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We report on the observation of a pseudogap, together with a zero-energy mode at low temperatures in the
heavy fermion compound UPt 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 hw/kg, is comparable to the temperature where the magnetic correlations déatekmproximately 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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[. INTRODUCTION the enhanced electrodynamical mass, enhanced relaxation
time, and reduced spectral weight. These experiments, how-
Heavy fermion(HF) metals at low temperatures have at- ever, did not sample the response at low energiesl below
tracted wide interest in recent years. The thermodynamic anthe conventional spectral range where Fourier transform
magnetic properties are usually described in the context of aspectroscopy is effectiyeor they were conducted only at a
interacting Fermi liquidFL), leading to a strongly enhanced few selected frequencies and a detailed evaluation of the
specific heat and magnetiPaul) susceptibility* These are frequency-dependent response was not possible.
understood to arise as a consequence of a coherent many-In this paper, we summarize our low-energy optical stud-
body resonance which appears at the Fermi |18Wéle nar- ies of both polycrystalline and single crystal YPBy con-
row bandwidth translates into a heavy mass, hence the nangicting careful experiments in the millimeter wave and mi-
heavy fermions. This state is gradually removed by thermatrowave spectral range, we find, by analyzing both the real
fluctuations, and the temperature scale describing this is usand imaginary parts of the optical conductivit§(w)
ally referred to as the coherence temperaflyg,. =o0(w)+tioy(w), that below approximately 5 K a
The transport properties, and in general the electrodypseudogap develops in the optical spectrum. This gap ap-
namic response of heavy fermion materials, are fundamerpears in the same temperature region where magnetic corre-
tally different from that of a simple metdlThe charge exci- lations have been observed in this compound, and the mag-
tation spectra are described by the frequency- andiitude of the gap is comparable to the thermal energy
temperature-dependent relaxation rife(w,T) and the ef- associated with the development @hort rangg magnetic
fective masan* (w,T). correlations. The observation suggests that in this material
In this paper, we discuss the optical properties of the ar(and possibly in other compounds where electron-electron
chetype heavy fermion compound WPThe material is one correlations are importantthe development of a coherent
of the most studied among the strongly correlated metals. IfrL state, at a temperatuii.,,, is followed, upon a further
the coherent regime, the dc resistivity increased gsin- decrease of the temperature, by a state where the excitations
dicative of electron-electron scattering. The coefficient ofdo not have a simple gapless character. It is conceivable that
this T? term is proportional to the square of the specific-heathis state is close to a spin-density-wave state, leading to a
coefficient, as expected for a Fermi liqdidhis then sug- pseudogap in the charge excitation spectrum.
gests that URtis a simple renormalized FL at low tempera-  We first summarize the experimental technique employed
tures and low frequencies. However, various experirﬁéﬁts and our experimental results. This is followed by an analysis
which sample the magnetic character of the state, such & the frequency-dependent complex conductivity. The con-
neutron scattering, muon spin rotation, and NMR, indicatenection of the response in the normal state to the supercon-
the progressive development of a magnetic state below abodticting penetration depth is also established. Finally, we
5 K. The magnetic moment is extremely smally  compare our findings on UPwith observations on other HF
=0.02ug, and long-range order cannot be observed. Thénagnetic metals. Some of our results were published
nature of this state is not well understood and is also not welgarlier’*
characterized. There is no firm conclusion about the nature of
the ground state,.in particular vyhether the magnetic order is Il EXPERIMENTAL RESULTS
commensurate with the underlying lattice. The appearance of
the magnetic moment is in clear conflict with a simple FL  Measurements were made on a large polycrystallingg UPt
description. Moreover, the role of impurities and their con-ingot (1xX1x0.15 cn?) and on needlelike single crystals
tribution to the magnetic characteristics is not established. (with excellent surface characteristicdoth grown by Pro-
Earlier optical experiments®®in this material have estab- fessor Maple’s group at UCSD. We have measured the tem-
lished many of the salient features of the HF metals, such aserature dependence of the resistivity in both single crystal
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i N microwave spectral range, most of our experiments em-
@ 1 ployed cavity resonators. In this method, the cavity charac-
teristics (the width and central frequency of the resonance
Py =152+038T2 T line shapg are measured as a function of temperature both
with and without the sample presence. Two different con-
figurations are employed. For the small single-crystalline
T specimens, the sample is inserted into the resonant cavity at
1 a position of maximum magnetic or electric field. For the
T polycrystalline specimens, the sample forms part of the reso-
I nance structure—usually the end wall of the cavity. The
complex surface impedancg,=R;—iXs of the sample is
proportional to the change in the cavity characteristics
caused by the introduction of the sample into the cavity or
replacing the end wallR is the surface resistance akd is
the surface reactanceThe method and the analysis of the
experimental results are fully described in Refs. 16 and 17.
These parameters, in turn, can be used to calculate the com-
ponents of the complex conductivitg(w) through the
relation
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wherew is the measured frequency apg is the free-space
FIG. 1. Temperature dependence of the dc resistivity measuregermeability. In order to extract absolute values, we have
on (a) single crystalline andb) polycrystalline UP§ used in this assumed that above 30 K URiehaves as a simple metal in
study. The dashed lines show thé temperature dependence of the the Hagen-Rubens limfwith &(w)~ o, (w)=~ o4, where
dc resistivity, with parameters given on the figure. The insets are the
plots of the dc resistivity v3? at low temperatures; the straight-line Ho®Pge

