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Correlation gap in the heavy-fermion antiferromagnet UPd2Al3
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The optical properties of the heavy-fermion compound UPd2Al3 have been measured in a frequency range
from 0.04 to 5 meV (0.3–40 cm21) at temperatures 2 K,T,300 K. Below the coherence temperatureT*
'50 K, a hybridization gap opens around 10 meV. As the temperature decreases further (T<20 K), a well-
pronounced pseudogap of approximately 0.2 meV develops in the optical response; we relate this to the
antiferromagnetic ordering which occurs belowTN'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 localized 5f electrons. In addition to this correlation gap,
we observe a narrow zero-frequency conductivity peak which at 2 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.

DOI: 10.1103/PhysRevB.66.035110 PACS number~s!: 71.27.1a, 74.70.Tx, 72.15.Qm, 75.20.Hr
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I. INTRODUCTION

More than 20 years after the discovery of superconduc
ity in heavy-fermion~HF! compounds, the nature of the s
perconducting ground state is still under debate. In partic
the discovery of the coexistence of antiferromagnetic~AF!
ordering and superconductivity in some of these mater
has reinforced the interest in studying the interplay betw
electronic and magnetic degrees of freedom in these co
lated electron systems.1,2 Heavy fermions are intermetalli
compounds containing elements withf electrons which show
a large enhancement of the quasiparticle effective mass.
wave functions of the atomic and conduction electrons m
~hybridization!, and the strong interaction of the quasifr
conduction-band electrons with nearly localizedf electrons
leads to a so-called Abrikosov-Suhl resonance, i.e., an
hanced density of states at the Fermi energy.2

The common feature of the HF systems is the crosso
from an incoherent state, where the scattering of the ch
carriers on magnetic moments can be described in the fra
work of the single-particle Kondo model, to a many-bo
ground state~Kondo lattice! on cooling below the coherenc
temperatureT* .3 AboveT* the optical conductivity exhibits
a broad Drude behavior

ŝ~v!5s1~v!1 is2~v!5
sdc

11 ivt
, ~1!

which characterizes normal metals;4 the dc conductivity is
given bysdc5ne2t/m, with n the concentration of conduc
tion electrons,e andm the electronic charge and mass, a
1/t5G the scattering rate, which is typically a few hundr
wave numbers for usual metals. The area under the con
tivity spectrum is the spectral weight

E s1~v! dv5
pne2

2m
5

vp
2

8
, ~2!
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and determines the plasma frequencyvp5A4pne2/m.
Below the coherence temperatureT* , however, the in-

crease in the density of electronic states~DOS! at low ener-
gies is commonly described by the formation of a narr
Drude peak with a renormalized effective massm* and scat-
tering rateG* of charge carriers5,6:

ŝ~v!5
~vp* !2

4p

1

G* 1 iv
. ~3!

Because m* G* 5mG, the dc conductivity sdc
5ne2/(m* G* ) is not affected by the renormalization. Th
spectral weightvp*

2/85pne2/(2m* ), however, decreases a
m* increases. The enhancement of the effective mass is
nected to the hybridization ofs andf orbitals, which leads to
a narrow band with a high DOS at the Fermi energy and t
strong coupling of the charge carriers to the local magn
moments.5,7 In HF compounds which do not order magne
cally, a scaling relation

S D

kBT*
D 2

5
m*

m
~4!

between the hybridization gapD and the enhancement of th
effective mass m* /m is found theoretically3 and
experimentally.8,9 With T* on the order of 10–100 K, the
hybridization gap is normally observed in the far-infrar
range of frequency.

The antiferromagnetic ordering reveals itself in rather d
ferent ways for the various HF compounds.10 For instance,
UPt3 does not show any appreciable anomaly of the spec
heat or resistivity at the Ne´el temperatureTN55 K while in
URu2Si2 and UPd2Al3 the transition into a magnetically or
dered state is accompanied by clear anomalies of th
quantities.12,13 However, URu2Si2 shows a remarkable resis
tivity increase atTN , typical for a spin-density-wave~SDW!
system, while in UPd2Al3 only a kink in ther(T) due to
©2002 The American Physical Society10-1
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freezing-out of the spin-flip scattering is observed.10 This
already indicates that in contrast to the former system w
itinerant antiferromagnetism, UPd2Al3 is an antiferromagne
with localized spins. In both UPt3 and URu2Si2, but also in
UCu5, the progressive development of a gap~or pseudogap!
in the optical spectra is observed in connection with the
dering of the magnetic moments,10,11,14,15 whereas for
UPd2Al3 no effect of magnetic ordering on the optical r
sponse at frequencies above 30 cm21 has been detected i
the first infrared investigations.10,16

In the heavy-fermion superconductor UPd2Al3, on which
we want to focus in this paper, a maximum of the resistiv
occurs at temperatures around 80 K which is often relate
the onset of coherence;17 the values cited for the coherenc
temperatureT* range from 20 to 60 K depending on th
experimental method used for determination. The magn
susceptibilityx(T) shows appreciably different behaviors f
field directions parallel and perpendicular to the hexagonc
axis;18 in theab planex(T) is Curie-Weiss-like above 40 K
with a maximum at around 35 K.19 Below this temperature
AF correlations develop, and UPd2Al3 exhibits a metamag
netic behavior. When cooling down even further, a comm
surate AF order develops belowTN514 K; superconductiv-
ity finally sets in13 below 2 K. For 2 K,T,14 K the
specific heat shows aC/T}T2 dependence; the effectiv
mass of the charge carriers is estimated13,20 asm* /m'50.

In the superconducting state of UPd2Al3 two low-energy
modes at 1.5 and 0.4 meV have been observed21 by inelastic
neutron scattering experiments atq5(1/2c)(0,0,1); it was
suggested that they are associated with magnetic exc
and superconductivity, respectively. An important feature
UPd2Al3 is that—compared with other HF antiferro
magnets—it has a rather large magnetic moment (0.85mB)
which is localized predominantly on the U site.22 Based on
this experimental evidence, it has been suggested
UPd2Al3 can be described as a local-moment magnet,
hence the magnetic ordering should have only a minor in
ence on the electronic DOS. However, theoretical calcu
tions of the Fermi surface23 as well as de Haas–van Alphe
experiments24 also indicated an itinerant character of 5f
electrons, and therefore one can expect to find appreci
correlations between electronic states and magnetic orde
in UPd2Al3. Besides the interesting interplay of magne
ordering and superconductivity, these correlations m
UPd2Al3 one of the most studied HF systems in recent ye
they are the main subject of our investigation.

