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We report on optical conductivity measurements performed on CeA13 spanning the photon energy
range between approximately zero and 12 eV. From the measurements at micrometer- and millimeter-
wave frequencies we obtained the detailed temperature dependence of both components of the complex
conductivity. These results as well as the Kramers-Kronig analysis performed on the absorptivity lead,
at low temperatures, to a strongly frequency- and temperature-dependent dynamic conductivity. We an-

alyze the optical conductivity in terms of frequency-dependent scattering rate and dynamical mass. The
low-temperature efFective mass is found to be m */mb =325+50 in the zero-frequency limit and its tern-

perature dependence is compared with that of the thermodynamic parameters.

I. INTRODUCTION

In the past decade, considerable theoretical' and ex-
perimental ' effort has been devoted to the understand-
ing of the electrodynamic response of correlated metals.
Various theories suggest that the optical conductivity of
the heavy-fermion (HF) ground state is characterized by
a so-called renormalized Drude behavior at low frequen-
cies. Also predicted is a minimum in o. , near h v-k~ Tz
(2vrv=co), at the onset of a broad background at higher
frequencies (Fig. l). Here, Tz denotes the Kondo temper-
ature, the energy scale for many-body correlations in the
heavy-fermion compound. ' The broad feature at about 5
is usually identified with the excitations across the s f(d)-
hybridization gap. ' Correspondingly, the real part of
the dielectric function E,(co) is expected to have two zero
crossings (where E, goes from negative to positive values
with increasing frequency). The one at high frequency is
identified with the plasma frequency (co =4vrn, e /mb)
of the uncorrelated conduction electrons, whereas the
low-frequency crossing characterizes the heavy
plasmons,

1/2

where m * and ~* are the renormalized mass and relaxa-
tion time of the quasiparticles, respectively. From Eq. (2)
one can then define a so-called renormalized plasma fre-
quency (or unscreened heavy plasmon)
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where T* is the renormalized Fermi temperature (usually
identified with Tx), and n =n, +nf is the total carrier
density, relevant to low-frequency electrodynamics. The
heavy-fermion plasma mode reflects not only the heavy
quasiparticle mass (m '/mb ), but also the renormalized
Coulomb screening.

At very low frequencies, the heavy-fermion conductivi-
ty is phenomenologically described by the following (re-
normalized Drude) expression:

V

Q
E

U

h~/ksTK

ne v 1
cr(co) =

Pl 1 l CO7

(2)

FIG. 1. The calculated dynamical conductivity for heavy fer-
mions {see, for example, Ref. 3). The lower zero crossing at Q~

of the dielectric function c&{m) implies a heavy-plasma mode.
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which is experimentally obtained as the spectral weight
of the narrow resonance in the electrodynamic response,
centered at co=0 and extending up to the minimum in o.

&,

near h v- k~ Tz. In normal metals, with a simple Drude
response, co* is also the frequency where the dielectric
constant crosses over from negative to positive value.
Here, also because of a high-frequency response, the zero
crossing frequency is different and corresponds to co*,
defined in Eq. (I). co* can be alternatively written in the
form co*=(mb/m *)'~ b, and basically corresponds to the
so-called screened renormalized plasma frequency.

Irrespective of the particular model, the general spec-
tral weight considerations imply the following relation
between the two plasma frequencies (i.e., co" and co ),

m' n,

Plb n

1/2

(4)

so that a measurement of cr(co) over a broad frequency
range allows an ideal evaluation of the enhanced effective
mass in the heavy-fermion ground state.

Two different experimental techniques have been em-
ployed to explore the low-temperature electrodynamics in
several heavy fermions. Optical measurements have
clearly established a narrow resonance in materials such
as CePd3, UPt3, and CeCu6. ' However, these results
are somewhat uncertain due to the high reAectivity of the
heavy-fermion materials at low frequencies. This leads to
some controversies, e.g. , about an unambiguous detection
of the onset of the broad background, as well as the
minimum in o.

&, at frequencies near k&Tz. "" On the
other hand, surface impedance experiments, while, in
principle, more sensitive at low frequencies than the opti-
cal methods, have been plagued by difficulties which arise
when measuring both components of the surface im-
pedance Z, =R, —iX„ i.e., the surface resistance R, and
the surface reactance X, . These issues have been ad-
dressed recently, ' and the question of whether the opti-
cal or the surface impedance results are more reliable has
not been resolved.

