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Charge excitation spectrum in UPt3

P. Tran, S. Donovan, and G. Gru¨ner
Department of Physics and Astronomy, University of California, Los Angeles, Los Angeles, California 90095-1547

~Received 12 October 2001; published 22 April 2002!

We report on the observation of a pseudogap, together with a zero-energy mode at low temperatures in the
heavy fermion compound UPt3 . The zero-energy mode can be described by an extended Drude response with
a frequency-dependent mass and relaxation rate. The spectral weight of this mode is in good agreement with
the superconducting penetration depth if the usual sum rule arguments are used. The pseudogap energy, in units
of \v/kB , is comparable to the temperature where the magnetic correlations develop~at approximately 5 K!.
Our findings indicate that the magnetic state observed in this material is related to a Fermi-surface instability
of the heavy fermion state. We also compare the optical response to the conductivity observed in other heavy
fermion compounds with a magnetic ground state.
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I. INTRODUCTION

Heavy fermion~HF! metals at low temperatures have a
tracted wide interest in recent years. The thermodynamic
magnetic properties are usually described in the context o
interacting Fermi liquid~FL!, leading to a strongly enhance
specific heat and magnetic~Pauli! susceptibility.1 These are
understood to arise as a consequence of a coherent m
body resonance which appears at the Fermi level.2 The nar-
row bandwidth translates into a heavy mass, hence the n
heavy fermions. This state is gradually removed by therm
fluctuations, and the temperature scale describing this is
ally referred to as the coherence temperatureTcoh.

The transport properties, and in general the electro
namic response of heavy fermion materials, are fundam
tally different from that of a simple metal.3 The charge exci-
tation spectra are described by the frequency-
temperature-dependent relaxation rateG* (v,T) and the ef-
fective massm* (v,T).

In this paper, we discuss the optical properties of the
chetype heavy fermion compound UPt3 . The material is one
of the most studied among the strongly correlated metals
the coherent regime, the dc resistivity increases asT2, in-
dicative of electron-electron scattering. The coefficient
this T2 term is proportional to the square of the specific-h
coefficient, as expected for a Fermi liquid.4 This then sug-
gests that UPt3 is a simple renormalized FL at low temper
tures and low frequencies. However, various experiment5–8

which sample the magnetic character of the state, suc
neutron scattering, muon spin rotation, and NMR, indic
the progressive development of a magnetic state below a
5 K. The magnetic moment is extremely small,m
50.02mB , and long-range order cannot be observed. T
nature of this state is not well understood and is also not w
characterized. There is no firm conclusion about the natur
the ground state, in particular whether the magnetic orde
commensurate with the underlying lattice. The appearanc
the magnetic moment is in clear conflict with a simple F
description. Moreover, the role of impurities and their co
tribution to the magnetic characteristics is not establishe

Earlier optical experiments9–13 in this material have estab
lished many of the salient features of the HF metals, suc
0163-1829/2002/65~20!/205102~8!/$20.00 65 2051
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the enhanced electrodynamical mass, enhanced relax
time, and reduced spectral weight. These experiments, h
ever, did not sample the response at low energies~well below
the conventional spectral range where Fourier transfo
spectroscopy is effective!, or they were conducted only at
few selected frequencies and a detailed evaluation of
frequency-dependent response was not possible.

In this paper, we summarize our low-energy optical stu
ies of both polycrystalline and single crystal UPt3 . By con-
ducting careful experiments in the millimeter wave and m
crowave spectral range, we find, by analyzing both the r
and imaginary parts of the optical conductivityŝ(v)
5s1(v)1 is2(v), that below approximately 5 K a
pseudogap develops in the optical spectrum. This gap
pears in the same temperature region where magnetic c
lations have been observed in this compound, and the m
nitude of the gap is comparable to the thermal ene
associated with the development of~short range! magnetic
correlations. The observation suggests that in this mate
~and possibly in other compounds where electron-elect
correlations are important!, the development of a coheren
FL state, at a temperatureTcoh, is followed, upon a further
decrease of the temperature, by a state where the excita
do not have a simple gapless character. It is conceivable
this state is close to a spin-density-wave state, leading
pseudogap in the charge excitation spectrum.