12
fits indicate Fermi-liquid behavior. Rs= Xs:( 8

: 2

and polycrystal specimens, and the results are displayed in The relatively high resistivity at 30 K leads to a short
Fig. 1. Both single-crystal and polycrystal samples display aelaxation time justifying this assumption. Our data for poly-
temperature dependence givendy po+AT?, with the pa-  crystalline UP§, as shown in Fig. 2, were normalized at 30
rameters given in the figure. We find the polycrystallineK using the dc resistivity obtained from a small slice of the
sample to have a dc resistivifyy. of 4 ulcm at 1.2 K, same ingot.
somewhat higher than the sample of Ref. 11, but still indica- Two types of resonators were employed: enclosed metal-
tive of the high quality of the sample. The single-crystallic resonator¥’ and so-called composite resonatttat fre-
samples had a typical resistivitiwhen extrapolated t&  quencies of 2.0, 3.3, and 5.0 ch the UP4 ingot was used
=0) of 1.5 uQ)cm along the needle axis. In both cases theas the end plate of a Bl enclosed resonator with an un-
resistivity starts to deviate from the quadratic temperaturdoaded low-temperature quality factor @=10*. At lower
dependence above about 5 K; this is interpreted as the onsiequencies, the enclosed resonators are large, and become
of the gradual destruction of the correlated state with increasmpractical. We have developed cavities, which we call com-
ing temperature. posite resonators, where part of the enclosed structure is
In order to probe the electrodynamical response of;UPtfilled with a high-dielectric-constant mediurfAs, broadly
and to evaluate the frequency-dependent complex conductispeaking, the size of the resonant structure is proportional to
ity o(w)=0(w)+io,(w) over a broad frequency range ¢ Y2, where¢ is the dielectric constant of the dielectric
(0.2-105 cm?), our data, obtained using a variety of differ- which fills the cavity, a significant reduction of the size of the
ent experimental techniques, have been combined. Our reesonator can be achieye€onsequently, the end-plate con-
sults, obtained in the low energy end of the electromagnetifiguration can be extended to low frequencies. We have used
spectrum(the micro and millimeter wave spectral range this method at frequencies of 0.25, 0.47, and 1.Z2tm
have been also combined with the findings obtained by oth- Surface roughness is known to enhance the surface im-
ers at higher frequencies; this allows the utilization of thepedance, and has to be corrected'foFhis was taken into
Kramers-Kronig(KK) relations. Previous investigatiohs®  account by using two different approaches. A reference run
by several different groups have been carried out in the rewas made at each frequency by evaporating several microns
gion between 2 cm' and the ultravioletUV) spectral range. of Au onto the surface of the ingot and remeasuring. We
We have employed a quasioptical method in the millimeterfound that the cavityQ with the Au-covered sample was
wave spectral rang®. This configuration allows an evalua- approximately 50% lower than with a smooth Cu end plate;
tion of both components of the optical conductivity. In the we attribute the reduction of the cavi® to the surface

