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Correlation gap in the heavy-fermion antiferromagnet UPd,Al;
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The optical properties of the heavy-fermion compound 4#Pglhave been measured in a frequency range
from 0.04 to 5 meV (0.3—40 cit) at temperatures 2 K T<300 K. Below the coherence temperatdre
~50 K, a hybridization gap opens around 10 meV. As the temperature decreases fur2d K), a well-
pronounced pseudogap of approximately 0.2 meV develops in the optical response; we relate this to the
antiferromagnetic ordering which occurs beldy~ 14 K. The frequency-dependent mass and scattering rate
give evidence that the enhancement of the effective mass mainly occurs below the energy which is associated
to the magnetic correlations between the itinerant and localizezlegtrons. In addition to this correlation gap,
we observe a narrow zero-frequency conductivity peak which K is less than 0.1 meV wide, and which
contains only a fraction of the delocalized carriers. The analysis of the spectral weight infers a loss of kinetic
energy associated with the superconducting transition.
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I. INTRODUCTION and determines the plasma frequengy= Jamne?m.

Below the coherence temperatufé, however, the in-
More than 20 years after the discovery of superconductiverease in the density of electronic sta(B©S) at low ener-
ity in heavy-fermion(HF) compounds, the nature of the su- gies is commonly described by the formation of a narrow
perconducting ground state is still under debate. In particulaDrude peak with a renormalized effective mass and scat-
the discovery of the coexistence of antiferromagné8i€) tering ratel'* of charge carriers:
ordering and superconductivity in some of these materials
has reinforced the interest in studying the interplay between ~ b
electronic and magnetic degrees of freedom in these corre- o(w)= o ©)
lated electron systenis Heavy fermions are intermetallic
compounds containing elements wfthlectrons which show Because m*I'*=mI", the dc conductivity oy,
a large enhancement of the quasiparticle effective mass. Thene?/(m*I'*) is not affected by the renormalization. The
wave functions of the atomic and conduction electrons mixspectral weightoy 2/8=ne?/(2m*), however, decreases as
(hybridization), and the strong interaction of the quasifreem* increases. The enhancement of the effective mass is con-
conduction-band electrons with nearly localizedlectrons  nected to the hybridization afandf orbitals, which leads to
leads to a so-called Abrikosov-Suhl resonance, i.e., an e narrow band with a high DOS at the Fermi energy and to a
hanced density of states at the Fermi enérgy. strong coupling of the charge carriers to the local magnetic
The common feature of the HF systems is the crossovemoments’’ In HF compounds which do not order magneti-
from an incoherent state, where the scattering of the chargeally, a scaling relation
carriers on magnetic moments can be described in the frame-
work of the single-particle Kondo model, to a many-body A\ o
ground statéKondo lattice on cooling below the coherence KT “m 4
temperaturé™* .2 Above T* the optical conductivity exhibits B
a broad Drude behavior between the hybridization gap and the enhancement of the
effective mass m*/m is found theoretically and

A : _ Oge experimentally*® With T* on the order of 10-100 K, the
o(w)=0y(o)tiog(0) =777 = @ hybridization gap is normally observed in the far-infrared
_ ) ~ range of frequency.
which characterizes normal metéishe dc conductivity is The antiferromagnetic ordering reveals itself in rather dif-

given by oqc=ne?z/m, with n the concentration of conduc- ferent ways for the various HF compourisFor instance,

tion E|ectr0n5,e and m the electronic Charge and mass, andUPt3 does not show any appreciab|e anoma|y of the Specific
1/7=T the scattering rate, which is typically a few hundred heat or resistivity at the g temperaturdy="5 K while in
wave numbers _for usual metals. The area under the condugsry,Si, and UPgAI, the transition into a magnetically or-
tivity spectrum is the spectral weight dered state is accompanied by clear anomalies of these
quantities'>*® However, URySi, shows a remarkable resis-
tivity increase afly, typical for a spin-density-waveSDW)
system, while in UPgAl; only a kink in thep(T) due to

me? )

| oawrdo= T2, @

2m
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freezing-out of the spin-flip scattering is obser¢#&drhis
already indicates that in contrast to the former system with
itinerant antiferromagnetism, URAl ; is an antiferromagnet
with localized spins. In both URtand URySi,, but also in
UCus, the progressive development of a gap pseudogap
in the optical spectra is observed in connection with the or-
dering of the magnetic moment$!1415 whereas for
UPd,Al; no effect of magnetic ordering on the optical re-
sponse at frequencies above 30 ¢nhas been detected in
the first infrared investigation'S:°

In the heavy-fermion superconductor UAtk, on which
we want to focus in this paper, a maximum of the resistivity
occurs at temperatures around 80 K which is often related to
the onset of coherencé;the values cited for the coherence
temperatureT* range from 20 to 60 K depending on the
experimental method used for determination. The magnetic g5 1 Temperature dependence of the dc conductivity of the

susceptibilityx(T) shows appreciably different behaviors for pg,al, film together with the ac conductivities obtained at differ-
field directions parallel and perpendicular to the hexagonal gnt frequencies, as indicated. The dotted line represents a fit of the

aXiS:lS in th?ab planex(T) is Curie'WeiSS'“ke above 40 K ¢ conductivity using Eq(13) with the gap Eq=1.9 meV. The
with a maximum at around 35 K. Below this temperature, dashed lines are guides to the eye; note the nonmonotonic fre-

AF correlations develop, and URAl; exhibits a metamag- quency dependence at low temperatures.
netic behavior. When cooling down even further, a commen-

surate AF order develops beloly =14 K; superconductiv-  (thickness 0.924 mirby electron-beam coevaporation of the
ity finally sets in® below 2 K. For 2 k<T<14 K the  constituent elements in a molecular-beam-epitaxy sy&tem.
specific heat shows &/ToT? dependence; the effective The phase purity and structure of the film were investigated
mass of the charge carriers is estimatélas m*/m~50. by x-ray and reflection high-energy electron diffraction. The
In the superconducting state of UfAd; two low-energy  high quality of the film is seen in dc resistivity data displayed
modes at 1.5 and 0.4 meV have been obséieylinelastic  in Fig. 1 which are in excellent agreement with measure-
neutron scattering experiments @t (1/2c)(0,0,1); it was  ments of bulk crystals®> At T=300 K the resistivity is
suggested that they are associated with magnetic excitons=172 () cm, the residual resistivity ratipsgox/ pox= 23,
and superconductivity, respectively. An important feature ofand the Nel temperaturd =14 K; our film shows a sharp
UPdZA|3 is that—compared with other HF antiferro- Superconducting transition at:: 1.75 K.
magnets—it has a rather large magnetic moment (@.86 For the measurements in the milimeter and sub-
which is localized predominantly on the U sfteBased on  millimeter spectral range (50—1400 GHz, 1.2—40 ¢rand
this experimental evidence, it has been suggested th@i2_5 meV) a coherent source spectrometer was empldyed
UPd,Al3 can be described as a local-moment magnet, andtilizing a set of different backward wave oscillators as
hence the magnetic ordering should have only a minor influmonochromatic and continuously tunable sources. The spec-
ence on the electronic DOS. However, theoretical Ca'CU|atrometer includes an interferometric setup in a Mach-
tions of the Fermi surfaé@as well as de Haas—van Alphen zehnder arrangement which allows for measuring both the
experiment¥ also indicated an itinerant character of 5 amplitude Tz and the phasep, of the signal transmitted
electrons, and therefore one can expect to find appreciabi@rough the plane-parallel sample, which in our case is a film
correlations between electronic states and magnetic orderingh a substrate. These two quantities are used to evaluate the
in UPd,Al5. Besides the interesting interplay of magneticcommex refractive indexN=n-+ik [or alternatively the
ordering and superconductivity, these correlations mak‘?:omplex conductivityo-(w)] of the film using Fresnel’s for-

