~. (S)

The temperature-dependent data in Fig.i . 3 show that
this strength is a monotonic function of temperature
and that almost no coupling remains by room tempera-

With the low-temperature mass-enhancement actor
determine, i is nd t ow possible to obtain an estimate of
the carrier density. In the Fermi-liquid picture t e car-
riers which contribute at low temperatures to the spe-

'(~) = ~,'/[I+ &(~)],

where X(cu) = —Im[j(o))]/cu and I+X o) is the
enhancement factor.

The traces at the bottom of Fig. 3 show the experi-
mentally determined enhancement factor as a unction

+X td) is associat-of frequency and temperature. If 1+ cu is
t en the dataed with the quasiparticle effective mass then

can be interpreted as evidence that the carriers interact
strongly at low temperature with a second low- re-
quency excitation spec rut' ectrum which itself is not infrared
active. At energies large compared to 20 me, the
electrons are no onge1 ger screened by the interaction and
the effective mass reduces to the requency-in-
dependent optical band mass mb. At low requencies,
correspon mg od' t long time scales and low energies,
t e mixed-valence 4f polarization strongly enhances
the effective mass. The mass in this low-frequency
limit is

m(0) = (I+),) m, , (7)

where )i.o= li OA. (cu). Figure 3 shows that at 4.
)i.o = 40; hence the coupling is at least an order o mag-
nitude larger than that observed for the electron-
p onon interac ion.

'
teraction. " The coupling strength is irect y

related to the area under a mass-enhancement curve,
since
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cific heat should also be the carriers that contribute to
the far-infrared conductivity. The coefficient for the
linear term in the specific heat y varies as'4

where m, is the thermal mass. To relate the thermal
mass m, to the far-infrared mass m(0) we assume that
normal-metal arguments will prevail. ' For a Fermi
surface that does not intersect the Brillouin-zone
boundary it can be shown that m, & m(0). In princi-
ple this relation can be reversed for an intersecting
Fermi surface; however, it has been found empirically
that the above inequality remains true in that case as
well.

For the low-frequency, low-temperature limit we set

then the combination of the specific heat' y with our
free-carrier plasma-frequency result, namely top2= 4m

x 1030 sec 2, gives the optical band mass, mb = 1~. It
appears that the conduction-electron mass enhance-
ment deduced from the frequency-dependent scatter-
ing rate is large enough to account for all of the free-
carrier specific-heat enhancement. Note that the
upper bound on the carrier density, n =4 x 102' cm
is less than 0.3 carrier per formula unit.

From temperature-dependent reflectivity measure-
ments covering three decades in frequency, both free-
and bound-carrier contributions to the ir conductivity
have been identified. Data analysis which includes
frequency-dependent scattering of the free carriers
shows that both the frequency and temperature depen-
dences can be characterized with a small set of parame-
ters. Although the metallic carrier density is surpris-
ingly small, simple Fermi-liquid theory is consistent
with this analysis. These carriers appear to be strongly
coupled at low temperature to a second excitation
spectrum which extends throughout the far infrared up
to 15 meV; however, because the coupling is a strong
function of temperature almost no trace of this unusu-
al process remains at room temperature.
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Note added. —Recently Varma'6 has pointed out that
the exchange of spin fluctuations by conduction elec-
trons would give rise to renormalizations in the elec-
tronic properties reminiscent of those produced by the
electron-phonon interaction.
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