205102-2



CHARGE EXCITATION SPECTRUM IN UP% PHYSICAL REVIEW B 65 205102

T
100 L Single Crystal UPt, .
E 8
8AA&6%A&
- § o086
’g .
é 4 1 10 <
A F
Py o de
Z L L * ® t ] E B Rpw 023cn!
E AN ..o 0 2X/mw» 33cm § g . ZRSZ/HO(D 040 cni!
E l.o. v 2R52/u0w 5.0cm™ = . A ZRSZ/H © 20cni i
% @ ] « lE 2 2pend 3
i 1 F AL® A 2X%/nw 20cni ]
0.1 . S — C A'f & RZuo 33ci
r TA 0 2XYpo 33cn!
OlF e 5
2 1 L PR TR | 1 : L S T S T
5 N 1 10 100
o a Temperature (K)
C::x. o .
Z " E o FIG. 3. Temperature dependence @f together with,
3 * Wipe 12an’! 2R wpug and 2X2/ wuy measured on single-crystalline YPus-
i o Kl 12an! ing the enclosed resonator arrangement. The data refer to the mea-
r (tl’) ] surements with the microwave electric field along the highly con-
oL — % w  ducting c direction. Both the surface resistance and surface

reactance were normalized at high temperaiatgove 30 K by

Temperature (K) assuming that the Hagen-Rubens limit applies.

FIG. 2. Temperature dependencepgf (solid line) together with
the resistivities calculated from the microwave surface resistancéeasured of the small needlelike single crystals of Pt
and reactanc€2R2/ wuo and X2/ wug, respectively of poly- by placing the needle axis along the maximum electric field.
crystalline UP4. The data were obtained from two different experi- The data are displayed in Fig. 3. Due to the excellent surface
mental arrangementsa) enclosed resonators, arid) composite  characteristics, no correction for the surface roughness is
resonators. The data at 5.0 chwere taken from Ref. 12. The data npeeded.
were normalized to the dc resistivity by assuming that, above 30 K, Two different and complementary methods were used to
UPt behaves as a simple metal in the Hagen-Rubens limit. extract the components of the frequency-dependent conduc-

roughness of our polycrystalline sample. A detailed compariliVity from the measured surface impedance data. The first
son of the results of Ref. 12, obtained on the same ingot a@1€thod is based on an evaluation of the absorptifiy)
measured here, indicates that we have obtained a somewHi®M the surface resistance. For (;onductlng samplesRyth
lower value ofRg than previously found. We attribute this Xs<Zo, WhereZ,=377() is the impedance of free space,
discrepancy to the fact that the previous data were analyzedd the absorptivityA(w) is simply related toRs by the
using a Cu end plate reference run, and the additional lossé§atio
associated with the surface roughness of the sample were
improperly attributed to the intrinsic behavior of UPtA
reanalysis of Awasthet al’s datd? at 3.3 cm! was made

and compared with our results at the same frequency. We

find that, within the experimental error, the two sets of data As poth R, and X are much smaller thaf, for UPt at

