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Abstract

Rare-earth intermetallic alloys and compounds, in particular those with Ce or Yb, are often close to a magnetic instability. In particular,
CeCu6−xAux has become a prototype heavy-fermion (HF) system where, starting from not magnetically ordered CeCu6, Au doping introduces
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ong-range incommensurate antiferromagnetism forx > xc ≈ 0.1. At the critical concentrationxc the system experiences a quantum ph
ransition (QPT). Here, the unusual magnetic fluctuations probed by inelastic neutron scattering lead to non-Fermi-liquid beh
o anomalous low-temperature thermodynamic and transport properties. Hall-effect measurements delineate the “bandstructur
ermions across the critical concentrationxc. While most rare-earth HF compounds have a tendency towards antiferromagnetic order,1.81

resents one of the comparatively few cases exhibiting ferromagnetic order belowTc = 9.5 K. In a search for a ferromagnetic QPT in
etals, we have studied the pressure dependence of the magnetization and the spontaneously ordered magnetic moment,µS, which vanishe
roundp ≈ 13 kbar.
2005 Elsevier B.V. All rights reserved.
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. Introduction

In many rare-earth intermetallic compounds and alloys,
he strength of the conduction-electron–f-electron exchange
nteraction,J, can be tuned by composition or pressure, giving
ise to either dominant Kondo or RKKY interactions[1]. This
eads to heavy-fermion (HF) behavior when the energy scale
f the Kondo interaction is slightly larger than that of the
KKY interaction, and offers the possibility to induce a zero-

emperature magnetic–nonmagnetic transition.
CeCu6−xAux has become a prototype HF system where,

tarting from not magnetically ordered CeCu6 with strongly
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enhanced Pauli paramagnetism, Au doping introduces
range incommensurate antiferromagnetism for Au conce
tion x > xc ≈ 0.1 [2]. This transition arises because the
change interaction,J, can be tuned by composition, by virt
of the negative lattice expansion caused by the large Au r
[3]. Indeed, the long-range magnetic order can be suppr
by applying hydrostatic pressure,p [4,5]. Hence, compos
tion and pressure can be employed to tune the delicate ba
between dominant Kondo or RKKY interactions. Of cou
for an anisotropic system such as CeCu6−xAux with the or-
thorhombic Pnma structure, anisotropy effects in thex or p
dependence of the lattice parameters have to be take
account. In addition, a small monoclinic distortion (<1.◦)
occurs forx < 0.14 [2]. (For simplicity, we always use th
orthorhombic unit cell to denote the crystallographic di
tions.) A detailed study of this transition by means of th
mal expansion measurements has shown that it is not re

925-8388/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2005.04.102
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to the magnetic instability[6]. A magnetic instability as in
CeCu6−xAux, which can ideally be traced to absolute zero
temperature, offers the possibility of studying a magnetic
quantum phase transition. In the vicinity of this transition,
non-Fermi-liquid (NFL) behavior manifests itself as a strong
deviation of thermodynamic and transport properties from
Fermi-liquid (FL) predictions. For CeCu5.9Au0.1, the linear
specific-heat coefficientγ = C/T acquires an unusual tem-
perature dependence,γ ∼ − ln(T/T0), and theT-dependent
part of the electrical resistivity�ρ = ρ − ρ0, whereρ0 is the
residual resistivity, varies as�ρ ∼ Tm, with m ≈ 1 [2,7].

In the spin-density-wave scenario, the NFL behavior ob-
served in HF systems at the magnetic–nonmagnetic transition
arises from a proliferation of low-energy magnetic excitations
[8–10]. This transition, being induced by an external param-
eter such as concentration or pressure, as mentioned above,
may in principle occur atT = 0. If the transition is contin-
uous, it is driven by quantum fluctuations instead of ther-
mal fluctuations in finite-T transitions. The critical behavior
of such a quantum phase transition (QPT) atT = 0 is gov-
erned by the spatial dimensiond of incipient magnetic order
and the dynamical exponentz. For three spatial dimensions,
the renormalization-group treatment by Millis[9] essentially
corroborates the previous predictions of the self-consistent
renormalization (SCR) theory of spin fluctuations[10]. The
case of 2D antiferromagnetic fluctuations (i.e.d = 2, z = 2)
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the quasiparticles, goes to zero at the quantum critical point
(QCP). In a model of a locally critical QPT, a “destruction”
of the Kondo resonance has been suggested which leads
to critical local-moment fluctuations[17,18]. Hall-effect
measurements have been suggested to distinguish between
Hertz–Millis and Coleman–Si scenarios[16].