UPd,Al; one of the most studied HF systems in recent yearsy, a5 for a two-layer systehwithout assuming any particu-

they are the main subject of our investigation. lar model. In general, the complex transmission coefficient
Optical experiments have in general proven to be sensi-

tive to the formation of heavy quasiparticiésthe relevant (1234~ VT e of a two-layer systenflayers which we in-
features show up at the lower end of the infrared spectraﬁjex with 2 and $ separating two mediéindices 1 and Jis
range which is commonly accessible. In order to extend oup!ven by

earlier investigatior’§"*°to lower frequencies, in the present o

work we have carried out optical experiments on LiKd t1034= Lot ostaaeXpli (8o + 83) H 1+ F1F 5eXp{ 21 55}

films in the spectral range from microwaves up to the far J . F . 1
infrared. First results were partially reported in Refs. 25-27. oo 508XP 21 8} +F ol 3@XP 21 (52+ 83)}] 7,
(5

where the complex angles af= wd,(n,+ik,)/c for the
A highly c-axis oriented, epitaxial thit150 nm film of ~ film and &3=wd3(n3+ikz)/c for the substrate;c=3.0
UPd,AI,; was prepared oif111) oriented LaAIQ substrate X 10% cm/s is the velocity of light in vacuum. The transmis-
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sion coefficients at each interface are evaluated by the stamanges. The reflection coefficient is a complex function
dard equatiort;; = (N; — N;) (R +N;) ~%, whereN; =N,=1 P (w)=|r(w)|e'?( with the measured bulk reflectivitR
corresponds to a vacuum. The optical parameters of the |f|>. In order to obtain the phase, we performed a
LaAlO; substrate i andks) are determined beforehand by Kramers-Kronig analysis on the reflectivity specira,
performing the experiments on a blank substrate. The large

size of the sampléapproximately 1& 10 mnt) allowed us o (* IN[R(w)]—IN[R(w)]

to extend the measurements to very low frequencies, from ¢r(w):_f VIR do’
wl(27c)=40 cn * down to 1.15 cm’. For the infrared 0 o™= (w')

range and higher frequencies we “_SEd the ref_lectivity resuIR?/here the IhR(w)] term has been added to the standard form
obtained on bulk samples _and published previotisty. in order to remove the singularity at' =w. It has no effect
In addition, at frequencies of 10, 24, and 33.5 GHz, €N the integral becausﬁ;[wz—(w’)z]_ldw'ZO. Because

closed resonators were dgveloped .and }he sample was megis integral extends from zero to infinity, it is necessary to
sured by cavity perturbation technigtfe®® The cylindrical 4 - i .

» . make suitable high- and low-frequency extrapolations to the
TEoy, copper cavities—quality factors around 15000—were,, g o reflectivity data. We have chosen to use a power

operated by Gunn diode oscillators with sufficient tuninglaw[R(w)ocllw“] at high frequencies above 46m~ and a
range; two waveguides couple to the cavity by holes on th?—|agen-Rubens extrapolation

half-height of the opposite side walls. A small slice of a
sample (typically 3x3 mn?) was placed in the electrical
field maximum. The transmitted power was detected by a R(w):1_<
diode, amplified, and processed by fitting a Lorentzian in

order to determine the central frequerfgyand the width . _1 . i
From the shift in frequencyAf and change in widtaT'  below 0.3 cm = FromR(w) and ¢, () itis then possible to
upon introduction of the sample, the surface resistaRge calculate the complex optical conductividy ).

and the surface reactaneég which determine the surface

: (C)

ke

2w 1/2
) (10

TOqc

impedanceZs=Rs+iXg are calculated as Ill. RESULTS AND ANALYSIS
f A. Transmission spectra
Rs=Zo 2fol and Xs= Zofo_g’ ©) In Fig. 2 we present the low-frequency transmission spec-

10 ) ) tra for the UPdAI; film on the substrate for two selected
where Zo=47/c=4.19<10 " s/cm is the impedance of temperature$100 and 2 K; they already clearly illustrate
free spaceZ,=377 () in Sl unity. The resonator constatit  oyr main finding. The fringes in the spectra are due to mul-
can be calculated from the geometry of the cavity and thjreflection of the radiation within the plane-parallel substrate
sample when the dielectric properties of the substrate argcting as a Fabry-Perot resonator for our monochromatic
knOWn.sO The CompleX CondUCtiVityﬂ\' can be evaluated from radiation‘_" The frequency Spacing between two peaks is
the surface impedance usitg=Zy\/w/4mi&, and the ab- mainly determined by the thickness and refractive index of
sorptivity A (sometimes simply called the absorptiois  the substrate; their amplitudeninima to maxima however,
given by the relation is governed by the parameters of the film. At temperatures
above 25 K, the transmission spectra basically do not
change. Folf <20 K the overall transmission is found to be

' @) strongly reduced below 10 cm due to absorption within
the film. At lower frequenciesy= w/(27c)<3.5 cm , the

whereR is the reflectivity. In the limitRg,|Xs|<Z,, the last ~ transmitted signal increases again, indicating an absorption

-1

4Rs( ., 2Rs R2+ X2
Zg

A=1-R=—— -
Zo Z3

equation reduces to edge. It is worth to note, that our preliminary study of a
136-nm-thick UPgAl; film showed the same features in the
A~4Rg/Z,. (8)  optical respons&

. This feature appears below the temperature where the
While at 10 GHz the two components of the complexmagnetic susceptibility has a maximum—when the AF cor-
surface impedance could be measured and therefore both thglations develop. Therefore we checked whether the ob-
conductivity and the dielectric constant were calculated, inserved transmission minimum could be due to some mag-
our higher-frequency experiments at 24 and 34 GHz-—etic absorption. We tried to fit the observed behavior by

because of the large influence of the substrate—we were ngfodeling the complex permeabiliti(w) with a magnetic
able to determine the frequency shift accurately enough t@scillator (Lorentzian,

evaluate the dielectric properties of the film; hence we only
utilize the surface resistané®;. By using Eq.(8), however,

2
it was possible to combine these millimeter wave cavity data )= 1+&, (12)
with all of the higher frequency optical data, i.e., the trans- wS—werin

mission results through the films obtained in the submillime-
ter wave range and the reflectiviy*® measured on bulk wherew, andI are the center frequency and the width of the
samples in the infrared, visible and ultraviolet spectraloscillator, respectively, and\u »j denotes the spectral
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electric constang(w) = €;(w) +ie,(w) or complex conduc-

Al fipw Al 150 nmfilm
10 UPd Al o100k 0.924 mm LaAlO, tivity o= € w/(4mi), respectively.
10%E g A . .
E v B. Optical conductivity
10° i el To discuss our findings on the temperature- and
: g frequency-dependent transport in YRt;, let us first turn
oK back to Fig. 1. Belowl the temperature dependence of the
107 dc resistivity of the film can be descrit®d? using the ex-
9102l pression for an antiferromagnet with an energy &3p
g
g
5T T)=poraT2ebT| 1+ 287 | g 59} (13
= _ p(T)=pota £ eXkB—T-()
10'4 3 magnetic Lorentzian E 9
102k ' ' ' ' ' ' ] Here p, gives the residual resistivity and the second term
describes the electron-electron scatteiRgrmi liquid). A fit
10°L of the dc curve(dotted line in Fig. 1 by Eq.(13) yields the
(©) gap vaIueEé=l.9 meV, which corresponds to the one re-
10tk dielectric Lorentzian ported in Refs. 20, 28, and 32.
B s ) From early tunneling measurements on WRld a rather
0 2 4 6 8 10 12 14 large spin-gap energy up to 12.4 meV was first suggested.
Frequency (cm) Using thin films of this compound, recent tunneling experi-

ments in the superconducting and normal state clearly
demonstrat¥ that there remains a reduced DOS at zero bias