In this paper we review our experiments involving both
the surface impedance and the optical measurement on
CeA13, a prototype example of the heavy-fermion com-
pounds. Its dc resistivity pd„shown in the inset of Fig.
2(a), displays a peak around T,„—35 K, below which
the many-body correlations become important. In trans-
port terminology, therefore, T,„represents the onset of
coherence effects which are responsible for the marked
decrease in p«with sample cooling. Below T „a
heavy-fermion system is in the so-called Kondo-lattice re-
gime, whereas at higher temperatures the many-body
correlations are suppressed by thermal Auctuations and
the local moments act as incoherent scattering centers,
characteristic of the single Kondo-impurity regime. Both
the susceptibility y and the specific-heat coefficient y are
enhanced at low temperatures and below 300 mK,
p«= AT, with a large coefficient' A =35 pQ cm K
These parameters are consistent with an enhanced
effective mass of the quasiparticle. Furthermore, at
liquid-He temperature, both y and y are temperature

r

— C eel &

E

3

CV tri

Q

00

80

60

40

20

eAi3

1P1

Q2

I

~ ~

100 200
Temperature (K)

300

E

3

N i'X
CU

10
1 PO p1

Temperature (K)

—cIc
c) 10 GHz
~ 35 Gkz

60 GHz
+ 1 OOGHz

1 50GHz

102

FICx. 2. Temperature dependence of the complex surface irn-

pedance, and the dc resistivity of CeA13. The choice of the par-
ticular representations of R, and X, is made to show the
frequency-independent behavior at high temperatures.

dependent, suggesting strongly temperature-dependent
renormalization effects.

It is generally agreed' that the temperature-
dependent enhancement of y and y is a consequence of
the gradual buildup of many-body correlations at the
Fermi level, giving rise to a many-body (Abrikosov-Suhl-
Kondo) resonance of width kz T& in the density of states.
Regarding the electrodynamics of correlated systems, one
expects the many-body and normal-state regimes to be
well separated at low temperatures, with a narrow reso-
nance in the conductivity at low frequencies, and the nor-
mal metallic behavior recovered at high energies. This is
expected to be particularly evident in CeA13 as suggested
by the large enhancements of its thermodynamic proper-
ties. ' As we will see, our experimental results do show
this characteristic behavior.

In our experiments the absorptivity was obtained over
a broad spectral range by combining the microwave and
far-infrared (FIR) data. Kramers-Kronig (KK) analysis
was subsequently performed in order to completely evalu-
ate the frequency-dependent conductivity o (co)=o, (co)
+i o 2(co) At m. icrowave frequencies, we have also evalu-
ated both parts of the complex conductivity directly from
R, and X, . Within experimental accuracy, the two
methods were found to give the same frequency-
dependent complex conductivity at various temperatures.
From our o(co) data we extract the frequency- and
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temperature-dependent optical scattering rate and the
mass enhancement. We compare the temperature depen-
dence of the effective mass obtained from the dynamical
conductivity, with thermodynamic quantities. Finally,
we discuss the universality of enhancements in the optical
and thermodynamic properties of various materials
where electron-electron interactions are of importance.

This paper is organized as follows. In Sec. II we de-
scribe our measurements and present the results. A de-
tailed discussion of our findings follows in Sec. III and,
finally, the conclusions are stated in Sec. IV.

II. EXPERIMENT AND RESULTS

The polycrystalline samples used for our investigations
were produced by combining the stoichiometric amounts
of starting materials using an arc furnace. Wrapped in
Ta foil and sealed in quartz tubes under a pressure of 150
Torr of Ar, they were then annealed for 10 days at
800 C. The high-purity and single-phase nature of our
specimens were subsequently demonstrated by the x-ray
analysis. The samples were cut using a spark cutter and
polished with 1-pm liquid-based Alumina abrasive before
any measurements were performed.

Measurements of the surface impedance
(Z, =R, iX,—) were accomplished by polishing a planar
surface of the sample and then clamping it at the bottoms
of cylindrical copper cavities so as to form their end
plates. The width (I 0) and frequency (fo) of the cavity
resonance are altered when its copper end plate is re-
placed by the sample. These changes (at each tempera-
ture) are related to the sample's surface resistance R, and
reactance X„respectively, as follows:

R, —R "=kAI

X, —X, "= 2kbf +OX —,o

(5a)

(Sb)

where (R, " iX, ")—is the surface impedance of copper, k
reflects the resonator constant for the cavity end plate
and the geometry of the specimen, and Xp is a
temperature-independent constant, depending on the
end-plate mounting.