Optical experiments have in general proven to be se
tive to the formation of heavy quasiparticles7,6; the relevant
features show up at the lower end of the infrared spec
range which is commonly accessible. In order to extend
earlier investigations10,16 to lower frequencies, in the prese
work we have carried out optical experiments on UPd2Al3
films in the spectral range from microwaves up to the
infrared. First results were partially reported in Refs. 25–

II. EXPERIMENTAL METHODS

A highly c-axis oriented, epitaxial thin~150 nm! film of
UPd2Al3 was prepared on~111! oriented LaAlO3 substrate
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~thickness 0.924 mm! by electron-beam coevaporation of th
constituent elements in a molecular-beam-epitaxy syste28

The phase purity and structure of the film were investiga
by x-ray and reflection high-energy electron diffraction. T
high quality of the film is seen in dc resistivity data display
in Fig. 1 which are in excellent agreement with measu
ments of bulk crystals.13 At T5300 K the resistivity is
r5172mV cm, the residual resistivity ratior300K/r2K523,
and the Ne´el temperatureTN514 K; our film shows a sharp
superconducting transition atTc51.75 K.

For the measurements in the millimeter and su
millimeter spectral range (50–1400 GHz, 1.2–40 cm21, and
0.2–5 meV) a coherent source spectrometer was employ29

utilizing a set of different backward wave oscillators
monochromatic and continuously tunable sources. The s
trometer includes an interferometric setup in a Mac
Zehnder arrangement which allows for measuring both
amplitude TF and the phasef t of the signal transmitted
through the plane-parallel sample, which in our case is a fi
on a substrate. These two quantities are used to evaluat
complex refractive indexN̂5n1 ik @or alternatively the
complex conductivityŝ(v)# of the film using Fresnel’s for-
mulas for a two-layer system4 without assuming any particu
lar model. In general, the complex transmission coeffici
t̂12345ATF eif t of a two-layer system~layers which we in-
dex with 2 and 3! separating two media~indices 1 and 4! is
given by

t̂12345 t̂12t̂23t̂34exp$ i ~d21d3!%@11 r̂ 12r̂ 23exp$2id2%

1 r̂ 23r̂ 34exp$2id3%1 r̂ 12r̂ 34exp$2i ~d21d3!%#21,

~5!

where the complex angles ared25vd2(n21 ik2)/c for the
film and d35vd3(n31 ik3)/c for the substrate;c53.0
31010 cm/s is the velocity of light in vacuum. The transmi

FIG. 1. Temperature dependence of the dc conductivity of
UPd2Al3 film together with the ac conductivities obtained at diffe
ent frequencies, as indicated. The dotted line represents a fit o
dc conductivity using Eq.~13! with the gapEg851.9 meV. The
dashed lines are guides to the eye; note the nonmonotonic
quency dependence at low temperatures.
0-2
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CORRELATION GAP IN THE HEAVY-FERMION . . . PHYSICAL REVIEW B66, 035110 ~2002!
sion coefficients at each interface are evaluated by the s
dard equationt̂ i j 5(N̂i2N̂j )(N̂i1N̂j )

21, whereN̂15N̂451
corresponds to a vacuum. The optical parameters of
LaAlO3 substrate (n3 andk3) are determined beforehand b
performing the experiments on a blank substrate. The la
size of the sample~approximately 10310 mm2) allowed us
to extend the measurements to very low frequencies, f
v/(2pc)540 cm21 down to 1.15 cm21. For the infrared
range and higher frequencies we used the reflectivity res
obtained on bulk samples and published previously.10,16

In addition, at frequencies of 10, 24, and 33.5 GHz, e
closed resonators were developed and the sample was
sured by cavity perturbation technique.30,31 The cylindrical
TE011 copper cavities—quality factors around 15 000—we
operated by Gunn diode oscillators with sufficient tuni
range; two waveguides couple to the cavity by holes on
half-height of the opposite side walls. A small slice of
sample~typically 333 mm2) was placed in the electrica
field maximum. The transmitted power was detected b
diode, amplified, and processed by fitting a Lorentzian
order to determine the central frequencyf 0 and the widthG0.
From the shift in frequencyD f and change in widthDG
upon introduction of the sample, the surface resistanceRS
and the surface reactanceXS which determine the surfac
impedanceẐS5RS1 iXS are calculated as

RS5Z0

DG

2 f 0z
and XS5Z0

D f

f 0z
, ~6!

where Z054p/c54.19310210 s/cm is the impedance o
free space (Z05377 V in SI units!. The resonator constantz
can be calculated from the geometry of the cavity and
sample when the dielectric properties of the substrate
known.30 The complex conductivityŝ can be evaluated from
the surface impedance usingẐS5Z0Av/4p i ŝ, and the ab-
sorptivity A ~sometimes simply called the absorption! is
given by the relation

A512R5
4RS

Z0
S 11

2RS

Z0
1

RS
21XS

2

Z0
2 D 21

, ~7!

whereR is the reflectivity. In the limitRS ,uXSu!Z0, the last
equation reduces to

A'4RS /Z0 . ~8!

While at 10 GHz the two components of the compl
surface impedance could be measured and therefore bot
conductivity and the dielectric constant were calculated
our higher-frequency experiments at 24 and 34 GHz
because of the large influence of the substrate—we were
able to determine the frequency shift accurately enough
evaluate the dielectric properties of the film; hence we o
utilize the surface resistanceRS . By using Eq.~8!, however,
it was possible to combine these millimeter wave cavity d
with all of the higher frequency optical data, i.e., the tran
mission results through the films obtained in the submillim
ter wave range and the reflectivity10,16 measured on bulk
samples in the infrared, visible and ultraviolet spect
03511
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ranges. The reflection coefficient is a complex functi
r̂ (v)5ur (v)ueifr (v) with the measured bulk reflectivityR
5u r̂ u2. In order to obtain the phasef r we performed a
Kramers-Kronig analysis on the reflectivity spectra,4

f r~v!5
v

pE0

` ln@R~v8!#2 ln@R~v!#

v22~v8!2
dv8, ~9!

where the ln@R(v)# term has been added to the standard fo
in order to remove the singularity atv85v. It has no effect
on the integral because*0

`@v22(v8)2#21dv850. Because
this integral extends from zero to infinity, it is necessary
make suitable high- and low-frequency extrapolations to
measured reflectivity data. We have chosen to use a po
law @R(v)}1/v4# at high frequencies above 106 cm21 and a
Hagen-Rubens extrapolation

R~v!512S 2v

psdc
D 1/2

~10!

below 0.3 cm21. FromR(v) andf r(v) it is then possible to
calculate the complex optical conductivityŝ(v).