Weak residual interactions might break the delicate bal-
ance between quantum liquid (Fermi liquid) and quantum
solid (magnetic order) at the QCP. For instance, there is in-
creasing evidence for magnetic ordering in CeCu6 occurring
around 2 mK[19]. The presence of a corresponding (very
small) energy scale of course renders quantum fluctuations
irrelevant below that energy. In the present work, focusing on
experiments at higher temperatures (Tmin ≈ 20 mK), we will
neglect this low-energy scale.

While the competition between Kondo and RKKY
interactions leads to antiferromagnetic order for the large
majority of rare-earth compounds, a few examples of
ferromagnetic Ce compounds or alloys exist[20]. Here, we
present measurements of ferromagnetic CeSi1.81 [21] under
pressure, where the spontaneously ordered moment and the
Curie temperature can be driven to absolute zero around
13 kbar. Previous experiments on polycrystalline CeSix

samples did not give a clear dependence of the ferromagnetic
ordering under pressure[22].

In this paper, we will discuss recent experiments on
C
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oupled to itinerant quasiparticles with 3D dynamics has
orked out by Rosch and co-workers[11]. The NFL feature
bserved in CeCu6−xAux, i.e.C/T ∼ − ln(T/T0) and�ρ ∼
, can be nicely explained by this scenario. Indeed, inel
eutron scattering (INS) experiments performed on ax = 0.1
ingle crystal over a wide range in reciprocal space revea
trong spatial anisotropy of the critical magnetic fluctuati
hus suggesting the presence of quasi 2D fluctuations[12].

On the other hand, a detailed study of the energy
emperature dependence of the fluctuations carried o
chr̈oder et al. [13,14] demonstrated convincinglyE/T

caling of the dynamic susceptibility, indicating that tak
he Hertz–Millis theory at face value, one is in fact be
he upper critical dimension. Even more, theE/T scaling
omes with an anomalous scaling exponentα = 0.75 that is
istinctly different from the Lorentzian response (α = 1). In
ddition, this highly unusualE/T scaling (observed earli

with a different value ofα − for another NFL system
.e. UCu5−xPdx [15]) appears everywhere in the Brillou
one, andα = 0.8 is even observed for theT dependence o
he static uniform susceptibility (i.e.E = 0, q = 0) [13,14].
his implies that the dynamics of the critical fluctuatio

s local, prompting Coleman et al.[14,16] to suggest tha
ne is witnessing a more drastic variant of non-Fermi-liq
ehavior than in the Hertz–Millis scenario applied to
ystems. The local criticality might signal that the he
uasiparticles themselves, being composite objects a

rom the conduction electron–f-electron interaction, di
egrate[14,16]. Therefore, one might expect that the Kon
emperature,TK, being a measure of the binding energy
eCu6−xAux in the vicinity of xc, i.e. 0≤ x ≤ 0.3 which
ddress the following issues: (i) evolution of the ordered
ent withx, (ii) exploration of the fluctuations away from t

ritical concentrationxc ≈ 0.1, (iii) first measurements of th
all constant acrossxc. We will also discuss magnetizati
easurements on CeSi1.81 under pressure.

. Ordered moments, magnetic fluctuations, Hall
ffect and coherence maximum across the critical
oncentration in CeCu6−xAux

The occurrence of antiferromagnetic order in CeCu6−x

ux beyond a threshold concentrationxc ≈ 0.1 was inferred
arly on from sharp maxima in the specific heat and low-

ig. 1. Dependenc of the Ńeel temperatureTN of CeCu6−xAux on Au con-
entrationx. TN varies linearly betweenx = xc ≈ 0.1 andx = 1.
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Fig. 2. (a) Ordered magnetic moment of antiferromagnetic CeCu6−xAux as
a function ofx as determined from elastic neutron scattering. (b) Magnitude
of the specific-heat anomaly�C at TN, giving a measure of the ordered
moment in a spin-density-wave scenario.�C is normalized to the value
�CMF = 1.5R for an effectives = 1

2 system.

dc magnetization[23,24]. Forx > 0.1 the Ńeel temperature
TN varies linearly withx up to x = 1, where the stoichio-
metric compound CeCu5Au is formed, with the Au atoms
completely and exclusively occupying the Cu(2) site of the
CeCu6 structure[25] (seeFig. 1).