We first summarize the experimental technique emplo
and our experimental results. This is followed by an analy
of the frequency-dependent complex conductivity. The c
nection of the response in the normal state to the super
ducting penetration depth is also established. Finally,
compare our findings on UPt3 with observations on other HF
magnetic metals. Some of our results were publish
earlier.14

II. EXPERIMENTAL RESULTS

Measurements were made on a large polycrystalline U3
ingot (13130.15 cm3) and on needlelike single crysta
~with excellent surface characteristics!, both grown by Pro-
fessor Maple’s group at UCSD. We have measured the t
perature dependence of the resistivity in both single cry
©2002 The American Physical Society02-1
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and polycrystal specimens, and the results are displaye
Fig. 1. Both single-crystal and polycrystal samples displa
temperature dependence given byr5r01AT2, with the pa-
rameters given in the figure. We find the polycrystalli
sample to have a dc resistivityrdc of 4 mV cm at 1.2 K,
somewhat higher than the sample of Ref. 11, but still indi
tive of the high quality of the sample. The single-crys
samples had a typical resistivity~when extrapolated toT
50! of 1.5 mV cm along the needle axis. In both cases
resistivity starts to deviate from the quadratic temperat
dependence above about 5 K; this is interpreted as the o
of the gradual destruction of the correlated state with incre
ing temperature.

In order to probe the electrodynamical response of U3
and to evaluate the frequency-dependent complex condu
ity ŝ(v)5s1(v)1 is2(v) over a broad frequency rang
~0.2–105 cm21!, our data, obtained using a variety of diffe
ent experimental techniques, have been combined. Ou
sults, obtained in the low energy end of the electromagn
spectrum~the micro and millimeter wave spectral range!,
have been also combined with the findings obtained by o
ers at higher frequencies; this allows the utilization of t
Kramers-Kronig~KK ! relations. Previous investigations9–13

by several different groups have been carried out in the
gion between 2 cm21 and the ultraviolet~UV! spectral range.
We have employed a quasioptical method in the millime
wave spectral range.15 This configuration allows an evalua
tion of both components of the optical conductivity. In th

FIG. 1. Temperature dependence of the dc resistivity meas
on ~a! single crystalline and~b! polycrystalline UPt3 used in this
study. The dashed lines show theT2 temperature dependence of th
dc resistivity, with parameters given on the figure. The insets are
plots of the dc resistivity vsT2 at low temperatures; the straight-lin
fits indicate Fermi-liquid behavior.
20510
in
a

-
l

e
e
set
s-

t
iv-

e-
ic

-

e-

r

microwave spectral range, most of our experiments e
ployed cavity resonators. In this method, the cavity char
teristics ~the width and central frequency of the resonan
line shape! are measured as a function of temperature b
with and without the sample presence. Two different co
figurations are employed. For the small single-crystall
specimens, the sample is inserted into the resonant cavi
a position of maximum magnetic or electric field. For th
polycrystalline specimens, the sample forms part of the re
nance structure—usually the end wall of the cavity. T
complex surface impedanceZs5Rs2 iXs of the sample is
proportional to the change in the cavity characterist
caused by the introduction of the sample into the cavity
replacing the end wall~Rs is the surface resistance andXs is
the surface reactance!. The method and the analysis of th
experimental results are fully described in Refs. 16 and
These parameters, in turn, can be used to calculate the c
ponents of the complex conductivityŝ(v) through the
relation

Zs5Rs2 iXs5S m0v

4p i ~s11 is2! D
1/2

~1!

wherev is the measured frequency andm0 is the free-space
permeability. In order to extract absolute values, we ha
assumed that above 30 K UPt3 behaves as a simple metal
the Hagen-Rubens limit@with ŝ(v)'s1(v)'sdc#, where

Rs5Xs5S m0vrdc

8p D 1/2

, ~2!

