
Heavy-fermion systems studied by mSR technique

A. Amato

Paul Scherrer Institute, CH-5232 Villigen PSI, Switzerland

The author attempts to give a comprehensive discussion of studies performed with the positive-muon
spin rotation and relaxation technique (also known as the mSR technique) on heavy-fermion
compounds. The subtle competition between the demagnetizing Kondo interaction and the intersite
Ruderman-Kittel-Kasuya-Yosida exchange interaction is believed to be the primary ingredient for the
wealth of different ground states observed for this class of rare-earth– and actinide-containing
intermetallic compounds. Due to its microscopic character, its sensitivity to extremely small internal
fields, and its capacity to detect spatially inhomogeneous magnetic features, the mSR technique has
been extensively utilized to investigate the peculiar magnetic properties of these ground states and
improve our knowledge of heavy-fermion phenomena. In addition to providing a short introduction to
mSR, where the intrinsic difficulties of the method are clearly stated, this article reviews the main
results obtained by this technique on the best-known heavy-fermion compounds (superconductors,
band magnets, local-moment magnets, non-Fermi-liquid systems, and Kondo insulators). Special
emphasis is placed on the particular information obtainable by monitoring the implanted muon.
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I. INTRODUCTION

A. Puzzle of heavy-fermion physics

A main development in condensed-matter physics in
the last 20 years has been the discovery and investiga-
tion of the class of intermetallic compounds known
as heavy-fermion (or, alternatively, heavy-electron)
compounds.1 For this class of systems, based on some

1For a broad spectrum of experimental results and theoretical
concepts, the reader is referred, for example, to the review
article of Grewe and Steglich (1991).
11199(4)/1119(61)/$19.15 © 1997 The American Physical Society



1120 A. Amato: Heavy-fermion systems studied by mSR technique
rare-earth and actinide elements (i.e., elements with a
partially filled 4f or 5f electron shell), the attribute
‘‘heavy’’ is connected to the observation of a character-
istic energy much smaller than in ordinary metals that
reflects a thermal effective mass m* of the conduction
electrons orders of magnitude larger than the bare elec-
tron mass. These heavy masses manifest themselves, for
example, by a large electronic coefficient g of the spe-
cific heat C (g5C/T for T→0), an enhanced Pauli sus-
ceptibility, a huge T2 term in the electrical resistivity,
and highly temperature-dependent de Haas–van Alphen
oscillation amplitudes at very low temperature.

The large m* value (of the order of the muon mass) is
usually believed to derive from the strong correlation
between the localized f moments and the conduction
electrons. While at high temperature the f electrons and
conduction electrons interact weakly, at low tempera-
ture these two subsets of electrons become strongly
coupled, resulting in the formation of a narrow reso-
nance in the density of states near the Fermi energy.
Thus, at a sufficiently low temperature, the heavy-
fermion compounds behave like a system of heavy itin-
erant electrons, the properties of which can be described
in the framework of a Landau Fermi-liquid formalism.

A fascinating aspect of this class of compounds is the
observation that, within the heavy-fermion regime, a
wealth of ground states can occur.

Superconductivity is observed in few systems and usu-
ally coexists and couples with static magnetism. This lat-
ter property seems to indicate that the attractive effec-
tive interaction between the electrons in the
superconducting heavy-fermion systems is not provided
by the electron-phonon interaction as in ordinary BCS
superconductors, but rather is mediated by electronic
spin fluctuations. In consequence, it is believed that
heavy-fermion superconductivity exhibits an unconven-
tional configuration, which may involve anisotropic,
nonzero-angular-momentum states.

Among the heavy-fermion compounds, the magneti-
cally ordered states appear rather anomalous and are
often characterized by random, incommensurate, or ex-
tremely short-range orders, sometimes associated with
extremely small static moments (1022 –1023 mB). More-
over, heavy-fermion compounds can display paramag-
netic and, more surprisingly, even semiconducting
ground states.

Although a myriad of experiments have been devoted
to the characterization of these ground states, a compre-
hensive understanding of heavy-fermion properties at
low temperature is still lacking. The heavy-fermion
ground-state properties are highly sensitive to impuri-
ties, chemical composition, and slight changes of exter-
nal parameters. This sensitivity indicates that a subtle
interplay between different interactions produces a rich-
ness of experimental phenomena. It is widely believed
that the competition between the Kondo effect (reflect-
ing the interaction between the localized f moments and
the conduction electrons) and the magnetic correlations
between the periodically arranged f moments consti-
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
tutes the key factor as far as the magnetic properties of
heavy-fermion compounds are concerned.

More generally, an understanding of heavy-fermion
physics requires a compilation of collective results ob-
tained by both macroscopic and microscopic techniques.
Among the latter positive-muon spin rotation and relax-
ation (mSR) spectroscopy has in recent years found a
wide application in the study of the microscopic mag-
netic and ground-state properties of heavy-fermion com-
pounds.

The purpose of this review is to provide a broad, al-
beit incomplete, account of the application of the mSR
technique to the study of heavy-fermion systems.2

B. Tentative classification of heavy-fermion systems

A first classification of the rare-earth and actinide-
based metals can be obtained in the framework of the
Doniach (1977) ‘‘Kondo-necklace’’ model, developed
more than 15 years ago for Kondo-lattice systems.

Before discussing the properties of Kondo lattices, it
is suitable to describe briefly the behavior of a localized
magnetic impurity in a host lattice. The most widely uti-
lized theoretical model was initially developed by
Anderson (1961) to study the occurrence of a localized
moment in a nondegenerate orbital. The Anderson
Hamiltonian can be expressed by
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ing number operator. Finally, U represents the Coulomb
repulsion that corresponds to the energy required to add
a second electron to the localized f state, and Vk ,f is the
hybridization matrix.

The paramount advantage of the Anderson Hamil-
tonian is that it describes several limiting cases, such as
the intermediate valence regime or the Kondo regime.
This latter regime is achieved when the Coulomb repul-
sion is very large, and consequently the f electron may
exchange its spin component with that of a conduction
electron, without an actual charge transfer from the f
shell to the conduction band. It has been shown that the
Kondo problem can be solved starting from a simple
exchange Hamiltonian
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2A first review of mSR studies on heavy-fermion compounds
has been provided by Schenck (1993).
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where S is the spin of the localized magnetic moment
placed at the origin 0 and s(0) is the spin of the conduc-
tion electrons. The coupling constant J is related to the
hybridization matrix between the f state and the conduc-
tion electrons, as well as to the position of the f level
with respect to the Fermi level EF (Schrieffer and Wolff,
1966)

J.
Vk ,f

2

EF2Ef
. (3)

Below a characteristic temperature TK (Kondo tempera-
ture) the spin of a magnetic impurity embedded in a
nonmagnetic host is screened by a spin polarization of
the surrounding conduction electrons, leading to the for-
mation of a local singlet ground state (Kondo effect).
The binding energy of the singlet can be identified with
kBTK, which can be expressed as

kBTK}expS 2
1
g D , with g5N~EF!J, (4)

where N(EF) is the conduction-band density of states at
the Fermi level.

The magnetic Kondo screening involves low-lying
particle-hole excitations which lead, below TK , to a nar-
row scattering resonance in the one-particle spectrum
near EF (Abrik̇osov-Suhl or Kondo resonance). For
T→0 this many-body effect can be described within the
Fermi-liquid theory (Nozières, 1974), involving strongly
renormalized quasiparticles.

The so-called Kondo-lattice systems, for which the lo-
cal moments have the lattice periodicity, present a close
similarity with the single-impurity model. The character-
istic energy scale of the Kondo effect kBT* , for ex-
ample, usually appears comparable to the value of kBTK
of the single-impurity problem. A paramount difference
occurs at low temperature, where coherence effects arise
in the lattice-periodic system, resulting in the formation
of a real band of heavy quasiparticles with a width of the
order of kBT* . The presence of such heavy quasiparti-
cles is thought to be at the origin of the peculiar prop-
erties of the heavy-fermion compounds at low tempera-
ture.

Furthermore, apart from Kondo processes, intersite
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions
may appear in these systems, owing to the large concen-
trations of localized magnetic moments. The strength of
the RKKY interactions is characterized by an energy
kBTRKKY , which, within the simple exchange Hamil-
tonian, can be expressed as

kBTRKKY}g2. (5)

Therefore the competition between the demagnetizing
on-site Kondo interaction and the intersite RKKY ex-
change interaction in Kondo-lattice systems is usually
believed to be the key factor in the occurrence of the
heavy-fermion ground state (see Fig. 1). One should
nevertheless keep in mind that other effects can contrib-
ute to the complexity of the problem. For example, crys-
talline electric-field effects will, depending on the crystal
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
symmetry, split the degenerate spin-orbit ground state
of the f ion and therefore deeply affect the Kondo and
the RKKY interactions. A further complication, com-
pared to the simple Doniach model, where the influence
of the reduced dimensionality is not specifically treated,
is provided by the extreme diversity of the crystal struc-
tures adopted by the heavy-fermion compounds.

In the simple Doniach model, systems with stable f
moments are characterized by TRKKY@T* (i.e., g!gc ,
see Fig. 2), which corresponds to a regime where the
energy gained by the screening of the local moments is
negligible. For these systems, magnetic ground states
with large static moments are usually observed. On the
other hand, if the hybridization between the f state and
the conduction electrons is large (i.e., T* @TRKKY , or
g@gc), paramagnetic ground states will be the rule. Fur-
thermore, in that case a picture of localized moments
will eventually be unworkable, owing to the occurrence
of real charge fluctuations between f-shell and
conduction-band electrons (intermediate valence re-
gime).

The heavy-fermion regime is found between the two
limiting cases described above, i.e., in a region where
TRKKY and T* have roughly equivalent strength (see
Fig. 2).

FIG. 1. Schematic behavior of the characteristic temperatures
of the Kondo and RKKY interactions as a function of the
parameter g5N(EF)J. The heavy-fermion regime is located
around gc (see text and Fig. 2).

FIG. 2. Tentative classification of the Kondo lattices with re-
spect to their parameter g (NFL: non-Fermi-liquid com-
pounds, IV: intermediate-valence compounds; adapted from
Steglich et al., 1994).
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The majority of the heavy-fermion systems are lo-
cated in the region where TRKKY*T* (or g&gc) and are
characterized by a moderate effective mass of the qua-
siparticles, well-localized f moments (though somewhat
renormalized by the Kondo effect, ms.0.1–1 mB), and
usually rather complex magnetic structure. The systems
belonging to this particular class are usually referenced
as local-moment magnetic (LMM) heavy-fermion com-
pounds.

If the energy gained by forming local Kondo singlets
is larger than the condensation energy due to the cou-
pling of neighboring f moments via RKKY interactions
(T* *TRKKY or g*gc), local-moment magnetism is lost.
For this region a paramagnetic ground state, interpreted
in the framework of the Landau Fermi-liquid theory,
where the properties of the strongly interacting electron
system are described by those of noninteracting,
strongly renormalized quasiparticles, was once thought
to be predominant. In fact, as we will see in the follow-
ing sections, this ground state appears rather unstable
against heavy-fermion band magnetism (HFBM). The
occurrence of a HFBM state can be ascribed to the ex-
change splitting of the heavy quasiparticles’ band (i.e., to
the low-energy excitations of the interacting system) and
is usually characterized by complex magnetic structure
and extremely small static moments (ms.1022 –1023

mB). As discussed in Sec. IV, mSR has played a key role
in the phenomenological classification of heavy-fermion
compounds by detecting HFBM features in systems that
were long believed to behave like Fermi-liquid paramag-
nets.

An additional instability of the Fermi-liquid paramag-
netic ground state is the occurrence of superconductivity
with Tc!T* , which has been proven to be a cooperative
phenomenon in the system of renormalized heavy qua-
siparticles. The situation appears further confused by
the observation of coexistence between superconductiv-
ity and magnetism of usually HFBM type.

The situation where g.gc , i.e., corresponding to the
situation where the Kondo effect and RKKY interaction
have the same magnitude, has recently attracted consid-
erable interest. Compounds of this class exhibit unusual
behavior in their specific heat, magnetic susceptibility,
and electrical resistivity at low temperature, which are
ascribed to non-Fermi-liquid (NFL) effects possibly aris-
ing from a quantum phase transition between magnetic
and nonmagnetic ground states at zero temperature.

Aside from the above classification of the heavy-
fermion compounds, based on the relative strength of
the Kondo and RKKY interactions, two additional
classes of systems exhibiting heavy-fermion behaviors
have been discovered.

The Kondo insulators constitute one of the oldest
known forms of heavy-fermion behavior. These systems
display local-moment properties at high temperatures
(similar to what is observed for usual heavy-fermion
compounds) and relatively large characteristic tempera-
tures T* . Below T* these materials show a semicon-
ducting ground state that is attributed to the hybridiza-
tion between the f-level and conduction electrons. If the
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
electron count including the f and conduction electrons
is exactly two, the material is a band-gap insulator to
satisfy the Luttinger sum rule.

Finally, the so-called low-carrier-density (LCD)
heavy-fermion systems exhibit semiconducting behav-
iors at high temperature, as well as a large linear term in
the specific heat C at low temperature. The origin of the
gigantic ratio C/T for T→0 remains unclear and has led
to speculations about the presence of either a Kondo
resonance within the band gap, local Kondo states, or
magnetic transitions at very low temperature.

C. Advantages of the mSR technique in studying
heavy-fermion compounds

There are several advantages in using mSR for inves-
tigating the magnetic and ground-state properties of the
heavy-fermion compounds.

The mSR technique is sensitive to extremely small in-
ternal fields (down to about ;0.1 G) and therefore can
probe local magnetic fields that may be nuclear or elec-
tronic in origin. Since no applied field is necessary to
polarize the spin of the implanted muons, such measure-
ments can be made in the absence of a perturbative ex-
ternal field. As we will see in the following sections, the
detection of magnetism characterized by extremely
small values of the static moments in heavy-fermion
compounds has been one of the main contributions of
mSR to the investigation of heavy-fermion phenomenon.
In addition, mSR has the capability to detect temporal as
well as spatial changes of the internal fields.

Another primary advantage of mSR, compared, for
example, to NMR experiments, lies in the fact that the
muon is a spin- 1

2 particle and consequently is free of
quadrupolar interactions. This simplifies the analysis of
mSR, with a reduced set of adjustable parameters.

As we will see in Sec. IV, the local-probe character of
the muon makes mSR very sensitive to spatially inhomo-
geneous magnetic properties. Hence the occurrence of
different phases in a sample will be reflected by different
components in the mSR signal, and a careful analysis of
these components furnishes a direct measure of the frac-
tion of the sample volume involved in a particular phase.
For many heavy-fermion compounds, the mSR tech-
nique can therefore be utilized to check the coexistence
of different types of ground states at the microscopic
level that is only assumed by traditional macroscopic
techniques. In this respect, the study of the coexistence
between heavy-fermion superconductivity and magne-
tism constitutes a clear demonstration of the unrivalled
information furnished by mSR.

Finally, mSR is one of the very few methods that pro-
vides information on both the magnitude and tempera-
ture dependence of the London magnetic penetration
depth in a type-II superconductor. In favorable situa-
tions, valuable information about the temperature de-
pendence of the spin susceptibility below the supercon-
ducting critical temperature can be extracted from the
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m1 Knight shift, and may possibly allow one to probe
for the unconventional character of heavy-fermion su-
perconductivity.

Despite the above described advantages, different
problems inherent to the technique have to be carefully
analyzed. The implanted muons will stop at an intersti-
tial site, the knowledge of which is required for a quan-
titative interpretation of the mSR data. mSR studies on
single crystals, notably the study of the angular depen-
dence of the different parameters of the mSR signal, are
usually necessary for the m1 site determination. In view
of the difficult metallurgy of many heavy-fermion com-
pounds, such studies can prove to be impossible, there-
fore restricting the interpretation of the mSR data.

Another potential problem is the presence of m1 dif-
fusion. Fortunately, observations show that diffusion is
usually restricted to high temperatures (T@T* ). Since
most of the novel aspects of the heavy-fermion physics
occur at low temperatures (T!T* ), m1 diffusion will
usually be of no concern.

Finally, the most problematic characteristic of mSR is
the addition of an extra positive charge in the lattice.
This leads to a modified local charge distribution, due to
the screening of the muon’s positive charge, and to a
slight lattice relaxation, reflected by a small shift in the
position of the nearest-neighbor ions. This latter effect
can be exactly quantified by a careful comparison be-
tween the data and simple theoretical calculations. For
the heavy-fermion systems, it is plausible that the
changed distances between f moments in the vicinity of
the m1 stopping site could alter the local magnetic prop-
erties. However, to date no compelling evidence for
such a modification has been found. On the other hand,
it is expected that the variation of the local charge dis-
tribution will deeply modify the spin-density distribution
at the m1 site and therefore the contact hyperfine field.
Such a modification is not easily determined and will, for
example, alter the value of the m1 Knight shift. Never-
theless, since the m1 Knight shift also contains a large
dipole-field contribution (which is the opposite of the
NMR technique), its quantitative analysis will still re-
main possible and will furnish, for example, valuable in-
formation about the m1 stopping site.

Another, more disturbing, effect of the implantation
of a positive charge in the lattice is that the modification
of the local charge density can possibly affect the crystal
electric field (CEF) of the neighboring f ions and there-
fore lead to a slight change of the atomic magnetic
susceptibility for these ions. It has been shown (Feyer-
herm, Amato, Gygax, Schenck, Zimmerman et al., 1994)
that such a modification is particularly important for sin-
glet ground-state systems where the splitting between
the excited states and the singlet ground state is very low
(&1 meV). Although a clear instance of muon-induced
modification of the CEF splitting has so far only been
observed in the non-heavy-fermion compound PrNi5, it
is conceivable that such effects could also be present in
some uranium-based heavy-fermion compounds. It is
therefore of primary importance to systematically com-
pare, in each particular case, the atomic susceptibility
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
sensed by the interstitial muon to the bulk susceptibility,
to detect the potential presence of such muon-induced
effects.

In any case, mSR has, so far, always detected magnetic
and superconducting transitions at temperatures in
agreement with the determinations by bulk measure-
ments. Furthermore, the phase transitions discovered by
mSR studies have subsequently been confirmed by other
techniques at coinciding temperatures. A mSR experi-
mentalist would therefore be strongly tempted to con-
sider the mSR technique to be fairly innocent for the
investigated systems, with rare exceptions of interest.
The open question will be to determine whether a sys-
tem follows the rule or, rather, the exception.

D. Organization of the review

Section II of this review gives a brief introduction to
mSR, beginning with a short description of how muon
beams are obtained. The remainder of the section de-
scribes the different variants of mSR and addresses the
question of how to interpret the parameters furnished
by the data analysis.

Section III is a review of the mSR studies on different
heavy-fermion superconductors. Special emphasis is
placed on the particular information revealed by the im-
planted muons, such as the question of the microscopic
coexistence between magnetism and superconductivity
and the indication of the nonconventional nature of the
superconductivity.

mSR investigations of the magnetic properties of
heavy-fermion systems are presented in Sec. IV. In ad-
dition to a schematic classification, in view of the mSR
results, between local-moment magnets and heavy-
fermion band magnets, the occurrence of unusual fea-
tures characterized by inhomogeneous form of magne-
tism, spin-glass type of order, and/or short-range order
will be discussed for particular systems.

A review of the mSR results obtained on the few re-
maining heavy-fermion compounds with Fermi-liquid
paramagnetic ground state is the subject of Sec. V.

Section VI gives a review of the mSR data available
for systems belonging to the ‘‘exotic’’ heavy-fermion
classes. Non-Fermi-liquid paramagnets are treated in the
first subsection. The following subsection addresses the
problem of the real nature of the ground state of low-
carrier-density heavy-fermion compounds. The last sub-
section presents the few mSR results obtained on Kondo
insulators.