The magnetic structure of CeCu6−xAux was determined
for various concentrations betweenx = 0.15 and 1 by
elastic neutron scattering[26]. For x ≤ 0.4, the Q vector
of the incommensurate structure lies in thea∗c∗ plane, e.g.
Q = (0.625 0 0.275) for x = 0.2, and hardly depends on
x [26,27]. However, forx ≥ 0.5 incommensurate order is

F u6−xAux

a trome

observed along thea∗ axis, withQ = (0.59 0 0). Assuming
a sinusoidal modulation of the magnetic moments, aligned
along the easyc axis, we can estimate an average ordered
moment of 0.1–0.15µB/Ce atom forx = 0.2, and 0.3–0.45
for x = 0.3. For x = 0.5 and 1,µ ≈ 1.0 and 1.15µB/Ce
atom, respectively, is estimated[26]. The variation ofµ(x)
as shown inFig. 2(a) and the change ofQ betweenx = 0.4
and 0.5 is contrasted in a remarkable fashion by the simple
linear TN(x) dependence, which appears not to be affected
by either of these features. The 3D ordering Bragg peaks for
x = 0.15, 0.2 and 0.3 are all located in theq-space region of
the anisotropic fluctuations forx = 0.1 [26] which therefore
can be viewed as precursors of 3D ordering.

What happens to the critical fluctuations if one moves
away from the critical concentrationxc? The investigation of
magnetic fluctuations in CeCu6, i.e. not too far from the QCP,
has in fact a long history[28,29]. Fig. 3 shows scans along
the c∗ direction in the reciprocala∗c∗ plane forx = 0, and
0.2 as measured with an energy transfer of�ω = 0.15 meV,
together with the data for the critical concentrationx = 0.1
(�ω = 0.1 meV) for comparison.

An important observation is that the peculiarq de-
pendence of the fluctuations, nicknamed “rods”[12] or
“butterfly” [14] persists tox = 0.2 as well as tox = 0 (see
Fig. 4, where a grey-scale figure of the data ofFig. 3 are
shown). We note that the present data for CeCuhave been
t data
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ig. 3. Inelastic neutron scattering scans in the reciprocala∗c∗ plane of CeC
nd (c)x = 0.2,�ω = 0.15 meV. Data were taken at the triple axis spec
for (a)x = 0, energy transfer�ω = 0.15 meV, (b)x = 0.1,�ω = 0.10 meV
ter IN 12 at the ILL Grenoble.

6
aken with much higher resolution than the previous
28,29]. Apparently, therefore, the double-maximum fea
long a∗, i.e. in (h 0 0) scans (not shown), could not
esolved in the early work. However, all data are compa
ith each other, taking the difference in resolution
ccount. The fact that the “rod/butterfly” structure of crit
uctuations in CeCu5.9Au0.1 is present in pure CeCu6 as
ell, rules out disorder as an origin of this remarka

eature of the quantum phase transition in CeCu6−xAux.
hat disorder does not qualitatively affect the QPT
lready been inferred from the fact that pressure tu

he Ńeel temperature to zero forx = 0.2 and 0.3 leads t
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Fig. 4. Grey-scale contours of inelastic neutron scattering intensity in thea∗c∗ plane for the data ofFig. 3(a–c).

the same specific-heat behaviorC/T = a ln(T0/T ) at the
critical pressure,pc, of about 4 and 8 kbar, respectively, with
identical (within the accuracy of measurement) coefficientsa

andT0 [3].
The concentration dependence of the ordered moment,

µ, of CeCu6−xAux as determined from the elastic neutron-
scattering data already reported above (Fig. 2(a))[26] is com-
pared with the size of the specific-heat anomaly atTN which
may be related toµ. Assuming a mean-field-like jump�C

normalized to�CMF = 1.5R expected for a fully ordered of
effective spins = 1/2, [25], a direct comparison within the
spin-density-wave scenario is possible. Both data are qual-
itatively consistent with each other, although the onset of
ordered moment inferred from�C just abovexc is much
slower, possibly because of short-range-order effects smear-
ing the transition. In any case, both data sets are clearly in-
consistent with the behaviorµ ∼ |x − xc|3/4 predicted by the
3D Hertz–Millis scenario.