To be able to evaluate R, and X„both k and Xp have
to be known. We have assumed that at T )30 K CeA13
is in the so-called Hagen-Rubens limit co~((1. In this
limit, o &))oz and R, =X, =( ipocoo, —')' . T.he mea-
sured dc resistivity pd, = 1/o. , then gives a calculated R„
which together with b, l o, gives, from Eq. 5(a), k. Then,
k, the calculated X„and the measured b,fo give, through
Eq. (5b), Xo. ' '

By exciting the cavities in the TEp]] mode, both com-
ponents of Z, were obtained as functions of temperature
at 35, 60, 100, and 150 GHz. At 10 GHz only the surface
resistance was measured employing a cavity perturbation
technique. ' It consists of introducing a small sample in
a resonant cavity, and measuring the change in its reso-
nance characteristics. We chose the size of the sample to
be small compared to the spatial variation of the fields so
as not to perturb the cavity mode. Further details of the
surface impedance measurements techniques are de-
scribed in Refs. 8, 16, and 18.

In the high-temperature range the scattering rate (1/w) is
significantly larger than the millimeter-wave frequencies,
and o.

2 is negligible compared to o, Consequently the
following approximations of Eq. (6) (the so-called
Hagen-Rubens limit) are valid at these temperatures:

Z-
S

1/2
l PpCO

odc
(7a)

R, X,
Zp Zo

~o~Pdc

2

1/2

(7b)

The reflectance measurements were performed on pol-
ished samples from the same batch, within six months of
the surface impedance measurements. In the 15—700-
cm ' range a Bruker IFS 113v fast-Fourier-transform in-
terferometer was used, followed by a fast-scanning Bruk-
er interferometer (IFS 48PC) for the 600—5000-cm ' fre-
quency region. The data over the 4500 —32000-cm
range were obtained with a homemade spectrometer
based on a Zeiss monochromator and, finally, the high-
frequency region of 28000—96000 cm ' was covered
with a McPherson spectrometer. A freshly evaporated
gold mirror served as a reference for all measurements
below 5000 cm '. For the 15—400-cm ' region we em-
ployed a Hg arc source and a He& 2-cooled (He, 2 cooled
below 100 cm ') silicon bolometer. In the 400 —5000-
cm ' range a globar source and a deuterated triglycerine
sulfate (DTS) detector were used. Above 5000 cm
these were replaced by a tungsten lamp and an InSb pho-
todetector. Over 4500 —32 000 cm ' we utilized a
tungsten halogen lamp for the source and a phototube for
the detector.

The reflectivity data from different source-detector
combinations showed a mismatch of at most 3% in their
absolute values. The spectra in the individual ranges
were then joined at overlapping frequencies by multiply-
ing with constant correction factors. The measurements
were repeated after a year on different samples from the
same batch, and the reflectivity was reproducible to
within 0.5%, 1%, 3%, and 5% over the spectral ranges
below 700, 700—5000, 4000—32000, and above 30000
cm, respectively. With this well-accepted variation in
the reflectance data, we are confident that the effects of a
possible oxide-layer formation on the surface of the sam-
ples are minimal on our measurements.

Figure 2 shows the measured micrometer- and
millimeter-wave frequencies. The dc resistivity displayed
in the inset was measured before and after all the optical
and surface impedance measurements were performed.
Its absolute value was reproducible within 2%. The sur-
face impedance measurements were performed as a func-
tion of temperature from 1.2 to 300 K. At low tempera-
tures, the frequency-dependent increase of the resistivity
(2R, /poco) results from a steady loss of coherence, due to
the ac perturbation. In the normal skin-depth regime,
the surface impedance and the complex conductivity (the
dynamical response function) are related as

1/2
l PpCO

Z, =R,—iX, = (6)
O )+LO2
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4R, 1

Zo 1+2R, /Zo+(R, +X, )/Zo
(8)

The last two terms in this expression are negligible com-
pared to the first term since R„X,«Zo in the submil-
limeter to microwave spectral range, for a highly con-
ducting material such as CeA13. Combining these results
together with 2 = 1 —R, where R is the optical
reflectance from 15 to 10 cm ', we obtain the absorp-
tivity from microwave frequencies up to 12 eV, as shown
in Fig. 3. The absolute absorptivity at 15 cm was nor-
malized to the 10-K Hagen-Rubens value. The +15% er-
ror in the absorptivity at 15-cm ' results from a 0.5%
uncertainty of the reAectivity over the FIR spectral
range. Since we were unable to experimentally cover the
spectral region between 5 and 15 cm ', we linearly inter-

where pd, is the dc resistivity and Zo =377 0 is the free-
space impedance. We utilize this fact in the analysis of
our surface impedance data as follows.