The relatively high resistivity at 30 K leads to a sho
relaxation time justifying this assumption. Our data for po
crystalline UPt3 , as shown in Fig. 2, were normalized at 3
K using the dc resistivity obtained from a small slice of t
same ingot.

Two types of resonators were employed: enclosed me
lic resonators17 and so-called composite resonators.18 At fre-
quencies of 2.0, 3.3, and 5.0 cm21, the UPt3 ingot was used
as the end plate of a TE011 enclosed resonator with an un
loaded low-temperature quality factor ofQ5104. At lower
frequencies, the enclosed resonators are large, and be
impractical. We have developed cavities, which we call co
posite resonators, where part of the enclosed structur
filled with a high-dielectric-constant medium.~As, broadly
speaking, the size of the resonant structure is proportiona
«21/2, where « is the dielectric constant of the dielectr
which fills the cavity, a significant reduction of the size of th
resonator can be achieved!. Consequently, the end-plate co
figuration can be extended to low frequencies. We have u
this method at frequencies of 0.25, 0.47, and 1.2 cm21.

Surface roughness is known to enhance the surface
pedance, and has to be corrected for.19 This was taken into
account by using two different approaches. A reference
was made at each frequency by evaporating several mic
of Au onto the surface of the ingot and remeasuring.
found that the cavityQ with the Au-covered sample wa
approximately 50% lower than with a smooth Cu end pla
we attribute the reduction of the cavityQ to the surface
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e
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CHARGE EXCITATION SPECTRUM IN UPt3 PHYSICAL REVIEW B 65 205102
roughness of our polycrystalline sample. A detailed comp
son of the results of Ref. 12, obtained on the same ingo
measured here, indicates that we have obtained a some
lower value ofRs than previously found. We attribute thi
discrepancy to the fact that the previous data were analy
using a Cu end plate reference run, and the additional lo
associated with the surface roughness of the sample w
improperly attributed to the intrinsic behavior of UPt3 . A
reanalysis of Awasthiet al.’s data12 at 3.3 cm21 was made
and compared with our results at the same frequency.
find that, within the experimental error, the two sets of d
give identical results. The same reanalysis of Awasthiet al.’s
data was made at 5 cm21, and the results are also shown
Fig. 2. Alternatively, we have assumed that surface rou
ness leads to an additional, temperature-independent
which has been evaluated as follows. Again, we assume
above 30 K UPt3 is in the Hagen-Rubens limit. Without
contribution to the loss due to surface roughness, the cha
of the width versusrdc

1/2 is expected to be a straight lin
intercepting the origin. We find that our results above 30
when plotted againstrdc

1/2, give a straight line, though with a
finite intercept forrdc

1/2 extrapolated to zero. We believe th
value represents the contribution of the surface roughnes
the loss, and have used this value in correcting our res
The same procedure is applied to correct for the freque
shift. Employing anin situ perturbation technique,16 we have

FIG. 2. Temperature dependence ofrdc ~solid line! together with
the resistivities calculated from the microwave surface resista
and reactance~2Rs

2/vm0 and 2Xs
2/vm0 , respectively! of poly-

crystalline UPt3 . The data were obtained from two different expe
mental arrangements:~a! enclosed resonators, and~b! composite
resonators. The data at 5.0 cm21 were taken from Ref. 12. The dat
were normalized to the dc resistivity by assuming that, above 30
UPt3 behaves as a simple metal in the Hagen-Rubens limit.
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measuredZs of the small needlelike single crystals of UP3

by placing the needle axis along the maximum electric fie
The data are displayed in Fig. 3. Due to the excellent surf
characteristics, no correction for the surface roughnes
needed.