III. RESULTS AND ANALYSIS

A. Transmission spectra

In Fig. 2 we present the low-frequency transmission sp
tra for the UPd2Al3 film on the substrate for two selecte
temperatures~100 and 2 K!; they already clearly illustrate
our main finding. The fringes in the spectra are due to m
tireflection of the radiation within the plane-parallel substra
acting as a Fabry-Perot resonator for our monochrom
radiation.4 The frequency spacing between two peaks
mainly determined by the thickness and refractive index
the substrate; their amplitude~minima to maxima!, however,
is governed by the parameters of the film. At temperatu
above 25 K, the transmission spectra basically do
change. ForT<20 K the overall transmission is found to b
strongly reduced below 10 cm21 due to absorption within
the film. At lower frequencies,n5v/(2pc),3.5 cm21, the
transmitted signal increases again, indicating an absorp
edge. It is worth to note, that our preliminary study of
136-nm-thick UPd2Al3 film showed the same features in th
optical response.25

This feature appears below the temperature where
magnetic susceptibility has a maximum—when the AF c
relations develop. Therefore we checked whether the
served transmission minimum could be due to some m
netic absorption. We tried to fit the observed behavior
modeling the complex permeabilitym̂(v) with a magnetic
oscillator ~Lorentzian!,

m̂~v!511
Dm1v0

2

v0
22v21 ivG

, ~11!

wherev0 andG are the center frequency and the width of t
oscillator, respectively, andDm v0

2 denotes the spectra
0-3
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weight. Alternatively we can satisfactorily describe the tra
mission spectra by using a dielectric oscillator

ê~v!5e1~v!1 i e2~v!511
De1v0

2

v0
22v21 ivG

. ~12!

Here De1v0
2 describes the oscillator strength~spectral

weight!, andv0 and G denote the center frequency and t
width of the harmonic oscillator. The results of the lea
square fit of the transmitted signal using a Drude-Lore
model in combination with a magnetic or dielectric oscillat
are shown in the lower two panels of Fig. 2. The parame
of the magnetic oscillator areDm151.001, v0 /(2pc)
55.45 cm21, andG/(2pc)54.08 cm21; and for the dielec-
tric oscillator we used, accordingly,De15vp

2/v0
252.14

3105, v0 /(2pc)53.86 cm21, and G/(2pc)52.13 cm21.
One can immediately see that no satisfactory fit is poss
with a magnetic oscillator term. Second, theDm1 value
~which denotes the strength of the magnetic contribution! is
much higher than expected from the static magnetic sus
tibility measurements.13 Third, the frequency dependence
the transmission is only described satisfactorily using
dielectric model. Thus we conclude that the observed fea
is not due to a pure magnetic excitation, and proceed w
the analysis of our data along the lines of the complex

FIG. 2. Transmission spectraTF(v) of a 150-nm-thick UPd2Al3

film on LaAlO3 ~thickness 0.924 mm! for temperaturesT5100 and
2 K ~a!; the dashed lines connecting minima and maxima~due to
multireflection within the substrate! are drawn to emphasize th
overall frequency dependence of the transmission of the film.
middle ~b! and bottom~c! panels present the fits of the transmissi
spectra forT52 K using the models of ‘‘magnetic’’ and ‘‘dielec
tric’’ oscillators ~Lorentzians!, respectively; the oscillator param
eters are given in the text.
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electric constantê(v)5e1(v)1 i e2(v) or complex conduc-
tivity ŝ5 ê v/(4p i ), respectively.

B. Optical conductivity

To discuss our findings on the temperature- a
frequency-dependent transport in UPd2Al3, let us first turn
back to Fig. 1. BelowTN the temperature dependence of t
dc resistivity of the film can be described20,32 using the ex-
pression for an antiferromagnet with an energy gapEg8 :

r~T!5r01aT21bTS 11
2kBT

Eg8
D expH 2Eg8

kBT J . ~13!

Here r0 gives the residual resistivity and the second te
describes the electron-electron scattering~Fermi liquid!. A fit
of the dc curve~dotted line in Fig. 1! by Eq. ~13! yields the
gap valueEg851.9 meV, which corresponds to the one r
ported in Refs. 20, 28, and 32.

From early tunneling measurements on UPd2Al3 a rather
large spin-gap energy up to 12.4 meV was first suggeste33

Using thin films of this compound, recent tunneling expe
ments in the superconducting and normal state cle
demonstrate34 that there remains a reduced DOS at zero b
up the temperature range of 7 K, with a gap value of
meV, while the superconducting gap is at 0.235 meV. T
existence of a gap in either the electronic DOS or in
magnon spectrum was opposed by Casparyet al.35 and on
grounds of infrared measurements by Degiorgiet al.16 In the
light of the low-energy measurements presented in this
per, the arguments will be reconsidered below.

The real parts of the low-frequency optical conductiv
s1(v) and of the dielectric constante1(v) of UPd2Al3 are
plotted in Fig. 3 for some temperatures. Except for the
conductivity on the left axis of the upper frame and the
sults of the microwave impedance measurements
0.3 cm21, all the data points plotted are obtained direc
from the transmitted power and phase shift in our transm
sion experiments. Within our accuracy both quantities
frequency independent forT>25 K, but show a strong dis
persion for lower temperatures. In addition, the response
the Drude model@Eq. ~3!# is shown ~solid line! which
matches the dc conductivitysdc51.283105 (V cm)21 at 2
K and the far-infrared roll-off around 10 cm21; it is obvious
that the observed optical response of UPd2Al3 differs from
that of a renormalized Drude metal. As a result, the sim
Hagen-Rubens extrapolation—in general used6 to extrapolate
the far-infrared reflectivity below 30 cm21—totally misses
the following two features in our millimeter and sub
millimeter range. First, the optical conductivitys1(v)
clearly shows the development of a gaplike minimum bel
3 cm21 at T,20 K; it corresponds to a pronounced increa
of the dielectric constante1(v) which is a direct measure o
the gap. This feature gradually disappears with increas
temperature and is not seen above 30 K. Second, at freq
cies below approximately 1.5 cm21 the conductivity in-
creases forv→0 toward considerably higher dc values, lea
ing to a very narrow peak at zero frequency.

e
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In a first approach we describe the narrow peak atv50
by the Drude model and use a phenomenological gap mo4

for the higher frequencies,

s1~v!5
sdc~GD* !2

v21~GD* !2
1~12Q!