Above T „-35 K the temperature dependences of R,
and X, at millimeter-wave frequencies were found to be
the same within experimental uncertainty (error bar in
Fig. 2), suggesting a frequency-independent response at
high temperatures. At T, , the absolute values of
2R, /poco in different runs were within a factor of 2 of the
corresponding dc resistivity. The variation results from
different samples and/or nonuniformity of a sample's sur-
face characteristics. Furthermore, due to a somewhat
broad resistivity maximum, the data near T,„are least
susceptible to any thermal gradients in the cavity and/or
fIuctuations of its characteristics. The data were there-
fore normalized at this temperature to remove the arbi-
trariness in the absolute value of Z, . This arbitrariness
results from the sample-surface irregularities and from
the fact that X, can be measured only up to a
temperature-independent constant Xo, since the effective
size of the cavity depends on the sample-mounting de-

11
16 17

The end-plate mounting was repeatable to within 4 pm,
as inferred from the frequency reproducibility of the cavi-
ties with repeated mountings, to within 0.05 —0.2%%uo. The
constant Xo was determined by taking the real and imagi-
nary parts of the surface impedance equal in the high-
temperature range, where their temperature dependences
were found to be the same. Notice that the error bar at
high temperatures reAects the maximum margin of un-
certainty in the data normalization, as well as the devia-
tions from a perfect Hagen-Rubens behavior [Eq. (7b)].
The uncertainty in the surface impedance takes into ac-
count the scatter of the data in individual runs, due most-
ly to the fluctuations in the microwave source output,
and the thermal stresses in the cavity. Although the ac-
tual uncertainty in R, is slightly smaller than that in X„
we report the larger of the two for the worst-case error
estimates.

For the purpose of the KK analysis we first combined
the microwave and optical measurements in order to ob-
tain the absorptivity over a broad spectral range. The ab-
sorptivity and surface impedance are related according to
(Ref. 16, p. 80)
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FICx. 3. (a) Frequency dependence of the absorptivity
A =1—R of CeA13 at 1.2 and 10 K. Both optical and mi-
crowave data are displayed in the figure. (b) Temperature-
variation of 3 in the 0.1 —10-cm range. Notice the (measur-
able) dip in the absorptivity below the Hagen-Rubens line at 3
K.

polated our data (broken line in Fig. 3) in this narrow re-
gion before performing the KK analysis. This interpola-
tion as well as those between the surface impedance data
were obtained by spline curve fitting.

Above 15 cm ' the absorptivity spectrum does not
show any temperature dependences. Results at mi-
crowave frequencies show, however, a strong frequency
and temperature dependence below approximately 10 K
(Fig. 3). By 10 GHz the measured absorptivity is close to
the Hagen-Rubens (HR) extrapolation [Eq. (7b), dots in
Fig. 3] within our measurement sensitivity. To show the
detailed temperature variation of the absorptivity, we
have plotted in Fig. 3(b) a close-up of A in the 0.1 —10-
cm ' range. The error bars in the surface impedance
data reAect the uncertainties in R, at 1.2 K, whereas at
higher temperatures, the symbol size itself is a measure of
the uncertainty.

In Fig. 4 we show the real part of the optical conduc-
tivity cr(ro)=cr, (ro)+io2(co) and in Fig. 5 the real part of
the dielectric function e, (co) = 1 —o 2(co)/Eoro is shown, as
obtained from the KK analysis of the data in Fig. 3. We
have found that, in spite of the nonlocal nature of the
Kramers-Kronig transformation, the uncertainty in our
absorptivity data [Fig. 3(b)] produces a local +20%%uo (i.e.,
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pd, (test)

pdc(CU)

an uncertainty at the same frequency) uncertainty in
0 &(co) and +25% in E&(co). To obtain both components
of the complex conductivity at millimeter-wave frequen-
cies, we make use of Eq. (6). Before applying this rela-
tionship we must first qualify the electronic response in
our material as appropriate to the classical skin effect,
i.e., the normal skin depth (5,&) is larger than the carrier
mean free path (l). Neglecting a weak dependence on the
carrier density in metals (n y ), the ratio 5,&/I can be re-
lated to that for copper at the same frequency as follows
(Ref. 16, p. 76):
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FIG. 4. (a) Frequency-dependent conductivity obtained from
the Kramers-Kronig analysis of the data in Fig. 3, and directly
from the surface impedance measurements. (b) a close-up of the
dynamical conductivity showing the development of the low-

frequency resonance at low temperatures. The 10-GHz point
from the surface resistance data is equal to (2R, /poco) ' (see

text).