In order to shed more light on the fate of the heavy Fermi
liquid acrossxc, we have started to investigate the Hall effect.
Fig. 5 shows data of the Hall constantRH(T ) for variousx,
measured inB = 1 T applied along the easy direction (c axis).
The choice of this field was such that one is always outside
the antiferromagnetically ordered state which forx = 0.2 is
suppressed forB ≥0.42 T[30]. The current flow was parallel
to the a axis unless stated otherwise. Previous data forx = 0
[ in
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ways. Taken at face value, the sign change ofRH(0) sug-
gests a transition from a hole-like to an electron-like Fermi
surface being due to the complex bandstructure of the heavy
quasiparticles in CeCu6. On the other hand,RH is in fact com-
posed of two contributions, the normal (n) and anomalous (a)
Hall constantRn

H andRa
H. Ra

H arises from skew scattering off
magnetic moments. A detailed analysis is in progress. Using
the free-electron formularRH = 1/ne we obtain an effective
conduction-electron concentrationn = −0.73/f.u. forx = 0
andn = +0.061/f.u. forx = 0.2, corresponding to a change
of ∼0.8 across the QPT. This large change ofn appears not to
be compatible with the rather small evolving ordered moment
that in a spin-density-wave scenario would “drop out” of the
Fermi sea. However, lacking a detailed bandstructure calcu-
lation of CeCu6 and a detailed analysis of the Hall effect, a
definite conclusion would be premature.

The Kondo temperature,TK, is well defined for a single
isolated magnetic impurity in a metallic host only. It is well
known that in HF systems such as CeCu6 which can in certain
aspects be viewed as a Kondo lattice,TK will be renormal-
ized because of the interactions between Kondo “impurities”.
Here, we adopt the pragmatic point of view thatTK in a HF
system presents the self-consistently determined mean bind-
ing energy of the heavy quasiparticles. Well belowTK, in a
lattice with translational symmetry, these quasiparticles will
be eigenstates of the periodic potential, strongly modified by

Fig. 5. Hall constantRH of CeCu6−xAux as a function ofT, measured in a
field of B =1 T applied along the easyc direction.
31,32]and 0.1[32] are in good agreement with our data
he region of overlap. For 300 K� T � 20 K, RH is nearly
ndependent ofx and shows with decreasingT a smooth evo
ution from negative to positiveRH. Below 10 K, a strongx
ependence is observed.RH for thex = 0 sample passes ov
shallow maximum near 15 K and undergoes a second

hange with decreasingT, passes over a minimum and fina
cquires a constant negative valueRH(0) forT � 70 mK. Al-
eady forx = 0.05, RH becomes slightly positive at lowT,
nd again is independent ofT (here actually between 4 K a
5 mK). Forx = 0.1, 0.15 and 0.2,RH(T ) rises strongly to
ards positive values between 10 and 0.2 K, and a coh
roundstate withRH = RH(0) independent ofT is reached
elow∼100 mK. The data can be interpreted in two differ
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electron-electron interactions. This gives rise to a maximum
ρmax of the resistivityρ(T ) in many HF systems, signaling
the onset of lattice coherence of the quasiparticles and finally,
to the FLT 2 dependence ofρ. The temperature of the coher-
ence maximum is therefore usually called coherence tem-
peratureTcoh. The specific heat of La1−yCeyCu6 scales with
the Ce concentrationy, indicating a simple superposition of
individual Kondo-impurity contributions[33], although one
has to bear in mind that there are numerous counter exam-
ples where such a scaling does not hold.TK can be tuned
by hydrostatic pressure because it depends sensitively onJ,
TK ∼ exp(−1/N(EF )J), whereN(EF ) is the (unrenormal-
ized) conduction-electron density of states at the Fermi level.
For CeCu6, the electrical resistivity, normalized to its value
ρmaxunder pressure, scales reasonably well withT/Tcohover
a wide range ofT and p [34], implying the presence of a
intimate relation betweenTcoh and TK. A recent analysis
of CexLa1−xCoIn5 suggests a phenomenological two-fluid
model for a Kondo lattice[35]. We therefore argue that the
very presence of a coherence maximum in CeCu6−xAu6 im-
plies the existence of a finite Kondo energy scale. This qual-
itative assessment is independent of exactly how the Kondo
temperature depends onx or p and therefore much more ro-
bust than an attempt to quantitively evaluateTK.