The final section offers a brief discussion and my con-
clusion.

II. OVERVIEW OF THE mSR TECHNIQUE

This section furnishes a brief introduction to the mSR
technique. For more details, the interested reader is re-
ferred to several specialized reviews (see, for example,
Schenck, 1985; S. F. J. Cox, 1987; Brewer, 1994; Schenck
and Gygax, 1995).
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A. Muon production

The collision of an accelerated proton beam (typical
energy 600 MeV) with the nuclei of a production target
produces positive pions (p1) via the possible reactions

p1p→p1n1p1,

p1n→n1n1p1. (6)

From the subsequent decay of the pions (tp1

526.03 ns), positive muons (m1) are formed via the
two-body decay

p1→m11nm , (7)

where both the neutrino and the m1 have their spin an-
tiparallel to their momentum in the pion rest frame. Ac-
cording to the value of the pion momentum at the decay
time, two types of m1 beams are available for mSR mea-
surements.

The first type of muon beam is formed by the p1

decaying in flight (usually in a long superconducting so-
lenoid). Due to the relativistic transformation to the
laboratory frame, and after momentum selection by
bending magnets, typical muon beams are produced
with a polarization of ;80% and energies of ;40–50
MeV. Although such a high-energy beam requires the
use of suitable moderators and samples with sufficient
thickness, it guarantees a homogeneous implantation of
the muons in the sample volume.

The second type of muon beam is often called the
‘‘surface’’ or ‘‘Arizona’’ beam (after the pioneering
work of Pfifer et al., 1976, from the University of Ari-
zona). Here, muons are used that arise from p1 decay-
ing at rest near the surface of the production target.
Such muons, which are 100% polarized and have a very
low momentum, have a range width in matter of the
order of 180 mg/cm2. Hence the paramount advantage
of this type of beam is the possibility to use thin samples.
Moreover, novel low-background apparati, with special
detector arrangements (see, for example, Kiefl et al.,
1994), were recently developed to drastically reduce the
lateral dimensions of the sample. This has opened the
fascinating possibility of investigating tiny single crystals
(;1 mm3). However, a possible drawback is that the
implanted m1 are stopped on the surface layer of the
sample, which could present different properties than
the bulk. Therefore special care should be taken with
the preparation of the specimens and reproducibility of
the observed mSR results.

B. Principle of mSR

After the implantation in the solid sample, the muon
is decelerated within 100 ps, which is too rapid to allow
any significant loss of polarization and sufficiently rapid
for the mSR time window. The m1 implanted in the
sample decays after an average time of tm52.197 ms,
according to

m1→e11ne1 n̄ m , (8)
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where e1 is a positron and ne and n̄ m are neutrinos. The
parity violation in the weak interaction leads to an an-
isotropic distribution of the positron emission with re-
spect to the spin direction of the m1 at the decay time.
The positron emission probability is given by

W~u!du}~11A cosu!du , (9)

where u is the angle between the positron trajectory and
the m1 spin. This anisotropic emission constitutes the
basics for the mSR technique. Hence, by measuring the
positron distribution, it is possible to determine the
original m1 spin direction. The asymmetry of W(u) is
given by A5aPm(0), where Pm(0)5uPm(0)u is the
beam polarization (of the order of ;1) and a is an in-
trinsic asymmetry parameter determined by the weak-
decay mechanism. Theoretically, an average of ^a&5 1

3 is
obtained if all emitted positrons are detected with the
same efficiency irrespective of their energy. Practically,
values of A.0.25 are routinely obtained.

If the implanted m1 are subject to magnetic interac-
tions, their polarization becomes time dependent
@Pm(t)# . The time evolution of Pm(t) can be deduced by
measuring the positron distribution as a function of
time. In the time-differential mSR technique (hereafter
only called the mSR technique), repeated measurements
(;107!) are made of the time interval between the m1

implantation into the sample and the detection of the
emitted positron in a particular direction [say, in the di-
rection of the initial polarization Pm(0); the extension of
the following discussion for other arbitrary directions of
detection is straightforward]. The time histogram of the
collected intervals has the form

Ne1~ t !5B1N0e2t/tmF11A
Pm~ t !

Pm~0 !G , (10)

where B is a time-independent background, N0 is a nor-
malization constant, and the exponential accounts for
the decay of the m1. Pm(t) is defined as the projection
of Pm(t) along the direction of the initial polarization,
i.e., Pm(t)5Pm(t)•Pm(0)/Pm(0)5G(t)Pm(0), where
G(t) reflects the normalized m1-spin autocorrelation
function

G~ t !5
^S~ t !•S~0 !&

S~0 !2 , (11)

which depends on the average value, distribution, and
time evolution of the internal fields and therefore con-
tains all the physics of the magnetic interactions of the
m1 inside the sample. Equation (10) can therefore be
written as

Ne1~ t !5B1N0e2t/tm@11AG~ t !# , (12)

where AG(t) is often called the mSR signal and the en-
velope of G(t) is known as the m1 depolarization func-
tion. In the case of static local magnetic fields (Bm) at
the m1 site, G(t) is given by

G~ t !5E f~Bm!@cos2u1sin2u cos~gmBmt !#dBm ,

(13)
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TABLE I. Properties of the positive muon (from Schenck, 1985; and Feyerherm, 1995). me is the
mass of the electron and mp the mass of the proton; mN is the nuclear magneton.

Mass mm 206.76826(11) me50.112609513(17) mp

Charge 1e
Spin 1/2
Magnetic moment mm 3.18334547(47) mp58.8905981(13) mN

Gyromagnetic ratio gm gm /(2p)513.553879(60.7 ppm) kHz/G
Average lifetime tm 2.19703(4) ms
where f(Bm) is the magnetic-field distribution function,
u is the angle between the local field and Pm(0), Bm
5uBmu, and gm /(2p)513.553 879(60.7 ppm) kHz/G is
the gyromagnetic ratio of the muon (see Table I).

In a particular structure, the possible presence of dif-
ferent m1 stopping sites with different magnetic envi-
ronments will be identified by a mSR signal with differ-
ent components, i.e., with different spin autocorrelation
functions Gi(t). Moreover, since the m1 are uniformly
implanted, the coexistence in the sample of different do-
mains, characterized by different types of ground states,
will also be detected by the presence of different com-
ponents with distinct functions Gi(t), even if only one
m1 stopping site is present. For this last case, the ampli-
tude (Ai) of the different components will readily be a
measure of the volume fractions associated with differ-
ent domains, with the condition

(
i
Ai5A. (14)

As we will see in the following sections, this unique pos-
sibility to investigate at the microscopic level, the coex-
istence of different phases in a sample has played a ma-
jor role in the growing use of mSR to study the heavy-
fermion ground state.

C. The mSR transverse-field (TF) technique

1. m1 Knight shift

For this technique, an external field Hext is applied
perpendicular to the initial m1 polarization Pm(0).
Pm(t) precesses around the total field Bm at the m1

site, the value of which can be extracted from the oscil-
latory component of G(t), recalling that the m1 fre-
quency nm5vm /(2p)5gmBm /(2p). For a system that is
not magnetically ordered, the total field at the m1 site is
given by

Bm5Hext1Bhf1~BDF1BLF!. (15)

The last two terms are the demagnetization and Lorentz
fields, which can be calculated from the bulk magnetiza-
tion and demagnetization tensor (see, for example,
Schenck, 1985). Bhf are the internal fields induced by
Hext .

The m1 frequency shift

Km* 5
uBmu2uHextu

uHextu
5

vm

vext
21 (16)
., Vol. 69, No. 4, October 1997
(where vext5gmuHextu[gmHext) can be corrected for the
contributions of BDF and BLF to furnish the m1 Knight
shift Km , which contains the relevant information about
the hyperfine fields. For the rare-earth and actinide com-
pounds, the m1 Knight shift can be written as

Km5K01Kf , (17)

where K0 and Kf correspond, respectively, to the contri-
butions to Bhf arising from the polarization of conduc-
tion electrons and localized f moments induced by Hext .

As in s- or p-electron metals, K0 is a result of the
Pauli paramagnetism of the conduction electrons and
their Fermi contact interaction with the m1. Kf at low
temperature is usually much larger than K0 and contains
two contributions of the localized f moments: (i) the
dipole-dipole interaction between the f moments and
the m1, and (ii) an indirect RKKY interaction produc-
ing an additional spin polarization of the conduction
electrons at the m1 site, which results in an increased
hyperfine contact field. Since both contributions are pro-
portional to the susceptibility component due to the f
moments (xJ f), Kf is given by

Kf5
1

Hext
2 ~Hext•AJ f•xJ f•Hext!

5
1

Hext
2 ~Hext•AJ dip•xJ f•Hext!

1
1

Hext
2 ~Hext•AJ c•xJ f•Hext!, (18)

where xJ f • Hext is the localized moment induced by the
external field, AJ dip is the dipolar coupling tensor, and AJ c

is the hyperfine contact coupling tensor. AJ dip is traceless,
symmetric, and depends on the given crystallographic
structure and the assumed m1 site,

Adip
ij 5(

f

1
r3 S 3

rirj

r2 2d ijD , (19)

where the sum is done over the localized f moments
inside the Lorentz sphere and r5(r1 ,r2 ,r3) is the vector
connecting the m1 site and the considered f moment.

Since the hyperfine contact coupling is normally
independent of the direction of Hext , one can write AJ c

5Ac•1. Therefore, and keeping in mind that Tr(AJ dip)
50, the experimental determination of Kf along the
principal crystallographic directions of the crystal allows
one to extract Ac and Adip

ii , the latter yielding direct
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information about the m1 stopping site via Eq. (19). Ac
also contains valuable information about the effective
exchange interaction between the f moment and the
conduction electrons. However, Ac also depends on the
spin-density enhancement factor, reflecting the
m1-induced changes in the local electronic structure.
The difficulty to estimate such a factor has, so far, ham-
pered detailed analysis of Ac .

2. Inhomogeneous line broadening

If an inhomogeneous field distribution described by
f(Bint) and caused by static nuclear or electronic dipole
fields is present at the m1 site, the muons located at
different sites will feel slightly different fields. Such a
field inhomogeneity will result in a loss of polarization
by dephasing of the muon ensemble. In transverse-field
experiments, Hext is usually much larger than any inter-
nal fields, and only the field inhomogeneity along the
direction of Hext (say, the z direction) has to be consid-
ered. Noting that u590°, Eq. (13) can be written as

G~ t !5E f~B int
z !cos@gm~^Bm

z &1B int
z !t#dB int

z

5gTF~ t !cos~gm^Bm
z &t !. (20)

If f(B int
z ) is a Gaussian distribution, the depolarization

function gTF(t) will be given by

gTF~ t !5exp~2 1
2 s2t2!, (21)

where s25gm
2 M2 , with M2 the second moment of the

field distribution along the direction of Hext . If the field
distribution is caused by nuclear dipole fields, M2 can be
easily calculated and will usually depend on the orienta-
tion of Hext . Hence the comparison of the angular de-
pendence of the observed depolarization rate s with the
calculated M2 will provide an additional test for the de-
termination of the m1 site (see, for example, Fig. 25 in
Sec. III.C).

3. Homogeneous line broadening: 1/T2 processes

Fluctuating internal fields will also cause an exponen-
tial loss of polarization of the precessing spins. The de-
polarization function will be given by

G~ t !5e2l2tcos~vmt ![e2t/T2cos~vmt !, (22)

where vm5gm^Bm&. This type of depolarization, which
arises from the dephasing of the m1 spins and is often
called the spin-spin or transverse depolarization, does
not involve any energy transfer between the m1 spin
ensemble and the lattice. Note that in a transverse-field
mSR experiment, 1/T2 processes may not be easily dis-
tinguished from dephasing due to inhomogeneous line
broadening.

D. Zero-field (ZF) mSR technique

A fascinating aspect of the mSR technique compared
to other microscopic techniques, is the possibility of
measuring properties in zero external field. With this
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
technique one monitors the time evolution of the muon
ensemble under the action of internal magnetic fields.
The very large magnetic moment of the muon (mm
58.9 mN) makes mSR sensitive to extremely small inter-
nal magnetic fields, down to the order of 0.1 G, which
corresponds to the magnitude of fields originating from
nuclear dipole fields.

This zero-field technique has been widely utilized to
measure the spontaneous m1 Larmor frequencies in
magnetically ordered phases, providing valuable infor-
mation about the values of the static moment and the
magnetic structures. The observation of spontaneous m1

frequencies is, however, limited to systems where the
presence of static electronic moments produces well-
defined local fields at the m1 stopping site. Hence the
m1-spin autocorrelation function G(t) depends sensi-
tively on details of the magnetic structure and of course
on the m1 stopping site. In the simplest case, the mag-
netic structure produces a hyperfine field of well-defined
magnitude Bm and direction (with respect to the crystal
structure) at the m1 sites. In this case in a single-domain
monocrystalline sample, f(Bm) is represented by a d
function, and Eq. (13) simplifies to

G~ t !5cos2u1sin2u cos~vmt !, (23)

with vm5gmBm . The polycrystalline average over the
angular dependence yields

G~ t !5 1
3 1 2

3 cos~vmt !. (24)

The second term in both latter equations represents the
spontaneous m1 Larmor precession in the internal field.
The above discussion is easily generalized, on one hand,
to the presence of a distribution of fields around a well-
defined nonzero value of Bm (which will introduce an
additional depolarization, see below) and, on the other
hand, to the occurrence of several well-defined internal-
field values.

1. Inhomogeneous line broadening

A static distribution of internal fields (for example,
arising from static nuclear or electronic dipole fields)
will produce, as in the transverse-field case, a depolar-
ization. Assuming that the internal fields are Gaussian
distributed in their values and randomly oriented (which
is realized if the field distribution is due to nuclear mag-
netic moments, which are usually static in the mSR time
window, or to randomly frozen electronic spins), i.e.,

f~Bi!5
1

A2p

gm

D
expS 2

gm
2 Bi

2

2D2 D ~ i5x ,y ,z !, (25)

the field distribution has zero average value, and no
spontaneous frequency is observed. G(t) assumes the
form

GKT5 1
3 1 2

3 ~12D2t2!exp~2 1
2 D2t2!, (26)

where D2/gm
2 represents the second moment of the field

distribution along one cartesian axis perpendicular to
the initial m1 polarization, i.e.,
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D2/gm
2 5^Bx

2&5^By
2&5^Bz

2&. (27)

Equation (26) represents the well-known Kubo-Toyabe
(KT) function, first derived by Kubo and Toyabe (1967).
For early times (t!D21) the KT function approaches a
Gaussian function with G(t).exp(2D2t2).

In some cases, each cartesian component of the inter-
nal fields is believed to be Lorentzian distributed, and
G(t) has the form

GKT
L ~ t !5 1

3 1 2
3 ~12lt !exp~2lt !, (28)

where l/gm represents the half width at half maximum
of the distributions. This case is realized, for example, in
dilute spin-glass systems. The initial m1 depolarization is
exponential @G(t).exp(2lt) for t,l21].

2. Fluctuations

In this subsection only the most common case of a
time dependence of the Gaussian distribution of internal
fields described by Eq. (25) will be discussed. This time
dependence may arise from a fluctuation of the mag-
netic moments or from muon diffusion. In fluctuating
fields, characterized by a fluctuation rate n, the KT func-
tion is modified to the so-called dynamical KT function,
which, with the exception of some limiting cases, cannot
be expressed analytically. For slow fluctuations, i.e.,
when n/D!1, only the 1

3 term of Eq. (26) will be modi-
fied to 1

3 exp(2 2
3nt). On the other hand, for fast fluctua-

tions (n/D@1) the depolarization function will be given
by

G~ t !5e2l1t. (29)

This depolarization rate, describing the spin-lattice re-
laxation rate (1/T1 processes with 1/T15l1), involves
spin-flip transitions induced by the fluctuating magnetic
fields with component perpendicular to Pm(0).

In this fast fluctuation limit, the depolarization rate l1
is given by (see, for example, Narath, 1973)

l15gm
2 kBT

1
N (

q
(
ab

@Ahf
ab~q!#2

xbb~q!

NAG~q!

~a5x ,y ; b5x ,y ,z !, (30)

where Ahf(q) represents the spatial Fourier transform of
the hyperfine coupling tensor (e.g., AJ dip or AJ c), xJ(q) is
the q-dependent static molar susceptibility, and G(q) is
proportional to the fluctuation rate of excitations with
wave vector q.

Neglecting the q dependence of the fluctuation rate,
the transformation of Eq. (30) into real space leads to

l15gm
2 kBT(

r
(
ab

@Ahf
ab~r!#2

xbb~r!

nNA
. (31)

For uncorrelated spin fluctuations, and after performing
the sum over a and b and taking the powder average,
the depolarization rate can be simply written as

l15
1

T1
5

4
3

~gmgN\!2
J~J11 !

n (
r

1
r6 52D2

1
n

, (32)
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where D2/gm
2 is the second moment of the field distribu-

tion along one cartesian axis perpendicular to the initial
m1 polarization [see Eq. (27)]. Moreover, it can be
shown that for very fast dynamics T1.T2 [see Eq. (22)
and Slichter, 1978].

For intermediate values of n, the depolarization func-
tion G(t) is obtained numerically (see, for example,
Hayano et al., 1979).

E. Longitudinal-field (LF) mSR technique

1. Static-field distributions

When a longitudinally [i.e., parallel to Pm(0)
5(0,0,Pz)] oriented field is applied, some decoupling of
the m1 spin from the randomly oriented internal static
fields occurs. For internal fields that are Gaussian dis-
tributed, f(Bz) in Eq. (25) will be replaced by

f~Bz!5
1

A2p

gm

D
expS 2

gm
2 ~Bz2Hext!

2

2D2 D . (33)

Hayano et al. (1979) have derived the depolarization
function GKT(t ,Hext) as function of the applied field,
which assumes the form

GKT~ t ,Hext!512
2D2

gm
2 Hext

2 @1

2exp~2 1
2 D2t2!cos~gmHextt !#

1
2D3

gm
3 Hext

3 E
0

Dt
exp~2 1

2 y2!

3cosS gmHext

D
y Ddy . (34)

The effect of Hext is to gradually remove the time depen-
dence of the polarization. Eventually, by choosing Hext
to be stronger than the internal fields (i.e., gmHext /D
@1), the muon’s ‘‘up’’ and ‘‘down’’ states are eigen-
states of the Zeeman Hamiltonian, and any inhomoge-
neous (static) distribution of the internal fields will not
affect the time evolution of the m1 polarization, which
will remain constant. This behavior reflects the decou-
pling of the m1 spin from the static internal fields.

2. Fluctuations

On the other hand, for fast fluctuations of the internal
fields the spin-lattice relaxation regime is recovered, and
induced spin-flip transitions (irreversible transitions be-
tween energy levels) will lead to a depolarization in lon-
gitudinal fields similar to the one observed in zero exter-
nal field [see Eq. (29)]. However, spin-lattice relaxation
may be affected by the applied longitudinal field (see
Abragam, 1970; Slichter, 1978), and Eq. (32) assumes
the form

1
T1

5
2D2/n

11~gmHext /n!2 . (35)
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TABLE II. Selected properties and microscopic parameters characterizing the magnetic and superconducting states of the heavy-
fermion superconductors (polycrystalline samples). Bc1,0 : Bc1(T→0); Bc2,0 : Bc2(T→0); l: London penetration depth; j:
Ginzburg-Landau coherence length. The other symbols have their usual meanings. See, for example, the review article of Grewe
and Steglich (1991) for references and more details.