For conservative estimate, using pd, (CeA13) = 14 pQ cm
at 1.2 K, and the fact that pd, (Cu) = 1.7 du, Q cm at 300 K,
we infer that at least for frequencies up to which copper
(at room temperature) is in the classical skin-depth re-
gime, so is our test specimen CeA13. This certainly holds
up to our highest millimeter-wave frequency of measure-
ment, i.e., 150 GHz (see, e.g., Ref 19, p. 93). Consequent-
ly, we use the measured R, and X, values (shown in Fig.
2) and Eq. (6) to obtain both components of the conduc-

I I

3 4

Frequency (crn ')
5 6 7 8 910

FIG. 5. Frequency dependence of the dielectric function at
four temperatures, with an excellent agreement between the
Kramers-Kronig values, and those evaluated from the surface
impedance data.

III. DISCUSSION

First of all, we remark that the optical conductivity at
10 K (and above) is suggestive of a frequency-

tivity at millimeter-wave frequencies. Thus, o.
&

and c,
&

ob-
tained directly from R, and X, are also displayed in Figs.
4 and 5. The uncertainty in the Z, data (+10% in R,
and X, ) corresponds to a maximum of +23% in rr(co),
calculated at the millimeter-wave frequencies.

We qualify that the 10-GHz point [equal to
(2R, /poco) '] represents an upper bound on the conduc-
tivity evaluated from the surface resistance data (assum-
ing R, =X, ), rather than an exact value. This point is
shown only to provide an estimate of the maximum possi-
ble discrepancy that can be expected between the conduc-
tivity obtained from the two methods. In the absence of
the X, data an appropriate uncertainty estimate cannot
be made at this frequency. For a realistic comparison of
the two methods, we therefore confine our attention to
35—150-GHz range.

Within experimental accuracy both methods give the
same frequency-dependent 0, (co) and e, (co) at diff'erent

temperatures, and consequently we believe that the signa-
tures of the observed frequency-dependent response are
free of experimental ambiguities, which were discussed
earlier. ' However, we must emphasize that while o.

&
at

1.2 K obtained by the KK transformation has developed
some frequency dependence by 0.3 cm ', our cavity-
perturbation data at the same frequency of 10 CxHz fol-
lows the dc resistivity [see Fig. 2(a)]. Furthermore, we
notice that the conductivity evaluated from the KK
analysis is lower than that obtained from the surface im-
pedance measurements both at the millimeter-wave fre-
quencies, as well as when co —+0. These differences, we
believe, are due to the uncertainties of the evaluation of
o.

&
and o.

2 using the two different methods. These, how-
ever, do not affect our conclusions, as will be discussed
later.
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independent behavior with a relaxation rate
I/(2m. r)-800 cm '. However, the agreement between
the extrapolation of o. , for co~0, obtained from the KK
analysis, and o.d, is excellent. In contrast, below 10 K we
observe the gradual emergence of a narrow resonance in
o-&, and the low-temperature results join the 10-K con-
ductivity at about 3 cm '. Here, o t(co —+0) from the KK
analysis and O.d, at 1.2 K match within 10%. The most
interesting feature in cr, (co), as the sample temperature is
lowered below 10 K, is the rapid buildup of the low-
frequency spectral weight [Fig. 4(b)], manifesting
a gradual emergence of the many-body effects. Below we
discuss some of the unusual features of 0 (co) in the low-
temperature, coherent state.

As mentioned before, even though the conductivity at
1.2 K has acquired a frequency dependence below 0.3
cm ', the absorptivity displays a Hagen-Rubens —type
behavior. This anomaly may be understood as follows.
As expected from the free-carrier electrodynamic
response, beyond a frequency defined by the (enhanced)
relaxation time, the low-temperature absorptivity should
become frequency independent in the so-called relaxation
regime, even as the conductivity continues to drop below
its dc value. However in CeA13, a crossover from the
coherent to the normal metallic behavior starts before
this regime is entered, as manifested by the frequency
dependence in the scattering rate (see later in this sec-
tion). This (opposing) factor tends to increase the absorp-
tivity towards its unrenormalized value that characterizes
the high-temperature response, and thus keeps it close to
the Hagen-Rubens line.

The overall behavior of the frequency-dependent con-
ductivity at low temperatures is, in general, similar to
that obtained in various calculations. ' ' ' Nevertheless,
the expected minimum in o. , at h v-k~ Tk is not resolved
in the excitation spectrum down to 1.2 K. Similar results
have been reported for HF compounds UPt3 and CePd3
as we11, by Sulewski et al. and Webb, Sievers, and Miha1-
isin. ' However, Marabelli and co-workers observed
this minimum for CeCu6 and UPt3. "' Therefore, the
universality of this feature is a matter of debate. ""
We tend to believe that at temperatures comparable to or
only slightly below the Kondo temperature, the system is
in the so-called overdamped regime and consequently,
the thermal broadening screens out the heavy plasma
mode associated with a o.