Shown inFig. 6(a) is the resistivityρ(T/Tmax)/ρmax for
different x. Here,T is the temperature where the max-
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Fig. 6. (a) Electrical resistivityρ/ρmaxof CeCu6−xAux vs.T/Tmax.ρmaxand
Tmax denote theρ(T ) maximum. (b)Tmax (left scale) andTN (right scale) vs.
x. Vertical bar denotes upper limit ofTmax for x = 0.2.

the Si deficiency leads to Si vacancies. This phase diagram,
differing somewhat from previous studies[21,37], suggests
that the orthorhombic-tetragonal transition as a function of
x coincides with the ferromagnetic–paramagnetic transition.
Ferromagnetism had been reported earlier for samples in
the rangex � 1.80 [21]. The samples of the present study
were prepared by arc melting polycrystalline ignots followed
by zone-refining to obtain single crystals. This procedure
yields single-phase crystals only in the narrow concentra-
tion range 1.81 < x < 1.82. For largerx, small Si precipates
were found. Here, we focus on a crystal withx = 1.81 which
had been characterized previously[36].

Fig. 7shows ferromagnetic hysteresis loopsM(B) for dif-
ferent temperatures. Here and in the following, the field was
always applied to the easy direction (a axis). The hysteresis
loop taken at the lowest temperature 1.6 K shows some step-
like structure which might be interpreted as arising from two
different Ce sites exhibiting different coercive fields or, alter-
natively, from two different ferromagnetic sublattices cou-
pled by a very weak antiferromagnetic or canting interac-
tion. At 5.1 K, the hysteresis loop has become considerably
narrower and the step-like structure has vanished. At 10 K,
the system is always in the paramagnetic state.Fig. 8shows
magnetization data forM(B) for magnetic fields up to 12 T.
The data were always taken by sweeping the applied mag-
netic fieldB from initially −0.5 T upwards, i.e. starting on
t K, a
h in,
max
mum ρmax occurs. For 0≤ x ≤ 0.15, a resistance max

um is clearly resolved. The resistivity maximum pres
crossover which, when considering different alloys, is
ffected by the magnitude of the residual resistivityρ0 and
isorder scattering, which of course strongly dependsx.

t is thus denoted byTmax and not byTcoh. We therefore d
ot expect a scaling ofρ(T/Tmax)ρmax as seen in CeCu6 un-
er pressure[34]. In addition, the onset of magnetic ord
ith its pronounced effect on transport[26], precludes th
bservation of a maximum forx > 0.2. Forx = 0.2, an up
er bound can be given byTmax < TN, leading to the positio
f the x = 0.2 data as indicated inFig. 6(a). Tmax versusx

s shown inFig. 6(b). The main point to note is the smoo
early linear decrease ofTmax which appears to vanish
≈ 0.16. In particular, no anomaly ofTmax(x) occurs in the

icinity of the QCP atx = 0.1. We conclude that becau
max remains finite, a fortioriTK must remain finite as we
hatever the exact relation betweenTmaxand the binding en
rgy of quasiparticles may be. Hence, it appears that the
nergy scale which has been suggested to vanish in re
roposed scenarios[14,16] of the QPT in CeCu6−xAux, is
ot directly related toTK.