Two different and complementary methods were used
extract the components of the frequency-dependent con
tivity from the measured surface impedance data. The
method is based on an evaluation of the absorptivityA(v)
from the surface resistance. For conducting samples withRs ,
Xs!Zo , whereZo5377V is the impedance of free spac
and the absorptivityA(v) is simply related toRs by the
relation20

A~v!512R~v!'
4Rs

Zo
. ~3!

As bothRs andXs are much smaller thanZo for UPt3 at
all temperatures investigated, we can combine our res
with the results from previous measurements. At 1.2 K, al
the results are displayed in Fig. 4~a!. Data obtained at differ-
ent temperatures are displayed in Fig. 4~b!. An additional
reflectivity measurement was carried out between 7 and
cm21 in the submillimeter spectral range using a coher
source spectrometer,19 and the results are also displayed
Fig. 4. Within experimental uncertainty, the results of th
nonresonant measurement are temperature independen
low 20 K. These data are consistent with previous absorp
ity measurements.11,12

At each temperature, we have made an interpolation
tween the measured points, as shown in Fig. 4, and h
used these values, together with suitable extrapolation
both low and high frequencies, to make a KK transformat

ce

,

FIG. 3. Temperature dependence ofrdc together with,
2Rs

2/vm0 and 2Xs
2/vm0 measured on single-crystalline UPt3 , us-

ing the enclosed resonator arrangement. The data refer to the
surements with the microwave electric field along the highly co
ducting c direction. Both the surface resistance and surfa
reactance were normalized at high temperature~above 30 K! by
assuming that the Hagen-Rubens limit applies.
2-3
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P. TRAN, S. DONOVAN, AND G. GRU¨ NER PHYSICAL REVIEW B65 205102
of A(v). In Fig. 5, we displays1(v) ands2(v) at 1.2 and
20 K, normalized to the dc conductivity at 1.2 K.

The second method of evaluating the two component
the optical conductivitys1(v) and s2(v) utilizes bothRs
andXs , and is based on Eq.~1!, which establishes the rela
tion between the components of the surface impedance
conductivity. Due to the thermal expansion, at frequenc
0.23 and 0.4 cm21, we were unable to measureXs of the
single crystal, and the values ofs1 which are shown in Fig.
5 are calculated assuming thatRs5Xs ; the Hagen-Rubens
relation given in Eq.~2!. This is a reasonable assumption,
will be discussed later.

III. DISCUSSION

We first note that the frequency-dependent absorptivit
different from that of the renormalized Drude metal. In p
ticular, the absorptivity shown in Fig. 4 displays a we
defined minimum near 3 cm21. Such a minimum is the sig

FIG. 4. ~a! absorptivity A(v) measured at 1.2 K by variou
techniques. The solid and dotted lines are the optical absorpt
data taken from Refs. 10 and 11. The open and solid symbols
the results of the microwave cavity measurements, calculated f
Rs values shown in Figs. 2 and 3. Data displayed by asterisks
taken from the submillimeter reflectivity measurements at 4.2
~Ref. 14!. The dashed line is an interpolation used to calculate
conductivity through the KK relation.~b! absorptivityA(v) mea-
sured between 1.2 and 20 K. The dashed lines are the interpola
used in the KK analysis. The solid lines are again the optical
sorptivity data taken from Refs. 10 and 11.
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nature of the development of a pseudogap. This pseudog
also clearly evident in the frequency dependence of the c
ductivity s1(v), displayed in Fig. 5. This gap feature grad
ally disappears with increasing temperature; it is not evid
above 5 K, and at 20 K the conductivity is observed to
essentially independent of frequency.