Compounds
T*

(K)
TN
(K)

ms
(mB)

Tc
(K) m* /me DC/(g(Tc)Tc)

Bc1,0
(G)

Bc2,0
(kG)

l
(Å)

j
(Å) Space group

CeCu2Si2 10 ;1 0.1–0.3 0.65 380 0–1.48 23 15–25 5000 90 I4/mmm
UBe13 8 - - 0.87 260 2.4 46 102 11000 95 Fm3c
UPt3 80 5 0.02 0.52, 0.48 180 0.4–1.6 nda 15 .15000 200 P63 /mmc
URu2Si2 70 17 0.02 1.5 140 0.6 16 80 10000 100 I4/mmm
UNi2Al3 ;100 4.3 0.2 1 48 0.5 nd ,10 3300 240 P6/mmm
UPd2Al3 15–50 14.5 0.85 ;2 66 1.2 11 25–30 4000 85 P6/mmm

aNot determined.
Equations (34) and (35) clearly indicate that in longi-
tudinal fields, and depending on the nature of the inter-
nal fields (static or fluctuating), the m1 depolarization
function will assume drastically different forms. Hence,
in order to pinpoint the origin of the depolarization, de-
coupling experiments in longitudinal fields are routinely
performed.

III. HEAVY-FERMION SUPERCONDUCTIVITY

Probably the most fascinating aspect of heavy-fermion
physics remains the observation of superconductivity,
first detected in CeCu2Si2 (Steglich et al., 1979). To-
gether with the later observation of superconductivity in
exotic materials such as layered cuprate compounds or
fullerene systems, this discovery certainly constitutes a
milestone in the study of superconductivity.

Two exciting aspects of the superconductivity of
CeCu2Si2 are the facts that (i) it occurs in a system show-
ing a Curie-Weiss-type magnetic susceptibility at high
temperature, indicating the presence of local magnetic
moments that are known to rapidly depress supercon-
ductivity in conventional systems; and (ii) it appears as a
co-operative phenomenon involving heavy quasiparti-
cles that form Cooper pairs below Tc . This latter deduc-
tion is based on the observed scaling of the huge linear
coefficient of the electronic specific heat (g5Cp /T)
with the specific-heat jump at Tc , as well as with the
initial slope of the upper critical field at Tc . Although
CeCu2Si2 is still so far the only Ce-based heavy-fermion
superconductor at ambient pressure, the same phenom-
enon was subsequently reported in several U-based
heavy-fermion compounds (see Table II). Even at an
early stage in the development of heavy-fermion phys-
ics, it was speculated from numerous experimental evi-
dence that the superconductivity in these systems may
not be of the usual s-state isotropic type, but may in-
stead involve an unconventional superconductivity
(LÞ0) with anisotropic p or d states. This possible un-
usual type of superconductivity could result from the
nature of the mechanism providing the attractive force
necessary for the Cooper-pair formation. In conven-
tional superconductors, the electrons are paired in a
spin-singlet zero-angular-momentum state (L50),
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which results from a phonon-mediated pairing mecha-
nism. This isotropic state leads to the formation of a
superconducting gap in the electronic excitations over
the whole Fermi surface. The possible unconventional
superconductivity in the heavy-fermion systems should,
on the other hand, be characterized by the presence on
the Fermi surface of points or lines with vanishing su-
perconducting gap, leading to power-law temperature
dependencies below Tc of excitation-dependent physical
properties. In recent years, numerous studies have been
devoted to this question (see, for example, Grewe and
Steglich, 1991). However, it should be stressed that the
observation of power-law temperature dependencies
does not constitute a definitive proof for unconventional
superconductivity (power-law dependencies can also re-
flect the presence of impurity scattering in conventional
superconductors). In addition, some of the observations
reported to date present severe inconsistencies from one
property to another. In this context it was soon recog-
nized that mSR could help to draw more definitive con-
clusions. As extensively reported (see, for example,
Gor’kov, 1987), the order parameter of an unconven-
tional superconductor will not remain invariant under all
the transformations allowed by the physical symmetry
group and will therefore lack either the full point sym-
metry of the crystal or time-reversal invariance. Since
mSR is an ideal tool to investigate weak-magnetism phe-
nomena in zero external field, it can be utilized to search
for the occurrence of spontaneous magnetism below Tc ,
which would signal a possible breakdown of the time-
reversal invariance. Moreover, mSR transverse-field
measurements below Tc can furnish valuable informa-
tion on the possible anisotropies of the temperature de-
pendence of the London penetration depth, which could
indicate a crystal symmetry breaking.

Another fascinating aspect of heavy-fermion super-
conductivity [with the exception of (U,Th)Be13] is that it
appears to coexist with some kind of static magnetism
occurring above Tc . The coexistence in itself does not
represent an astonishing observation, since magnetic su-
perconductors such as the Chevrel phases (Fischer,
1978) and the rare-earth rhodium borides, in which the
superconductivity is carried by conduction electrons in-
teracting only weakly with the local moments respon-
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sible for the magnetism, have previously exhibited that
phenomenon. The novel aspect of heavy-fermion super-
conductors is that both the quasiparticles forming the
Cooper pairs as well as the electrons carrying the mag-
netism above Tc have unquestionably the same f char-
acter. Due to the local character of the m1 probe and its
uniform implantation in a sample, mSR has been suc-
cessfully utilized to check whether the coexistence of
magnetism and superconductivity appears on a micro-
scopic scale (as is usually only assumed from macro-
scopic measurements) or in different domains due to
sample inhomogeneities, which are often present in
heavy-fermion compounds and are known to hamper
the interpretation of macroscopic measurements.

An overview of the mSR results obtained on the dif-
ferent heavy-fermion superconductors will be given in
the following sections with special emphasis on the par-
ticular information provided by this microscopic tech-
nique.

A. UPt3

Recently, the hexagonal heavy-fermion supercon-
ductor UPt3 has appeared as the heavy-fermion com-
pound for which the most indications for unconventional
superconductivity have been reported. At an early stage,
power-law temperature dependencies, as well as aniso-
tropic responses of properties reflecting the electronic
excitation spectrum, have been observed. Later, specific-
heat studies (Fischer et al., 1989) on high-quality crystals
revealed the presence of two superconducting phase
transitions (at Tc1 and Tc2) in zero external field, inter-
preted as phases with different order parameters. More-
over, in an external magnetic field, one observes a mul-
ticomponent diagram with at least 3 superconducting
phases meeting at a tetracritical point (see Fig. 3; Bruls
et al., 1990). The precise nature of the 3 superconducting
phases remains an open question, but their occurrence is
often interpreted as evidence that the superconducting-
gap function belongs to a two-dimensional (2D) repre-

FIG. 3. Schematic B 2 T phase diagram of UPt3 for Bic. The
phases labeled A, B, and C refer to the three different super-
conducting phases.
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sentation (E1g) of the rotation group D6h (see Joynt,
1988; Machida and Ozuki, 1989). In this 2D scenario, the
gap function, with even-parity pairing, is given by c(k)
5hxkxkz1hykykz , where the complex vector (hx,hy)
determines the order parameter. The different super-
conducting phases would then correspond to the (1,0),
(1,i), and (0,1) complex vectors. An alternative scenario
(1D scenario; Machida and Ozuki, 1991) would be to
consider two nearly degenerate one-dimensional repre-
sentations of the rotation group corresponding to a gap
function with odd parity. For both scenarios the pres-
ence of a symmetry-breaking field lifts the degeneracy of
otherwise degenerate pairing states and leads to a split-
ting of Tc . Several experimental evidences, and notably
the correlation between the splitting of Tc and the value
of the magnetically ordered moments (Haiden et al.,
1992; Löhneysen et al., 1992), demonstrate that the
symmetry-breaking field originates from the weak anti-
ferromagnetic order detected below TN.5 K. This mag-
netic transition was first discovered utilizing mSR
(Cooke et al., 1986). The zero-field data recorded on a
polycrystalline sample are reported on Fig. 4. Above 5
K, the value of the m1 depolarization rate is compatible
with the depolarization arising from the field distribu-
tion at different possible m1 sites, which is solely created
by the 195Pt nuclear magnetic moments. The clear rise of
the depolarization below 5 K is indicative of an in-
creased field distribution at the m1 site, owing to the
occurrence of static magnetic moments of electronic
origin. The static character of these moments is proven
by the essentially zero depolarization measured in lon-
gitudinal fields. Without knowledge of the exact m1

stopping site, Cooke et al. (1986) estimated the value
of the static f moments to be of the order of ms
.1023 mB /U-atom. Later extensive neutron studies

FIG. 4. Temperature dependence of the m1 depolarization
rate obtained in a polycrystalline UPt3 sample (Cooke et al.,
1986). The zero-field results (open circles) were obtained by
fitting a Kubo-Toyabe function [Eq. (26)] through the data,
whereas the longitudinal-field m1 depolarization function
(Hext=5 kOe) is best described by a relaxing exponential func-
tion (open squares).
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(Aeppli et al., 1989) on the very same sample unravelled
the antiferromagnetic structure formed by static mo-
ments of 0.02 mB ordered along the basal plane with an
ordering vector q5(1/2,0,0). The small value of the
static moment and the observation that TN!T* (see
Table II) indicates a magnetic state involving the renor-
malized heavy quasiparticles rather than the bare f mo-
ments (heavy-fermion band magnetism, see Sec. IV).
Subsequent neutron studies always confirmed the pres-
ence of magnetic order, but several mSR studies pre-
sented conflicting results. The most relevant example is
certainly furnished by the comprehensive study per-
formed by Dalmas de Réotier et al. (1995) on a single
crystal of very high quality. This high quality is illus-
trated by the clear double-peak structure of the specific
heat due to the two superconducting transitions (Ya-
ouanc et al., 1994; see below, Fig. 10), and by the re-
ported residual electrical resistivity, which was of the
order of 0.1 mV cm. The most striking point of this mSR
study is the observation of a temperature-independent
zero-field depolarization rate (see Fig. 5) indicative of
the lack of additional field distribution at the m1 site
below 5 K. Since neutron-scattering studies on the very
same sample clearly ascertain the antiferromagnetic
transition at TN.5 K, the present data appear in mani-
fest contradiction with that reported in Fig. 4. A possible
explanation would be to consider a m1 stopping site
where the internal fields produced by the magnetic sub-
lattices in the antiferromagnetic ordered state cancel. In
such a scenario the increased m1 depolarization rate ob-
served in some samples below TN arises from distortions
of the magnetic sublattices, producing a supplementary

FIG. 5. Temperature dependence of the Kubo-Toyabe m1 de-
polarization rate obtained on a high-quality UPt3 single crystal
(solid symbols) in a configuration with the initial m1 polariza-
tion along the hexagonal c axis (Dalmas de Réotier et al., 1995;
Yaouanc et al., 1994). Measurements performed with the ini-
tial m1 polarization along the a* axis give very similar results.
The exponential longitudinal-field (LF) m1 depolarization rate
obtained in an external field Hext=100 Oe is also reported
(open squares) as well as the zero-field (ZF) depolarization
rate obtained in a polycrystal (open circles; see also Fig. 4).
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distribution of internal fields with zero mean at the
muon site. The nonobservation of an increase of the de-
polarization rate below TN should not be interpreted as
an indication for the absence of magnetic order but
rather as proof of the high quality of the investigated
sample. In discussing possible m1 sites, we first recall
that UPt3 crystallizes in the close-packed hexagonal
structure of the MgCd3-type, corresponding to the low-
temperature structure of SnNi3 (Heal and Williams,
1955). This structure belongs to the space group
P63 /mmc (D6h

4 ), with U atoms at the c sites (Wyckoff
notation) and Pt atoms at the h sites, with x5 5

6 (see Fig.
6). The most likely m1 stopping site, with cancellation of
the dipolar fields produced by the magnetic sublattices,
can be identified as the a site (00 1

2 ), which is located
between two U-Pt planes.

At this point it is appropriate to mention the prelimi-
nary mSR studies on U12xThxPt3 with x50.05 (Heffner
et al., 1989). It is known that the substitution of small
concentrations of Th for U or Pd for Pt expands the
unit-cell volume and therefore weakens the exchange
interaction between the localized f electrons and the
conduction electrons, which finally leads to the stabiliza-
tion of the f local magnetic moment against the forma-
tion of the local Kondo singlets. Hence the substitution
of a few atomic percents Th or Pd results in the occur-
rence of an antiferromagnetic order, with the same
structure as in UPt3 but a much larger value of the or-
dered moment (ms.0.5 mB ; Goldman et al., 1986; Frings
et al., 1987). The zero-field mSR results reported by Hef-
fner et al. (1989) show a reduction of 80% of the ampli-
tude of the mSR signal by cooling the sample below
TN&6.5 K. Such an amplitude decrease indicates the
presence of either an extremely fast depolarization or a

FIG. 6. Hexagonal structure of UPt3 (space group P63 /mmc)
with the possible m1 stopping site (a site).
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very high frequency, neither of which could have been
resolved in the experiment. Moreover, the remaining
amplitude below 6.5 K is formed by two spontaneous-
frequency components associated with large depolariza-
tion rates corresponding to linewidths larger than the
precession frequencies. Such observations seem to indi-
cate that more than two m1 sites are involved, unlike the
observations with undoped UPt3. However, the large
observed m1 depolarization, as well as the presence of
distinct components, could be indicative of defect-
induced perturbations of the m1 sites and different do-
mains in the sample. Therefore, before drawing any de-
finitive conclusions from this latter study, additional
measurements on samples with comparable quality as
the undoped UPt3 samples are advocated.

Another remarkable piece of information furnished
by the mSR studies on UPt3 was the observation in zero-
field experiments of a supplementary very weak sponta-
neous magnetism below the superconducting transition
temperature Tc2 (Luke et al., 1993a, 1993b). To charac-
terize the zero-field depolarization data Luke et al.
(1993b) used a product of a temperature-independent
Kubo-Toyabe function (arising from the 195Pt nuclear
moments) and an exponential relaxing function
exp(2lt) representing the additional m1 depolarization
due to electronic magnetic moments. Such a product is
legitimate for independent channels of depolarization.
Figure 7 exhibits the exponential depolarization rate
l(T) obtained in a single crystal, where the initial m1

polarization was along the basal plane. For this sample
the increase in the depolarization, which is greater than
that occurring below TN.5 K, appears to be linked with
the lower superconducting transition and to indicate the
presence of additional spontaneous internal fields of
;0.1 G at the m1 site.

In discussing the possible origins of this increased de-
polarization, Luke et al. (1993b) invoked first a reorien-
tation of the ordered moments in the basal plane. Such a

FIG. 7. Temperature dependence of the zero-field (ZF) expo-
nential m1 depolarization rate obtained by Luke et al. (1993b)
on a monocrystalline UPt3 sample with the initial m1 polariza-
tion along the basal plan. The depolarization function was
characterized by the product G(t)5GKT(t)exp(2lt) (see
text).
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
reorientation was first suggested by Blount et al. (1990)
to explain the observed reduction in the superconduct-
ing phase of the intensity of the neutron magnetic Bragg
peaks, which was considered an indication of the cou-
pling between the magnetic and the superconducting or-
der parameter. The simplest reorientation would corre-
spond to a simultaneous rotation of all the magnetic
moments in the basal plane through a common angle.
However, such a reorientation, corresponding to an ad-
mixture of longitudinal and transverse antiferromagnetic
structure, would also lead, like the situation above Tc ,
to a cancellation of the internal fields at the above con-
sidered m1 stopping site. Consequently, for ideal crys-
tals no change in the depolarization rate should be ex-
pected upon entering the superconducting phase. Under
this assumption, the enhanced depolarization has to be
linked to a side effect of the reorientation, generating,
for a nonperfect crystal, an increase of the field distribu-
tion with zero mean at the m1 site. In this respect, the
mSR data obtained on a high-quality single crystal and
reported on Fig. 5 do not indicate a change of the depo-
larization below Tc .

A second possible origin for the increased depolariza-
tion is the occurrence below Tc of a superconducting
state with no time-reversal symmetry, which creates an
additional field at the m1 site. The magnitude of this
supplementary field (0.1 G) has been taken by Ohmi
and Machida (1993) as evidence for a lifting of the de-
generacy in the spin space rather than in the orbital
space. They thus argued for a spin-triplet odd-parity su-
perconducting state belonging to the 1D scenario. How-
ever, the nonobservation by Dalmas de Réotier et al.
(1995) (see Fig. 5) of an increase of the depolarization
rate below Tc2 in a high-quality single crystal, with the
initial m1 polarization either along the c axis or the a*
axis, seriously questions this latter interpretation.

Several mSR studies have been devoted to determin-
ing the temperature dependence of the magnetic-field
penetration depth in UPt3. For transverse-field mSR
measurements in type-II superconductors (with Hext
.Hc1), the presence of the flux-line lattice (FLL) causes
an additional field distribution at the m1 site with a sec-
ond moment given by (Brandt, 1988)

^DB2&5
3.70631023f0

2

Leff
4 , (36)

where f0 is the magnetic flux quantum. By assuming a
triangular flux lattice, with interflux spacing L!Leff and
a high value of the Ginzburg-Landau parameter k, Bar-
ford and Gunn (1988) showed that for an uniaxial super-
conductor Leff5Al'l i for H'c and Leff5l' for Hic
(where l' and l i are the penetration depths perpen-
dicular and parallel to the symmetry c axis). The pres-
ence of this supplementary field distribution at the m1

site produces an additional depolarization that is usually
assumed to possess a Gaussian character with a depolar-
ization rate sFLL5gmA^DB2&. Such an oversimplifica-
tion is known to introduce systematic uncertainties in
the evaluation of the penetration depth from the fitted
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sFLL . Hence in the Gaussian approximation the high-
field tail of the true spectral distribution is suppressed in
the fit, resulting in too large Leff . Thus the penetration
depth obtained by such a fit must always be regarded as
an upper limit.

Broholm et al. (1990) first measured the transverse-
field depolarization rate on a UPt3 single crystal (see
Fig. 8) in the superconducting phase. The observed rise
was interpreted as resulting from the values for the mag-
netic penetration depth of l'(0).7200 Å and l i(0)
.6900 Å. From the temperature dependence of the de-
polarization rate, l'(T) and l i(T) were extracted and
shown to be consistent with a superconducting gap pos-
sessing a line of nodes in the basal plane, which was
ascribed to an even-parity superconducting state belong-
ing to the above-described 2D scenario (with E1g repre-
sentation). However, one may notice that an order pa-
rameter belonging to the 2D E2u representation has a
similar topology of nodes as the E1g order parameter,
but with odd-parity state. Hence it appears that no de-
finitive conclusions can be drawn from these mSR re-
sults.

This interpretation of the first mSR data was later
questioned by Luke et al. (1993b). They noticed first that
the reliable determinations of the penetration depth by
bulk measurements (Gross et al., 1989; Signore et al.,
1992) indicate values of ;20 000 Å, which should lead to
an increase of only 0.02 ms−1 in the mSR depolarization
rate, a much smaller value than the one reported by
Broholm et al. (1990). The second observation is the fact
that the increase of s takes place at temperatures clearly

FIG. 8. Temperature dependence of the transverse-field (TF)
m1 depolarization rate (Gaussian fits) in monocrystalline UPt3
with (a) Hextia and Hext=166 Oe, and (b) Hextic and
Hext=183 Oe. The solid lines are fits based on an anisotropic-
gap function (for more details, see Broholm et al., 1990).
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below the higher of the two superconducting transition
temperatures Tc1 . This was indisputably proven by the
dissimilar behavior of the depolarization rate between
zero-field-cooling (ZFC) and field-cooling (FC) mea-
surements (see Fig. 9). At low temperature, sZFC ex-
ceeds sFC due to flux pinning, which hampers the for-
mation of a uniform flux-line lattice. The flux-depinning
temperature, where sZFC.sFC, can be considered as a
lower limit for the higher superconducting transition
temperature Tc1 . Figure 9 clearly establishes that the
depolarization-rate rise, possibly due to the formation of
the flux-line lattice, occurs at a temperature about 50
mK smaller than Tc1 . Luke et al. (1993a) hence in-
ferred that the increase of sFC was confined to the lower
superconducting phase. Recently, Yaouanc et al. (1994)
confirmed this observation on a single crystal, for which
the specific heat was also measured (see Fig. 10). Un-
questionably, the rise of the depolarization rate takes
place at Tc2 , whereas the flux-depinning temperature,
as well as the reduction of the m1 frequency originating
from the diamagnetic response of the sample, arise at
Tc1 . The problem emerges now to interpret the in-
crease of the depolarization below Tc2 .