give identical results. The same reanalysis of Awasthil's g temperatures investigated, we can combine our results
data was made at 5 cth and the results are also shown in with the results from previous measurements. At 1.2 K, all of
Fig. 2. Alternatively, we have assumed that surface roughthe results are displayed in Figiah Data obtained at differ-
ness leads to an additional, temperature_-independent lossnt temperatures are displayed in Figb)4 An additional
which has been evaluated as follows. Again, we assume thagflectivity measurement was carried out between 7 and 13
above 30 K UP{is in the Hagen-Rubens limit. Without @ ¢cm~* in the submillimeter spectral range using a coherent
contribution to the loss due to surface roughness, the changgurce spectrometét,and the results are also displayed in
of the width versuspg? is expected to be a straight line Fig. 4. Within experimental uncertainty, the results of this
intercepting the origin. We find that our results above 30 K,nonresonant measurement are temperature independent be-
when plotted againgil?, give a straight line, though with a low 20 K. These data are consistent with previous absorptiv-
finite intercept forp./? extrapolated to zero. We believe this ity measurements: 2

value represents the contribution of the surface roughness to At each temperature, we have made an interpolation be-
the loss, and have used this value in correcting our result$ween the measured points, as shown in Fig. 4, and have
The same procedure is applied to correct for the frequencysed these values, together with suitable extrapolations at

shift. Employing arin situ perturbation techniqu¥,we have  both low and high frequencies, to make a KK transformation

4R
Alw)=1-R(w)~ . 3)

(0]
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1 and dashed lines are the results of the KK calculations at 1.2 and 20
Frequency (cm™) K, respectively. The displayed data poir 0.25, 0.47, 1.2, 2.0,

- . and 3.3 cmY) are conductivity values calculated directly frdRy
FIG. 4. (2 absorptivity A(w) measured at 1.2 K by various and X;. The dash-dotted lines are the Drude fit to the low-

techniques. The solid and dotted lines are the optical absorptivin(requency part of the 1.2-K spectrum, using a frequency-

data taken from Refs. 10 and 11. The open and solid symbols are . )
; . independent scattering rate) The real parts of the optical conduc-
the results of the microwave cavity measurements, calculated fro

L . . Ivity o,(w) at 1.2 and 20 K, normalized to the dc resistivity at 1.2
R, values shown in Figs. 2 and 3. Data displayed by asterisks arg [2y5><1(105) and 6.5¢10° QL cmr L for polycrystalline and si);gle-
taken from the submillimeter reflectivity measurements at 4.2 K . )

(Ref. 14. The dashed line is an interpolation used to calculate thecrystalline samples, respectivlyb) The imaginary parts of the

conductivity through the KK relation(b) absorptivity A(w) mea- ?gst:gz\l/ig?g?licgv}gy.?_ﬁ(ews))’/n:\:)h;fshr:freer ?(I)sgo?‘;;rgna;l(zt;d o the dc
sured between 1.2 and 20 K. The dashed lines are the interpolations o '
used in the KK analysis. The solid lines are again the optical ab-
sorptivity data taken from Refs. 10 and 11. nature of the development of a pseudogap. This pseudogap is
also clearly evident in the frequency dependence of the con-
of A(w). In Fig. 5, we displayr;(w) ando,(w) at 1.2 and  ductivity oy (w), displayed in Fig. 5. This gap feature gradu-
20 K, normalized to the dc conductivity at 1.2 K. ally disappears with increasing temperature; it is not evident
The second method of evaluating the two components odbove 5 K, and at 20 K the conductivity is observed to be
the optical conductivityo;(w) and o»(w) utilizes bothRy  essentially independent of frequency.
and X, and is based on Eql), which establishes the rela- Before discussing the implications of our findings, we
tion between the components of the surface impedance agbmment on the reliability of the analysis procedures we
conductivity. Due to the thermal expansion, at frequenciesiave employed. Both methods of evaluationog{ w) lead
0.23 and 0.4 cm', we were unable to measubg of the 1o a pseudogap in the millimeter wave spectral range. This is
single crystal, and the values of which are shown in Fig. \ve|l established as a result of the increasergfw) below
5 are calculated assuming tha{=Xs; the Hagen-Rubens apout 1 cm?, by the strong decrease of () at 2.0 and 3.3
relation given in Eq(2). This is a reasonable assumption, ascyy! as the temperature is lowered to 1.2 K, and by the
will be discussed later. weak temperature dependence at higher frequencies. The KK
analysis also leads to a pseudogaptw) directly evident
from, which displays a minimum near 3 ¢hfollowed by
sharp rise at higher frequencies. However, within our experi-
We first note that the frequency-dependent absorptivity isnental uncertainties, the precise shape of this pseudogap is
different from that of the renormalized Drude metal. In par-undetermined due to the difficulties associated with the KK
ticular, the absorptivity shown in Fig. 4 displays a well- analysis, where interpolations have to be used between the
defined minimum near 3 cnt. Such a minimum is the sig- data points available at fixed frequencies. Next we discuss