Before discussing the implications of our findings, w
comment on the reliability of the analysis procedures
have employed. Both methods of evaluation ofs1(v) lead
to a pseudogap in the millimeter wave spectral range. Thi
well established as a result of the increase ofs1(v) below
about 1 cm21, by the strong decrease ofs1(v) at 2.0 and 3.3
cm21 as the temperature is lowered to 1.2 K, and by
weak temperature dependence at higher frequencies. The
analysis also leads to a pseudogap—A(v) directly evident
from, which displays a minimum near 3 cm21 followed by
sharp rise at higher frequencies. However, within our exp
mental uncertainties, the precise shape of this pseudoga
undetermined due to the difficulties associated with the
analysis, where interpolations have to be used between
data points available at fixed frequencies. Next we disc
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FIG. 5. The complex optical conductivity of UPt3 . The solid
and dashed lines are the results of the KK calculations at 1.2 an
K, respectively. The displayed data points~at 0.25, 0.47, 1.2, 2.0
and 3.3 cm21! are conductivity values calculated directly fromRs

and Xs . The dash-dotted lines are the Drude fit to the lo
frequency part of the 1.2-K spectrum, using a frequen
independent scattering rate.~a! The real parts of the optical conduc
tivity s1(v) at 1.2 and 20 K, normalized to the dc resistivity at 1
K @2.53105 and 6.53105 V21 cm21 for polycrystalline and single-
crystalline samples, respectively#. ~b! The imaginary parts of the
optical conductivitys2(v), which are also normalized to the d
resistivity at 1.2 K. The symbols refer to both~a! and ~b!.
2-4
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CHARGE EXCITATION SPECTRUM IN UPt3 PHYSICAL REVIEW B 65 205102
the two salient features we observe: the zero energy m
and the pseudogap.

A. Zero-energy mode

In the single-band model atT50 K, where the free carri-
ers are undergoing frequency-dependent scattering, the c
plex conductivity@ŝ(v)5s1(v)1 is2(v)# may be written
in the form of an extended Drude conductivity

ŝ~v!5
vp

2

4p

1

G~v!2 iv@m* ~v!/mb#
, ~4!

wherevp52pnp is the angular unscreened optical plasm
frequency, andmb53.7me is the optical band mass~me is
the free-electron mass!.11 The frequency-dependent scatte
ing rateG~v! and effective massm* (v) can be expressed i
terms ofs1 ands2 as follows:

G~v!5
vp

2

4p
•

s1~v!

@s1~v!#21@s2~v!#2 , ~5a!

m* ~v!

mb
5

vp
2

4p
•

s2~v!/v

@s1~v!#21@s2~v!#2 . ~5b!

A Drude fit to the zero-energy mode of the conductiv
~Fig. 5a!, using a frequency-independent scattering rateG,
givesnp52.4 eV, G532.5 cm21, andm* /mb565.

At finite temperature, using the measured temperatu
dependent conductivity, one can calculate the temperat
dependent effective mass and relaxation rate, as displaye
Fig. 6. The temperature dependence of the mass indica
gradual removal of the enhancement effects with increas
temperature. Taking the temperature where the mass
creases by a factor of 2 from its zero-temperature value le
to a characteristic temperature, which we associate with
coherent temperature (Tcoh) of approximately 15 K. This
value is in broad agreement with the values derived from
temperature dependence of the thermodynamic quantitie21

With the conductivitiess1(v) and s2(v) at 1.2 K, as
evaluated fromRs andXs , Eq. ~5! gives enhanced masses
m* /me5254, 260, and 247 at frequencies of 0.25, 0.47, a
1.2 cm21, respectively, as shown in Fig. 6. These resu
suggest that, within experimental uncertainties,m* is fre-
quency independent in this energy range. Furthermore,
low 5 K m* is also temperature independent. For a Fe
liquid, at low temperatures and frequencies, the effec
mass is, to a good approximation, independent of temp
ture and frequency while the temperature and frequency
pendence of the relaxation rate are given by22

G5A~kBT!21B~\v!21G0 , ~6!

where A and B are the temperature- and frequenc
independent coefficients, andG0 is the relaxation rate due t
impurity scattering. Using the unscreened plasma freque
np52.4 eV and the dc residual resistivityr053.35mV cm
@from Fig. 1~b!#, the calculated value forG0 is 20.9 cm21.
The electron-electron scattering process should lead to a
eral relation between the coefficientsA and B. Within the
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framework of FL theory, the ratioA/B is (2p)2 for electron-
electron scattering processes.23 Our experimental result, from
Fig. 6~a!, gives a ratioA/B of 0.31 at 0.25 cm21.