FIG. 9. Temperature dependence of the Gaussian transverse-
field (TF) m+ depolarization rate obtained in field-cooling (FC)
and zero-field-cooling (ZFC) procedures on polycrystalline
and monocrystalline UPt3 samples. Note that the temperatures
where the depolarization rates start to increase do not coincide
for the two procedures (from Luke et al., 1993b).
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At this point, the reader should keep in mind the ten-
tative character of the interpretation given below, owing
to the absence of a complete picture of the behavior of
the depolarization rate in external fields. It is tempting
to associate the transverse-field depolarization rise with
the increase reported in zero-field (see Fig. 7). However,
two main objections could be formulated against this
interpretation. First, the zero-field depolarization in-
crease is substantially smaller than the one observed in a
transverse field. Second, the rise in transverse-field de-
polarization is also reported for high-quality single crys-
tals, for which the zero-field depolarization is tempera-
ture independent below Tc2 (see Figs. 5 and 10).
Another interpretation for the depolarization-rate in-
crease is to invoke a drastic change of the flux-line lat-
tice below Tc2 . Indeed, several authors (Tokuyasu
et al., 1990, Garg and Chen, 1994) have postulated an
unusual form of the flux-line lattice for time-reversal-
breaking superconducting states, which therefore alters
the relation between depolarization and magnetic pen-
etration depth [see Eq. (36)]. As an example, Fig. 11
shows the possible stable flux-line lattices in the B phase
as calculated by Garg and Chen (1994), considering the

FIG. 10. Temperature dependence of the Gaussian transverse-
field m1 depolarization rate in UPt3 obtained in field-cooling
(FC) and zero-field-cooling (ZFC) procedures in a high-quality
single crystal (Hextia* ). Note the coincidence between the two
superconducting-transition temperatures (determined by spe-
cific heat on the same sample, see upper part of the figure) and
the temperatures corresponding to the increase of the depolar-
ization rates (see text). The high quality of the single crystal is
underlined by the sharpness of both superconducting transi-
tions (from Yaouanc et al., 1994).
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1D scenario. In this scenario, the B phase represents the
region where both independent superconducting order
parameters are nonzero. All possible cases represented
in Fig. 11 lead to a modification of the field inhomoge-
neity at the m1 site, either by destroying the ideal trian-
gular lattice or by doubling the vortex quantization. In
this framework and opposite the usual situation, it is
conceivable that a penetration depth as high as 20 000 Å
could produce a detectable increase of the transverse-
field depolarization rate. To verify this hypothesis, more
transverse-field studies are urgently needed, notably in
the superconducting C phase, where the presence of a
single superconducting order parameter should be char-
acterized by the recovery of a regular flux-line lattice.

Although the mSR studies on UPt3 have left many
questions unanswered and thus a complete understand-
ing of the data is still lacking, among the heavy-fermion
compounds UPt3 undeniably constitutes a striking ex-
ample wherein the highly sensitive mSR technique has
uncovered unusual features, which have subsequently
been ‘‘rediscovered’’ by more traditional techniques.

B. UBe13

The system UBe13 was the first U-based heavy-
fermion superconductor discovered (Ott et al., 1983),
and, similar to UPt3, it shows peculiar properties, point-
ing to an unconventional superconducting order param-
eter. The specific heat below Tc.0.86 K follows close to
a T3 law, compatible with the presence of points on the
Fermi surface with vanishing superconducting gap.
Josephson-effect studies (Han et al., 1986) in a contact
between UBe13 and Ta [s-wave superconductor with
Tc(Ta).Tc(UBe13)] indicate that the s-wave order pa-
rameter induced by the proximity effect is strongly sup-
pressed by the occurrence of the UBe13 order param-
eter, suggesting that the latter might have odd parity.
Finally, ultrasound attenuation (Golding et al., 1985), as
well as NMR spin-lattice relaxation time (MacLaughlin
et al., 1984), do not indicate an exponential temperature
dependence below Tc . Nevertheless, no clear picture of
the symmetry of the order parameter has emerged, and
apparent inconsistencies still remain. The NMR relax-
ation rate, for example, follows a power law with expo-
nent n53, which, contrary to the specific-heat data, is
compatible with the presence of lines with vanishing su-
perconducting gap.

FIG. 11. Possible stable flux-line lattices for the superconduct-
ing B phase of UPt3 calculating within the 1D scenario (see
text; from Garg and Chen, 1994).
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Early transverse-field mSR studies of polycrystalline
UBe13 were dedicated to the determination of the m1

Knight shift in the superconducting state. Heffner et al.
(1989) first reported a strong reduction in absolute value
of the Knight shift by cooling the sample below Tc .
Since the Knight shift reflects the behavior of the
conduction-electron spin susceptibility, such a decrease
was interpreted as resulting from either even-parity pair-
ing or odd-parity pairing, provided that the order pa-
rameter was strongly pinned to the lattice and therefore
not free to rotate in the field. These results appeared to
contradict 9Be NMR data (MacLaughlin et al., 1984), as
well as induced-form-factor studies (Stassis et al., 1986),
which both indicated a temperature-independent spin
susceptibility below Tc . This inconsistency was removed
by subsequent mSR studies (Heffner, 1990; Luke et al.,
1991), for which the m1 Knight shift was found to be
virtually unchanged in the superconducting state.3 This
behavior is compatible with odd-parity pairing and con-
sistent with the observed power-law behavior of the spe-
cific heat.

A byproduct of the transverse-field mSR studies is the
determination of the m1 depolarization, which, as we
saw with Eq. (36), is related below Tc to the magnetic
penetration depth. Typical results by Luke et al. (1991)
are reported in Fig. 12. The lack of any increase of the
depolarization below Tc demonstrates that the magnetic
penetration depth is greater that 10 000 Å, in agreement
with the value of ;11 000 Å obtained by flux confine-
ment (Gross et al., 1989). Furthermore, it is worth men-
tioning that measurements by magnetic induction (Ein-
zel et al., 1986) show that the penetration depth follows
a T2 power-law temperature dependence below Tc ,

3Although Luke et al. (1991) extensively discussed the obser-
vation of a temperature-independent Knight shift in UBe13,
their experimental data show a slight frequency shift below
Tc . Since this frequency shift is basically independent of the
applied field [corresponding to Bm(T50)2Bm(T5Tc).1 G],
it presumably does not reflect the spin susceptibility. So far no
convincing explanation for the occurrence of this frequency
shift has been provided.

FIG. 12. Temperature dependence of the m1 depolarization
rate obtained in a transverse-field (TF) (Hext=3.5 kOe, Gauss-
ian fit) and in zero field (Kubo-Toyabe fit) on a polycrystalline
UBe13 sample (from Luke et al., 1991).
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which again is compatible with an anisotropic gap func-
tion for an axial p-wave (odd-parity) superconducting
state.

The possible occurrence of static magnetism in the
superconducting phase has been checked by zero-field
mSR studies (see, for example, Heffner et al., 1989). The
Kubo-Toyabe depolarization rate does not exhibit any
detectable change, implying a complete absence of mag-
netic correlations with moments *1023 mB /U-atom
down to at least 50 mK. In particular, the reported mag-
netic transition at TN.8.8 K, which was observed by
magnetostriction (Kleinman et al., 1990), could not be
confirmed within the high sensitivity of the mSR tech-
nique. The temperature-independent zero-field depolar-
ization rate D50.245(2) ms−1 arises solely from the
spread in dipolar fields due to the 9Be nuclear magnetic
moments. By comparing the measured value with calcu-
lated values for candidate interstitial sites, one observes
an almost perfect agreement by assuming that the m1

stops at the d site (see Fig. 13). For this site of the cubic
structure (space group Fm3c), a theoretical value of
D theor=0.246 ms−1 is calculated, very close to the ob-
served value.

In order to check for the unconventional character of
the superconducting order parameter, different studies
on the influence of nonmagnetic impurities on the super-
conducting properties of UBe13 have been undertaken.
In conventional superconductors, elastic impurity scat-
tering only affects the normal density of states, without
affecting the superconducting critical temperature Tc .
On the other hand, in unconventional superconductors
nonmagnetic impurity scattering should act on the aniso-
tropic orbital part of the superconducting wave function,
leading to a depression in Tc . The observation of a
clear-cut pair-breaking effect for U12xMxBe13 with
M=La, Y, or Th has therefore been interpreted as sup-

FIG. 13. Crystallographic structure of UBe13 (space group
Fm3c) with the possible m1 stopping site (d site) located be-
tween two nearest-U and four nearest-Be neighbors. 32 Be
sites (BeII) form a ‘‘snub cube’’ around each U site.
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portive for an anisotropic order parameter. The most
intriguing observation was probably done in the system
U12xThxBe13, where the substitution of the Th for U
depresses the superconducting transition temperature in
a strongly nonmonotonic fashion (Smith et al., 1984). An
even more astonishing phenomenon is the presence for
0.019&x&0.043 of a second transition (Tc2) within the
superconducting state, detected by a distinct anomaly in
the specific heat (Ott, Rudigier, Fisk, and Smith, 1985;
see Fig. 14) and by a clear change of slope of the lower
critical field Hc1 versus T2. Several interpretations have
been proposed for this second transition, invoking the
occurrence of a spin-density-wave state resulting from
the residual interactions between the heavy quasiparti-
cles (Machida and Kato, 1988), magnetic moments on
either the U (Fisk et al., 1988), or Th sites (Mosh-
chalkov, 1987), as well as a transition to a superconduct-
ing state exhibiting spin (Volovick and Gor’kov, 1985)
or orbital magnetism (Sigrist and Rice, 1989).

In order to gain more insight into the nature of the
phase below Tc2 , several mSR studies have been per-
formed, first on a limited number of samples (Heffner
et al., 1989), and later for a wide range of Th concentra-
tions (Heffner et al., 1990). For this latter study the tem-
perature dependence of the zero-field depolarization
rate is shown in Fig. 15. The values above T*0.5 K of D
are determined by the dipolar field distribution pro-
duced by the 9Be nuclei as described above for pure
UBe13. The small variation from sample to sample prob-
ably reflects systematic uncertainties in the data analysis.
For all concentrations no change in D(T) was observed
at Tc1 . Moreover, for x50.000, 0.010, and 0.060, D(T)
is constant down to at least 50 mK, suggesting a com-
plete absence of static magnetic moments with ms

FIG. 14. Phase diagram of U12xThxBe13. Note the second
phase transition appearing for 0.019<x<0.043 (see Heffner
et al., 1990, for more details).
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*1023 mB /U atom. The most striking observation is the
increase in D(T) occurring only for Th concentrations
0.019&x&0.043, i.e., in the concentration range for
which the second transition is observed. Comparison
with specific-heat and Hc1 data (Heffner et al., 1990)
clearly indicates that D(T) starts to increase below Tc2
(see Fig. 16). Such an increase arises from the onset of
weak magnetism of electronic origin. By keeping in
mind that the electronic and nuclear contribution to the
total depolarization rate add in quadrature, one finds
that (i) the temperature dependence of the electronic
contribution De(T), which reflects the magnetic order
parameter, is compatible with a second-order transition;

FIG. 15. Temperature dependence of the zero-field m1 depo-
larization rate measured on polycrystalline U12xThxBe13
sample with different Th concentrations (from Heffner et al.,
1990).

FIG. 16. Temperature dependence of (a) zero-field m1 depo-
larization rate (Kubo-Toyabe fit), (b) the specific heat, and (c)
the AC susceptibility for U0.965Th0.035Be13. Note the coinci-
dence between the onset of the depolarization-rate increase
and the lower specific-heat anomaly at Tc2 (from Heffner
et al., 1990).
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and (ii) De(T→0) increases sublinearly with the Th con-
centration. This sublinearity as well as the abrupt disap-
pearance of magnetism below x50.019 indicate no for-
mation of local Th moments. By assuming the m1

stopping site to be the d site, as deduced in the pure
UBe13, the static effective magnetic moments respon-
sible for the depolarization-rate increase are of the or-
der of ;331023 mB /U atom. The occurrence of elec-
tronic magnetism with very small moments associated
with a large specific-heat anomaly at Tc2 appears to pre-
clude the formation of a magnetic phase not interacting
with the superconducting state. Therefore the plausible
origins for the phase below Tc2 include either the for-
mation of a magnetic phase coupled with the supercon-
ducting order parameter, or the occurrence of a new
superconducting phase violating time-reversal invari-
ance. The former possibility is supported by the obser-
vation of a l-shaped ultrasound-attenuation peak at
Tc2 , consistent with those expected near a magnetic
transition (Batlogg et al., 1985). Knetsch, Nieuwenhuys
et al. (1993) have also discussed the possibility that the
spin fluctuations could be responsible for the electrical-
resistivity and specific-heat maxima occurring just above
Tc in pure UBe13. With Th doping these maxima move
lower in temperature and cross the superconducting-
temperature transition at x=0.019, i.e., at the concentra-
tion where the evolution of Tc1 is reversed (see Fig. 14).
It is therefore tempting to connect the anomaly at Tc2
with the freezing of these spin fluctuations giving rise to
some kind of weak-magnetism coupling with the super-
conducting order parameter. Heffner et al. (1990) ar-
gued that a loss of Fermi surface at a magnetic transition
of spin-density-wave type should reduce the effective
mass of the quasiparticles, which is compatible with the
increase of udHc1 /dT2u below Tc2 (Rauchschwalbe,
1987). The coupling between a spin-density-wave state
and the superconducting state has been theoretically in-
vestigated by Gulásci and Gulásci (1989). It was found
to favor the occurrence of a superconducting order pa-
rameter breaking the translational symmetry.

As stated above, and as observed for UPt3, the mSR
results for UBe13 are also consistent with a multicompo-
nent complex superconducting order parameter. The
phase transition at Tc2 would be interpreted as the tran-
sition to a superconducting ground state violating time-
reversal invariance. Under this assumption, several
models predict the occurrence of orbital currents, in-
duced when scattering from nonmagnetic impurities
(Th) lead to inhomogeneities of the superconducting or-
der parameter (see, for example, Mineev, 1989). How-
ever, in this framework the paramount problem is to
understand why UBe13 is changed by Th doping in such
a drastic way and why La or Lu dopings merely result in
a monotonic suppression of the superconductivity.

The substitution of B for Be represents another strik-
ing example of impurity-doping effects on the supercon-
ducting state of UBe13 (Felder et al., 1989). A recent
systematic study of UBe132yBy (Beyermann et al., 1995)
indicates, on one hand, a modest reduction of Tc with B
concentration and, on the other hand, a dramatic varia-
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
tion of the normalized specific-heat jump
@DC/(g(Tc)Tc)# at the superconducting transition tem-
perature, with a maximum value of DC/(g(Tc)Tc)
.3.76 (for y50.03), which is the largest of any known
material. Contrary to the results reported for Th doping,
no indication for a second transition near Tc has been
found.

The origin of the increased specific-heat jump at Tc
has first been discussed as arising from a magnetic phase
transition concomitant with the superconducting transi-
tion. However, zero-field mSR data on a y50.03 sample
(Heffner et al., 1991) do not support this interpretation
(see Fig. 17). The temperature-independent behavior of
D implies the virtual absence of static magnetism below
Tc , similar to what was observed in pure UBe13. More-
over, additional Th doping (for example,
U0.981Th0.019Be12.79B0.03) leads again to a second transi-
tion in the specific heat, below which mSR unquestion-
ably detects magnetism in a similar way as in the B free
U0.981Th0.019Be13 (see Fig. 17). Hence B doping does not
appear to alter the Th-induced magnetic feature. Re-
cently, Beyermann et al. (1995) discussed the specific
heat and electrical resistivity of UBe132yBy systems in
terms of strong-coupling theories of unconventional su-
perconductivity. The temperature T* characterizing the
renormalized quasiparticles is reduced with B doping
and seems to be accompanied by a reduction of the fre-
quency v0 characterizing the bosonic excitation mediat-
ing the pairing interaction. This could be consistent if

FIG. 17. Temperature dependence of (a) zero-field m1 depo-
larization rate (Kubo-Toyabe fit) measured in UBe12.97B0.03,
U0.981Th0.019Be12.97B0.03, and U0.981Th0.019Be13. Note the depo-
larization rate increases only in Th-doped samples (from Hef-
fner et al., 1991).
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the superconducting pairing mechanism was mediated
by spin fluctuations. However, in this framework the
problem is to understand why Tc is not as significantly
reduced as v0 . Another possible scenario for the in-
creased specific-heat jump would be to consider a
change of the superconducting state and therefore of the
nodal structure of the superconducting gap. Clearly,
more theoretical work is required to explain how such
small dopings can trigger such dramatic changes of the
superconducting state.

C. UPd2Al3 and UNi2Al3

The most recently discovered heavy-fermion super-
conductors UPd2Al3 and UNi2Al3 (Geibel, Shank et al.,
1991; Geibel, Thies et al., 1991) exhibit coexistence be-
tween superconductivity and a magnetic state with rela-
tively large ordered moments. In this new variant of the
interplay between heavy-fermion superconductivity and
magnetism, much excitement arose from the potential to
observe a strong interaction between the magnetic and
superconducting order parameters. Furthermore, the de-
tection of large static magnetic moments contradicted
the picture that small values of these moments
(ms&1022 mB) were a prerequisite for a coexistence of
both types of ground states. Therefore this discovery has
provided a fascinating opportunity to extend the com-
prehension of the heavy-fermion compounds, and exten-
sive experiments have been carried out on these com-
pounds. Both systems crystallize in a rather simple
hexagonal structure P6/mmm (D6h

1 , PrNi2Al3-type
structure). Whereas UNi2Al3 forms peritectally,
UPd2Al3 has a congruent melting, resulting in the avail-
ability of large single crystals. As a consequence, most
results were first obtained in the latter compound.

UPd2Al3 was found to exhibit a simple antiferro-
magnetic structure [wave vector q5(0,0, 1

2 )] below
TN.14.5 K (Krimmel et al., 1992) and static magnetic
moments of U lying in the basal plane. The neutron-
scattering data are consistent with an ordered magnetic
moment ms.0.85 mB , reduced compared to the effec-
tive moment obtained from the high-temperature sus-
ceptibility, but exceeding by up to two orders of magni-
tude the small moments found, for example, in UPt3 (see
Sec. III.A). Hence, in contrast to UPt3, a picture of
local-moment magnetism seems to describe the mag-
netic state in UPd2Al3. Surprisingly, this large-moment
magnetism was found to coexist with heavy-fermion su-
perconductivity exhibiting the highest Tc reported to
date.

Early zero-field mSR measurements on polycrystals
indicated the absence of a precessing component in the
zero-field mSR spectra (see Fig. 18; Amato, Feyerherm,
Gygax et al., 1992), indicating that even below TN the
internal field has an average value of zero at the m1 site,
which must therefore be symmetric with respect to the
antiferromagnetic sublattices. The magnetic transition is
nevertheless characterized by the change of behavior of
the m1 depolarization. Whereas above TN the m1 depo-
larization only reflects the field spread caused by the
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
nuclear dipole fields of the 27Al nuclei, a slight increase
is observed below TN , caused by imperfections of the
magnetic sublattices producing an enhancement of the
field distribution at the m1 site. Furthermore, the depo-
larization is unchanged below Tc , indicating that the
magnetic state is not affected by the onset of supercon-
ductivity. Considering the above-described magnetic
structure observed by neutrons, the zero-field mSR data
indicate that solely the b site (001

2 ) is occupied in
UPd2Al3 (see Fig. 19). This site determination was later
confirmed by transverse-field mSR measurements in a
single crystal (Amato, Feyerherm, Geibel et al., 1992).
Figure 20 shows the angular dependence of the m1 fre-
quency for which the shape and amplitude are only com-
patible with the occupation of the symmetric b site.