Sg

v21Gg
2
Av2vg, ~14!

whereQ51 for v<vg and Q50 above the gap frequenc
vg . HereGD* is the damping of the narrowv50 mode and
Eg5\vg corresponds to the gap energy. The parametersSg
andGg depend on the concentration, the effective mass,
the scattering rate of the charge carriers above the gap
performing a Kramers-Kronig integration of Eq.~14! we
have also obtained an analytical expression for the dielec
constant which was used in the fitting procedures. The
sumed model@Eq. ~14!# describes very well the experiment
results ofs1(v) ande1(v) for temperaturesT<20 K; as an
example, the fit of the 2-K data is shown in Fig. 4. T
temperature dependence of the gap energy\vg as obtained
by this fit is displayed in the inset~solid squares correspond
ing to the left axis!. The gap valueEg'0.22 meV is essen
tially temperature independent, which does not correspon
the well-known BCS-like temperature behavior obtained
mean-field theory; instead, the gap feature becomes m
pronounced as the temperature is lowered.

While the above analysis was solely based on direct m
surements of the optical conductivity and dielectric const

FIG. 3. The low-frequency optical conductivity~a! and the di-
electric constant~b! of UPd2Al3 as a function of frequency at sev
eral temperatures. The dc conductivity is shown by the stars on
left axis of the upper panel. The dashed lines are drawn to guide
eye. The solid lines correspond to the renormalized Drude beha
@Eq. ~3!# assuming sdc51.25•105(V cm)21 and G* /(2pc)
52.5 cm21.
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without applying the Kramers-Kronig analysis, we now wa
to combine all the absorption data available in the en
range of frequency. In Fig. 5~a! the frequency dependence o
the absorptivityA(v)512R(v) is plotted over a wide
spectral range and for different temperatures. From the m
sured dc conductivity the absorptivity is calculated in t
Hagen-Rubens limit assuming Eq.~10!. The full symbols are
the results of the microwave cavity measurements of the
face resistanceRS , using Eq.~8!. In the range from 1 to
40 cm21, the absorptivity is evaluated from our optical e
periments using the transmission coefficient and the ph
shift ~open circles; only 2-K data are plotted for clarity re
sons!. Above 30–106 cm21 we also utilized the data from
bulk reflectivity measurements~solid lines!. For even higher
frequencies we extrapolated byR(v)}v24. The lines repre-
sent the input we used for performing the Kramers-Kron
analysis in order to calculate the optical conductivity. It w
obtained by simultaneously fitting the absorptivity resu
and the directly measured conductivity. Obviously, the lo
temperature data exhibit significant deviations from t
A(v)}v1/2 Hagen-Rubens behavior for frequencies abo
0.1 cm21.

The lower panel of Fig. 5 shows the corresponding opti
conductivitys1(v) as obtained by a Kramers-Kronig anal
sis of the absorptivity just described; in addition, we aga
display the directly measured conductivity data which we
also taken into account for the absorptivity fit, as mention
above. The agreement is very good considering the error
for each measurement technique. The main features ca
summarized as follows:~i! At high temperaturesT.50 K,
we observe a broad conductivity spectrum as expected f
metal according to Eq.~1!. Following Ref. 16, the plasma
frequency from the evaluation of the entire spectral weigh
all free charge carriers isvp /(2pc)54.43104 cm21. ~ii ! As
the temperature decreases belowT* , a renormalized Drude

he
he
or

FIG. 4. Optical conductivitys1(v) of UPd2Al3 at T52 K. The
line corresponds to the fit by Eq.~14!. In the inset the temperatur
dependences of the gap frequency~full squares, left axis! obtained
from the fit is displayed. Also shown is the spectral weight of t
v50 resonance~open triangle, right axis! and of all the excitations
above and below the gap~open diamonds, right axis!. For details,
see the text.
0-5
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peak@Eq. ~3!# develops due to the gradual enhancemen
the effective massm* . The renormalized plasma frequenc
vp* /(2pc)'4350 cm21, which will be obtained by the pro
cedure discussed in Sec. III C, corresponds tom* '100m.
This behavior is typical for heavy fermions6 and was dis-
cussed in detail in Refs. 10,16,25, and 26 for the case
UPd2Al3. At the same time, a gaplike feature develo
around 100 cm21 as expected from the hybridization of th
localized 5f electrons and the conduction electrons; t
value is in good agreement with the scaling relation~4!. ~iii !
Lowering the temperature further, magnetic ordering set
at TN514 K, and leads to distinct signatures in the optic
spectrum. We observe a well-pronounced pseudogap be
2 cm21 which we assign to magnetic correlations betwe
the localized and delocalized charge carriers. At even lo
frequencies, an extremely narrow mode-centered zero
quency remains, which is eventually responsible for the

FIG. 5. ~a! Frequency-dependent absorptionA(v) of UPd2Al3

at different temperatures shown over a wide frequency range.
solid stars on the left axis represent the dc values in a Hag
Rubens behavior@Eq. ~10!#; the full symbols in the microwave
range are obtained by cavity perturbation technique; the open s
bols present absorption evaluated from the transmission and p
measurements by the Mach-Zehnder interferometer~only 2-K data
are plotted for clarity reasons!. The lines are obtained by combinin
the various optical investigations~transmission through films an
reflection of bulk samples! and simultaneously matching the d
rectly measured conductivity and dielectric constant.~b! Optical
conductivity of UPd2Al3 as evaluated by a Kramers-Kronig anal
sis of the above absorptivity data. The stars on the left axis indi
the dc conductivity; the full points were obtained by the 10-G
cavity method. The open symbols correspond to the direct dete
nation of the optical conductivity using the transmission and
phase shift obtained by the Mach-Zehnder interferometer.
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perconductivity belowTc52 K. The analysis and under
standing of this low-temperature (Tc,T<TN) and low-
frequency (n,50 cm21) behavior is the main point of this
paper.