As shown in Fig. 7, our experimental result at 1.2 K yie
theA/B ratio of 0.37. These results are in clear disagreem
with the value (2p)2 predicted from FL theory. Next we
discuss the spectral weight of the zero-energy mode.

E
0

`

s1~v!dv5
pne2

2m*
[

~vp* !2

8
, ~7!

where vp* 5A4pne2/m* is the renormalized plasma fre
quency, andn51.531022 cm23 is the carrier density de
rived from Hall measurements.24 Assuming all the electrons
participate in this mode, the number of carriers~from the
Hall measurements! leads to a strongly enhanced effectiv
mass ofm* 5300me at 1.2 K. This is in excellent agreemen
with the effective mass as evaluated from the surface imp
ance measurements directly@using Eq.~5!#. This value of the
effective mass can be compared with the enhanced ther
dynamic mass,24 of m* <400me , establishing a clear rela
tion between the thermodynamics and electrodynamics of
HF state. Such an overall correspondence has been fo
earlier for a variety of HF compounds.3

FIG. 6. ~a! The temperature dependence of the relaxation ratG
in polycrystalline UPt3 , as measured at 0.25, 0.47, and 1.2 cm21

~displayed by the dotted, dashed, and dash-dotted lines!, together
with the T2 fit to the data at 0.25 cm21 ~solid line!. The marking
arrows on the left axis show the zero-temperature extrapolation
different frequencies, and indicate the strong frequency-depend
of G at low temperatures.~b! The temperature dependence of t
renormalized effective mass. Note thatm* /mc is approximately in-
dependent of the temperature below 5 K, where the relaxation r
display aT2 temperature dependence. The symbols refers to b
~a! and ~b!.
2-5
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P. TRAN, S. DONOVAN, AND G. GRU¨ NER PHYSICAL REVIEW B65 205102
The spectral weight can be related to the superconduc
properties through the well-known Tinkham-Ferrell su
rule.25 The London penetration depthl is given by

l~T50!5
c

A8*0
`Ds1~v!dv

, ~8!

where Ds1(v) is the difference between the conductivi
observed in the metallic and superconducting states. Ass
ing a weak-coupling superconductivity, the transiti
temperature26 of 0.7 K translates into a superconducting g
of 1.5 cm21. The inverse renormalized relaxation time 1/t is
smaller than the superconducting gap, placing UPt3 in the
clean limit. In this limit, Eq.~8! reduces to

l~T50!5
c

vp*
. ~9!

The renormalization of the London penetration depth
been derived by Varmaet al.,27 and their conclusion is in
agreement with Eq.~9!. Using the value ofvp* as established
before, we arrive atl(T50 K)57000 Å. This value is in
excellent agreement with the value measured direc
l56000– 7000 Å.28

B. Finite-energy charge excitation

As described in Sec. III A, the zero-energy mode of t
optical conductivity at 1.2 K can be fitted to an extend
Drude form. Above 3 cm21, the optical conductivity at 1.2 K
has a gaplike feature. We note that the broad maximum
served around 7 cm21 is different from what is observed fo
a three-dimensional semiconductor29 ~where the conductivity