If the nonobservation of spontaneous m1 frequencies
below TN has, on one hand, impeded a mSR study of the
magnetic structure, it nevertheless gave the opportunity

FIG. 18. Time evolution of the m1 polarization measured in
zero-field (ZF) in a polycrystalline UPd2Al3 sample below TN .
Note the absence of spontaneous precession and the exponen-
tial depolarization (from Amato, Feyerherm, Gygax et al.,
1992).

FIG. 19. Crystalline structure of UPd2Al3 (and UNi2Al3),
where different interstitial sites are indicated by their Wyckoff
notation. The m1 stopping site in UPd2Al3 is located between
two U ions along the c axis.
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to perform transverse-field measurements in the mag-
netic phase. In particular the behavior of the m1 depo-
larization rate as well as the m1 Knight shift could be
investigated for T!TN , i.e., in the superconducting
phase.

Early transverse-field measurements by Amato, Fey-
erherm, Gygax et al. (1992), performed with a relatively
low external field (Hext5117 Oe) on a polycrystal, show
that for all temperatures the mSR spectra are composed
of only one component. This indicates the absence of
volume segregation and therefore implies that in
UPd2Al3 magnetism and superconductivity coexist at a
microscopic level. Additional transverse-field mSR stud-
ies of the magnetic and superconducting phase have
been reported by Feyerherm, Amato, Gygax, Schenck,
Geibel et al. (1994) for monocrystalline samples. An ex-
tensive analysis of the data obtained below Tc has pro-
vided valuable information on the nature of the super-
conducting phase and will therefore be briefly described.
Below Tc the field spread at the m1 site caused by the
magnetic phase coexists with the field inhomogeneity
due to the flux-line lattice (Hext.Hc1). The different
nature of these field distributions results in two indepen-
dent channels of depolarization acting on the muon en-
semble. The time evolution of the m1 polarization can
therefore be written as

G~ t !5exp~2l0t !•GFLL~ t !, (37)

where l0 represents the width of the field distribution
created by the magnetic order and GFLL(t) reflects the
depolarization due to the flux-line lattice. An additional
complication arises from the smallness of the upper criti-
cal field Hc2 in UPd2Al3. For measurements with rela-
tively high external magnetic fields, and keeping in mind
that the coherence length is small compared to the pen-
etration depth, the inhomogeneity of the superconduct-
ing order parameter (and therefore of the change of the
m1 Knight shift due to the formation of the Cooper
pairs) has to be taken into account in the analysis. Fey-
erherm, Amato, Gygax, Schenck, Geibel et al. (1994)

FIG. 20. Angular dependence of the m1 frequency measured
in a monocrystalline UPd2Al3. Hext is rotated in the a* -c plane
and u denotes the angle between Hext and the c axis (from
Amato, Geibel et al., 1992).
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have approximated the spatial variation of the gap func-
tion c by setting c50 in the vortex cores (normal re-
gions) and c5cmax in the intercore regions. For high
field measurements, a two-component fit was applied
with

GFLL~ t !5Accos~vct !1AicexpS 2
sFLL

2 t2

2 D cos~v ict !,

(38)

where Ac and Aic represent the volume occupied by the
core and intercore regions, respectively (Ac1Aic51 and
Ac /Aic.Hext /Hc2). The temperature dependence of the
m1 depolarization arising from the FLL is reported in
Fig. 21. A comparison with simulated data yields a pen-
etration depth l'(0)=48006500 Å and l i(0)
=45006500 Å. This mSR data provided the first indica-
tion of the isotropic character of the penetration depth
in UPd2Al3. Furthermore, the m1 Knight shift was
found to manifest a peculiar behavior below Tc . For the
axially symmetric b site, the relative shifts of the m1

frequency (in the intercore regions) are given by [see
also, Eq. (18)]

Dv ic ,i

vext
5Kmi* 5~Ac1Adip

zz !x5f ,i1~D.F.+L.F.!,

Dv ic ,'

vext
5Km'

* 5~Ac2 1
2 Adip

zz !x5f ,'1~D.F.+L.F.!.

(39)

The last terms represent the demagnetization and Lor-
entz fields, which again essentially mirror the 5f mag-
netic susceptibility x5f . The temperature dependencies
of Kmi* and Km'

* are reported in Fig. 22 for Hext=10 kOe.

FIG. 21. Temperature dependence of the transverse-field m1

depolarization rate sFLL measured in UPd2Al3 for Hextic
(r.h.s.) and Hext'c (l.h.s.). sFLL is caused by the field distribu-
tion due to the flux-line lattice (Hext@Hc1 , see text for fitting
procedure). The observed field dependence is well in line with
theoretical predictions (see, for more details, Feyerherm,
Amato, Gygax, Schenck, Geibel et al., 1994).
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In discussing the possible origins for the decrease in ab-
solute value of the m1 frequency shift below Tc , Feyer-
herm, Amato, Gygax, Schenck, Geibel et al. (1994) no-
ticed that (i) the diamagnetic shift due to the flux
expulsion was estimated to be much smaller than 0.01%
and would be negative independent of the orientation of
Hext ; (ii) a change of the hyperfine coupling constant
would also lead to a change of the m1 frequency in the
same direction for both crystallographic orientations;
and (iii) the dipolar coupling constant is only given by
the lattice geometry and accordingly has to be consid-
ered constant for all temperatures. Therefore the ob-
served partial reduction of the m1 frequency shift can
only reflect a reduction of x5f below Tc . This observa-
tion, which is compatible with singlet pairing of the su-
perconducting state, is supported by the strong para-
magnetic effects on the critical field Hc2(T) (Amato
Feyerherm, Gygax et al., 1992). Surprisingly, the derived
reduction of x5f is isotropic (Dx5f ,'.Dx5f ,i*1.7
31023 emu/mole), in sharp contrast with the highly an-
isotropic total 5f susceptibility. Since UPd2Al3 is un-
questionably in the clean limit (Amato, Feyerherm,
Gygax et al., 1992), the residual susceptibility below Tc
(x5f2Dx5f) cannot arise from impurity scattering. It is
therefore tempting to develop a physical picture of two
rather independent electron subsets where Dx5f must be
associated with the susceptibility of the electron sub-
system formed by the heavy quasiparticles condensing
into Cooper pairs below Tc , yet the anisotropic residual
susceptibility (x5f2Dx5f) should be ascribed to the elec-
tron subsystem associated with the local antiferromag-
netism, which is unaffected in the superconducting state.
Furthermore, the isotropy of Dx5f could reflect the itin-
erant character of the heavy-quasiparticle subsystem. In-
terestingly, polarized neutron-scattering studies (Pa-

FIG. 22. Temperature dependence of the m1-frequency shifts
in UPd2Al3 with Hext=10 kOe applied along and normal to the
c axis. The data are not corrected for demagnetization and
Lorentz fields (adapted from Feyerherm, Amato, Gygax,
Schenck, Geibel et al., 1994).
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olasini et al., 1993) indicate that the delocalized electron
susceptibility amounts to x.2.131023 emu/mole, close
to the value extracted by mSR. Additional support for
the coexistence of two distinct electron subsets was pro-
vided by specific-heat measurements under pressure
(Caspary et al., 1993), which demonstrated that the itin-
erant subsystem accounts for only 80% of the linear co-
efficient of the specific heat. From these results, and us-
ing a rudimentary free-electron model, an estimation of
the susceptibility of the itinerant subsystem yields x
.1.631023 emu/mole, which again appears in close
agreement with the mSR results. Finally, one should
mention the recent 27Al NMR Knight-shift data (Kyo-
gaku et al., 1993), for which, by assuming (in contrast to
the mSR data) a temperature-independent hyperfine
contact coupling constant, a similar picture with inde-
pendent electron subsets can be deduced. Furthermore,
the temperature dependence of the nuclear-spin-lattice
relaxation 1/T1 obtained by nuclear quadrupole reso-
nance (NQR) shows a T3 behavior (over four orders of
magnitude), compatible with a line of zero supercon-
ducting gap on the Fermi surface. This behavior has
been ascribed to a d-wave even-parity superconducting
state, compatible with the reduction of the spin suscep-
tibility observed by mSR.

Despite the fact that the idea of a coexistence of dif-
ferent electron subsystems in heavy-fermion compounds
is still controversial, some theoretical models have been
proposed to explain the apparent duality of these sys-
tems. Kuramoto and Miyake (1990) have developed a
phenomenological model that introduces two electron
components: itinerant and localized, with the latter re-
taining a large part of the spin degree of freedom. This
model has been utilized to qualitatively explain heavy-
fermion magnetism with strongly reduced static mo-
ments (see Sec. IV), which is usually embedded in a
state with strong paramagnetic response. It remains to
be seen whether such an approach could account for the
observed coexistence between local-moment magnetism
and superconductivity. Caspary et al. (1993), on the
other hand, favor a picture where the appearance of dif-
ferent subsystems arises from an anisotropic hybridiza-
tion between the f moments and the conduction elec-
trons, resulting in the formation of different states
coexisting in the k space. However, in this framework
the difficulty is to understand the occurrence of a per-
fectly isotropic superconducting state.

For the parent system UNi2Al3, early mSR data on
polycrystalline probes (Amato, Geibel et al., 1992) have
been performed with the aim of unravelling the mag-
netic structure. The zero-field spectra below TN.4.3 K
(see Fig. 23) show a complex signal, in sharp contrast
with the situation observed in UPd2Al3 (see Fig. 18).
Unfortunately, such a complex signal prohibits a mSR
study of the superconducting state, and therefore only
information about the magnetic phase could be pro-
vided. Regardless of the exact underlying magnetic
structure and m1 stopping sites, the magnitude of the
observed frequencies has furnished evidence for a rela-
tively moderate value of the ordered moments of the
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order of ms.0.1 mB . No sizable change of the spontane-
ous frequencies was detected below Tc.1 K, implying
that the magnetic order microscopically coexists with
and is not appreciably affected by superconductivity be-
low Tc .

Later neutron-diffraction measurements (Krimmel
et al., 1992) performed on powder samples indirectly
confirmed the order of magnitude of ms found by mSR
by failing to detect any evidence of static magnetism and
setting an upper limit of ;0.2 mB for ms . Subsequent
zero-field investigations on a single crystal demonstrated
the similarity between the spectra obtained on UNi2Al3
and those of the incommensurate-spin-density-wave or-
ganic system (TMTSF)2PF6 (see Fig. 24). This resem-
blance strongly suggests the likelihood of a magnetic
state with incommensurate spin structure in UNi2Al3.
For an incommensurate magnetic structure (IMS) de-
scribed by one q wave vector, the local-field distribution
nIMS(B) at the m1 site can be analytically computed
(Major et al., 1986). Whereas, for commensurate mag-
netic structure sharp distributions are present due to the

FIG. 23. Time evolution of the m1 polarization measured in
zero field (ZF) in a polycrystalline UNi2Al3 sample below TN .
Solid curve: best-fit curve obtained by the sum of two J0 Bessel
functions and a relaxing 1

3 term (see text).

FIG. 24. Zero-field mSR signals and their Fourier transforms
recorded below TN in UNi2Al3 and (TMTSF)2PF6 (from Ue-
mura and Luke, 1993).
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constant phase between the m1 site and the spin modu-
lation, for incommensurate structure nIMS(B) represents
a sinusoidal distribution of the internal field and is given
by

nIMS~B !5H 2
p

1

AB22Bmax
2

for B,Bmax ,

0 otherwise.

(40)

Combining Eq. (13) with Eq. (40), and assuming that the
initial m1 polarization is perpendicular to the internal
fields, one can easily calculate that the time evolution of
the m1 polarization is given by the Bessel function

G~ t !5J0~2pnmaxt !, (41)

where nmax5gmBmax /(2p) represents the cutoff field of
nIMS(B). The presence of an incommensurate magnetic
state in UNi2Al3 was later confirmed by neutron-
scattering measurements on single crystals that deter-
mined an ordering wave vector q5( 1

2 6d ,0, 1
2 ) with d

50.11060.003 and ordered moments (ms.0.2 mB) in
the basal plane. These results, in apparent contradiction
with the early mSR data (Amato, Geibel et al., 1992), for
which a commensurate structure was deduced, moti-
vated additional mSR studies (Amato, Feyerherm,
Gaulin et al., 1994) to determine precisely the m1 stop-
ping site by analyzing the angular dependence of the m1

Knight shift and of the m1 depolarization rate induced
by the 27Al nuclei (see Fig. 25). From the observed an-
gular dependence one concludes that either the m sites
(2x x 1

2 ) or the k sites (x x 1
2 ) are occupied by the

muon. Both sites are located very close to the b site,
which has been found to be solely occupied in UPd2Al3.
A secondary criterion for the determination of the free
parameter x of both sites was to reproduce the observed
spontaneous frequencies below TN , assuming the value
of ms found by neutron-scattering studies. In the mag-

FIG. 25. Angular dependence of the transverse-field Gaussian
m1 depolarization rate in UNi2Al3. The lines are calculations

assuming that the m1 stops either at the k site (x x 1
2 ) or the

m site (2x x 1
2 ) with the parameter x chosen such as to repro-

duce the spontaneous frequencies below TN (see text).
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netic phase, the mSR spectra can be satisfactorily fitted
by the sum of two J0 Bessel functions (see solid line on
Fig. 23), for which the cutoff frequencies are reported on
Fig. 26. The ratio Alow /Ahigh52/1 between the ampli-
tudes of the two components suggests magnetically in-
equivalent m1 sites with respect to the magnetic struc-
ture, which is indeed the case for the m and k sites if the
ordered moments lie in the basal plane. The assumption
that the static moments are polarized along the a* axis,
as proposed by Schröder, Musser et al. (1994), implies
that the k site is solely occupied with x50.078. On the
other hand, assuming the moments aligned along the a
axis implies a localization of the muons at the m site
with x50.0425.

Besides a rather accurate m1 site determination, the
most interesting result of this study was furnished by the
temperature dependence of the m1 frequency shift.
Considering that both k and m sites are close to the b
site and, hence, possess a nearly perfect axial symmetry
(the difference uAdip

xx 2Adip
yy u is calculated to be less than

5%), the m1 frequency shift for the two main crystallo-
graphic directions can be written as in Eq. (39). Figure
27 exhibits the m1 frequency shift plotted versus the
magnetic susceptibility (Clogston-Jaccarino plot). From
the slopes, one obtains the dipolar coupling constant
Adip

zz 51.52 kG/mB, which is much smaller than the calcu-
lated values [Adip,theor

zz (k2site)53.89 kG/mB and
Adip,theor

zz (m2site)53.94 kG/mB]. The contact hyperfine
constant is estimated within the range 0.53&Ac
&1.3 kG/mB, which is the same order of magnitude as
the value observed in UPd2Al3 (Ac51.1 kG/mB; Feyer-
herm, Amato, Gygax, Schenck, Geibel et al., 1994). The
huge discrepancy between Adip

zz and Adip,theor
zz constitutes

a very peculiar feature, considering that Adip
zz is exclu-

sively determined by the lattice geometry and the as-
sumed m1 site. However, the measured value Adip

zz is
obtained by considering that the moments at the U sites

FIG. 26. Temperature dependence of the cutoff frequencies
obtained by fitting the zero-field mSR signal of UNi2Al3 with
the sum of two J0 Bessel functions (see text). The frequencies
are normalized to their values for T→0 (solid symbols: 2.78
MHz, open symbols: 0.62 MHz).
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induced by the external magnetic field are directly pro-
portional to the bulk susceptibility. Alternatively, as-
suming that a sizable part of the induced magnetization
is located at the Ni sites and/or in the interstitial volume,
these results could be readily understood. Furthermore,
such explanation appears in line with the picture that
UNi2Al3 has a more pronounced itinerant character
than UPd2Al3. The stronger delocalization of the 5f
electrons in UNi2Al3 was notably inferred by the ab-
sence of a Curie-Weiss law in the susceptibility (see, for
example, Geibel et al., 1993) and the nonobservation of
Kondo-like behavior in the electrical resistivity. Hence
the substitution of Ni for Pd, which is accompanied by a
reduction of the unit-cell volume, increases the hybrid-
ization of the f electrons with the conduction electrons,
driving the system away from a localized-moments be-
havior.

D. URu2Si2

URu2Si2 is the first heavy-fermion system for which
the coexistence between magnetism (TN.17.5 K) and
superconductivity (Tc.1.3 K) was reported (Schlabitz
et al., 1984). Additional interest was created by the ap-
parent contradiction between the large entropy loss at
TN and the extremely small value of the ordered mo-
ment detected by neutron scattering (ms.0.02 mB ;
Broholm et al., 1987).

1. Paramagnetism

Several mSR studies have been devoted to the mea-
surements of the m1 Knight shift at high tempera-
ture with the aim to determine the m1 site (MacLaugh-
lin et al., 1988; Knetsch, Menovsky et al., 1993). Figure
28 exhibits a Jaccarino-Clogston plot of the m1 Knight
shift (Km versus x with the temperature as an implicit
parameter) and shows that Kmi is large and negative for
Hextic. On the other hand, for Hext'c no temperature
dependence of Km' is measured, in line with the obser-

FIG. 27. m1 frequency shifts (Hextic and Hext'c) obtained in
UNi2Al3 plotted as function of the bulk susceptibility with the
temperature as an implicit parameter (from Amato, Feyer-
herm, Gaulin et al., 1994).
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vation of a constant x' . The value of Km' can be con-
sidered as the high-temperature limit of Kmi [x i(T)
5x i

01x5f(T) with x i
0.x'], which is confirmed by the

extrapolation of Kmi for x i→x i
0 (see Fig. 28). Unfortu-

nately, the absence of a sizable f-electron contribution
in x' impedes an independent determination of the di-
polar and contact coupling constants, resulting in the im-
possibility of unambiguously deducing the m1 stopping
site. A remarkable observation, contained in Fig. 28, is
the loss of scaling between Kmi and x i occurring below
50 K, i.e., for a temperature below which x i exhibits a
broad peak usually ascribed to the crystal-electric-field
(CEF) splitting of the 3H4 Hund’s-rule ground-state
multiplet. Several possibilities have been invoked to ex-
plain such behavior. It may, for example, reflect the
build up of the Kondo screening of the localized mo-
ments. If the Kondo cloud is spatially extended, with a
characteristic radius larger than the
m1-U distance, the bulk susceptibility xbulk will appear
lower than the atomic susceptibility probed by the
muon, hence breaking the scaling between the m1

Knight shift and xbulk . However, the observation by 29Si
NMR of a perfect scaling between Knight shift and
xbulk , combined with the fact that the distances m1-U
and Si-U are of the same order, seriously questioned this
interpretation. As another possible origin for the un-
usual behavior of the m1 Knight shift below 50 K, one
could consider a slight perturbation of the CEF by the
implanted m1, causing a modification of the atomic sus-
ceptibility of the neighboring U atoms. Such a
m1-induced effect has been observed on the singlet
ground-state system PrNi5 (Feyerherm, Amato, Gygax,
Schenck, Zimmerman et al., 1994), where the implanted

FIG. 28. m1 Knight shifts (Hextic and Hext'c) obtained in
URu2Si2 plotted as function of the bulk susceptibility with the
temperature as an implicit parameter. Note the negative scale
for the Knight shift (adapted from Knetsch, Menovsky et al.,
1993).
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m1 appears to lower the local symmetry, causing a pro-
nounced rearrangement of the low-lying CEF levels.
However, in this case one also observes a dramatic
m1-induced change of the spin dynamics of the Pr 4f
moments, which does not seem to have a counterpart in
URu2Si2. Finally, it is worth mentioning that the m1

Knight shift loses its scaling with xbulk near the tempera-
ture for which a weak ferromagnetic transition has been
reported (Ramirez et al., 1991) and which was ascribed
to stacking-fault defects along the c axis, leading to or-
dered moments of ;1024 mB /(U atom). For a sensitive
technique like mSR it is plausible that the presence of
such a ferromagnetic signal could deeply alter the m1

Knight shift behavior. Interestingly, the m1 depolariza-
tion rate obtained in transverse-field studies (see Fig. 29)
exhibits a clear increase below ;40 K, where magneti-
zation measurements in a SQUID magnetometer on the
same sample reveal the presence of a weak ferromag-
netic signal.