For the analysis of our low-frequency data we introduc
complex frequency-dependent scattering rateĜ(v)5G1(v)
1 iG2(v) into the standard Drude form of Eq.~3!. If we
define the dimensionless quantityl(v)52G2(v)/v, the
complex conductivity can be written as

ŝ~v!5
~vp8!2

4p

1

G1~v!2 iv@m* ~v!/m#
, ~15!

where m* /m511l(v) is the frequency-dependent en
hanced mass.vp8/(2pc)59.53103 cm21 corresponds to the
fraction of electrons which participate in the many body st
which develops belowT* as discussed in the following sub
section. By rearranging Eq.~15! we can write expressions fo
G1(v) andm* (v) in terms ofs1(v) ands2(v) as follows:

G1~v!5
~vp8!2

4p

s1~v!

uŝ~v!u2
, ~16!

m* ~v!

m
5

~vp8!2

4p

s2~v!

uŝ~v!u2

1

v
. ~17!

Due to causalityG1(v) and m* (v) are connected through
the Kramers-Kronig integrals.4 Such an analysis allows us t
look for interactions which would lead to energy-depend
renormalization effects as the frequency-dependent sca
ing rate and effective mass are related to the real and im
nary parts of the frequency-dependent self-energy of
electrons.36 Such an analysis has been used before in stu
ing the response of HF compounds9,37,38 and high tempera-
ture superconductors.39 In the lower frames of Fig. 6 the
frequency dependence of the scattering rateG1(v) and ef-
fective massm* (v) are displayed for different temperature
for comparison we replots1(v) ande1(v) in Figs. 6~a! and
6~b!. As expected for a Drude metal, atT.T* the spectra of
G1(v) andm* (v) are nearly frequency independent. As t
temperature is lowered we observe a peak in the ene
dependent scattering rate at the hybridization gap, as ca
nicely seen in theT530 K data of Fig. 6~c!. The existence
of HF quasiparticles is confirmed by a low-frequency pla
mon characterized by the zero-crossing in the spectra of
dielectric constante1(v) shown in Fig. 6~b!. The decrease o
G1(v) to lower frequencies corresponds to an increase
m* (v). At these intermediate temperatures,TN,T,T* , the
effective massm* /m already reaches a value of 35.

The question remains how the optical response at v
low frequencies can be described, i.e., for excitations of
zero-frequency mode; whether it is simply a renormaliz
Drude behavior. Landau’s Fermi-liquid theory40 predicts that
the scattering rate due to electron-electron interactions
three dimensions should be quadratic both in tempera
and frequency.40,41In order to examine the shape of the zer
frequency peak observed in the data, we have adopted
following phenomenological forms ofG1(v) and m* (v),
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used by Sulewskiet al. in their study of the Fermi liquid
behavior of the heavy fermion compound UPt3,37

G1~v!5G01
l0av2

11a2v2
~18!

and

m* ~v!

m
511

l0

11a2v2
, ~19!

whereG0 andl0 are the zero-frequency scattering rate a
mass enhancement, respectively. 1/a is a characteristic fre-
quency~energy! of the process. These expressions obey
Kramers-Kronig relation and have the proper Fermi-liqu
frequency dependence. The comparison of the low-freque
behavior ofG1(v) at T530 K to the fit by Eq.~18! ~inset of
Fig. 6! confirms the main features: as the frequency
creases,G1(v) grows and then saturates around 100 cm21.

FIG. 6. Frequency dependence of~a! the optical conductivity
s1(v), ~b! the dielectric constante1(v), ~c! the scattering rate
G1(v), and~d! the effective massm* (v)/m of UPd2Al3 for differ-
ent temperatures. The point on the left axis of panel~d! corresponds
to the effective mass determined by thermodynamic measurem
~data from Refs. 13 and 20!, and the inset shows the comparison
G1(v) at T530 K with the behavior@Eq. ~18!# expected for Lan-
dau’s theory of a Fermi liquid.
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The present set of data, however, does not allow one to c
clude whether UPd2Al3 can be satisfactorily describe
within a Fermi-liquid formalism or not. These questions r
main the subject of further investigations at lower freque
cies.

The scattering rate drops more than one order of ma
tude below 15 K. This can be explained by the freezing
of spin-flip scattering belowTN . As recently pointed out42,43

in the context of high temperature superconductors,
energy-dependent scattering rate is related to the electr
DOS; and a sum-rule was suggested similar to Eq.~2!. In the
case of UPd2Al3 we can distinguish two gap structures wi
an enhanced DOS at the edges, as it is known from su
conductors and low-dimensional semiconductors. Again
would be of great interest to determineG1(v) of this narrow
zero-frequency mode which remains in the AF state. Due
the influence of magnetic correlations it might be well d
tinct from the behavior atT.TN plotted in the inset of
Fig. 6.

Decreasing the temperature belowTN results in a second
peak ofG1(v) and a strong increase of the effective ma
around 1 cm21. Already seen atT515 K, this effect be-
comes stronger as the temperature is lowered to 2 K.
effective massm* /m levels off below this frequency and
nicely matches the values obtained by thermodyna
methods13,20which are indicated by the point atv50 in Fig.
6~d!. Note that, due to the few data points, the features be
1 cm21 are not significant; this range demands further st
ies. The important finding of our study is that the magne
ordering significantly changes the energy depende
m* (v): the strong increase of the effective mass does
occur at the hybridization gap at 10 meV, but mainly belo
the energy range which corresponds to the correlation ga
0.2 meV. This infers that the magnetic correlations are
superior importance for the mass enhancement.

C. Spectral weight

According to Eq. ~2!, the area under the conductivit
spectrum is related to the density and mass of the cha
carriers. Well above the coherence temperatureT* , optical
spectra of UPd2Al3 simply follow the Drude behavior of a
normal metal with an unrenormalized plasma frequency
vp /(2pc)54.43104 cm21, as evaluated previously.16 As-
suming a free-electron massm, we estimate a charge-carrie
density n51.131022 cm23. From de Haas–van Alphen
spectra23,24 we know that only approximately 35% of th
electrons contribute to the HF state; qualitatively we a
observe this fact in our optical spectra. The plasma freque
which corresponds to those electrons~concentrationn8)
which are affected by the formation of the HF state44 is
vp8/(2pc)59.53103 cm21. Our analysis infers that thes
carriers have a band massm857m. This also means that a
large fraction of the carriers is unaffected by the HF grou
state and will not be considered in our further analysis.