&
minimum.

In Fig. 4(b) we notice at 3 and 5 K a small anomaly in
o. , at about 1 cm '. This is due to the fact that the mi-
crowave absorptivity at these temperatures is slightly
lower than the HR value [Fig. 3(b)], while the relaxation
regime [characterized by oz(co) ~cr&(co)] is not yet en-
tered. This dip exceeds the uncertainty margin in the ab-
sorptivity at 3 K [symbol size in Fig 3(b)] and therefore,
we believe it to be a real effect. Since in the Drude metal-
lic response, the saturation of the absorptivity beyond the
relaxation edge is accompanied by a monotonic fall off of
o.

&, our results at 3 K may suggest a small deviation from
the dominant, free-carrier behavior.

As far as the dielectric function E, (co) is concerned
(Fig. 5), the low-frequency results from the Kramers-
Kronig analysis and from surface impedance measure-
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FIG. 6. Temperature dependence of cr«and o.
& (a}, and of c&

(b) at millimeter-wave frequencies, evaluated from the surface
impedance data. The high-temperature behavior is expectedly
frequency independent, whereas the low-temperature maxima in
cr, are due to a strongly temperature-dependent scattering rate.

ments are in excellent agreement. In the UV region the
dielectric function is found to cross zero at about 6X 10"
cm '. In the absence of interband transitions this would
be the optical plasma frequency co~. We will return to
this point later in the discussion. Various theoretical
treatments of the heavy-fermion electrodynamics predict
additionally a heavy plasma mode [Fig. 1, Eq. (1)],
which may be observable as a second, low-frequency zero
crossing of the dielectric function at temperatures
T (& Tz, as mentioned in the introduction. Bredl et al.
have estimated a Tz =3 K for CeA13. Thus, the HF plas-
ma mode is expected at 9*-5.1 cm '. We see no clear-
cut evidence in our experimental results of such a low-

frequency zero crossing in E, (co) (and therefore, of co')
down to 1.2 K ( Tz (Fig. 5). Evidently, the heavy
plasmon mode is too overdamped at 1.2 K, and may only
be observable well below liquid- He temperatures.

In order to show the detailed temperature dependence
of 0., and c.„we have plotted these quantities obtained
from the surface impedance measurements, as functions
of temperature in Fig. 6. Consistent with the observation
of Fig. 2, no frequency dependence is seen above —10 K,
while at lower temperatures a strongly temperature-
dependent carrier scattering gives rise to peaks in the mi-

crowave conductivity. Of course, at high temperatures
the absence of any frequency dependence implies
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CO ~ne' (~P'
I, = J o. , (co, 1.2 K)dco=

0 2m*
(10a)

2
h ~ne ~p

I2 = cT I(co, 10 K)dco=
0 2mb 8

(10b)

where co, -3 cm ', the frequency above which the con-
ductivity at 10 K is indistinguishable (within our experi-
mental error), from that at lower temperatures, and cob is

(roughly) the frequency above which the interband pro-
cesses dominate o,

At 10 K, above a frequency of -2500 cm ' where the
conductivity has dropped below half its dc value and is
starting to Aatten again, its free-carrier part was taken to
roll off as co . From the spectral weight of the free-
carrier response at 10 K we thus determine the un-
screened optical plasma frequency for CeA13 to be
hv =3.5 eV. This frequency is clearly smaller than the
zero-crossing frequency (7.5 eV) of the dielectric func-
tion, implying the strong inAuence of the interband tran-
sitions. These transitions, if at frequencies )co, tend to
lower the E, zero-crossing frequency, due to their screen-
ing effect. On the other hand, the transitions at frequen-
cies &co would tend to push the zero crossing towards
higher frequencies. This reversal of role of an interband
transition at co;b (say) happens because of its capacitive
screening of the electromagnetic fields for co&co;b (i.e.,
o z &0), while for co) co;b its shielding effect is inductive

(oz )0) (see, e.g. , Ref. 19, p. 46). Our results then sug-

gest the predominance of the low-frequency (i.e., at
co;b&co~) interband transitions. From Fig. 4(a) we notice
at least one such structure, at about 10 cm '

( —1 eV
&hv ).