Several mSR studies have been dedicated to the char-
acterization of the antiferromagnetic phase. Whereas
the large majority of these studies reveal that magnetism
occurs homogeneously below TN.17.5 K throughout
the sample, signs for a spatially inhomogeneous devel-
opment of magnetism have been recently reported.
Since the conclusions drawn by these two kinds of ob-
servations are diametrically opposed, they will be sepa-
rately addressed in the following.

2. Magnetism—homogeneous picture

Several mSR studies reveal the presence of antiferro-
magnetism below TN.17.5 K by an increase of the m1

depolarization rate in zero-field and transverse-field
measurements (MacLaughlin et al., 1988; Luke et al.,

FIG. 29. Temperature dependence of the transverse-field m1,
depolarization rate obtained in URu2Si2 with Hextic. The inset
gives the situation at low temperature. The lines are to guide
the eye.
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1990; Knetsch, Menovsky et al., 1993; see Fig. 29). Sev-
eral indications can be extracted from these data: (i) the
increase occurs for few samples already at a temperature
above TN ; (ii) the temperature dependence of the m1

depolarization rate and therefore of the magnetic order
parameter strongly differs from sample to sample; and
(iii) no change of the zero-field depolarization rate is
detectable at the superconducting transition (Knetsch,
1993a).

The first two observations are probably related and
have to be linked to similar inferences from neutron
measurements. Recently, Fåk et al. (1995) clearly estab-
lished the influence of the sample preparation on the
temperature dependence of the magnetic order param-
eter. However, independent of the sample quality, TN
and ms(T→0) are rather stable, indicating that the
small-moment magnetism is intrinsic. Finally, the third
mSR observation suggests that the coupling between the
superconducting and antiferromagnetic order parameter
must be weak (if it exists at all), contrary to observations
for UPt3 (see Sec. III.A).

The increase of the m1 depolarization observed in
zero external field can be interpreted either as indicating
a real broadening of the field distribution with zero
mean at the m1 site or as reflecting the early-time evo-
lution of the m1 polarization precessing in a small mag-
netic field. With this latter picture, one extracts a value
of Bm.1 –2 G for the field at the m1 site. On the other
hand, when the weak Bragg peaks observed by neutron
scattering are interpreted as arising from ordered mo-
ments along the c axis with ordering vector q5(0,0,1),
one obtains small ordered moments ms.0.03 mB . As-
suming this value, the calculated dipolar local fields at
the possible m1 sites are of the order of Bdip

550–100 G with the exception of the f site ( 1
4

1
4

1
4 ),

which is symmetric between the two magnetic sublat-
tices and for which the dipolar fields cancel. In view of
the large discrepancy between Bm and Bdip , one is con-
fronted with two possibilities: either (i) the m1 stops at
the f site where Bdip50 and the m1 depolarization-rate
enhancement is caused by sublattices imperfections; or
(ii) the magnetic order is destroyed locally around the
implanted m1. The former possibility appears to contra-
dict the mSR results on the isostructural compound
URh2Si2 (Yaouanc et al., 1990), which possesses an
analogous antiferromagnetic structure and for which a
spontaneous m1 frequency is observed below TN , ruling
out an occupation of the f site. Before discussing the
second possibility, it is appropriate to mention the qua-
drupolar model of the 17.5 K phase transition developed
by Ramirez et al. (1992) and Santini and Amoretti
(1994). In this approach the fundamental order param-
eter of the 17.5 K transition is not the tiny staggered
magnetic moment (which is only a secondary effect of
the symmetry-breaking perturbation), but the ordering
of the localized f quadrupoles. This model has been
shown to qualitatively reproduce the order temperature,
the loss of entropy, and the linear susceptibility, as well
as the peculiar anomaly of the nonlinear susceptibility at
the transition temperature. Referring to the latter possi-
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bility stated above, one may speculate that a m1-induced
perturbation of the crystal electric field at the U4+ ions
next to the m1 results in a quenching of the static mag-
netism at the neighboring U sites. Interestingly, assum-
ing that the m1 does not occupy the f site, the observed
dipolar field Bm roughly corresponds to the contribution
expected from the magnetically ordered next-nearest-
neighbor U ions.

3. Magnetism—inhomogeneous picture

At this point, it is fitting to mention the peculiar mSR
results obtained by Luke, Keren, Le, Uemura et al.
(1994) on a particular single crystal that shows a com-
pletely different picture than the one reported by other
groups and described above. The key point of this latter
zero-field mSR study of the magnetic phase was the ob-
servation of a clear two-component structure of the mSR
signal below TN . Whereas the predominant component
(component 1, ;90% of the total amplitude) exhibits a
behavior similar to what was observed in other mSR
studies (i.e., lack of spontaneous m1 frequency, weak
increase of the m1 depolarization rate), component 2
exists only in the magnetic phase and shows clear oscil-
lations, implying large internal fields in a fraction of the
sample. The temperature dependencies of the amplitude
(A2) and frequency (n2) of this latter component are
reported in Fig. 30. The abruptness of the frequency
transition was taken as evidence of a first-order transi-
tion, whereas the flat temperature dependence for T
!TN seems to imply the suppression of the low-energy
magnetic excitations, in agreement with the observation
of a spin-wave gap with neutron-scattering data (Bro-
holm et al., 1987). The rise of the amplitude A2 below
TN indicates that the fraction of the muon ensemble ex-
periencing the large internal field increases and reaches
a maximum of about 10% for T→0. These peculiar re-
sults were interpreted as follows: the slowly relaxing
component 1 was related to the nonmagnetic fraction of
the sample that coexists below TN with a magnetic frac-
tion occupying at the most 10% of the sample and iden-
tified with component 2. Luke, Keren, Le, Uemura et al.
(1994) therefore conjectured that the smallness of the
magnetic Bragg-peak intensity IB in neutron-scattering
experiments arose from a reduced magnetic volume
fraction rather than from a reduced static magnetic mo-
ment, as is usually assumed. Interestingly, the quantity
A2n2

2 is proportional to the observed Bragg-peak inten-
sity. Within this picture, an estimation of ms.0.2 mB for
the static magnetic moment is extracted from the m1

frequency value n2 , which would roughly correspond to
the value of ms extracted from IB , assuming that only
10% of the sample volume is magnetically ordered.

The two above described pictures of the magnetism in
URu2Si2 are completely incompatible, and one is now
faced with the delicate task to critically evaluate them.
An ingenuous statistical approach would strongly favor
the homogeneous picture in view of the amount of data
supporting it. Beyond this simple argument, several
measurements seem incompatible with an inhomoge-
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neous picture, as, for example, (i) the electrical resistiv-
ity can be accurately described, assuming an energy-gap
antiferromagnet, without the need to invoke a large
nonmagnetic contribution (Palstra et al., 1986); (ii) the
entropy loss at TN and the temperature dependence of
the specific heat for T,TN are inconsistent with the or-
dering of a strongly reduced portion of the sample (Pal-
stra et al., 1985); and (iii) the 29Si 1/T1 NMR relaxation
rate presents a clear deviation from a Korringa law for
T,TN (Kohara et al., 1986; the Korringa law for T
!TN is related to the residual density of states arising
from ungapped regions of the Fermi surface). Although
a number of data appears to rule out the inhomoge-
neous picture, the origin of the high-frequency compo-
nent in the data reported in Fig. 30 should nevertheless
be clarified, in particular its possible connection with
stacking faults, and further studies are certainly war-
ranted.

4. Superconducting phase

Transverse-field mSR measurements below Tc have
been undertaken by several groups to study the coexist-
ence between magnetism and superconductivity and ob-
tain information about the magnetic penetration depth.
Figure 29 exhibits the transverse-field depolarization
rate obtained in a single crystal with Hextic. In addition

FIG. 30. Temperature dependence of the spontaneous zero-
field m1 frequency detected below TN by Luke, Keren, Le,
Uemura et al. (1994) in a particular URu2Si2 monocrystalline
sample (Pm'c). The asymmetry (amplitude) of this compo-
nent is shown in the lower part of the figure. The value of the
asymmetry for T→0 corresponds to about 10% of the total
signal amplitude.
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to the increase below TN discussed above, a second in-
crease of the depolarization rate occurs below Tc ,
caused by the formation of the flux-line lattice, which
generates a supplementary field distribution at the m1

site [see Eq. (36)]. The key information furnished by
mSR is that down to the lowest temperature the mSR
spectra contain only one signal which establishes that
magnetism and superconductivity, which are responsible
for the m1 depolarization, increases below TN and be-
low Tc , occur in the whole sample volume and therefore
microscopically coexist below Tc . Interestingly, the m1

depolarization-rate increase below Tc is only observed
for Hextic, whereas for Hext'c the depolarization ap-
pears to be constant (Heffner, 1990; Luke et al., 1990).
This implies that the magnetic penetration depth is
much smaller in the basal plane than along the c axis
(for this latter value a lower limit of ;12 000 Å can be
roughly estimated). From the increase with Hextic, a
penetration depth l'(0).9500 Å is calculated, which is
in agreement with estimations from thermodynamic
properties (Schlabitz et al., 1986). If, on one hand, the
presence of a strong anisotropy is in line with the tem-
perature dependencies of l(T) determined from
AC susceptibility data (Knetsch et al., 1992), it appears,
on the other hand, to be in sharp contrast with lower-
critical-field data, which show an isotropic character of
Hc1 (Knetsch, 1993b). From Eq. (36) one finds for the
increase of the depolarization rate below Tc ,

sFLL}
1
l2 5

4pnse
2

m* c2 , (42)

where ns is the superfluid density and m* the effective
mass of the heavy quasiparticles. Since Hc1}ns /m* as
well, one might expect a similar anisotropy for both
quantities. However, the Hc1 data should be considered
with caution, since surface effects are known to consid-
erably hamper the determination of Hc1 and might well
be related to the observed lack of anisotropy.

A more serious observation is the indication by tun-
nelling spectroscopy (Aarts et al., 1994) of a strongly an-
isotropic energy gap on part of the Fermi surface due to
the formation of magnetic order below TN . While no
gap is found along the c direction, a sizable gap is de-
tected in the basal plane, which should imply the lack
below Tc of necessary currents in the basal plane able to
screen vortices along the c axis. This simple picture
therefore appears to contradict the mSR data. Neverthe-
less, it is doubtful whether a straightforward connection
can be made between the size of the antiferromagnetic
gap and the penetration-depth value. A similar aniso-
tropic topology of the antiferromagnetic gap has, for ex-
ample, been reported in UPd2Al3, which is nevertheless
found by numerous techniques to possess isotropic su-
perconducting properties as also observed by mSR (see
Sec. III.C).

The evolution of the m1 frequency shift below Tc is
reported in Fig. 31. The absence of a diamagnetic shift,
characterized by a decrease of the frequency below Tc ,
has to be traced back to flux-pinning effects preventing
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the expulsion of flux in the field-cooling procedure. The
most interesting effect is the increase of the frequency,
signaling a decrease in absolute value of the m1 Knight
shift, which tracks the conduction-electron spin suscep-
tibility. As already discussed in Sec. III.C, such reduc-
tion is reminiscent of a Yosida-type decrease of the spin
susceptibility below Tc and is often taken as an indica-
tion for even-parity pairing. This appears in line with the
observation of a T2 behavior of the specific heat in the
superconducting state (see, for example, Maple et al.,
1986), hinting at a line node in the superconducting en-
ergy gap at the Fermi surface, which is taken as an indi-
cation for d-wave (even-parity) superconductivity. How-
ever, it has been shown that this interpretation is not
unambiguous (Brison et al., 1994), since for an even-
parity s-wave pairing in a clean superconductor, a line
node can be generated by the presence of a large anti-
ferromagnetic molecular field. Within this model, when
the molecular-exchange field exceeds Tc , a gapless re-
gion appears on an equatorial line perpendicular to the
wave vector q characterizing the magnetic structure (in
the basal plane for URu2Si2), and the calculated tem-
perature dependence of the specific heat is in better
agreement with the experimental observations than the
d-wave calculations. This model does not exclude
d-wave pairing, but emphasizes that the effect of mag-
netism has to be taken into account independent of the
symmetry of the superconducting order parameter.

E. CeCu2Si2

Although CeCu2Si2 was the first heavy-fermion super-
conductor discovered (Steglich et al., 1979), many ques-
tions concerning its properties still remain unresolved.
Several problems are certainly connected to metallurgi-

FIG. 31. Temperature dependence of the m1 frequency mea-
sured near Tc for Hextic and Hext'c in URu2Si2. The increase
of the frequency observed below Tc for Hextic corresponds to a
decrease of the m1 Knight shift (see also Fig. 28).
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cal difficulties arising from its incongruent melting.
Hence large variations in the properties of CeCu2Si2
have been reported, depending on the sample prepara-
tion, exact stoichiometry, and annealing conditions. For
example, the presence of magnetism and/or supercon-
ductivity in this system is known to be extremely sensi-
tive to the stoichiometry even in monocrystalline
samples. It is usually believed that the superconducting
properties of CeCu2Si2 are stabilized through a slight Cu
excess, which by some mechanism produces a source of
positive internal pressure. On the other hand, Cu defi-
ciency causes an apparent spin-glass order at Tg.2 K.4

An additional problem arises from the fact that the
superconducting phase appears embedded in a relatively
stable magnetic phase (see Fig. 32). The magnetic char-
acter of this latter phase was first revealed by zero-field
mSR measurements (Uemura et al., 1988; see Fig. 33)
and subsequently confirmed by NMR (Nakamura, Ki-
taoka, Asayama, and Flouquet, 1988). Figure 33 indi-
cates that below ;0.9 K (a temperature much higher
than Tc.0.65 K) a strong increase of the zero-field de-
polarization rate occurs due to the presence of magnetic
correlations with static character, as demonstrated by
the absence of m1 depolarization in longitudinal-field
mSR studies. The absence of oscillations as well as the
Gaussian character of the mSR signal was taken as evi-
dence of a dense spin-glass type of ordering of the Ce
moments with values of the static moment ranging from
ms50.1–0.3 mB /Ce atom, depending on the m1 stopping
site considered.

4Recent studies (Geibel, 1995) strongly suggest that the mag-
netic anomaly at 2 K is extrinsic and arises from the parasitic
phase Ce2Cu11xSi32x .

FIG. 32. Phase diagram of CeCu2Si2 deduced by different
techniques (see, for example, Grewe and Steglich, 1991; Bruls
et al., 1994) showing the superconducting phase (SC) and the
magnetic phase (A). The magnetic phase (B) was determined
by elastic constants and thermal-expansion measurements
(Bruls et al., 1994).
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A capital additional contribution of the mSR tech-
nique was obtained from early zero-field studies per-
formed on a CeCu2.2Si2 sample (Luke, Keren, Le, Stern-
leib et al., 1994), as well as more recently on a
CeCu2.05Si2 sample (Amato, 1994). Both studies gave
strong evidence against a microscopic coexistence be-
tween magnetism and superconductivity. The conclu-
sions drawn from the mSR data are based on the obser-
vation of the occurrence of a clear two-component
structure in the mSR spectra when lowering the tem-
perature below Tc (see Fig. 34). The m1 depolarization
function G(t) is best described by

FIG. 33. Temperature dependence of the zero-field m1 depo-
larization rate (Gaussian fit) obtained in a CeCu2.1Si2 sample.
The superconducting critical temperature of this sample is also
reported (from Uemura et al., 1988).

FIG. 34. Time evolution of the m1 polarization measured in
zero field in a CeCu2.05Si2 sample at low temperature. Note the
clear two-component structure of the signal measured at low
temperature.
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G~ t !5A1~T !GKT~T !1A2~T !expS 2
s2t2

2 D , (43)

where the amplitudes Ai represent a direct measure of
the sample volume fractions related to the two compo-
nents and GKT is the usual Kubo-Toyabe function [see
Eq. (26)]. Component 1 represents domains in the para-
magnetic regime (which become superconducting below
Tc ; see below) and for which the m1 depolarization
function is best described by the Kubo-Toyabe function
solely caused by the 63,65Cu and 29Si nuclei. The fast
Gaussian component 2 is ascribed to the presence of the
magnetic domains. Figure 35 exhibits the temperature
dependence of the volume fractions measured in a
CeCu2.05Si2 sample. Below 1.2 K the magnetic volume
fraction increases significantly, reaches a maximum ex-
actly at Tc (.690 mK for this sample), and finally
strongly decreases for T→0. Therefore these data show
that, on one hand, magnetism is not a bulk phenomenon,
and, on the other hand, that, at least in domains where
the condensation energy of the magnetic phase is not
too large, magnetism and superconductivity compete for
volume with one another. A similar picture has been
provided recently by elastic-constant and thermal-
expansion measurements (Bruls et al., 1994). The exact
mechanism leading to a reduction below Tc of the mag-
netic volume fraction is still unclear and has led to
speculations about a collapse of the RKKY interactions
due to the absence of unpaired conduction electrons or a
more effective Kondo screening in the superconducting
state (Luke, Keren, Le, Sternleib et al., 1994).

Comprehensive mSR studies on a series of
Ce11xCu21ySi2 polycrystalline samples have been re-
cently undertaken by Feyerherm et al. (1995) in order to
possibly elucidate the underlying causes of the observa-
tion of different types of ground states. The analysis of
the mSR spectra indicates that the size of the magnetic
volume fraction (i.e., the amplitude of the ‘‘fast’’ Gauss-
ian component of the m1 depolarization function) is
strongly sample dependent (see Fig. 36). However, the

FIG. 35. Temperature dependence of the amplitudes A1 and
A2 of the zero-field mSR signal in CeCu2.05Si2, corresponding
to the magnetic and nonmagnetic volume fractions [see Eq.
(43)].
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depolarization rate of the fast signal is similar for all
investigated samples (see Fig. 37), suggesting that the
nature of the magnetic correlations is not affected by the
actual size of the magnetic domains. Again, the static
character of the magnetism was demonstrated by the
lack of m1 depolarization in longitudinal-field measure-
ments. Furthermore, specific-heat data on the same
samples (Modler et al., 1995; see Fig. 36) show the close
relationship between the sample-dependent size of the
specific-heat jump at Tc and the paramagnetic volume
fraction at Tc determined by mSR. Transverse-field mSR

FIG. 36. Comparison between mSR and thermodynamic mea-
surements. Upper part: Temperature dependence of the mag-
netic volume fraction determined by the zero-field mSR signal
for different Ce11xCu21ySi2 samples. Lower part: Specific-heat
data measured in the same samples (adapted from Modler
et al., 1995 and Feyerherm et al., 1995).