Ill. DISCUSSION
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the two salient features we observe: the zero energy mod " " 7
and the pseudogap. Polycrystalline UPt,

USRS B R

A. Zero-energy mode

T (cri)
5
3
T

In the single-band model &= 0 K, where the free carri- F T~
ers are undergoing frequency-dependent scattering, the con E
plex conductivity[ 6(w) = o(w) +io,(w)] may be written =T
in the form of an extended Drude conductivity I

N

1 T v v o T v ML

w
5 - _P R ®
7(@)= 2 T(@) =Tl (@)/me]” @ 20 l
where w,=27v, is the angular unscreened optical plasma | | } T e

frequency, andn,=3.7m, is the optical band massn, is
the free-electron mass! The frequency-dependent scatter- *z
ing ratel’(w) and effective masm* (w) can be expressed in 100 |-
terms ofo; and o, as follows: L

©

m

3 wg oq(w) 1 . l lo
F(w)_E' [0’1(60)]24-[0'2((0)]2’ (59 Temperature (K)

" 2 FIG. 6. (a) The temperature dependence of the relaxationlfate
m*(w) _ Y o)l o (5b) in polycrystalline UP§, as measured at 0.25, 0.47, and 1.2 ¢m
my, 47 [oy(0)P+[o(w)]? (displayed by the dotted, dashed, and dash-dotted)]inegether
with the T? fit to the data at 0.25 cit (solid line). The marking
A Drude fit to the zero-energy mode of the conductivity arrows on the left axis show the zero-temperature extrapolations at
(Fig. 5a, using a frequency-independent scattering fate different frequencies, and indicate the strong frequency-dependence
gives vp=2.4 eV, I'=32.5cnm %, and m*/m,=65. of I at low temperatureqdb) The temperature dependence of the
At finite temperature, using the measured temperaturerenormalized effective mass. Note tmat/m, is approximately in-
dependent conductivity, one can calculate the temperaturélependent of the temperature below 5 K, where the relaxation rates
dependent effective mass and relaxation rate, as displayed ffisplay aT? temperature dependence. The symbols refers to both
Fig. 6. The temperature dependence of the mass indicates@ and(b).
gradual removal of the enhancement effects with increasing
temperature. Taking the temperature where the mass d@amework of FL theory, the rati/B is (21)? for electron-
creases by a factor of 2 from its zero-temperature value lead§iectron scattering processeé€ur experimental result, from
to a characteristic temperature, which we associate with thgijg. 6(a), gives a ratioA/B of 0.31 at 0.25 cm*.
coherent temperatureT{,) of approximately 15 K. This As shown in Fig. 7, our experimental result at 1.2 K yield
value is in broad agreement with the values derived from thghe A/B ratio of 0.37. These results are in clear disagreement
temperature dependence of the thermodynamic quarftities. yith the value (2r)2 predicted from FL theory. Next we
With the conductivitieso;(w) and op(w) at 1.2 K, as  discuss the spectral weight of the zero-energy mode.
evaluated fronRg and X, Eq.(5) gives enhanced masses of
m*/m.= 254, 260, and 247 at frequencies of 0.25, 0.47, and
1.2 cm'%, respectively, as shown in Fig. 6. These results % me?  (w*)?
suggest that, within experimental uncertaintie®; is fre- f o(w)do= o e (7)
. . . 0 m 8
guency independent in this energy range. Furthermore, be-
low 5 K m* is also temperature independent. For a Fermi