2 K (a); the dashed lines connecting minima and maxiihae to up the tgmperature range Of,7 K, W't,h a gap value of 1.0
multireflection within the substrateare drawn to emphasize the mgV, while the SuPe,rcor,]dUCtmg gap Is a'F 0.235 me\_/' The
overall frequency dependence of the transmission of the film. Th&Xistence of a gap in either the electronic DgS or in the
middle (b) and bottom(c) panels present the fits of the transmission Magnon spectrum was opposed by Casprgl™> and on
spectra forT=2 K using the models of *magnetic’ and “dielec- grounds of infrared measurements by Degiagal.*® In the

tric” oscillators (Lorentziang, respectively; the oscillator param- light of the low-energy measurements presented in this pa-
eters are given in the text. per, the arguments will be reconsidered below.

The real parts of the low-frequency optical conductivity
weight. Alternatively we can satisfactorily describe the trans-o1(w) and of the dielectric constart(w) of UPdAIl; are
mission spectra by using a dielectric oscillator plotted in Fig. 3 for some temperatures. Except for the dc

conductivity on the left axis of the upper frame and the re-
Aerw? sults of the microwave impedance measurements at
__T0 (129 0.3cm'’, all the data points plotted are obtained directly
wi— w?+iol from the transmitted power and phase shift in our transmis-
sion experiments. Within our accuracy both quantities are
Here Aelw(z, describes the oscillator strengttspectral frequency independent far=25 K, but show a strong dis-
weighd), and wy andI" denote the center frequency and the persion for lower temperatures. In addition, the response of
width of the harmonic oscillator. The results of the least-the Drude model[Eq. (3)] is shown (solid line) which
square fit of the transmitted signal using a Drude-Lorentanatches the dc conductivityy.=1.28<10° (0 cm)™ ! at 2
model in combination with a magnetic or dielectric oscillator K and the far-infrared roll-off around 10 cm; it is obvious
are shown in the lower two panels of Fig. 2. The parameterghat the observed optical response of WRd differs from
of the magnetic oscillator aredu;=1.001, wy/(27C)  that of a renormalized Drude metal. As a result, the simple
=5.45 cm' !, andT'/(2mc)=4.08 cm %; and for the dielec- Hagen-Rubens extrapolation—in general fgedxtrapolate
tric oscillator we used, accordinegAq:wﬁ/w§=2.l4 the far-infrared reflectivity below 30 chi—totally misses
X1, wo/(2mwc)=3.86 cm't, andI'/(27c)=2.13 cm L.  the following two features in our millimeter and sub-
One can immediately see that no satisfactory fit is possiblenillimeter range. First, the optical conductivity(w)
with a magnetic oscillator term. Second, theu, value clearly shows the development of a gaplike minimum below
(which denotes the strength of the magnetic contribitisn 3 cm ! at T<20 K; it corresponds to a pronounced increase
much higher than expected from the static magnetic suscepf the dielectric constarg; (w) which is a direct measure of
tibility measurement$® Third, the frequency dependence of the gap. This feature gradually disappears with increasing
the transmission is only described satisfactorily using th@éemperature and is not seen above 30 K. Second, at frequen-
dielectric model. Thus we conclude that the observed featureies below approximately 1.5 cm the conductivity in-
is not due to a pure magnetic excitation, and proceed witltreases forw—0 toward considerably higher dc values, lead-
the analysis of our data along the lines of the complex diing to a very narrow peak at zero frequency.

FIG. 2. Transmission spectiig(w) of a 150-nm-thick UPgAl 5
film on LaAlO; (thickness 0.924 mifor temperature§ =100 and

e(w)=€(w)+iew)=1+
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g 1 FIG. 4. Optical conductivityr;(w) of UPdbAI; at T=2 K. The
5 line corresponds to the fit by E@¢L4). In the inset the temperature
; 12r & ] dependences of the gap frequertfiyll squares, left axisobtained
5 50T b ° T from the fit is displayed. Also shown is the spectral weight of the
%-100  { ). | el - =0 resonancéopen triangle, right axjsand of all the excitations
a o0d 1 10

30 above and below the gajepen diamonds, right axisFor details,

Frequency (cm ™) see the text.

FIG. 3. The low-frequency optical conductivitg) and the di-  without applying the Kramers-Kronig analysis, we now want
electric constantb) of UPdAl; as a function of frequency at sev- to combine all the absorption data available in the entire
eral temperatures. The dc conductivity is shown by the stars on thﬁange of frequency. In Fig.(8) the frequency dependence of
left axis of the upper panel. The dashed lines are drawn to guide thg,e absorptivity A(w)=1—R(w) is plotted over a wide
eye. The solid Iine_s correspond to the renormalized Drude behaVi‘gpectral range and for different temperatures. From the mea-
[Eg. (3)11a55“m'”9 74,=1.2510°(Q cm)™t and T*/(27C)  gireq dc conductivity the absorptivity is calculated in the
=25cm > Hagen-Rubens limit assuming EQ.0). The full symbols are
the results of the microwave cavity measurements of the sur-
ace resistanc®g, using Eq.(8). In the range from 1 to
0 cm %, the absorptivity is evaluated from our optical ex-
periments using the transmission coefficient and the phase
shift (open circles; only 2-K data are plotted for clarity rea-
sons. Above 30-18 cm™! we also utilized the data from
bulk reflectivity measurementsolid lineg. For even higher
frequencies we extrapolated Bfw)<w . The lines repre-
sent the input we used for performing the Kramers-Kronig
wg. HereI'j is the damping of the narrow=0 mode and  analysis in order to calculate the optical conductivity. It was
Ey=% w4 corresponds to the gap energy. The parameigrs obtained by simultaneously fitting the absorptivity results
andI'y depend on the concentration, the effective mass, anend the directly measured conductivity. Obviously, the low-
the scattering rate of the charge carriers above the gap. Bgmperature data exhibit significant deviations from the
performing a Kramers-Kronig integration of E¢l4) we A(w)xw? Hagen-Rubens behavior for frequencies above
have also obtained an analytical expression for the dielectrio.1 cnm .
constant which was used in the fitting procedures. The as- The lower panel of Fig. 5 shows the corresponding optical
sumed mod€JEq. (14)] describes very well the experimental conductivityo,(w) as obtained by a Kramers-Kronig analy-
results ofoy(w) ande;(w) for temperature§ <20 K; as an  sis of the absorptivity just described; in addition, we again
example, the fit of the 2-K data is shown in Fig. 4. Thedisplay the directly measured conductivity data which were
temperature dependence of the gap endrgy as obtained also taken into account for the absorptivity fit, as mentioned
by this fit is displayed in the insésolid squares correspond- above. The agreement is very good considering the error bars
ing to the left axi$. The gap valu€y~0.22 meV is essen- for each measurement technique. The main features can be
tially temperature independent, which does not correspond teummarized as follows(i) At high temperature§ >50 K,
the well-known BCS-like temperature behavior obtained bywe observe a broad conductivity spectrum as expected for a
mean-field theory; instead, the gap feature becomes momaetal according to Eq(l). Following Ref. 16, the plasma
pronounced as the temperature is lowered. frequency from the evaluation of the entire spectral weight of

While the above analysis was solely based on direct meaall free charge carriers is, /(2c) =4.4x 10* cm™*. (i) As
surements of the optical conductivity and dielectric constanthe temperature decreases bel®%, a renormalized Drude

In a first approach we describe the narrow peak at0
by the Drude model and use a phenomenological gap rhode
for the higher frequencies,

O'dc(l_“’[c))2

oq(w)= —w2+(F’5)2

>
+(1—®)w2T9F2\/w—wg, (14)

9
where®=1 for o<wy and ®=0 above the gap frequency

035110-5



M. DRESSELet al. PHYSICAL REVIEW B 66, 035110(2002

y Egier9y1(meV)2 \ \ perconductivity belowT.=2 K. The analysis and under-
S 1 S s (M S LS standing of this low-temperatureT{<T<T,) and low-
10°§— UPd Al frequency ¢<50 cm 1) behavior is the main point of this

paper.