FIG. 37. Temperature dependence of the m1 depolarization
rate of the zero-field mSR component characterizing the mag-
netic volume fraction, measured for the same Ce11xCu21ySi2
samples shown in Fig. 36.
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studies with field-cooling and zero-field-cooling proce-
dures have also unambiguously proven that the entire
paramagnetic volume becomes superconducting below
Tc . Figure 36 shows again that, for all samples, the com-
petition between magnetism and superconductivity is
characterized by a decrease of the magnetic volume
fraction below Tc . In discussing the large sample depen-
dencies, Feyerherm et al. (1995) first remark that, al-
though the starting chemical compositions are quite dif-
ferent, the actual composition obtained by microanalysis
is almost sample independent without a sizable trend.
The microanalysis also reveals an apparent increase of
the density of microcracks in samples with a large mag-
netic volume fraction, which could act as a release
mechanism for internal strains arising from the incon-
gruent melting of CeCu2Si2. Assuming the amount of
internal pressure is the underlying mechanism for the
large sample dependence, the variation of the ratio be-
tween the magnetic and paramagnetic volumes could be
explained in a simple Doniach model (Doniach, 1977).
In this model, describing the competition between the
RKKY and Kondo interaction, the application of pres-
sure delocalizes the f electrons and increases their ex-
change interaction with the conduction electrons. This
leads to a relative decrease of the indirect magnetic in-
teractions with respect to the Kondo interaction. Since
CeCu2Si2 is located at the borderline of magnetism and
paramagnetism, as, for example, shown by band-
structure calculations (Endstra et al., 1993), a slight
change of the exchange interaction could possibly result
in a collapse of the magnetic fraction to the benefit of
the paramagnetic one. Additional support for this pic-
ture is furnished by the high sensitivity of Tc to external
pressure p (Jaccard et al., 1985; Thomas et al., 1993). At
low p , Tc is strongly reduced, most likely by the pres-
ence of strong spin fluctuations. As this low-p regime,
characterized by anomalous values of the Grüneisen pa-
rameter (G), is destroyed with increasing p at about 30
kbar (which could possibly correspond to the point
where the magnetic fluctuations are completely sup-
pressed), a second regime is reached with high Tc (;2
K) and negative value of G(Tc), as observed in the
U-based heavy-fermion superconductors. In contrast,
the presence of negative chemical pressure, achieved by
substitution of La for Ce, is found to rapidly depress the
superconducting properties.

The presence of different domains has seriously ham-
pered the characterization by mSR of the superconduct-
ing state in CeCu2Si2. Hence no reliable information
could be extracted from the m1 frequency shift below
Tc . An estimation of the magnetic penetration depth of
l.10 000 Å is obtained from the small increase of the
transverse-field m1 depolarization rate (due to the
flux-line lattice), observed in the component that reflects
the superconducting fraction. Former bulk deter-
minations of l, which gave a much lower value (l.5000
Å), were calculated from the slope of the higher critical
field Hc2 at Tc and the linear term (g) of the specific
heat. It is nevertheless conceivable that such bulk
determinations are biased by the large sample depen-
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dence of udHc2 /dTu and by the difficulty to reliably de-
termine g due to the presence of domains with different
ground states.

In summary, mSR has furnished a completely new pic-
ture of the interplay between magnetism and supercon-
ductivity in CeCu2Si2, indicating that both types of
ground states do not coexist at the microscopic level and
that they arise from instabilities of the same subset of
electrons, namely those involved in the heavy-fermion
state. Whether the difference between CeCu2Si2 and the
U-based heavy-fermion superconductors (where magne-
tism, if present, microscopically coexists with supercon-
ductivity) has a fortuitous character, or whether it re-
veals a more fundamental difference between 4f and 5f
heavy-fermion compounds, is still an open question.

IV. MAGNETIC PROPERTIES

As already mentioned in Sec. I.B, the condition of
formation of a magnetic ground state in heavy-fermion
compounds is governed by the delicate balance between
the characteristic energies of the Kondo and RKKY in-
teractions.

Several authors have theoretically investigated the
magnetic response of heavy-fermion systems. A system-
atic overview on the possible forms of magnetism has
been presented by Grewe (1988), who considers the
Anderson lattice model investigated in the frame of per-
turbation theory. In a similar way, as in conventional
band magnetism, the wave-number and frequency-
dependent magnetic susceptibility is expressed via a
Stoner’s formula

x~q,n!5
x0~q,n!

12x0~q,n!K~q,n!
, (44)

where the noninteracting term x0 is corrected by an ad-
ditional term K accounting for the quasiparticle interac-
tions. The processes contributing to K are of the RKKY
type (high-energy processes) and those involving ex-
change interaction between the heavy quasiparticles
(low-energy processes). Hence, if the denominator on
the right-hand side of Eq. (44) becomes small for tem-
perature T.T* , high-energy processes will be domi-
nant, and a RKKY instability occurs with moderately
renormalized local magnetic moments. [The systems
presenting this type of ground state will be thereafter
labeled local-moment magnets (LMM).] On the other
hand, if the characteristic temperature T* is larger than
the temperature of the magnetic instability, the mag-
netic degrees of freedom associated with the localized
moment are essentially transferred to the itinerant
heavy quasiparticles. Hence the high-energy processes
contributing to K are integrated out and implicitly con-
tained in the renormalization of the quasiparticles. Low-
energy processes (i.e., the residual interactions of the
quasiparticles) will then become dominant and may
drive the system toward a magnetic instability via ex-
change splitting of the heavy-quasiparticle band, charac-
terized by strongly renormalized static moments (ms
.1022 –1023 mB). [Such systems are usually called
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heavy-fermion band magnets (HFBM).] As pointed out
by Grewe and Welslau (1988), low-energy processes are
connected to interband transitions over the hybridiza-
tion gap of the heavy-fermion band and favor incom-
mensurate magnetic structures with modulations of
several crystal-lattice spacings. Furthermore, the occur-
rence of complicated magnetic structures could be fa-
vored by the competition of small-q and 2kF instabilities
(the latter characterizing RKKY interactions).

In the following, magnetic heavy-fermion systems in-
vestigated by mSR (see Table III) are tentatively classi-
fied as members of the above described classes (LMM
and HFBM). Special emphasis will be placed on novel
magnetic features revealed by the mSR spectroscopy.

A. Heavy-fermion band magnetism

One of the most outstanding contributions of mSR to
the comprehension of heavy-fermion phenomena has
been the discovery of weak static magnetism in systems
that were long considered examples of Fermi-liquid
paramagnets. This has considerably modified the phe-
nomenological classification of the heavy-fermion com-
pounds, where a paramagnetic ground state appears
now to be an exception at best.

Due to its local character, the muon itself cannot de-
termine whether the observed small static magnetic mo-
ments are the characteristic feature of an itinerant band
magnetism, or, alternatively, if they result from local f
moments only partially compensated by the Kondo ef-
fect. However, several aspects of this weak static mag-
netism indicate that it reflects an instability of the heavy
quasiparticle band. In addition to the strongly reduced
value of the static moments, this magnetism occurs at
very low temperature (well below T* ), i.e., at tempera-
tures for which the heavy quasiparticle band is fully de-
veloped. Moreover, this magnetic state is shown to com-
pete with the heavy-fermion superconducting state (see,
for example, the case of CeCu2Si2: Secs. III.E and
IV.A.3), which has been proven to be a cooperative phe-
nomenon in the system of heavy quasiparticles. It there-
fore appears natural to assume a similar picture for the
peculiar magnetic states described in the following sec-
tions.

1. CeAl3

CeAl3 was considered for a long time to be the arche-
typical example of a heavy-fermion Fermi-liquid para-
magnetic, which exhibits a giant electronic specific-heat
coefficient g.1.62 J/(K2 mol), an almost temperature-
independent magnetic susceptibility below 1 K, and a
huge T2 term in the electrical resistivity. Neutron-
diffraction studies did not reveal long-range magnetism
(Murani et al., 1980). Furthermore, the shallow maxima
observed in the specific heat at ;0.5 K and in the mag-
netic susceptibility were ascribed to the occurrence of a
Fermi-liquid state formed by the narrow band of quasi-
particles (Flouquet et al., 1982). Theoretically, the modi-
fication of the density of states at the Fermi level, which
could explain these anomalies, was predicted by Martin
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TABLE III. List of the magnetic and paramagnetic heavy-fermion systems discussed in this review.
The different parts of the table contain local-moment paramagnets, heavy-fermion band magnets,
and paramagnets. For the references, further properties, and details, the reader is referred to review
articles (for example, Grewe and Steglich, 1991; Steglich et al., 1992) and to the text.

Compounds Tc (K) T* (K) TN (K) ms (mB) Space group

CeAl2 3.5 3.9 0.63 Fd 3̄ m
CeB6 3 2.3 0.65 Pm 3̄ m
CeCu5 4.8 4.1 0.42 P6/mmm
CeCu5Au ;3 2.2 ;0.8 Pnma
CePtSn 10 7.6 (5) 0.6 (0.8) Pn21a
CePdSn 10 7.5 0.82 Pn21a

UCu5
HT nd 15 0.9–1.55 F 4̄ 3m

U2Zn17 nd 9.7 0.8 R 3̄ m
UNi4B 7 20 0.6 P6/mmm
UCd11 10 5 ;1 Pm 3̄ m
UPd2Al3 ;2 15–50 14.5 0.85 P6/mmm

CeAl3 4 1.6a ;0.1 P63 /mmc
CeRu2Si2 15 2a ;0.001 I4/mmm
CePd2Al3 19 2.7 0.47 P6/mmm
CeCu2Si2 0.65 10 ;1a 0.1–0.3 I4/mmm

UCu5
LT nd 1b 0.01 F 4̄ 3m

UPt3 0.52,0.48 80 5a 0.02 P63 /mmc
UNi2Al3 1 ;100 4.3 0.2 P6/mmm
URu2Si2 1.5 70 17 0.02 I4/mmm

YbBiPt ;1 0.4 0.1 F 4̄ 3m

CeCu6 4 - - Pnma
CePt2Sn2 1 (?1) (?) P4/nmm

aDiscovered by mSR technique.
bMagnetic nature determined by mSR.
(1982). In the Kondo model the position of the Kondo
resonance is fixed by the Friedel sum rule (Friedel,
1952). Below T* this resonance will appear as a real
band with a proper dispersion function E(k), which
therefore strongly contributes to the number of states at
the Fermi surface. Martin suggested that in order to
obey the Luttinger sum rule (Luttinger, 1960), determin-
ing the number of states of the Fermi surface with or
without interactions, a pseudo-gap should appear in the
Kondo resonance at EF , possibly resulting in anomalies,
for example, in the specific heat or the magnetic suscep-
tibility. Similar arguments were applied to describe the
change of sign of the thermoelectric power below 0.5 K.

Undoubtedly, the observation by mSR of static mag-
netism in CeAl3 by Barth et al. (1987) has constituted a
remarkable reversal of heavy-fermion research. The key
point of these zero-field mSR studies was the observa-
tion below 0.7 K of a clear spontaneous oscillating mSR
signal, which unambiguously indicated the presence of a
static finite magnetic field at the m1 site (see Fig. 38).
Different fitting procedures were adopted to describe in
particular the rapid loss of polarization observed for
short times. To describe the fraction of the mSR signal
arising from the magnetic volume of the sample, Barth
et al. (1987) utilized the sum of one oscillating signal and
one rapidly depolarized Kubo-Toyabe component. The
rapidly depolarized Kubo-Toyabe component was as-
., Vol. 69, No. 4, October 1997
cribed to domains exhibiting random or extremely short-
range order reminiscent of a spin-glass order. They were
thought to coexist with domains that show coherent
magnetic order and are responsible for the signal show-
ing precession pattern. However, a basic problem with
this analysis was the occurrence of an unrealistic phase
shift in the oscillating component.

FIG. 38. Time evolution of the m1 polarization measured in
zero-field in a CeAl3 sample at low temperature. The clear
spontaneous oscillations indicate a finite static magnetic field
at the m1 site at low temperature. The solid line represents a
fit to the data of the G(t) function defined in Eq. (45). The
broken lines are the different components of G(t).
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Recent measurements on a high-quality polycrystal
(Amato, Feyerherm, Gygax, Schenck, and Jaccard,
1994) exhibit very similar results, pointing to the intrin-
sic character of the magnetism. For this new study the
presence of the rapid depolarization at short times was
tentatively attributed to the transition from a precursor
m1 state to a final m1 state sensitive to the static mag-
netism. A more recent description of the data (Amato,
1995a) seems to furnish a more straightforward picture
of the static magnetism in CeAl3. Hence the presence of
a phase shift and rapid depolarization at early times are
reminiscent of a J0 Bessel function. This function, as we
saw in Sec. III.C, is characteristic of an incommensurate
magnetic structure and possesses an inherent fast relax-
ation at early time as well as a phase shift when its os-
cillations are tentatively fitted by a simple cosinusoidal
component. Excellent fits of the CeAl3 data below 0.7 K
are obtained by describing the time evolution of the m1

polarization with

G~ t !5Am@ 2
3 J0~2pnmaxt !exp~2l1t !1 1

3 exp~2l2t !#

1AnmGKT~ t !, (45)

where Anm and Am represent the nonmagnetic and mag-
netic volume fraction of the sample (Anm1Am51); the
Kubo-Toyabe function GKT characterizing the nonmag-
netic volume describes the field spread created by the
dipole fields of the 27Al ions (D.0.2 ms−1); the 1

3 term
of the magnetic component is caused by the fraction of
the muon ensemble (1

3 for a polycrystal) for which the
static internal field at the m1 site is parallel to the initial
m1 polarization, and for which the depolarization rate
l2 reflects inhomogeneous broadening as well as spin-
lattice relaxation; and finally, the term containing the
Bessel function describes the muons precessing in a
modulated internal field, and the depolarization rate l1
is caused by both homogeneous and inhomogeneous
broadenings.

Figure 39 shows the temperature dependence of the
magnetic volume fraction and of the cutoff frequency
nmax . It should be stressed that almost identical behav-
iors for these parameters are obtained using the differ-
ent fitting procedures described above, indicating that
the main conclusions drawn from the mSR data are in-
dependent of the adopted model. The main indication
furnished by these data is the absence of a clearcut co-
operative magnetic transition. Unlike usual magnetic
transitions, static magnetism first appears below ;2 K in
a vanishingly small fraction of the sample volume and
seems to be characterized by a rapidly damped Kubo-
Toyabe function (not shown), indicating short-range
random static magnetism. Below 0.7 K, the increase of
the magnetic volume is concomitant with the occurrence
of a well-resolved oscillatory behavior of the mSR signal.
The value of the residual paramagnetic volume for T→0
is a sample-dependent feature, and, for example, Barth
et al. (1987) found no persisting paramagnetic volume at
zero temperature. On the other hand, similar tempera-
ture dependences of the cutoff frequency were observed
for all investigated samples, indicating a maximum local
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field of the order of Bm5200 G at the m1 site. The sharp
appearance of the frequency is reminiscent of spin-
density-wave transitions in antiferromagnetic chromium
(Arrot, Werner, and Kendrick, 1965) or the Beechgaard
salt (TMTSF)2PF6 (Le et al., 1991) and may be an indi-
cation of a first-order transition.

The occurrence of a magnetic transition in CeAl3 was
subsequently confirmed by several techniques. Naka-
mura, Kitaoka, Asayama, and Flouquet (1988) observed
that the 27Al NMR linewidth increases markedly below
1.2 K, where the nuclear spin-relaxation 1/T1 also exhib-
its a maximum. The complicated lineshape of the NMR
spectra was ascribed to the appearance of some complex
spin structures such as an incommensurate spin-density
wave. Electrical-resistivity studies on tiny single crystals
showed a clear anomaly for T*1 K and a T3 depen-
dence between 0.3 K and 1 K, from scattering spin exci-
tations of an incommensurate modulated structure (Jac-
card, Cibin, and Sierro, 1988). Finally, and contrary to
what was observed in polycrystals, specific-heat and
magnetic-susceptibility measurements on single crystals
exhibit large anomalies for temperatures ranging from
;1 K to ;2.2 K (Lapertot et al., 1993).

The absence of anomalies in the bulk properties of
polycrystals could be explained by the peculiar peritec-
toidic formation of CeAl3, which could induce large
strains inside polycrystalline samples. In a similar way as
discussed for CeCu2Si2 (Sec. III.E), the presence of in-
ternal sources of pressure could deeply affect the ground
state of CeAl3 by promoting a paramagnetic ground

FIG. 39. Zero-field mSR measurements on a polycrystalline
CeAl3 sample. Upper-part: Temperature dependence of the
magnetic volume fraction (Am) as deduced from mSR data.
Lower part: Temperature dependence of the cutoff frequency
nmax of the J0 Bessel function [see Eq. (45)].
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state. The removal of the internal strains, either by pow-
dering the sample as for NMR studies, or by obtaining
single crystals, is thought to reduce the hybridization be-
tween f moments and conduction electrons, which leads
to stable magnetic ground states. The large sensitivity to
pressure of CeAl3 is also demonstrated by the dramatic
decrease of the specific heat (;40%) under an external
pressure as low as 0.4 kbar (Brodale et al., 1985). It is
also plausible that the presence of internal strains is re-
sponsible for the absence of clearcut transitions as ob-
served by mSR, creating a spread of the condensation
energy of the magnetic phase throughout the sample.

Without precise knowledge of the m1 stopping site,
no definitive conclusions could be drawn on the value of
the static Ce moment. Tentative estimations furnished
moderate values ranging from ms50.11 mB /Ce atom to
ms50.5 mB /Ce atom, in line with the clear anomaly of
the specific heat observed on single crystals. If the more
realistic spin-density-wave picture is adopted, no unam-
biguous determination of the static-moment value can
be furnished by the mSR data, since the cutoff frequency
is closely dependent on both the wave vector q and the
value of ms of the static moment. Additional informa-
tion concerning the magnetic structure could be pro-
vided by investigating the angular dependence of the
cutoff frequency in a single crystal. Hopefully, and de-
spite the smallness of the currently available single crys-
tals, such experiments will be possible in the near future
owing to new capabilities to investigate reduced-size
samples by mSR (see, for example, Kiefl et al., 1994).

2. CeRu2Si2

Until very recently, the tetragonal system CeRu2Si2
was still classified as one of the last heavy-fermion sys-
tems exhibiting a Fermi-liquid paramagnetic ground
state. New mSR studies on well characterized single crys-
tals have drastically changed this picture (Amato, Fey-
erherm, Gygax, Schenck, Flouquet, and Lejay, 1994).

CeRu2Si2 appears to be close to a local-moment-
magnetism transition, as can be seen by its extreme sen-
sitivity to internal pressure. The substitution of ;10% of
Si by Ge expands the unit cell and thereby decreases
T* , resulting in the occurrence of long-range magnetism
with a moderate value of the static Ce moment. For the
pure system, dynamical magnetic intersite correlations,
characterized by incommensurate wave vectors, start to
develop below 60 K, but on-site fluctuations (Kondo
fluctuations) were considered to prevent the divergence
of the magnetic correlation length (Regnault et al.,
1987).

mSR studies were first dedicated to the determination
of the m1 site in transverse-field experiments by measur-
ing the angular and temperature dependence of m1

Knight shifts (see Fig. 40). From 300 K down to at least
10 K, and along both main crystallographic directions,
Km scales nicely with the magnetic-susceptibility contri-
bution x f from the f moment (where x f is obtained by
subtracting the magnetic susceptibility of the reference
compound LaRu2Si2 from the total susceptibility). Con-
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
sidering an axial symmetry for the m1 site, and in anal-
ogy to Eq. (18), the m1 Knight shift can be written as

Kmi5~Ac1Adip
zz !x f ,i ,

Km'5~Ac2 1
2 Adip

zz !x f ,' . (46)

From the observed scaling Ac50.86 kG/mB and Adip
zz 5

21.24 kG/mB are obtained. Among the possible m1 sites
of the structure (space group I4/mmm), only the b site
( 1

2
1
20) has a compatible dipole coupling constant

Adip,theor
zz 521.30 kG/mB. The small difference between

Adip
zz and Adip,theor

zz suggests an outward displacement
(with respect to the interstitial m1) of ;1.5% of the Ce
nearest neighbors, due to the usual lattice distortion
around the interstitial m1 (Camani et al., 1977).