quuid,_at low temperatures an_d frt_aquencies, the effectivg, ;oo w} = 4mn&im* is the renormalized plasma fre-
mass 'Sd’ fto a good aE_rlJm)ﬂmatlon, mdependgr}t of tempe(;aciuency, andn=1.5x10?2cm 2 is the carrier density de-
ture and frequency while the tempera_turgzan requency dived from Hall measurementd Assuming all the electrons
pendence of the relaxation rate are giverby participate in this mode, the number of carriéfilom the
_ 2 2 Hall measurementdeads to a strongly enhanced effective

F=AlkeT)"+B(fiw)"+ T, ©  mass ofm* =300m, at 1.2 K. This is in excellent agreement
where A and B are the temperature- and frequency-with the effective mass as evaluated from the surface imped-
independent coefficients, alhg is the relaxation rate due to ance measurements directlysing Eq.(5)]. This value of the
impurity scattering. Using the unscreened plasma frequencgffective mass can be compared with the enhanced thermo-
vp=2.4€eV and the dc residual resistivipp=3.35ul cm  dynamic mas$? of m*<400m,, establishing a clear rela-
[from Fig. 1(b)], the calculated value foF, is 20.9 cm®.  tion between the thermodynamics and electrodynamics of the
The electron-electron scattering process should lead to a gehH state. Such an overall correspondence has been found
eral relation between the coefficierdsand B. Within the  earlier for a variety of HF compounds.
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FIG. 8. The KK calculationsolid line) of the optical conduc-
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FIG. 7. (a) The frequency-dependent scattering rate at 1.2 K, a
frequencies below the pseudogap region. The full line is a fit to the 2
data using Eq(6). (b) The frequency dependence of the effective INcreases apiw—A]"“ above the gam). The feature we

mass in the same spectral range. The dashed line through the d&RServe is insotead reminiscent of what is expected for a spin-
points indicates a frequency-independent effective mass. density staté? or a nearly one-dimensional metallic stdte

which can be described in terms of the Hubbard model near
The spectral weight can be related to the superconductingalf-filling. Both lead to a conductivity which is given by
properties through the well-known Tinkham-Ferrell sumoy(w)~[hw—A] Y2 near to the gap. Instead of a well-
rule?® The London penetration depthis given by defined square root singularity at the gap, here we observe a
somewhat broadened feature with a finite conductivity below
c the maximum. These features would suggest a pseudogap, in
AMT=0)= —\/w— 8 contrast to a fully developed gap, in the charge excitation
8/oAoy(w)dw spectrum. This pseudogap conductivity can be fitted to the
where Aoy(w) is the difference between the conductivity conductivity of a one-dimensional semiconductd?;
observed in the metallic and superconducting states. Assum=A1""2, convoluted with a Gaussian distribution. Such a fit
ing a weak-coupling superconductivity, the transitionis displayed in Fig. 8. This gap feature appears both in mea-
temperatur® of 0.7 K translates into a superconducting gapsurements on the single crystals and on the polycrystals. Be-
of 1.5 cm 1. The inverse renormalized relaxation time-l§ ~ cause the single crystal measurements probe the response

smaller than the superconducting gap, placingURtthe  only along one axis, while the polycrystal measurements av-
clean limit. In this limit, Eq.(8) reduces to erage over all directions, we argue that the pseudogap must

open up along the entire Fermi surface.