For the analysis of our low-frequency data we introduce a
complex frequency-dependent scattering fafe)=T";(w)
+il'y(w) into the standard Drude form of E@3). If we
define the dimensionless quantifw)=—1"5(w)/w, the

10 ] complex conductivity can be written as
-4’: il ! L il i (a) E ~ _ (w;))z 1
10 f t f f t o(w)= ype - . , (15
— 1051: §ymbols: direct measurements Fl( w) -l w[m (w)/m]
£ lines: Kramers-Kronig analysis 3 where m*/m=1+\(w) is the frequency-dependent en-
o hanced massw/(27c) =9.5X 10° cm™ ! corresponds to the
2 fraction of electrons which participate in the many body state
% which develops below* as discussed in the following sub-
3 section. By rearranging E@L5) we can write expressions for
§ A I'1(w) andm* (w) in terms ofo;(w) ando,(w) as follows:
30K () ] ,
103 =S EEPEPTTIY EEPETEITY BEPUPE T BETEPUTTIT BT | F _ (wp)z 0'1((,0) 16
10" 10° 10" 10* 106° 10* 10° 1w)= A7 |o(w)?’ (16)
Frequency (cm'1)
1\2
FIG. 5. (a) Frequency-dependent absorptié(w) of UPdAI4 m* (o) _ (“’p) oa(w) i (17)
at different temperatures shown over a wide frequency range. The m At |6'(w)|2 o’

solid stars on the left axis represent the dc values in a Hagen-

Rubens behaviofEq. (10)]; the full symbols in the microwave Due to causalityl’;(w) and m*(w) are connected through
range are obtained by cavity perturbation technique; the open synthe Kramers-Kronig integrafsSuch an analysis allows us to
bols present absorption evaluated from the transmission and phak&ok for interactions which would lead to energy-dependent
measurements by the Mach-Zehnder interferom@ely 2-K data  renormalization effects as the frequency-dependent scatter-
are plotted for clarity reasopsThe lines are obtained by combining ing rate and effective mass are related to the real and imagi-
the various optical investigationgransmission through films and nary parts of the frequency-dependent self-energy of the
reflection of bulk Samplesand simultaneously matching the di- e|ectr0n§_6 Such an ana|ysis has been used before in Study-
rectly measured conductivity and dielectric constahy. Optical  jng the response of HF compoufidé®and high tempera-
conductivity of UPgAI; as evaluated by a Kramers-Kronig analy- ;re superconducto?@. In the lower frames of Fig. 6 the
sis of the above absorptivity data. The stars on the left axis indicatﬁ’equency dependence of the scattering #aéw) and ef-

the dc conductivity; the full points were obtained by the 1O'GHZfective massn* (w) are displayed for different temperatures;

cavity method. The open symbols correspond to the direct determ . -
nation of the optical conductivity using the transmission and theIror comparison we replar; () ande, () in Figs. §a) and

. . . 6(b). As expected for a Drude metal, Bt>T* the spectra of
phase shift obtained by the Mach-Zehnder interferometer. T';(w) andm* () are nearly frequency independent. As the
temperature is lowered we observe a peak in the energy-
peak[Eq. (3)] develops due to the gradual enhancement ofiependent scattering rate at the hybridization gap, as can be
the effective massn*. The renormalized plasma frequency nicely seen in thé =30 K data of Fig. ). The existence
wp/(27c)~4350 e, which will be obtained by the pro- of HF quasiparticles is confirmed by a low-frequency plas-
cedure discussed in Sec. Il C, correspondsnio~100m.  mon characterized by the zero-crossing in the spectra of the
This behavior is typical for heavy fermichand was dis- dielectric constané;(w) shown in Fig. €b). The decrease of
cussed in detail in Refs. 10,16,25, and 26 for the case of ;(w) to lower frequencies corresponds to an increase of
UPd,Al;. At the same time, a gaplike feature developsm*(w). At these intermediate temperaturgg<T<T*, the
around 100 cm?! as expected from the hybridization of the effective massn*/m already reaches a value of 35.
localized 5 electrons and the conduction electrons; this The question remains how the optical response at very
value is in good agreement with the scaling relatién (iii) low frequencies can be described, i.e., for excitations of the
Lowering the temperature further, magnetic ordering sets irzero-frequency mode; whether it is simply a renormalized
at Ty=14 K, and leads to distinct signatures in the opticalDrude behavior. Landau’s Fermi-liquid the8fpredicts that
spectrum. We observe a well-pronounced pseudogap belothie scattering rate due to electron-electron interactions in
2 cm ! which we assign to magnetic correlations betweerthree dimensions should be quadratic both in temperature
the localized and delocalized charge carriers. At even loweand frequenc§®*!In order to examine the shape of the zero-
frequencies, an extremely narrow mode-centered zero frdrequency peak observed in the data, we have adopted the
quency remains, which is eventually responsible for the sufollowing phenomenological forms of ;(w) and m*(w),
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Energy (meV) The present set of data, however, does not allow one to con-
0% e 110100 1000 clude whether UPghl; can be satisfactorily described
F§ : UPAAI ] within a Fermi-liquid formalism or not. These questions re-
g 273 main the subject of further investigations at lower frequen-
b= cies.
-% 10° The scattering rate drops more than one order of magni-
2 tude below 15 K. This can be explained by the freezing out
§ of spin-flip scattering belowy . As recently pointed 063

in the context of high temperature superconductors, the
energy-dependent scattering rate is related to the electronic
DOS; and a sum-rule was suggested similar to(2g.In the
case of UPgAl; we can distinguish two gap structures with
an enhanced DOS at the edges, as it is known from super-
conductors and low-dimensional semiconductors. Again, it
would be of great interest to determihig(w) of this narrow
zero-frequency mode which remains in the AF state. Due to
the influence of magnetic correlations it might be well dis-
tinct from the behavior aff>Ty plotted in the inset of
Fig. 6.

Decreasing the temperature beldy results in a second
peak ofI';(w) and a strong increase of the effective mass
around 1 cm?®. Already seen aff =15 K, this effect be-
comes stronger as the temperature is lowered to 2 K. The
effective massm*/m levels off below this frequency and

T=30K

E 30 16 11 nicely matches the values obtained by thermodynamic
E 20b15,0, { 4ok 0 20 40 60 80 method$®*°which are indicated by the point at=0 in Fig.