The ratio I2/I, now gives m */mb =325+50 at 1.2 K.
The uncertainty in m* corresponds to that of +20%%uo in
the Kramers-Kronig conductivity (Fig. 4), evaluated by
taking into account the uncertainties in the surface im-
pedance and the FIR refiectivity data (Fig. 3). This ap-
proach, however, is not suitable to estimate the tempera-
ture dependence of m*, since the low-frequency reso-
nance becomes increasingly less distinguishable from the
frequency-independent response at high-temperatures,
making it harder to estimate the ratio I2/II.

Another method of estimating m /mb together with
the scattering rate I is to consider the low-frequency res-
onance arising from free carriers undergoing frequency-
dependent scattering so that the complex conductivity
may be written as '

cr2«o. „and therefore the dielectric function at various
frequencies approaches 1 [Fig. 6(b)].

To characterize the many-body renormalizations, we
make use of the (model-independent) sum-rule argument:
the ratio of the spectral weight associated with the low-
lying resonance to that of the high-temperature,
frequency-independent response is of the order of
m„/m * [c.f., Eq. (4)], where mb is the band mass and m *

is the effective quasiparticle mass. ' These spectral
weights are obtained by evaluating the following integrals
of our o. , (co) data [Fig. 4(a)]:

~ /4~
o(co)=

I (co) —ico(m */mb )

where ~ is the unscreened optical plasma frequency. To
be exact, this representation for o.(co) is appropriate at
T =0 K. At finite temperatures we use this as an opera-
tional definition of I (co) and m*(co). A relationship be-
tween o „cr2, and I together with m "/mb is then ob-
tained as follows:

2

I (co)= 4' /c7[2

m *(co) cop c7z

mb 47r co~o
2

(12a)

(12b)

When cu« I and co~0, o. , is constant and o.
2 should

tend to zero, while both I (co) and m*(co) must assume
frequency-independent values.

We first discuss the frequency-dependent scattering
rate I (co, T), shown in Fig. 7(a) at several temperatures.
For this purpose, the value of h v =3.5 eV, obtained from
the spectral weight consideration of the 10-K data, was
used [I2 in Eq. (10b)]. At frequencies co =2~v, for which
h v « kz T, the scattering rate is primarily determined by
the temperature. With this expectation, the curves in
Fig. 7(a) have been terminated at 0.2 cm ' (1.2 K =0.8
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FIG. 7. Frequency-dependent optical scattering rate (a) at
four temperatures from Eq. (12a), along with the values ob-
tained using the microwave data. (b) Frequency dependence of
m* obtained from Eq. {12b). Below the low-frequency cut oA;
the effective-mass values are artifactual (see text).
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FIG. 8. Temperature dependence of the effective dynamical
mass obtained from Fig. 7(b). Also shown for comparison is
C /T(Ref. 24).

cm '). Also shown are the values obtained directly from
the surface impedance measurements using Eqs. (6) and
(12a), which are in excellent agreement with those from
the KK analysis. At each temperature, the error bar on
the 35-GHz point also represents the maximum percen-
tage uncertainty in the higher-frequency surface im-
pedance results. Above approximately 7 cm ', the tem-
perature dependence of I disappears, while at low fre-
quencies, the scattering rate is only temperature depen-
dent, thus eliminating the need for uncertain extrapola-
tions. The latter simplification is possible because of the
measurements extending down to very low frequencies.
Interestingly, by 10 K (=7 cm '), there is little frequen-
cy dependence left in I" as well. Over the range showing
the strong frequency dependence of I, a simple Drude
picture with constant parameters does not apply. More-
over, while the frequency dependence of o.

&
is due to a

small scattering rate, its rolloff to a finite value starts
where I acquires a significant frequency dependence.

The previous analysis also gives the frequency-
dependent effective mass, as shown in Fig. 7(b). At 10 K
and above, the coherent state does not exist as the surface

impedance results suggest (Fig. 2), and consequently no
mass enhancement is expected. Indeed in Fig. 7(b), the
10-K data scatter (between 10 and 50) is within the uncer-
tainty in the effective mass. We expect m* in Eq. (11) to
assume constant values at frequencies below which I be-
comes frequency independent. This crossover frequency
[say co„(T)] is approximately 0.3, 0.9, and 0.7 cm ' at
1.2, 3.0, and 5.0 K, respectively [Fig. 7(a)]. Although the
scattering rate saturates below the co„'s, we obtained a
continued frequency dependence of the low-temperature
efFective mass. Since small deviations of the reAectivity
from a perfect analytic function affect the imaginary part
of the KK conductivity much more than its real part,
then from Eq. (12b), cr&(ro) can give rise to a spurious fre-
quency dependence of m *. In light of this possibility, the
unexpected behavior of m * at low frequencies [not shown
in Fig. 7(b)] is to be considered an artifact. The values of
m */mI, at the co„'s are 360, 225, and 160, which we be-
lieve to be appropriate estimates of the zero-frequency
effective masses at these temperatures. Thus, a substan-
tial increase in the effective mass occurs only below 3 K
(for CeA13, T~-3 K!).