c
NT=0)=—. 9
(T=0) wp ® IV. CONCLUSIONS
The renormalization of the London penetration depth has The overall feature of the charge excitation spectrum of
been derived by Varmat al,?” and their conclusion is in UPt; at low temperatures and frequencies is dramatically dif-
agreement with E(9). Using the value ofo* as established ferent from that of a renormalized Fermi liquid. We find a
before, we arrive ah(T=0 K)=7000 A. "I)'his value is in Zero-energy mode coexisting with gapped charge excitations,

excellent agreement with the value measured directlythe latter having an energy of the order of 1 meV. This' fefa.'
\ = 6000—7000 A28 ture appears in the temperature range where the resistivity

displays aT? temperature dependence, and indicates that a
renormalized Fermi liquid picture is inadequate in describing
the thermodynamic and transport properties. The zero-energy
As described in Sec. lll A, the zero-energy mode of themode has small spectral weight, in agreement with the en-
optical conductivity at 1.2 K can be fitted to an extendedhanced thermodynamic quantities. The small spectral weight
Drude form. Above 3 cm, the optical conductivity at 1.2 K is also in full agreement with the magnitude of the London
has a gaplike feature. We note that the broad maximum obsuperconducting penetration depth.
served around 7 cit is different from what is observed for The finite-energy mode centered around 1 meV is similar
a three-dimensional semiconductbiwhere the conductivity to what is expected for a fluctuating spin density wave state

B. Finite-energy charge excitation
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with only short-range ordet® such a state would lead to a " T i T T
pseudogap instead of a well-defined gap in the charge exci
tation spectrum. This suggests close connection to the shori o | URw.Si .
range magnetic order observed by various experintefits. >
The pseudogap we observe indicates that the magnetic sta i ]
develops as the consequence of a Fermi surface instability,
situation similar to that of a spin-density-wau&DW)
state®® A SDW state withs-wave symmetry is expected to =
lead to such features, bakwave (electron-holg pairing®
also produces the features we observe.

In Fig. 9, we have displayed the optical gaps of three HF BCS
compounds with a magnetic ground st&é3The increasing 20 | -
transition temperature is associated with an increased optice
gap, in accordance to the simplest BCS expression of the ga | ]
2A=3.5gT,, indicated by the full line in Fig. 9. This EUPtg
would imply a Fermi-surface instability scenario for these o ) . , . , .
materials. The magnetic properties suggest a more compli o 5 10 15 20
cated state. The magnetic moment of a sinijpieave) SDW T, (K
state is given by

a0 |- =

2A (em

UCuy N

FIG. 9. Optical gaps of various heavy fermion materials with a
magnetic ground state vs the transition temperatures for the onset of

M ASDW: AspwMy (10) the magnetic state. The data for Uiy and UCy are taken from
M Dien Dm* Ref. 33. The full line represents the BCS expressiony 2
= S.S(BTC .

where D is the unrenormalized bandwidth,D ., . , .
=D(m,/m*) is the renormalized bandwidth, amd, is the hand, a large moment of the order @f is obtained in clear

bare, unrenormalized band mass. Here we have assumed tifg1trast with what one would obtain from EG0). Clearly,
not the unrenormalized, bare bandwidtbut the renormal- e HF magnetic state of these materials is not fully
ized bandwidtD ., is the relevant energy scale. This would understood:
imply a small moment in each case, and a moment which

also depends on the gap and on the strength of renormaliza-

tion. Using the unrenormalized bandwidth of 1 eV, Et0) We thank B. Maple for providing the samples used in this
together with the effective-mass value we have derived bestudy, and P. Coleman, T. Ohashi, D. Pines, and A. Virosztek
fore, leads tqu~0.1up in UPt;, a magnetic moment signifi- for useful discussions. This research was supported by Na-
cantly larger than that observéd In UCus, on the other tional Science Foundation Grant No. DMR-9801816.
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