Typical for a HF compound, below 100 cm21 a narrow
conductivity mode develops due to electronic correlations
lower temperatures. ForT.20 K but belowT* , the spectral
weight of this contribution does not change significantly; t

nts
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renormalized plasma frequency isvp* /(2pc)'4350 cm21.
A similar result of a temperature independentvp* was ob-
tained from our fit of the directly measured conductivity,
displayed in the inset of the Fig. 4 by the open diamond

Assuming that the total number of charge carriersn8 re-
mains unchanged, sum-rule arguments givevp8/vp*
5Am* /m8. Thus we obtainm* /m'30, which is in good
agreement with the value obtained by thermodynamic m
ods of specific heat and susceptibility (m* /m541–66),13,20

and is somewhat smaller than the estimate from infra
measurements (m* /m585).16 Analyzing our data by the
generalized Drude model@Eq. ~15!#, we have obtained the
energy dependence of the effective mass as plotted in
6~d!. For T52 K we find an enhancement ofm* (v)/m
545, in excellent agreement with the above estimates of
spectral weight.

As the temperature decreases belowTN , a pseudogap de
velops in the optical spectra around 1.8 cm21 ~i.e., 0.2 meV!
with important implications on the spectral weight. At lo
temperatures the optical weight consists of two contri
tions, the narrowv50 resonance and the charge carrie
excited across the gap of energy\vg :

E
0

vc
s1~v! dv5E

0

vg
s1~v! dv1E

vg

vc
s1~v! dv. ~20!

Here we integrated up to a cutoff frequencyvc /(2pc)
'100 cm21 which lies above the features associated w
correlation effects but well below the interband transitio
The zero-frequency response contains only 10% of the o
all spectral weight; the major contribution comes from t
excitations across the gap. This agrees well with the ab
discussion of the peak in the DOS right above the gap.
temperature dependences of both components as well as
sum are presented in the inset of Fig. 4~right axis!. The
contribution of thev50 response increases as the tempe
ture decreases~open triangles in inset of Fig. 4!; within our
accuracy, however, this does not lead to a significant cha
of the overall spectral weight with temperature~open dia-
monds!. The observed behavior can be taken as an indica
that these two modes correspond to charge carriers loca
at different parts of the Fermi surface. The coexistence
two different electronic subsystems in UPd2Al3 was also
suggested in Ref. 35.

The most interesting question is the relation between
AF ordering and the pseudogap origin. The fact that we a
see the gaplike feature slightly aboveTN up to 20 K or more
does not rule out its connection to the magnetic orderi
since an incommensurate phase was also observed upT
'20 K by neutron-diffraction experiments.22

IV. DISCUSSION

Since the development of the HF state in UPd2Al3 and the
corresponding hybridization gap, which we observe arou
100 cm21, was already discussed in extensively Refs. 6 a
16, we now concentrate on the recently discovered featur
lower energies. Five possible explanations for the origin
the correlation gap at 0.2 meV will be considered:~i! the
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low-energy feature is a signature of superconductivity,~ii !
the pseudogap in the optical response may be related to s
wave excitations,~iii ! the formation of a SDW ground stat
may lead to the opening of an energy gap,~iv! due to inter-
action the hybridization gap is shifted to low energies, a
~v! magnetic correlations in the AF ground state influence
electronic DOS spectra.

~i! There seems to be an excellent agreement of the l
energy excitations seen in our conductivity spectra to
superconducting energy gap 2D and the corresponding mod
at 0.4 meV found by neutron-scattering experiments.21,45

Since this mode shows up only belowTc and becomes a
quasielastic line above, it was unambiguously assigned to
superconducting state. It seems unlikely that supercond
ing fluctuations lead to a pseudogap in our spectra up tT
515 K and more. We want to recall the case of hig
temperature superconductors where a pseudogap is obs
well aboveTc ~Ref. 46!; however, it shows up in charge a
well as in spin excitations, in contrast the behavior found
UPd2Al3. Hence we are reluctant to simply assign the lo
energy feature we found in our optical spectra to the sup
conducting state.

~ii ! From torque magnetization measurements Su¨llow
et al.47 found evidence of a gap in the spin-wave spectrum
the order ofEg'0.4 meV, which is about the value of th
pseudogap we see in the optical spectra. ForT.Tc52 K
inelastic neutron-scattering experiments found a Lorentz
shaped line around 1.5 meV which is ascribed to magn
excitations.21 Another gap observed at 0.4 meV was asso
ated with superconductivity. All of these modes exhibit
strong temperature andq dependence.21 Besides the resistiv-
ity r(T) discussed above, the fall ofC(T) was also inter-
preted as the opening of a gap in the magnetic excita
spectrum.13,35 As shown above in Sec. III A, we were no
able to obtain a reasonable fit of the observed features
magnetic absorption process~cf. Fig. 2!. Moreover, in our
preliminary experiments in magnetic field48 we have not seen
any clear evidence in favor of the magnetic nature of
observed gap feature.

~iii ! Below TN a commensurate ordering of the rath
large magnetic moments (0.85mB) occurs in UPd2Al3, ~Ref.
22!. In the HF antiferromagnet URu2Si2 a commensurate
structure also develops, but the ordered moment o
amounts to 0.02mB . Soon after the discovery of UPd2Al3 it
was debated whether also in this compound the antife
magnetic ordering is due to the SDW ground state as
URu2Si2. In contrast to URu2Si2, the resistivity of UPd2Al3
does not increase right belowTN , but the low-temperature
decrease can be well described by an activated behavior@Eq.
~13!#. We do not think that the thus-obtained gap valueEg
51.9 meV indicates the formation of a SDW state20,32; it is
much larger than the value obtained from our optical res
~Fig. 4!. The pseudogap feature we see in UPd2Al3 is about
a factor of 5 below the frequency one would expect fro
mean-field theoryEg53.5kBTN . The opening of a SDW gap
can be seen in the temperature dependent NMR relaxa
rate of URu2Si2,49 yielding a reduction of the electronic den
sity of states by a factor of 3. A very similar behavior h
been detected by27Al-NQR experiments50 in UPd2Al3.51 Re-
0-8



a

nt

a
n

ro

f

m
o

hi

ow
lso
on
-
a
le
-

er

ds
ed

siz
d

is

er
co
th
e

n

a-

in
in

tin
m
gh

ere
ine

ell

the
ting
-

red
the
-

n-
ct-

ap
the

our
y-

s of

s
ns

for
m

nd
is

te is
as
the

ic
tate
nd

om-
ua-

the

cy
n
his
nt
p

ons.