10 \ Frequency (em”) 4y 6(d). Note that, due to the few data points, the features below

0E e 1 cm ! are not significant; this range demands further stud-

10" 10° 10" 10 10*  10° ies. The important finding of our study is that the magnetic

Frequency (cm™) ordering significantly changes the energy dependence

m* (w): the strong increase of the effective mass does not
! _ ! occur at the hybridization gap at 10 meV, but mainly below
1(w), (b) the dielectric constanty(w), (c) the scattering rate  1he energy range which corresponds to the correlation gap at

I';(w), and(d) the effective masm” (w)/m of UPGAl, for differ- o 5 e/ “This infers that the magnetic correlations are of
ent temperatures. The point on the left axis of padetorresponds uperior importance for the mass enhancement
to the effective mass determined by thermodynamic measurements )

(data from Refs. 13 and 20and the inset shows the comparison of
I'i(w) at T=30 K with the behaviofEqg. (18)] expected for Lan- C. Spectral weight
dau’s theory of a Fermi liquid.

FIG. 6. Frequency dependence @J the optical conductivity

According to Eg.(2), the area under the conductivity
spectrum is related to the density and mass of the charge
carriers. Well above the coherence temperatflite optical
spectra of UPgAl; simply follow the Drude behavior of a

used by Sulewsket al. in their study of the Fermi liquid
behavior of the heavy fermion compound Y

N 2 normal metal with an unrenormalized plasma frequency of
I'y(0)=Ty+ _foxw (18  @p/(2mc)=4.4x10" cm*, as evaluated previous}(}.As-_
1+ a?w? suming a free-electron masg we estimate a charge-carrier

density n=1.1x10?2cm 3. From de Haas—van Alphen
spectrd®?* we know that only approximately 35% of the
electrons contribute to the HF state; qualitatively we also
m* (o) Ao observe this fact in our optical spectra. The plasma frequency
=1+ y (19) H H ’
m 1+ a2 w? which corresponds to those electrofsoncentrationn’)
which are affected by the formation of the HF sfétes
whereT'y and \, are the zero-frequency scattering rate andw/(2c)=9.5x 10° cm L. Our analysis infers that these
mass enhancement, respectivelyr 1¢ a characteristic fre- carriers have a band mass =7m. This also means that a
guency(energy of the process. These expressions obey thdarge fraction of the carriers is unaffected by the HF ground
Kramers-Kronig relation and have the proper Fermi-liquidstate and will not be considered in our further analysis.
frequency dependence. The comparison of the low-frequency Typical for a HF compound, below 100 ¢rh a narrow
behavior ofl";(w) at T=30 K to the fit by Eq(18) (inset of  conductivity mode develops due to electronic correlations at
Fig. 6) confirms the main features: as the frequency in-lower temperatures. Far>20 K but belowT*, the spectral
creases]';(w) grows and then saturates around 100 ém  weight of this contribution does not change significantly; the

and
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renormalized plasma frequency dsf/(2mc)~4350 cni®.  low-energy feature is a signature of superconductivity,
A similar result of a temperature independesft was ob-  the pseudogap in the optical response may be related to spin-
tained from our fit of the directly measured conductivity, asWave excitations(iii) the formation of a SDW ground state
displayed in the inset of the Fig. 4 by the open diamonds. May lead to the opening of an energy gép) due to inter-
Assuming that the total number of charge carriefse- ~ action the hybridization gap is shifted to low energies, and
mains _unchanged, sum-rule arguments give)/w? (v) magnetic correlations in the AF ground state influence the

=m*/m’. Thus we obtainm*/m~30, which is in good electronic DOS spectra.

agreement with the value obtained by thermodynamic meth- M) There_segms to be an excellent agreement of the low-
ods of specific heat and susceptibilitn{/m=41—66)132° energy excitations seen in our conductivity spectra to the

and is somewhat smaller than the estimate from infrare&uperconduCting energy gappzand the C(_)rresponding mode
measurementsnf*/m=85) 1 Analyzing our data by the & 0.4 meV found by neutron-scattering experiméhts.
generalized Drude modéEq. (15)], we have obtained the SNCe this mode shows up only beldl and becomes a
energy dependence of the effective mass as plotted in Fi .uaS|eIast|c line above, it was unambiguously assigned to the
6(d). For T=2 K we find an enhancement ofi* (w)/m uperconducting state. It seems unlikely that superconduct-

=45, in excellent agreement with the above estimates of thé'9 fluctuations lead to a pseudogap in our spectra u]f')_to
spectral weight. =15 K and more. We want to recall the case of high-

As the temperature decreases belby a pseudogap de- temperature superconductors where a pseudogap is observed

velops in the optical spectra around 1.8 ¢nti.e., 0.2 meV well aboveT, (Ref. 46; however, it shows up in charge as

with important implications on the spectral weight. At low well as in spin excitations, in contrast the behavior found in
temperatures the optical weight consists of two contribu-UPd2A|3' Hence we are reluctant to simply assign the low-

tions, the narroww=0 resonance and the charge carriersS€r9Y feature we found in our optical spectra to the super-

; conducting state.
excited across the gap of ene : . o .
gap "y (i) From torque magnetization measurementdio8u

o¢ wg e et al*’ found evidence of a gap in the spin-wave spectrum of
j oq(w) dw=J o1(w) dw+j oi(w)dw. (20)  the order ofEg~0.4 meV, which is about the value of the
0 0 “9 pseudogap we see in the optical spectra. ForT.=2 K
Here we integrated up to a cutoff frequeney/(2c) inelastic neutron-scattering experiments found a Lorentzian-
~100 cn1'* which lies above the features associated withShaped line around 1.5 meV which is ascribed to magnetic
correlation effects but well below the interband transitions €Xcitations?* Another gap observed at 0.4 meV was associ-
The zero-frequency response contains only 10% of the ove@ted with superconductivity. All of these modes exhibit a
all spectral weight; the major contribution comes from theStrong temperature argidependence’ Besides the resistiv-
excitations across the gap. This agrees well with the abov®y p(T) discussed above, the fall &(T) was also inter-
discussion of the peak in the DOS right above the gap. Thereted as_the opening of a gap in the magnetic excitation
temperature dependences of both components as well as thefectrum:=** As shown above in Sec. Il A, we were not
sum are presented in the inset of Fig(rght axig. The able to obtain a reasonable fit of the observed features by a
contribution of thew=0 response increases as the temperaMagnetic absorption processf. Fig. 2. Moreover, in our
ture decrease@pen triangles in inset of Fig)Awithin our ~ Preliminary experiments in magnetic fiéfave have not seen
accuracy, however, this does not lead to a significant chang@y clear evidence in favor of the magnetic nature of the
of the overall spectral weight with temperatuigpen dia- Oobserved gap feature. _
monds. The observed behavior can be taken as an indication (iii) Below Ty a commensurate ordering of the rather
that these two modes correspond to charge carriers localizé@rde magnetic moments (0.,8p) occurs in UPdAl3, (Ref.
at different parts of the Fermi surface. The coexistence o2). In the HF antiferromagnet URBi, a commensurate
two different electronic subsystems in URd; was also Structure also develops, but the ordered moment only
suggested in Ref. 35. amounts to 0.02g . Soon after the discovery of URAll; it
The most interesting question is the relation between th&vas debated whether also in this compound the antiferro-
AF ordering and the pseudogap origin. The fact that we alséhagnetic ordering is due to the SDW ground state as in
see the gaplike feature slightly aboVg up to 20 K or more  URWSk,. In contrast to URySH,, the resistivity of UPgAl;
does not rule out its connection to the magnetic orderingdoes not increase right beloW,, but the low-temperature
since an incommensurate phase was also observed Tip todecrease can be well described by an activated behidsipr

~20 K by neutron-diffraction experiments. (13)]. We do not think that the thus-obtained gap vale
=1.9 meV indicates the formation of a SDW st it is

much larger than the value obtained from our optical results
(Fig. 4). The pseudogap feature we see in LR is about