FIG. 7. ~a! The frequency-dependent scattering rate at 1.2 K
frequencies below the pseudogap region. The full line is a fit to
data using Eq.~6!. ~b! The frequency dependence of the effecti
mass in the same spectral range. The dashed line through the
points indicates a frequency-independent effective mass.
20510
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increases as@\v2D#1/2 above the gapD!. The feature we
observe is instead reminiscent of what is expected for a s
density state,30 or a nearly one-dimensional metallic state31

which can be described in terms of the Hubbard model n
half-filling. Both lead to a conductivity which is given b
s1(v);@\v2D#21/2 near to the gap. Instead of a wel
defined square root singularity at the gap, here we obser
somewhat broadened feature with a finite conductivity bel
the maximum. These features would suggest a pseudoga
contrast to a fully developed gap, in the charge excitat
spectrum. This pseudogap conductivity can be fitted to
conductivity of a one-dimensional semiconductor,@\v
2D#21/2, convoluted with a Gaussian distribution. Such a
is displayed in Fig. 8. This gap feature appears both in m
surements on the single crystals and on the polycrystals.
cause the single crystal measurements probe the resp
only along one axis, while the polycrystal measurements
erage over all directions, we argue that the pseudogap m
open up along the entire Fermi surface.

IV. CONCLUSIONS

The overall feature of the charge excitation spectrum
UPt3 at low temperatures and frequencies is dramatically
ferent from that of a renormalized Fermi liquid. We find
zero-energy mode coexisting with gapped charge excitatio
the latter having an energy of the order of 1 meV. This fe
ture appears in the temperature range where the resist
displays aT2 temperature dependence, and indicates tha
renormalized Fermi liquid picture is inadequate in describ
the thermodynamic and transport properties. The zero-en
mode has small spectral weight, in agreement with the
hanced thermodynamic quantities. The small spectral we
is also in full agreement with the magnitude of the Lond
superconducting penetration depth.

The finite-energy mode centered around 1 meV is sim
to what is expected for a fluctuating spin density wave st

t
e

ata

FIG. 8. The KK calculation~solid line! of the optical conduc-
tivity at 1.2 K, fitted to a Drude formsdrude(v) and a pseudogap
form sgap(v), as described in the text.
2-6
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CHARGE EXCITATION SPECTRUM IN UPt3 PHYSICAL REVIEW B 65 205102
with only short-range order;30 such a state would lead to
pseudogap instead of a well-defined gap in the charge e
tation spectrum. This suggests close connection to the sh
range magnetic order observed by various experiments5–8

The pseudogap we observe indicates that the magnetic
develops as the consequence of a Fermi surface instabil
situation similar to that of a spin-density-wave~SDW!
state.30 A SDW state withs-wave symmetry is expected t
lead to such features, butd-wave ~electron-hole! pairing32

also produces the features we observe.
In Fig. 9, we have displayed the optical gaps of three

compounds with a magnetic ground state.32,33The increasing
transition temperature is associated with an increased op
gap, in accordance to the simplest BCS expression of the
2D53.5kBTc , indicated by the full line in Fig. 9. This
would imply a Fermi-surface instability scenario for the
materials. The magnetic properties suggest a more com
cated state. The magnetic moment of a simple~s-wave! SDW
state is given by30

m

mB
5

DSDW

D ren
5

DSDWmb

Dm*
~10!

where D is the unrenormalized bandwidth,D ren
5D(mb /m* ) is the renormalized bandwidth, andmb is the
bare, unrenormalized band mass. Here we have assume
not the unrenormalized, bare bandwidthD but the renormal-
ized bandwidthD ren is the relevant energy scale. This wou
imply a small moment in each case, and a moment wh
also depends on the gap and on the strength of renorma
tion. Using the unrenormalized bandwidth of 1 eV, Eq.~10!
together with the effective-mass value we have derived
fore, leads tom;0.1mB in UPt3 , a magnetic moment signifi
cantly larger than that observed.5–8 In UCu5 , on the other
n

ry

nd

.
-
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20510
ci-
rt-

ate
, a
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hand, a large moment of the order ofmB is obtained in clear
contrast with what one would obtain from Eq.~10!. Clearly,
the HF magnetic state of these materials is not fu
understood.34
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FIG. 9. Optical gaps of various heavy fermion materials with
magnetic ground state vs the transition temperatures for the ons
the magnetic state. The data for URu2Si2 and UCu5 are taken from
Ref. 33. The full line represents the BCS expression,D
53.5kBTc .
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