ents

CORRELATION GAP IN THE HEAVY-FERMION . . . PHYSICAL REVIEW B66, 035110 ~2002!
cent 105Pd-NMR and NQR experiments, however, spe
against the SDW model for the UPd2Al3; the observed diver-
gence in 1/T1 at TN can be explained by a localized mome
picture of uranium.52

~iv! Another possible mechanism of the pseudogap form
tion at these low energies is the change of the electro
DOS due to the coherence of screening conduction elect
in the Kondo lattice~the so-called hybridization gap!. The
coherence temperatureT* is usually of the same order o
magnitude as the single particle Kondo temperatureTK , be-
low which local moments are screened and a local Fer
liquid picture applies. The coherence temperature
UPd2Al3 lies in the range from 20 to 60 K,13,35 i.e., the
hybridization gap should be approximately 1.9–5 meV. T
is in excellent agreement with the 100-cm21 gap~124 meV!
we observe and hence assign to the hybridization gap foll
ing Eq. ~4!. However, there might be scenarios which a
relate the low-frequency gap at 0.2 meV to the hybridizati
~a! The strong anisotropy in UPd2Al3 may lead to an aniso
tropic hybridization gap, and optical measurements ‘‘see’’
‘‘effective’’ value which can be lower than the single-partic
Kondo coupling energy.~b! By means of analytical and nu
merical calculations53,54 the ratioTK /T* should be less than
unity in case of a low density of screening electron~exhaust-
ing regime!. It leads to a decrease of the coherence temp
ture T* , which is a measure of the hybridization gap.

~v! The itinerant antiferromagnetism of a SDW is at od
with the formation of local moment magnetism deduc
from susceptibility13 and neutron scattering.22 On the other
hand, using self-consistent density functional calculations
the local approximation the magnetic structure and the
of the ordered moment of UPd2Al3 have been well describe
within a purely itinerant electron picture.23 It was
suggested35 that two different electronic subsystems coex
in UPd2Al3. One of them is a rather localized uranium 5f
state responsible for the magnetic properties, and the oth
delocalized and determines the heavy fermion and super
ducting properties. From the London penetration dep35

lL(0)5450 nm we calculate4 the plasma frequency of th
superconducting carriers@2plL(0)#2153540 cm21, and
find a good agreement withvp* /(2pc)54350 cm21 ob-
tained from the spectral weight of our low-frequency co
ductivity spectrum just aboveTc ~cf. the inset of Fig.4!. This
has the following implications.

~a! In order to recover the spectral weightrs of thed peak
in the superconducting state~as determined from the penetr
tion depth! according to the Tinkham-Ferrell sum rule,4 we
have to integrate the normal state conductivitys1

n(v) up to a
cutoff frequencyvc

s/(2pc)5100 cm21 ~assuming that the
conductivity decreases to zero up to this frequency! which is
well above the frequency 2D/(hc)54 cm21 at which the
superconducting gap was observed by tunnel
spectroscopy.45 In conventional superconductors a change
the optical properties upon entering the superconduc
state can be observed only up to approximately three ti
the gap frequency. A similar discrepancy of spectral wei
was found in high-temperature superconductors,55 and gave
argument to a change of the kinetic energyDK associated
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with the superconducting transition55,56:

rs5E
01

vc
s

@s1
n~v!2s1

s~v!#dv1DK. ~21!

Our results indicate that also for UPd2Al3 there is a loss of
kinetic energy in the superconducting state. Since we w
not yet able to probe the superconducting state and determ
the superconducting gap by optical means,57 we do not want
to further speculate on the violation of the Tinkham-Ferr
sum rule and possible implications.

~b! All electrons seen in our low-energy spectra are in
HF ground state and eventually undergo the superconduc
transition belowTc . We can definitely rule out an assign
ment of the gap to the localized carriers of the AF-orde
states with the delocalized carriers contributing only to
narrow feature aroundv50, because, with a plasma fre
quency of 1500 cm21 at low temperatures, this feature co
tains only 18% of the carriers which become supercondu
ing. The small spectral weight below the correlation g
implies that the excitations above the gap stem from
delocalized states and that the pseudogap observed in
conductivity spectra is either inherent to the heav
quasiparticle state or is related to exchange correlation
the second subsystem.

Recently Satoet al.58 argued that the magnetic excitation
‘‘seen’’ by neutron scattering produce effective interactio
between itinerant electrons, and therefore are responsible
superconductivity. Similar conclusions where drawn fro
tunneling measurements on UPd2Al3 films.45 Our results
now indicate that already in the normal state electronic a
magnetic excitations interact in the energy range which
relevant for superconductivity in UPd2Al3. From the fre-
quency dependence of the effective massm* (v) we can also
conclude that the mass enhancement in the metallic sta
strongly influenced by the magnetic correlations. Thus,
magnetic excitons are supposed to be responsible for
superconductivity,45,58 we suggest that localized magnet
excitations also influence the properties of the normal s
which were commonly assigned to the heavy-fermion grou
state. We propose that the magnetic order in these c
pounds is the prerequisite to the formation of the heavy q
siparticles and eventually of superconductivity.

It is expected that thetemperature dependenceof the qua-
siparticle formation, as observed in the enhancement of
effective mass, goes hand in hand with theenergy depen-
denceof the correlation effects, as probed by the frequen
dependence ofm* ; however, only very few experiments o
heavy fermion systems have been performed in t
regard.37,38 From Fig. 6~d! we see a moderate enhanceme
of m* (v,T50) for frequencies below the hybridization ga
and a larger one below the gap due to magnetic correlati
Accordingly,m* (v50,T) increases only slightly belowT* ,
and shows a large enhancement belowTN . The latter behav-
ior should also be observed in thermodynamic measurem
of m* .
0-9
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V. OUTLOOK

If our explanation the optical properties of UPd2Al3 is
valid, it may also apply to other heavy-fermion compoun
in particular to UPt3 which exhibits a similar behavior in
many regards1,59. For UPt3 the effective mass of the quas
particles is larger (m* /m'200) and the relevant energ
scales are lower. The coherence temperatureT* '30 K, fluc-
tuating short-range magnetic order occurs atTN55 K and
superconductivity sets in atTc50.5 K. Although the mag-
netic moment (0.02mB) is much smaller, recent band
structure calculations60 infered the existence of localized a
well as delocalized 5f -electrons in UPt3 very much similar
to UPd2Al3. It was suggested that the observed enhancem
of the quasiparticle mass results from the local-exchange
teraction of two localized 5f electrons with the remaining
delocalized ones.