Since the development of the HF state in URid and the  a factor of 5 below the frequency one would expect from
corresponding hybridization gap, which we observe arounanean-field theorfe,=3.5gTy . The opening of a SDW gap
100 cm'!, was already discussed in extensively Refs. 6 anadan be seen in the temperature dependent NMR relaxation
16, we now concentrate on the recently discovered feature aate of URySi,,*° yielding a reduction of the electronic den-
lower energies. Five possible explanations for the origin ofsity of states by a factor of 3. A very similar behavior has
the correlation gap at 0.2 meV will be consideréd:the  been detected b§’Al-NQR experiment® in UPd,Al ;.5! Re-

IV. DISCUSSION
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cent 1%Pd-NMR and NQR experiments, however, speakwith the superconducting transitioir®
against the SDW model for the URA 5; the observed diver-
gence in 1T, at Trq,?gan be explained by a localized moment
picture of uraniuny. s_ (@ n s
(iv) Another possible mechanism of the pseudogap forma- p= fm [o1(@) = o3(@)]do+ AK. (21)
tion at these low energies is the change of the electronic
DOS due to the coherence of screening conduction electrons
in the Kondo lattice(the so-called hybridization gapThe  Our results indicate that also for UpAl; there is a loss of
coherence temperatuf® is usually of the same order of Kinetic energy in the superconducting state. Since we were
magnitude as the single particle Kondo temperafize be-  Nnot yet able to probe the superconducting state and determine
low which local moments are screened and a local Fermithe superconducting gap by optical meahsje do not want
liquid picture applies. The coherence temperature of0 further speculate on the violation of the Tinkham-Ferrell
UPd,AI; lies in the range from 20 to 60 K ie., the sum rule and possible implications.
hybridization gap should be approximately 1.9-5 meV. This (b) All electrons seen in our low-energy spectra are in the
is in excellent agreement with the 100-cingap (124 me\j HF ground state and eventually undergo the superconducting
we observe and hence assign to the hybridization gap followiransition belowT.. We can definitely rule out an assign-
ing Eq. (4). However, there might be scenarios which alsoment of the gap to the localized carriers of the AF-ordered
relate the low-frequency gap at 0.2 meV to the hybridizationstates with the delocalized carriers contributing only to the
(a) The strong anisotropy in URAI; may lead to an aniso- narrow feature around =0, because, with a plasma fre-
tropic hybridization gap, and optical measurements “see” amuency of 1500 cm?! at low temperatures, this feature con-
“effective” value which can be lower than the single-particle tains only 18% of the carriers which become superconduct-
Kondo coupling energyb) By means of analytical and nu- ing. The small spectral weight below the correlation gap
merical calculatiors**the ratioT, /T* should be less than implies that the excitations above the gap stem from the
unity in case of a low density of screening electterhaust-  delocalized states and that the pseudogap observed in our
ing regime. It leads to a decrease of the coherence temperaonductivity spectra is either inherent to the heavy-
ture T*, which is a measure of the hybridization gap. quasiparticle state or is related to exchange correlations of
(v) The itinerant antiferromagnetism of a SDW is at oddsihe second subsystem.
with the formation of local moment magnetism deduced  Recently Satet al®® argued that the magnetic excitations
from susceptibility> and neutron scatterirfd.On the other  «sgen by neutron scattering produce effective interactions
hand, using self-consistent density functional calculations ithetween itinerant electrons, and therefore are responsible for
the local approximation the magnetic structure and the sizgperconductivity. Similar conclusions where drawn from
of the ordered moment of URAll ; have been well described {ynneling measurements on URd; films*® Our results
within @ _purely itinerant electron pictufd. It was  now indicate that already in the normal state electronic and
suggestetf that two different electronic subsystems coexistmagnetic excitations interact in the energy range which is
in UPdAl3. One of them is a rather localized uraniumh S yejevant for superconductivity in URAl;. From the fre-
state responsible for the magnetic properties, and the other i§,ency dependence of the effective magg ») we can also
delocalized and determines the heavy fermion and supercogpnciude that the mass enhancement in the metallic state is
ducting properties. From the London penetration d&pth srongly influenced by the magnetic correlations. Thus, as
A (0)=450 nm we cqlculaﬁethe plasma frequency of the magnetic excitons are supposed to be responsible for the
superconducting carrier§2m\ (0)]"*=3540 cm*, and  gyperconductivity®® we suggest that localized magnetic
find a good agreement with/(27c)=4350 cmi* ob-  excitations also influence the properties of the normal state
tained from the spectral weight of our low-frequency con-which were commonly assigned to the heavy-fermion ground
ductivity spectrum just above, (cf. the inset of Fig.#t This  state. We propose that the magnetic order in these com-
has the following implications. pounds is the prerequisite to the formation of the heavy qua-
(@ In order to recover the spectral weighttof the § peak  siparticles and eventually of superconductivity.
in the superconducting statas determined from the penetra- |t is expected that theemperature dependenoéthe qua-
tion depth according to the Tinkham-Ferrell sum rdlaye  siparticle formation, as observed in the enhancement of the
have to integrate the normal state conductiviffw) upto a  effective mass, goes hand in hand with #wergy depen-
cutoff frequencyw?/(27c)=100 cm ! (assuming that the denceof the correlation effects, as probed by the frequency
conductivity decreases to zero up to this frequendyich is  dependence af*; however, only very few experiments on
well above the frequency &/(hc)=4 cm ! at which the heavy fermion systems have been performed in this
superconducting gap was observed by tunnelingegard?l38 From Fig. &d) we see a moderate enhancement
spectroscop§? In conventional superconductors a change inof m* (o, T=0) for frequencies below the hybridization gap
the optical properties upon entering the superconductingnd a larger one below the gap due to magnetic correlations.
state can be observed only up to approximately three time&ccordingly,m* (w=0,T) increases only slightly belo@*,
the gap frequency. A similar discrepancy of spectral weightand shows a large enhancement belgy The latter behav-
was found in high-temperature superconductorsnd gave ior should also be observed in thermodynamic measurements
argument to a change of the kinetic enedyi{ associated of m*.
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Energy (meV) <T*), the optical conductivity increases for frequencies be-
Lo 110 100 1900 low 30 cmi ! [Fig. 7(b)]. As the temperature drops below
Tn=5 K, magnetic ordering occurs and an energy gap pro-
gressively develops at about 3 chmwhich is assigned to
magnetic correlations. In full analogy to the case of
UPd,Al, the frequency dependence of the effective mass of
UPt; displayed in Fig. @) clearly shows that only a mar-
ginal increase ofm* is observed around 30 cm, while
below the energies related to the magnetic correlations the
mass is drastically enhanced. Thus for P®é also find that,
as for UPdAl 3, the coupling of the localized and delocalized
5f-electrons causes the heavy quasiparticles ingliRese
magnetic excitations are very likely to be responsible for
superconductivity. More detailed electrodynamic studies on
UPt; and on the superconducting state in general have to be
performed since they seem to comprise the appropriate
method to probe the energy dependence of the correlation
effects which are the key issue for understanding the nature
of the heavy quasiparticles. It remains to be seen how far our
findings have implications on nonmagnetic heavy fermions
with a large effective mass. Of further interest would be the
study of Ce compounds for which comparable band structure
calculations do not yet exist.