. Suppression of ferromagnetism in CeSi1.81 by
ydrostatic pressure

CeSix crystallizes forx � 1.85 in the orthorhombicα-
dSi2 structure (Imma) and forx � 1.85 in the tetragona
-ThSi2 structure (I41/amd) [36]. In both cases, of cours
he lower branch of the hysteresis loop. Below about 5
ump inM(B) around 4 T is clearly visible indicating aga
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Fig. 7. Magnetic hysteresis loopsM(B) of CeSi1.81 with the field applied
parallel to the easya direction for three different temperatures:T = 1.6 K
(wide loop),T = 5.1 K (narrow loop),T = 10 K (no hysteresis).

like the step-like feature in the hysteresis loops, that the low-
T ferromagnetic order is in fact more complicated. Looking
at both figures, it is also apparent that the spontaneously or-
dered moment,µS, obtained by extrapolating the magnetiza-
tion curves toB = 0, passes over a shallow maximum around
4 K (Fig. 9). µS vanishes atTc = 9.5 K in a continuous fash-
ion, signaling a second-order transition from ferromagnet to
paramagnet. The spontaneous momentµS is much smaller
than the effective moment determined from the low-field sus-
ceptibility aboveTc, µeff = 2.05µB/f.u. µeff is somewhat re-
duced compared to the Ce3+ free-ion value of 2.54µB/f.u.
which probably is due to crystal-field effects. Furthermore,
the magnetization shows no sign of saturation up to 12 T.
This feature and the fact thatµS/µeff � 1 indicate that we
are dealing with a weak itinerant ferromagnet.

Finally, Fig. 10shows the spontaneous moment for vari-
ous hydrostatic pressuresp. µS is gradually suppressed with
increasingp and vanishes aroundpc ≈ 13 kbar. Likewise,
Tc(p) vanishes around the same pressure (not shown). Since
the data were taken above 2.3 K, an extension of the mea-
surements toT < 1 K is necessary to determine the func-
tional Tc(p) dependence forTc → 0. TheM(B) data under
pressure show further interesting features to be reported in
detail elsewhere[40]. (i) The hump inM(B) disappears above
p ∼ 5 kbar andµS(p) shows a shallow maximum at that pres-
sure, in loose analogy to the temperature dependence of the

F
b o
b

Fig. 9. Spontaneous momentµS as a function of temperatureT for p = 0.

Fig. 10. Spontaneous momentµS as a function of hydrostatic pressurep
measured atT = 1.7 and 2.3 K.

M(B) curves. (ii) The slope ofM(B) is independent ofp, even
for small applied fields. This may suggest that the low-field
susceptibility remains finite when approaching the critical
pressurepc. However, measurements to lower temperatures
have to be carried out. Furthermore, the origin of the unusual
M(B) and hysteresis loops has to be determined. In addition,
domain-structure effects have to be taken into account.

4. Conclusion

Although the quantum phase transition in CeCu6−xAux

has been studied for ten years, new features evolve continu-
ously as this prototype system is probed in depth. The exis-
tence of the complexq dependence of the magnetic fluctua-
tions finds its expression in precursor effects with the same
q dependence in pure CeCu6, showing that disorder is not
relevant for this feature. Likewise, the search for a relevant
local low-energy scale that vanishes at the QCP must be con-
tinued. Finally, an all-important issue is whether the physics
of CeCu6−xAux presents a singular case, or whether it is a
representative of a more general behavior akin to strongly
correlated electron systems at a QCP. Certainly, there are HF
systems that follow a more conventional spin-density-wave
scenario, as Ce1−xLaxRu2Si2 [38], while thermodynamic and
t -
t es
t re,
ig. 8. MagnetizationM of CeSi1.81 as a function of applied fieldB at am-
ient pressurep = 0 for different temperaturesT, increasing from top t
ottom.
ransport measurements on YbRh2Si2 show very unusual fea
ures[39] with some similarities, but also distinct differenc
o CeCu6−xAux, that remain to be understood. Therefo
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the search for new systems exhibiting quantum criticality,
and their thorough investigation, is a challenging task for the
future. The investigation of ferromagnetic CeSi1.81 reported
here is a first step in this direction.
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[7] H.v. Löhneysen, T. Pietrus, G. Portisch, H.G. Schlager, A. Schröder,
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Cryst. Sect. B 49 (1993) 936.
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Lapierre, S. Yates, P. Lejay, Phys. Rev. B 70 (2004) 174401.
39] J. Custers, P. Gegenwart, H. Wilhelm, K. Neumaier, Y. Tokiwa

Trovarelli, C. Geibel, F. Steglich, C. Pépin, P. Coleman, Nature 4
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