Furthermore, we can now remark that the frequency
dependence of o.

&
below co„ is determined by an effective

scattering rate. Defining the latter as I",&= [I (mb/m *)]
at co„, its values are 0.7, 2.5, and 4.5 cm ' at 1.2, 3, and 5

K, respectively. It is worth noting that these values agree
with the width of the narrow resonance in the optical
conductivity [Fig. 4(b)]. These values exceed the
ru„(T)'s, supporting the previously discussed interpreta-
tion of an anomalous Hagen-Rubens behavior, observed
at low temperatures in our microwave data. The frequen-
cy dependence of I is strongest where the electromagnet-
ic response of the system crosses over from one charac-
teristic (i.e., highly renormalized) behavior at low fre-
quencies, to the normal metallic kind at high frequencies.
One of the implications is the loss of frequency depen-
dence of o.

&
over the same range, as seen in Fig. 4. More-

over, the T and co-depend-ent contributions to I (co) seem
to be of comparable magnitudes in Fig. 7(a).

Finally, in Fig. 8 we show the effective mass vs temper-
ature, along with the specific-heat (C /T) data. The
two sets of results were normalized (somewhat arbitrari-
ly) at 5 K for the purpose of comparison. The low- and
high-temperature saturation limits of the electrodynami-
cal mass are associated with the narrow resonance in the

TABLE I. A summary of the optical and thermodynamic parameters of four heavy-fermion corn-
pounds.

Compound

CeA13
Cecu,
CePd3
UPt3

'Present work.
Reference 12.

'Reference 10.
Reference 9.

hVp

(eV)

35
1.8
2.3
2.6'

hVp

(eV)

0.194'
0.150b

0.350'
0.323

m /mb

325
150
40
65

'Reference 14.
Reference 15.
Reference 25.

y(0)
(J/E mol)

1.62'
1.30'
0.04g

0.42'

m */m,

690
600

44
240
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density of states (DOS), and the broad underlying band,
respectively. At mid temperatures, the effective dynami-
cal mass has intermediate values due to a temperature-
dependent Fermi-surface renormalization. Regarding the
thermodynamic experiments, C /T and y primarily mea-
sure the DOS at the Fermi level (averaged over an energy
width kiiT). The decrease of C /T and g with tempera-
ture reAects the gradual disappearance of correlation
effects, and the contribution of higher-order temperature
corrections. For T—Tz, the many-body resonance
width, these higher-order terms (in the Bethe-Sommerfeld
expansion) become important. Consequently, C /T may
not be expected to give the correct temperature depen-
dence of the effective mass directly. Nevertheless, it is re-
markable that the thermodynamic and electrodynamic
quantities have comparably similar temperature depen-
dences (Fig. 8). Precisely what can be learned from this
peculiar correspondence remains to be seen.

IV. CONCLUSION

served temperature-dependent effective mass, and the
crossover behavior of the scattering rate with frequency,
which cannot be obtained from a multiband picture. An
analysis involving several bands has been found to be
inadequate. We find that the analysis of thermodynamics
and electrodynamics leads to similar effects, both ex-
pressed in terms of a renormalized effective mass. This
feature is general, and applies to various strongly corre-
lated metallic systems. In order to give a summary of the
renormalization effects for heavy fermions, we show in
Table I the two plasma frequencies co and co*, and the
resultant mass enhancement m */mb for four well-
studied compounds. Also shown in the same table are
the low-temperature limiting value of the specific-heat
coefficient y(0), and the enhancement over the free-
electron mass, obtained by combining to~ and y(0). The
renorrnalizations of the plasma frequency and of the
specific-heat coefficient are evidently consistent with the
enhancement of the quasiparticle mass.

In this paper, we have examined the frequency-
dependent conductivity of the extremely correlated
heavy-fermion compound CeA13. At low temperatures,
we observe a zero-frequency resonance in the dynamic
conductivity. The frequency and temperature depen-
dence of the scattering rate and the effective mass were
evaluated and compared with thermodynamic measure-
ments. We suggest that the narrow resonance is due to
correlation effects. This conclusion is based on the ob-
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