Absorption

r,(10°em™)  Conductivity (@ "cm”)

VI. CONCLUSION

In conclusion, the electrodynamic response of WUA&tdin

g " " " = . the low-energy range from 0.04 to 5 meV (0.33—40 dn

10 10 10 10 y 10 10 exhibits a behavior at low temperatures<t20 K) which
Frequency (cm ) cannot be explained within the simple picture of a renormal-

FIG. 7. Frequency dependence (@f the absorptiomA(w), (b) ized Fermi liquid. At grognd 12 me\( a hybridization gap
the optical conductivityr,(w), (c) the scattering rat&,(w), and develops belowl* which is characteristic or heavy fermi-
(d) the effective massn* (w) of UPt, for different temperatures. ONS. The_ Iower-frequency response shows t_he WeII_-known
The absorption data are calculated form the experimental results é€normalized behavior only above the magnetic ordering; be-
Refs. 11, 37, and 61. low Ty=14 K, however, additional features were discov-

ered. Besides an extremely narrdlss than 1 cm?) zero-
V. OUTLOOK frequency response, we observe a pseudogap of about 0.22
meV. The experiments yield indications that this pseudogap
is not a simple SDW gap or some excitation in the local
'magnetic moments system, but rather is connected to mag-
netic correlations on the delocalized charge carriers. We have
argued that this gap at extremely low energies is due to the
influence of the localized magnetic moments on the itinerant
electrons and this interaction is mainly responsible for the
enhanced mass*. It appears that the formation of the
heavy quasiparticles relies on the establishment of antiferro-
magnetic order rather than on the competition between the
coherent singlet formation and the magnetic order.

If our explanation the optical properties of UfAd; is
valid, it may also apply to other heavy-fermion compounds
in particular to UP$ which exhibits a similar behavior in
many regards>®. For UP§ the effective mass of the quasi-
particles is larger i*/m~200) and the relevant energy
scales are lower. The coherence temperattre 30 K, fluc-
tuating short-range magnetic order occursTat=5 K and
superconductivity sets in &.=0.5 K. Although the mag-
netic moment (0.02g) is much smaller, recent band-
structure calculatior8 infered the existence of localized as
well as delocalized B-electrons in URt very much similar
to UPdAI ;. It was suggested that the observed enhancement
of the quasiparticle mass results from the local-exchange in-
teraction of two localized b electrons with the remaining
delocalized ones. We acknowledge helpful discussions of our findings with

Millimeter-wave experiments on UPtcrystalst*®"®*  F Andres, A.A. Dolgov, P. Fulde, A.V. Goltsev, G. Geer, A.
which showed a peak in the conductivity at 6 chfor tem-  Muramatsu, A. Schwartz, F. Steglich, and G. Zwicknagl. We
peratures below 5 K, indicated a similar scenario. We reanathank D.N. Basov for his attempt at the low-temperature
lyzed the optical properties of UPshown in Fig. Ta) inthe  measurements. This work was partially supported by the
same way as described abad8ec. Il B) and obtained simi- Deutsche Forschungsgemeinsch@fG) via Dr228/9 and
lar feature€’ When the coherent ground state builds dp ( SFB 252.

ACKNOWLEDGMENTS

035110-10



CORRELATION GAP IN THE HEAVY-FERMION . .. PHYSICAL REVIEW B66, 035110(2002

*Email address: dressel@pil.physik. uni-stuttgart. de dens. Matter86, 161 (1992; A. Krimmel, A. Loidl, R. Ec-
"Permanent address: General Physics Institute, Russian Academy cleston, C. Geibel, and F. Steglich, J. Phys.: Condens. M&tter
of Sciences, Moscow, Russia. 1677(1996.

*Present address: Max-Planck Instittit Metalforschung, Stut- 23L.M. Sandratskii, J. Kbler, P. Zahn, and I. Mertig, Phys. Rev. B
tgart, Germany; permanent address: Inst. Solid State and Semi- 50, 15834 (1994; K. Knopfle, A. Mavromaras, L.M. Sand-
cond. Phys., Academy of Sciences of Belarus, Minsk, Belarus. ratskii, and J. Kbler, J. Phys.: Condens. Matt8r 901 (1996.

IH.R. Oft, Prog. Low Temp. Phy41, 215 (1987. 24Y. Inada, H. Aono, A. Ishiguro, J. Kimura, N. Sato, A. Sawada,

°N. Grewe and F. Steglich, iHandbook on the Physics and Chem- and T. Komatsubara, Physicad®9-200Q 119 (1994); V. Inada,
istry of Rare Earthsedited by K.A. Gscheidner Jr. and L. Ey- H. Aono, A. Ishiguro, J. Kimura, N. Sato, A. Sawada, T. Komat-

ring (Elsevier, Amsterdam, 1991Vol. 14, p. 343. subara, and H. Yamaganildid. 206-207 33(1995; Y. Inada, H.
3A.C. Hewson,The Kondo Problem to Heavy Fermioti€am- Yamagami, Y. Haga, K. Sakurai, Y. Tokiwa, T. Honma, E. Yama-
bridge University Press, Cambridge, 1997 moto, Y. Onuki, and T. Yanagisawa, J. Phys. Soc. 83643

4M. Dressel and G. Gner, Electrodynamics of SolidCambridge (1999.

University Press, Cambridge, 2002 25\. Dressel, B.P. Gorshunov, A.V. Pronin, A.A. Mukhin, F. Mayr,

SH. Fukuyama, inTheory of Heavy Fermions and Valence Fluc- A. Seeger, P. Lunkenheimer, A. Loidl, M. Jourdan, M. Huth, and
tuations edited by T. Kasuya and T. Sa$8pringer-Verlag, Ber- H. Adrian, Physica B244, 125(1998.
lin, 1985 26M. Dressel, B.P. Gorshunov, N. Kasper, B. Nebendahl, M. Huth,

5L. Degiorgi, Rev. Mod. Phys71, 687 (1999. and H. Adrian, J. Phys.: Condens. Matfet, L633 (2000.

"P. Wachter, inHandbook on the Physics and Chemistry of Rare?’M. Dressel, N. Kasper, K. Petukhov, B. Gorshunov, G. ri&mn
Earths edited by K.A. Gschneider Jr. and L. Eyrindlorth- M. Huth, and H. Adrian, Phys. Rev. Le®8, 186404(2002.
Holland, Amsterdam, 1994Vol. 19, p. 177. 28\. Huth, A. Kaldowski, J. Hessert, Th. Steinborn, and H. Adrian,

8F. Marabelli and P. Wachter, Phys. Rev4B, 3307 (1990. Solid State CommurB7, 1133(1993; M. Huth, A. Kaldowski,

9S.V. Dordevic, D.N. Basov, N.R. Dilley, E.D. Bauer, and M.B. J. Hessert, C. Heske, and H. Adrian, Physicd®&200, 116
Maple, Phys. Rev. Leti86, 684 (2001). (1994.

101, Degiorgi, S. Thieme, H.R. Ott, M. Dressel, G. ®er, Y. Dali-  2°A.A. Volkov, Yu.G. Goncharov, G.V. Kozlov, S.P. Lebedev, and
chaouch, M.B. Maple, Z. Fisk, C. Geibel, and F. Steglich, Z.  A.M. Prokhorov, Infrared Phys25, 369 (1985; A.A. Volkov,

Phys. B: Condens. Mattéi02, 367 (1997). G.V. Kozlov, and A.M. Prokhorowibid. 29, 747 (1989.
s, Donovan, A. Schwartz, and G. Ger, Phys. Rev. Lett79,  3°0. Klein, S. Donovan, M. Dressel, and G. @ay, Int. J. Infrared
1401(1997. Millim. Waves 14, 2423 (1993; S. Donovan, O. Klein, M.