Millimeter-wave experiments on UPt3 crystals,11,37,61

which showed a peak in the conductivity at 6 cm21 for tem-
peratures below 5 K, indicated a similar scenario. We rea
lyzed the optical properties of UPt3 shown in Fig. 7~a! in the
same way as described above~Sec. III B! and obtained simi-
lar features.27 When the coherent ground state builds upT

FIG. 7. Frequency dependence of~a! the absorptionA(v), ~b!
the optical conductivitys1(v), ~c! the scattering rateG1(v), and
~d! the effective massm* (v) of UPt3 for different temperatures
The absorption data are calculated form the experimental resul
Refs. 11, 37, and 61.
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,T* ), the optical conductivity increases for frequencies b
low 30 cm21 @Fig. 7~b!#. As the temperature drops belo
TN55 K, magnetic ordering occurs and an energy gap p
gressively develops at about 3 cm21 which is assigned to
magnetic correlations.11 In full analogy to the case o
UPd2Al3, the frequency dependence of the effective mass
UPt3 displayed in Fig. 7~d! clearly shows that only a mar
ginal increase ofm* is observed around 30 cm21, while
below the energies related to the magnetic correlations
mass is drastically enhanced. Thus for UPt3 we also find that,
as for UPd2Al3, the coupling of the localized and delocalize
5 f -electrons causes the heavy quasiparticles in UPt3; these
magnetic excitations are very likely to be responsible
superconductivity. More detailed electrodynamic studies
UPt3 and on the superconducting state in general have to
performed since they seem to comprise the appropr
method to probe the energy dependence of the correla
effects which are the key issue for understanding the na
of the heavy quasiparticles. It remains to be seen how far
findings have implications on nonmagnetic heavy fermio
with a large effective mass. Of further interest would be t
study of Ce compounds for which comparable band struc
calculations do not yet exist.

VI. CONCLUSION

In conclusion, the electrodynamic response of UPd2Al3 in
the low-energy range from 0.04 to 5 meV (0.33–40 cm21)
exhibits a behavior at low temperatures (T<20 K) which
cannot be explained within the simple picture of a renorm
ized Fermi liquid. At around 12 meV a hybridization ga
develops belowT* which is characteristic or heavy ferm
ons. The lower-frequency response shows the well-kno
renormalized behavior only above the magnetic ordering;
low TN514 K, however, additional features were disco
ered. Besides an extremely narrow~less than 1 cm21) zero-
frequency response, we observe a pseudogap of about
meV. The experiments yield indications that this pseudog
is not a simple SDW gap or some excitation in the loc
magnetic moments system, but rather is connected to m
netic correlations on the delocalized charge carriers. We h
argued that this gap at extremely low energies is due to
influence of the localized magnetic moments on the itiner
electrons and this interaction is mainly responsible for
enhanced massm* . It appears that the formation of th
heavy quasiparticles relies on the establishment of antife
magnetic order rather than on the competition between
coherent singlet formation and the magnetic order.
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50, 15 834 ~1994!; K. Knöpfle, A. Mavromaras, L.M. Sand-
ratskii, and J. Ku¨bler, J. Phys.: Condens. Matter8, 901 ~1996!.

24Y. Inada, H. Aono, A. Ishiguro, J. Kimura, N. Sato, A. Sawad
and T. Komatsubara, Physica B199-200, 119 ~1994!; Y. Inada,
H. Aono, A. Ishiguro, J. Kimura, N. Sato, A. Sawada, T. Koma
subara, and H. Yamagami,ibid. 206-207, 33 ~1995!; Y. Inada, H.
Yamagami, Y. Haga, K. Sakurai, Y. Tokiwa, T. Honma, E. Yam
moto, Y. Onuki, and T. Yanagisawa, J. Phys. Soc. Jpn.68, 3643
~1999!.

25M. Dressel, B.P. Gorshunov, A.V. Pronin, A.A. Mukhin, F. May
A. Seeger, P. Lunkenheimer, A. Loidl, M. Jourdan, M. Huth, a
H. Adrian, Physica B244, 125 ~1998!.

26M. Dressel, B.P. Gorshunov, N. Kasper, B. Nebendahl, M. Hu
and H. Adrian, J. Phys.: Condens. Matter12, L633 ~2000!.

27M. Dressel, N. Kasper, K. Petukhov, B. Gorshunov, G. Gru¨ner,
M. Huth, and H. Adrian, Phys. Rev. Lett.88, 186404~2002!.

28M. Huth, A. Kaldowski, J. Hessert, Th. Steinborn, and H. Adria
Solid State Commun.87, 1133~1993!; M. Huth, A. Kaldowski,
J. Hessert, C. Heske, and H. Adrian, Physica B199&200, 116
~1994!.

29A.A. Volkov, Yu.G. Goncharov, G.V. Kozlov, S.P. Lebedev, an
A.M. Prokhorov, Infrared Phys.25, 369 ~1985!; A.A. Volkov,
G.V. Kozlov, and A.M. Prokhorov,ibid. 29, 747 ~1989!.

30O. Klein, S. Donovan, M. Dressel, and G. Gru¨ner, Int. J. Infrared
Millim. Waves 14, 2423 ~1993!; S. Donovan, O. Klein, M.
Dressel, K. Holczer, and G. Gru¨ner, ibid. 14, 2459 ~1993!; M.
Dressel, S. Donovan, O. Klein, and G. Gru¨ner, ibid. 14, 2489
~1993!.

31D.N. Peligrad, B. Nebendahl, C. Kessler, M. Mehring, A. Du
M. Paek, and D. Paar, Phys. Rev. B58, 11 652~1998!.

32K. Bakker, A. de Visser, L.T. Tai, A.A. Menovsky, and J.J.M
Franse, Solid State Commun.86, 497 ~1993!.

33J. Aarts, A.P. Volodin, A.A. Menovsky, G.J. Nieuwenhuys, a
J.A. Mydosh, Europhys. Lett.26, 203 ~1994!.

34M. Huth, M. Jourdan, and H. Adrian, Physica B281&282, 882
~2000!.

35R. Caspary, P. Hellmann, M. Keller, G. Sparn, C. Wassilew,
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