
VOLUME 60, NUMBER 3 PHYSICAL REVIEW LETTERS 18 JANUARY 1988

Relaxation-Time Enhancement in the Heavy-Fermion System Cep13
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Frequency-dependent conductivity measurements are reported in the dc to 150-GHz range in the
moderately heavy-fermion compound CePd3. A Drude expression is found with a renormalized relaxa-
tion time z*, and a renormalized plasma frequency co~ at low temperatures. This experiment represents
the first direct measurement of these quantities, and the enhanced mass obtained from the frequency-
dependent conductivity compares favorably with that determined from thermodynamic measurements.

PACS numbers: 72.15.Lh, 71.28.+d

The various many-body effects which arise as a conse-
quence of electron-electron interactions have been ex-
plored in detail in so-called "heavy fermion" materials. '

The concept of an enhanced effective mass rrt is used in

general to describe correlation-narrowed bands, and trt

is derived from thermodynamic parameters which sam-

ple an energy range of width kaT around the Fermi en-

ergy at temperature T. In this communication we report
experiments which focus on another parameter, the re-
laxation time r which appears in the low-energy trans-
port properties. In particular, we address the question of
whether a Drude-type description with a renormalized
effective mass and a renormalized relaxation time r is

appropriate for low-temperature transport that is dom-
inated by electrons in the vicinity of the Fermi energy.

It has been recently conjectured2 6 that the dc con-
ductivity is not sensitive to renormalization, and
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with r and mtt the unrenormalized relaxation time and
the band mass, but no direct experiment detecting this
relaxation-time enhancement has been reported. In this

paper we report the first direct observation of such an
enhancement, and furthermore, our experimental results
are compared with optical experiments at high energies,
which are not influenced by renormalization. Such a
comparison leads to the evaluation of an enhanced mass,
based on the frequency-dependent response alone.

To study the possible renormalization effects of the re-
laxation time, we have chosen the moderately heavy-
fermion system, CePd3. The thermodynamic effective
mass is approximately 40m„where m, is the free-
electron mass, and both the susceptibility X(T) and the
specific heat y(T) indicate that the effective Fermi tem-
perature T,ff is of the order of 100 K. Although various
energy scales have been suggested to be important in

this material, they all are at least 1 order of magnitude

larger than the upper measurement frequency employed
by us. Consequently, finite-bandwidth effects are not ex-
pected to interfere in the frequency-dependent response
which is expected to be determined by relaxation efl'ects.
In the case of a Drude description, the low-frequency
conductivity a(co, T) is given by

net (T) 1

m* 1+[car'(T)]' ' (2)

where n is the number of conduction electrons. As
to 0, the trivial dc limit given by Eq. (1) is recovered.

The samples were prepared by the combination of
stoichiometric amounts of the elements with use of a
conventional arc furnace. After the samples were
wrapped in Ta foil and sealed in quartz tubes filled with

Ar at a pressure of 150 Torr, the specimens were an-
nealed for 140 h at 800'C. A spark cutter was used to
excise a flat face on the samples which were then pol-
ished. X-ray analysis shows that the materials were sin-

gle phase. Standard four-probe methods were employed
to measure the dc conductivity on thin sections cut from
the original samples. Both the x-ray analysis and the dc
measurements are in good agreement with previously
published results.

We performed conductivity measurements from room
temperature down to 1.3 K at three selected frequencies:
35, 102, and 148 GHz.

For each frequency, a cylindrical copper cavity was
constructed that resonates in the TED~~ mode. The pol-
ished samples were clamped to the bottom of the cavity,
and the resonance, which is determined by the Q of the
cavity, was recorded with a signal averager by modula-
tion of the frequency. The TEo» mode was selected be-
cause it has a high Q and is relatively insensitive to poor
contact between the sample and the cavity body.

It is possible to calculate the Q and relate it to the sur-
face impedances R; of the various conductors that make
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up the cavity. The expression is

1/Q =g; y;R;, (3)

p=(2/capp)[Rc„+y 'a(Q ')]'. (4)

h(Q ') is the difference in 1/Q measured from the two
runs; y is the constant in Eq. (3) that pertains to the end

plate, po the permeability of free space. Rc„ is the sur-
face impedance of copper, and care must be exercised in

the calculation of this quantity because at low tempera-
tures anomalous skin-depth effects are present in copper.
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where the y; are a set of geometrical constants that de-

pend on the particular mode used; the sum contains a
term for each conducting surface in the cavity. Any oth-
er additional losses in the cavity such as radiation from

the coupling holes must also be added onto Eq. (3).
With the sample attached, the cavity was placed in a
cryostat. The resonance was measured as a function of
temperature. A copper end plate was then substituted
for the sample, and the Q was remeasured at various

temperatures. By taking the difference in the reciprocal
Q's from the two runs, we are able to eliminate any con-
tributions to Eq. (3) which are not due to the sample.