12g Maple, J.W. Chen, Y. Dalichaouch, T. Kohara, C. Rossel, M.S.  Dressel, K. Holczer, and G. Gmer, ibid. 14, 2459(1993; M.
Torikachvili, M.W. McElfresh, and J.D. Thompson, Phys. Rev. Dressel, S. Donovan, O. Klein, and G. @au, ibid. 14, 2489
Lett. 56, 185 (1986; T.T.M. Palstra, A.A. Menovsky, and J.A. (1993.

Mydosh, Phys. Rev. B3, 6527 (1986. 31D.N. Peligrad, B. Nebendahl, C. Kessler, M. Mehring, A. Duli,

13C. Geibel, C. Schank, S. Thies, H. Kitazawa, C.D. Bredl, A. M. Paek, and D. Paar, Phys. Rev5B, 11 652(1998.

Bohm, M. Rau, A. Grauel, R. Caspary, R. Helfrich, U. Ahlheim, 32K, Bakker, A. de Visser, L.T. Tai, A.A. Menovsky, and J.J.M.

G. Weber, and F. Steglich, Z. Phys. B: Condens. Magrl Franse, Solid State Commug, 497 (1993.
(1991). 333, Aarts, A.P. Volodin, A.A. Menovsky, G.J. Nieuwenhuys, and
D.A. Bonn, J.D. Garrett, and T. Timusk, Phys. Rev. Létt, 1305 J.A. Mydosh, Europhys. Let26, 203 (1994.
(1988. 34M. Huth, M. Jourdan, and H. Adrian, PhysicaZ81&282, 882
151, Degiorgi, H.R. Ott, M. Dressel, G. Gner, and Z. Fisk, Euro- (2000.
phys. Lett.26, 221 (1994. 3R, Caspary, P. Hellmann, M. Keller, G. Sparn, C. Wassilew, R.
16M. Dressel, L. Degiorgi, G. Gmer, P. Wachter, N. Sato, T. Ko- Kohler, C. Geibel, C. Schank, and F. Steglich, Phys. Rev. Lett.
matsubara, and Y. Uemura, Physicad 8&200, 173(1994); L. 71, 2146 (1993; R. Feyerherm, A. Amato, F.N. Gygax, A.
Degiorgi, M. Dressel, G. Gner, P. Wachter, N. Sato, and T. Schenck, C. Geibel, F. Steglich, N. Sato, and T. Komatsubara,
Komatsubara, Europhys. Le25, 311 (1994). ibid. 73, 1849(1994.
7An alternative explanation of the resistivity drop is based on the®®A.A. Abrikosov, L.P. Gor’kov, and I. Ye DzyaloshinskiQuantum
freezing out of the crystal field excitations. Field Theoretical Methods in Statistical Physi¢Bergamon,
BUPG,AI; crystallizes in a hexagonal Prjdil; structure(Ref. 13. New York, 1965,
9L, Paolasini, J.A. Paixao, and G.H. Lander, J. Phys.: Condens’’P.E. Sulewski, A.J. Sievers, M.B. Maple, M.S. Torikachvili, J.L.
Matter 5, 8905(1993. Smith, and Z. Fisk, Phys. Rev. 83, 5338(1988.
20y, Dalichaouch, M.C. de Andrade, and M.B. Maple, Phys. Rev. B33A.M. Awasthi, L. Degiorgi, G. Gruer, Y. Dalichaouch, and M.B.
46, 8671(1992. Maple, Phys. Rev. B8, 10 692(1993.

2IN. Sato, N. Aso, G.H. Lander, B. Roessli, T. Komatsubara, and Y3°J. Ruvalds and A. Virosztek, Phys. Rev.4B, 5498(1991).
Endoh, J. Phys. Soc. JpB6, 1884(1997); N. Metoki, Y. Haga,  “°D. Pines and P. Nozies, The Theory of Quantum Liquid8en-

Y. Koike, and Y. Onuki, Phys. Rev. Let80, 5417 (1998; N. jamin, New York, 1966
Bernhoeft, N. Sato, B. Roessli, N. Aso, A. Hiess, G.H. Lander,**R.N. Gurzhi, Zh. Ksp. Teor. Fiz.35, 965 (1958 [Sov. Phys.
Y. Endoh, and T. Komatsubarinid. 81, 4244(1998. JETP35, 673(1959].

22p. Krimmel, P. Fischer, B. Roessli, H. Maletta, C. Geibel, C. “°F. Marsiglio, J.P. Carbotte, and E. Schachinger, Phys. R&5, B
Schank, A. Grauel, A. Loidl, and F. Steglich, Z. Phys. B: Con-  014515(2002.

035110-11



M. DRESSELet al. PHYSICAL REVIEW B 66, 035110(2002

“3D.N. Basov, E.J. Singley, and S.V. Dordevic, Phys. Rev6®B  %3S. Burdin, A. Georges, and D.R. Grempel, Phys. Rev. [84t.

054516(2002. 1048(2000.
“The evaluation of effective charge carriers was done by**A.N. Tahvildar-Zadeh, M. Jarrell, and J.K. Freericks, Phys. Rev.
using the relation: §p)*=(wp)? okt 8[So1(w)dw|s00k Lett. 80, 5168(1998.
—[o1(w)do| ] 5D.N. Basov, S.I. Woods, A.S. Katz, E.J. Singley, R.C. Dynes, M.
“SM. Jourdan, M. Huth, and H. Adrian, Natuteondon 398, 47 Xu, D.G. Hinks, C.C. Homes, and M. Strongin, Scie283 49
(1999. (1999; D.N. Basov, C.C. Homes, E.J. Singley, M. Strongin, T.
46T, Timusk and B. Statt, Rep. Prog. Phy2, 61 (1999. Timusk, G. Blumberg, and D. van der Marel, Phys. Re\63B

47s. Sillow, B. Janossy, G.L.E. van Vliet, G.J. Nieuwenhuys, A.A.  134514(2001).
Menovsky, and J.A. Mydosh, J. Phys.: Condens. Maiter29 56J.E. Hirsch, Physica @99 305 (1992; H.J.A. Molegraaf, C.

(1996. Presura, D. van der Marel, P.H. Kes, and M. Li, Scie26&,
48N. Kasper, B. Gorshunov, D. N. Peligrad, M. Dressel, M. Huth,  2239(2002.
and H. Adrian(unpublishel 57D.N. Basov(private communication
49T, Kohara, Y. Kohori, K. Asayama, Y. Kitaoka, M.B. Maple, and %®N.K. Sato, N. Aso, K. Miyake, R. Shiina, P. Thalmeier, G. Vare-
M.S. Torikachvili, Solid State Commurs9, 603 (1986. logiannis, C. Geibel, F. Steglich, P. Fulde, and T. Komatsubara,
504, Tou, Y. Kitaoka, K. Asayama, C. Geibel, C. Schank, and F.  Nature(London 410, 340(2002.
Steglich, J. Phys. Soc. Jp&4, 725(1995. 597, Fisk, D.W. Hess, C.J. Pethick, D. Pines, J.L. Smith, J.D.
5l|ndications for a SDW behavior in the isostructural Yhi; were Thompson, and J.O. Willis, Scien@39, 33 (1988.
reported by Y.J. Uemura and G.M. Luke, Physical86-188  °G. Zwicknagl, A.N. Yaresko, and P. Fulde, Phys. Rev.68
223(1993. 081103(2002.
52K, Matsuda, Y. Kohori, and T. Kohara, Phys. Rev5B, 15 223 61 Marabelli, G. Travaglini, P. Wachter, and J.J. Franse, Solid
(1997. State Commun59, 381 (1986.

035110-12