Finally it is necessary to extract the resistivity from

the measured surface impedance. Since the materials
are not excellent conductors (i.e., they are not in the
anomalous skin-depth regime), the surface impedance is

proportional to the square root of the resistivity. The ex-
pression used to calculate the resistivity at the measure-
ment frequency co is

The conductivity measured at the three frequencies,
together with the dc conductivity, is shown in Fig. 1.
With data normalized to the room-temperature value, no

frequency dependence is observed down to approximately
100 K, below which the conductivity is strongly frequen-

cy dependent.
With use of the experimental data displayed in Fig. 1,

it is possible to evaluate the renormalized relaxation time
r*. After rearranging Eq. (2), we have

[p(nI) —
pdg]/pd, = (rpr ) . (s)

In Fig. 2, [p(ro) —pq, ]/pg, is plotted versus ro at various
representative temperatures. We first note that within
experimental error [p(ro) —

pd, ]/pd, is proportional to the
frequency squared, and this implies that the Drude
description is appropriate in the frequency range investi-
gated by us. Figure 2 can also be used to evaluate the
temperature dependence of the relaxation time. This is
shown in Fig. 3, where instead of displaying r as a
function of temperature, we plotted 1/r versus the dc
resistivity pq, (both measured at the same temperature)
for several different temperatures between 2.0 and 60 K.
By plotting the values of 1/r found from the slopes in

Fig. 2 as a function of the dc resistivity, we see that
r (T) closely follows the temperature-dependent dc con-
ductivity up to about T 70 K. Above this temperature
no reliable analysis can be performed because of the pro-
gressively weaker temperature dependence. The fact
that 1/r is proportional to pq, strongly indicates that
n/rrt is independent of the temperature up to T=60 K;
see Eq. (1). This is in agreement with observations of
the characteristic energy scales in this system: Both the
so-called single-ion Iluctuation time and the energy scale
over which coherence develops among spin fluctuations
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FIG. 1. Temperature dependence of the resistivity of CePd3
at various frequencies. All the high-frequency data are nor-
malized to the dc resistivity at T 100 K.

FIG. 2. Frequency dependence of the resistivity [p(ro)
—pa, l/pa, at various temperatures. The solid lines are fits by
the Drude expression, Eq. (2).
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FIG. 3. (Relaxation time) as a function of the dc resis-

tivity at various temperatures. The solid line indicates that
n/m is independent of temperature.

1Q-

on different sites exceed 40 K, and consequently both n

and rrt are expected to be temperature independent at
low temperatures.

We can combine the measured dc. conductivity and re-
laxation time to define a renormalized plasma frequency

ro~ -(4rrrrd Jr*) 'i'

At T =2.0 K, ~d, -42~10" sec ', and 1/r' =5.4x10"
sec '. This leads to co~ 5.3x 10' sec '. Renormal-
ized effects are expected to be confined to an energy re-

gion of width ef centered around the Fermi energy, '
and unrenorrnalized response occurs at frequencies
ro) ef/h. The characteristic energy ef is the renormal-
ized bandwidth and is of the order of 10 meV or approxi-
mately 100 K. Consequently, the optical properties mea-
sured in the infrared spectral range, and above, refiect
the unrenormalized band parameters like the plasma fre-

quency, '
co~ =(4rrne /mar)

'i . This has been measured

by Webb, Sievers, and Mihalisin" employing far-
infrared spectroscopy; they obtain a value of m&=3.5
x10' sec '. The ratio,

ro~ /ro~ - (ma/m ') 'i', (7)

then yields an effective mass m =44m~. Here we have
assumed that co~ is independent of the temperature, and
this has been confirmed experimentally. " With this
value, the carrier density can be evaluated and is found
to be

n =m*odJe r* =3.9x10 ' cm

The effective mass, which is obtained by the use of only
the frequency-dependent conductivity data, compares
favorably with m * obtained from specific-heat and
magnetic-susceptibility measurements. We also note
that the evaluation of m* from thermodynamic quanti-
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FIG. 4. Frequency-dependent conductivity at T 4.2 and

300 K. The solid line is from Ref. 11.

ties, such as the specific heat, requires an assumption
concerning the effective number of carriers since
y-m (n) 'i . No such uncertainties occur in our
analysis except that co~ measures a quantity related to
the average band mass.

Our results are complementary to the recent far-
infrared measurements of Webb, Sievers, and Mihal-
isin", their lowest frequency corresponds to approxi-
mately 130 GHz, somewhat below our upper limit of 148
GHz. The two sets of experimental data are compared
in Fig. 4 at 4.2 and 300 K. The agreement at frequen-
cies around 4 cm ' is excellent, both at low and high

temperatures. The narrow resonance centered at zero
frequency is clearly evident in the low-temperature re-

gion, and, as discussed before, its width is determined by
lifetime effects. In contrast, only a frequency-inde-
pendent conductivity is recovered at high temperatures
where the various renorrnalization effects are removed by
thermal fluctuations.

Although the enhancement of the relaxation time is
well documented by our experiments, and the theoretical
concepts apparently work for moderately heavy-fermion
materials like Cepd3, several unresolved questions re-
main. We have assumed that the number of electrons
which enter into the renormalized plasma frequency is

the same as that related to the unrenormalized response.
This, however, may not be a priori true. ' ' The rather
low carrier concentration obtained by examination of the
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co-dependent response above is a possible consequence of
this uncertainty, and notice that the assumption of one f
electron for each Ce atom leads to a concentration ap-
proximately a factor of 3 larger than given by Eq. (8).
Also, throughout the analysis, it is presumed that the
spectral width of the correlation-narrowed bandwidth is
larger than our highest measurement frequency. While
the weakly enhanced effective mass suggests that this is
the case, small energy scales have also been suggested'
to play an essential role in other heavy-fermion materials
such as UPts and UsFe. Additional experiments on
single-crystal specimens are needed to clarify these
points.
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