Zero-field studies at very low temperature were un-
dertaken to probe for the occurrence of static magne-
tism (Amato, Feyerherm, Gygax, Schenck, Flouquet,
and Lejay, 1994). Owing to the slow decay of
P(t) (Pm(0)ic), no unambiguous determination of the
best-fit function could be made, and an exponential de-
polarization function was adopted for all the tempera-
tures. Above 2 K and up to 200 K (where m1 diffusion
sets in), the measured m1 depolarization rate is small, as
expected from the computed linewidth due to the
nuclear dipole fields from 29Si, 99Ru, and 101Ru nuclei.
As seen in Sec. II.D, such a depolarization process is
better described by a Kubo-Toyabe function [see Eq.
(26)], for which the short-time behavior is quite different
from the exponential function. However, the relative
short temporal window of the mSR technique compared
with the observed depolarization time, as well as the
presence in the depolarization process of a non-
negligible contribution arising from fast electronic-spin

FIG. 40. m1 Knight shift plotted versus the magnetic suscep-
tibility (Clogston-Jaccarino plot) for the principal directions in
CeRu2Si2 with the temperature as an implicit parameter. The
susceptibility of the reference compound LaRu2Si2 has been
subtracted.
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fluctuations (see discussion below), could explain the
reasonably good exponential fits obtained in this tem-
perature range.

Below 2 K, the depolarization rate exhibits a signifi-
cant increase (see Fig. 41), corresponding to an enhance-
ment of the field spread at the m1 site of the order of 0.2
G, which originates from the electronic moments. The
static nature of the local fields was proven by the strong
reduction of the m1 depolarization observed in longitu-
dinal fields. Additional transverse-field measurements
indicates the isotropic character of the field spread,
which disfavors the presence of a unique, albeit very
small, field at the m1 site. Considering that the different
magnetic structures observed in isostructural com-
pounds with light rare earths led to nonzero net dipole
field at the b site (Szytula and Leciejewicz, 1989),
Amato, Feyerherm, Grygax, Schenck, Flouquet, and Le-
jay (1994) concluded that the field distribution with zero
average value detected by mSR in CeRu2Si2 was due to
static Ce moments of the order of ms.1023 mB /Ce or-
dering in a complicated (possibly incommensurate)
structure. Such an ultrasmall value for a static moment is
the lowest ever detected by mSR. The extremely small
entropy with such a small value of ms could explain the
nonobservation of any kind of anomaly in the specific-
heat data (Fisher et al., 1991). The thermoelectric power
is the only macroscopic property exhibiting a change of
behavior for T&2 K (Steglich et al., 1985). Such an
anomaly is similar to the ones observed in CeAl3 and for
nonsuperconducting samples of CeCu2Si2, which were
first interpreted as signatures of coherent Kondo scatter-
ing (Sparn et al., 1985). The discovery of static magne-
tism by mSR in these systems necessitates a reinterpre-
tation of the thermoelectric-power anomalies as a
possible manifestation of magnon drag effects.

Owing to the very small depolarization due to nuclear
dipole fields, CeRu2Si2 presents a unique possibility to

FIG. 41. Temperature dependence of the zero-field (open
symbols) and longitudinal-field (Hext=6 kOe solid symbols) de-
polarization rates in CeRu2Si2 measured in two monocrystal-
line samples. The arrows indicate which y axis the points are
plotted on. The initial m1 polarization was along the tetrago-
nal c axis.
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investigate the dynamics of the f moments at high tem-
perature. Transverse-field studies in very small applied
fields (Amato, Baines et al., 1993) indicated that the de-
polarization above 6 K is formed by 2 independent chan-
nels: (i) the spread caused by the nuclear dipole fields
leading to a very small Gaussian depolarization; and (ii)
the effect of the 4f spin fluctuations (with a characteris-
tic time tc), which produces an exponential decay of the
polarization. For fast fluctuations 1/T2.1/T152M2tc
(see Sec. II), where M2 is the van Vleck second moment
of the dipole-field distribution at the m1 site, assuming
that the Ce moments are randomly frozen. Since the m1

spin is mainly affected by magnetic excitations with zero
energy transfer, tc can be obtained from the width Gss
5\/tc of the quasielastic neutron-scattering signal cor-
responding to single-site (Kondo) fluctuations. Figure 42
shows that the relaxation time T2 scales with Gss as ex-
pected, since 1/T252M2tc52M2\/Gss . From the ob-
served scaling, an estimated size of ;0.6 mB for the fluc-
tuating Ce moments can be extracted. This value is
much higher than the static moment found below 2 K,
demonstrating the importance of the Kondo effect in the
renormalization of the moment of the quasiparticles.

Although the m1 depolarization rate is strongly re-
duced in longitudinal-field measurements at low tem-
perature (see Fig. 41), a small contribution lLF persists.
This very small contribution, which is close to the instru-
mental resolution of the continuous muon beam avail-
able at the Paul Scherrer Institute (Villigen, Switzer-
land), where the experiments were carried out, has
recently been confirmed by experiments performed at
the ISIS Facility (Rutherford Appleton Laboratory,
Chilton, U.K.), where the background is virtually zero
because of the pulsed nature of this muon source (see
Amato et al., 1996). This contribution also suggests the
presence of fast f-spin fluctuations below 2 K. The con-
tribution lLF51/T1 is of the same order as lTF51/T2
observed in the transverse-field data, as expected for fast
fluctuations. Hence the mSR data seem to indicate the

FIG. 42. Comparison of the transverse-field mSR relaxation
time T251/lTF and linewidth Gss and G is obtained from inelas-
tic neutron scattering in CeRu2Si2. Gss refers to single-site
(Kondo) fluctuations and G is to intersite fluctuations (from
Amato, Baines et al., 1993).



1153A. Amato: Heavy-fermion systems studied by mSR technique
coexistence at low temperature of static ultrasmall-
moment magnetism and dynamical f-spin fluctuations
involving much higher moments. Such an observation
could be in qualitative agreement with the picture of two
different subsets of electrons in the ground state of some
heavy-fermion compounds as discussed, for example, for
UPd2Al3 in Sec. III.C.

3. Other Ce-based systems

CePd2Al3 constitutes another system that could tenta-
tively be classified as a heavy-fermion band magnet. For
annealed polycrystals an antiferromagnetic transition is
observed at TN.2.7 K in the bulk properties (Kitazawa
et al., 1992). This transition occurs at a temperature
much lower than the estimation of T* .19 K. The static
Ce moment of ;0.4 mB lying in the basal plane [wave
vector q=(0,0, 1

2)] is much lower than the final ground-
state moment of the u6 1

2& doublet, which is calculated to
be 1.28 mB /Ce. Therefore a large exchange constant J
has been invoked to explain the reduced ordered mo-
ment and rather large Kondo temperature (see, for ex-
ample, Mentink, 1994). The low ordering temperature as
well as the observation of intermediate-valence behavior
in the smaller isoelectronic system CeNi2Al3 indicates
that CePd2Al3 lies close to a magnetic-to-nonmagnetic
boundary. This is also demonstrated by the pronounced
sample dependence of the magnetism. Thus no magne-
tism is detected in monocrystalline samples as illustrated
by zero-field mSR measurements, which indicate a
temperature-independent Kubo-Toyabe depolarization
rate (see Fig. 43). Similarly, as-cast polycrystals do not
exhibit an indication of magnetism when bulk properties
are investigated, and annealing procedures are necessary

FIG. 43. Temperature dependence of the zero-field depolar-
ization rate (Kubo-Toyabe fits) in CePd2Al3 measured in a
single crystal (Pmia) and an annealed polycrystal. Note the
drastic difference below TN=2.7 K.
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to stabilize the magnetism, which is nevertheless not sys-
tematically observed. Figure 43 shows zero-field mSR
data obtained on an annealed polycrystalline sample,
which does not present obvious anomalies in its bulk
properties at the expected transition temperature. The
clear increase of the m1 depolarization rate below 2.7 K
indicates the occurrence of short-range static magnetic
correlations that become visible with a microscopic tech-
nique like mSR. For this sample, the huge value of
D(T→0) corresponds to an almost completely random
distribution of static Ce moments with ms.0.3 mB , i.e., a
value comparable to the one extracted by neutron stud-
ies on samples exhibiting long-range order.

The peculiar differences in magnetic behavior be-
tween the different types of samples have been dis-
cussed in terms of Al order. Annealed polycrystals pos-
sess a stoichiometric amount of Al, producing a well-
defined electronic environment that promotes long-
range order generated by magnetic exchange coupling
via the aluminum layer. In as-cast polycrystals and as-
grown single crystals, two Al sites are present (slightly
shifted along the c axis compared to the g site of the
hexagonal P6/mmm structure) without altering the lat-
tice symmetry. Random occupation of these sites for
polycrystals and Al deficiency for single crystals leads to
an irregular local electronic environment, deeply reduc-
ing the average coupling strength between planes and
preventing the divergence of the magnetic correlation
length.

The occurrence of magnetism in the system CeCu2Si2
was already discussed in Sec. III.E. Several aspects of
this magnetism indicate that it is an instability of the
heavy-quasiparticle band. Namely, one observes (i) a
strongly reduced value of the static moment; (ii) a very
low transition temperature; and (iii) a competition with
the superconducting phase. Since the Cooper pairs are
unambiguously composed of the heavy quasiparticles,
this latter point clearly shows that both cooperative
phases are formed out of the coherent heavy-fermion
Fermi-liquid state.

This picture is supported by the calculations of the
exchange-interaction parameter between the f and con-
duction electrons for (Ce,U)T2X2 compounds (where T
denotes transition metals and X is silicon and/or germa-
nium; Endstra et al., 1993). Considering that the conduc-
tion electrons in these compounds have significant d
character, the f-ligand hybridization is governed by the
f-d hybridization (i.e., V.Vdf), the strength of which is
calculated via the Harrison formalism (Harrison, 1983),
which combines Andersen’s muffin-tin orbital theory
and transition-metal pseudopotentials. Figure 44 shows
schematically the evolution of the magnetic order as a
function of the exchange-coupling parameter J.Jdf ob-
tained by the Schrieffer-Wolf transformation [see Eq.
(3)]. As expected, CeCu2Si2 appears close to a local-
moment magnetic instability. Furthermore, CeRu2Si2,
which is situated on the right-hand side of CeCu2Si2, has
been found, as discussed above, to display heavy-
fermion band magnetism with extremely small static mo-
ment. In view of its weaker hybridization, the occur-
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rence of heavy-fermion band magnetism in CeCu2Si2
appears therefore conceivable. Moreover, the observa-
tion of competition between magnetism and supercon-
ductivity indicate that both phases are almost degener-
ate. This raises the question of the real nature of the
ground state in CeCu2Si2, which will require further mi-
croscopic and metallurgical studies to be definitively
settled.

4. UCu5

The face-centered-cubic system UCu5 (space group
F 4̄ 3m) orders antiferromagnetically below TN.15 K.
Early neutron-diffraction measurements identified the
antiferromagnetic structure of the U sublattice as con-
sisting of ferromagnetically ordered (111) planes
coupled antiferromagnetically along the body diagonal
(Murasik et al., 1974). The exact determination of the
size of the ordered U moments, pointing along the [111]
direction, suffers from the large and still unexplained
discrepancy between the value ms.0.9 mB , reported by
Murasik et al. (1974), and the value ms.1.55 mB , deter-
mined by Schenck et al. (1990). In addition, the determi-
nation of the magnetic structure is not ambiguous, and,
for example, a quadruple-q structure (Nakamura et al.,
1990) is also compatible with the neutron data.

At this point the reader could wonder about the clas-
sification of UCu5 in the section devoted to heavy-
fermion band magnetism. In fact the large value of ms ,
as well as the rather simple magnetic structure deter-
mined by neutron scattering unambiguously indicate
that UCu5 is a local-moment heavy-fermion magnet.
However, UCu5 exhibits a second transition at T.1 K
!TN , for which mSR studies, as we will see below,
clearly demonstrated its unusual magnetic nature.

Specific-heat data (Ott, Rudigier, Felder et al., 1985)
have shown that the heavy-fermion state in UCu5 devel-
ops at temperatures well below TN . This situation is in
contrast with the majority of the other local-moment-
magnetic heavy-fermion compounds (see Sec. IV.B), for

FIG. 44. Schematic phase diagram for the Kondo lattices of
the CeT2Si2 family (ordering temperature versus the hybridiza-
tion strength; both these quantities are normalized by the
conduction-electron bandwidth W to allow comparison;
adapted from Endstra et al., 1993).
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which the usually assumed picture implies that the spin
fluctuations of the f moments are frozen out below TN .
Since these spin fluctuations are the necessary mecha-
nism for the Kondo effect responsible for the occurrence
of the heavy quasiparticles, one could expect that the
presence of static magnetism impedes the formation of a
heavy-fermion state at low temperature. Furthermore,
the specific-heat data reveals a second phase transition
at ;1 K, displaying hysteretic behavior but not latent
heat, which is only observed in samples considered to be
high-quality samples. This transition is also visible in the
transport properties with, for example, an increase by an
order of magnitude of the electrical resistivity below
;1 K.

Barth et al. (1986) first investigated the magnetic
phase of UCu5 by zero-field mSR on a sample not exhib-
iting the 1 K transition. Below TN.15 K, they observed
a three-component mSR signal, one nonoscillating com-
ponent (1) associated with a m1 site with zero-average
field, and the other two components, which display
spontaneous spin precessions with n̄ m ,2(T→0)=19.8
MHz (Bm=1.46 kG) and n̄ m ,3(T→0)=13.6 MHz (Bm.1
kG; see Fig. 45). If, on one hand, the nonoscillating com-
ponent can be attributed to muons stopping at the b site
(1

2
1
2

1
2), for which the dipole-field calculations show that

Bm50 for both proposed magnetic structures, on the
other hand, the presence of two precession frequencies
cannot be explained by either structure, assuming high-
symmetry m1 stopping sites. A possible explanation
would be to consider that the muons stopping at the
(3

4
3
4

3
4) site are responsible for component 2 and that com-

ponent 3 arises from muons stopping at vacancy Cu sites
or defect sites, which is corroborated by the relatively
small amplitude connected with this latter component.
Regardless of the exact muon location, these data
clearly indicate an absence of anomaly around 1 K in the
temperature dependencies of both the m1 frequencies
and m1 depolarization rates (see Figs. 45 and 46).

Schenck et al. (1990) investigated, by zero-field mSR
below 2 K, a high-quality sample showing the 1 K tran-

FIG. 45. Temperature dependence of the spontaneous m1 fre-
quencies measured below TN in UCu5. The mSR signal also
contains a nonoscillating component (from Barth et al., 1986).
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sition. The temperature dependence of the spontaneous
frequencies showed a similar behavior as the one re-
ported previously for the sample without a 1 K transi-
tion described above. No change of the spontaneous m1

frequencies was observed, indicating that the 1 K phase
transition is not associated with a change in magnetic
structure. This is in line with neutron-diffraction results
that showed no change in the magnetic Bragg peaks
when changing the temperature across the 1 K transition
(Schenck et al., 1990). The most dramatic effect is seen
in the m1 depolarization rates, which rise drastically as
the temperature is lowered below ;1.15 K and change
in appearance from Gaussian (or Kubo-Toyabe for the
component 1 with n̄ m ,150) above 1.15 K to exponential
for lower temperatures (see Fig. 47). Whereas the m1

depolarization above 1.15 K can be attributed to just the
63,65Cu nuclear dipole fields, the increased depolariza-
tion rate for lower temperatures reflects an increased
inhomogeneous linebroadening, i.e., an increased static-
field spread experienced by the muon ensemble. Since
the neutron results also imply that the 1 K transition is
not associated with a structural phase transition, the in-
creased field spread must reflect the occurrence of small
static moments (;1022 mB) of electronic origin, which

FIG. 46. Temperature dependence near 1 K of the m1 depo-
larization rates connected to the three components detected in
the zero-field data on a UCu5 sample not showing the 1 K
transition (Gaussian fits for n̄ mÞ0, Kubo-Toyabe fit for n̄ m=0;
from Barth et al., 1986).
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order in a complex fashion (incommensurate spin-
density wave or even random order). The observations
that the 1 K transition occurs at temperatures for which
the heavy-fermion state is fully developed and that the
value of the static moments is strongly reduced, suggest
that this magnetic state involves an ordering of the
heavy quasiparticles existing in parallel to the ordinary
U-localized 5f moments, which are responsible for the
antiferromagnetic state below 15 K. This implies that the
ground state of UCu5 is determined by the coexistence
of two rather independent subsets of electrons. Hence
the situation of UCu5 is similar to the one observed in
UPd2Al3 (see Sec. III.C), for which the heavy-
quasiparticle state was found to be unstable against a
superconducting transition. For UPd2Al3, the presence
of both a more localized and more itinerant electron
subsystem could result from anisotropic hybridization
between localized and conduction electrons, possibly
leading to portions of the Fermi surface being character-

FIG. 47. Temperature dependence near 1 K of the m1 depo-
larization rates connected to the three components of the zero-
field mSR signal recorded in a high-quality UCu5 single crystal
[(a) component with n̄ m.19.8 MHz, (b) component with
n̄ m.13.6 MHz, (c) component with n̄ m50; above T.1.15 K:
same fits as for Fig. 46; below T.1.15 K: exponential fits; from
Schenck et al., 1990].
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ized by a different value of kBT* . Such a simple expla-
nation cannot be applied to the cubic system UCu5, and
obviously more theoretical work will be required to un-
derstand the fascinating properties revealed by mSR.

5. Other U-based heavy-fermion band magnets

As discussed in detail in Sec. III, the heavy-fermion
superconductors UPt3, UNi2Al3, and URu2Si2 show an-
tiferromagnetic transitions at TN@Tc , which are charac-
terized by strongly reduced values of the static moments.
Furthermore, the magnetic transitions occur at tempera-
tures much lower than the characteristic temperature T*
of the Kondo effect (see Table III), i.e., in a regime
where the magnetic degrees of freedom have been trans-
ferred to the heavy quasiparticles. These indications
strongly point to a heavy-fermion magnetism picture,
where the magnetic properties are determined by the
residual interactions between the heavy quasiparticles.

6. YbBiPt

This cubic system (MgAgAs structure type, space
group F 4̄ 3m) has attracted considerable interest due to
the record high linear coefficient of its electronic specific
heat [C/T(T→0).8 J/(K2 mol), Fisk et al., 1991], indi-
cating the presence of extremely massive quasiparticles.
Measurements of thermodynamic properties at low tem-
perature suggested the occurrence of some kind of
anomaly at ;0.4 K, the magnetic nature of which has
been identified by mSR.

Zero-field mSR data, obtained on crushed powder and
crystalline samples (Amato, Canfield et al., 1992; 1993),
show that the m1 depolarization function at low tem-
perature is described by two relaxing but nonoscillating
components

G~ t !5Afgf~ t !1Asexp~2lst !. (47)

The form of gf(t) changes from exponential at high tem-
perature to Gaussian @gf(t)5exp(2s2t2/2)# for tempera-
tures below 0.5 K and is characterized by a large m1

depolarization rate (‘‘fast’’ component, see Fig. 48). The
Gaussian character at low temperature can arise either
from static fields random in direction and magnitude,
corresponding to a dense spin-glass-like order, or from
an ordered magnetic state (with possibly incommensu-
rate structure) sufficiently disturbed to lead to a rapid
m1 depolarization. The second component, showing a
slow exponential depolarization, is ascribed to dynami-
cal fluctuations of the f moments sensed by the muons.
The presence of two components at low temperature
was first interpreted in terms of different magnetic re-
gions with different characteristic m1 depolarization
rates. In this vein the ‘‘fast’’ component would be asso-
ciated with domains showing some static magnetic order
below 0.5 K, whereas the ‘‘slow’’ component would arise
from paramagnetic domains persisting down to the low-
est temperature.

Alternatively, Heffner et al. (1994) suggested that
both components describe the m1 depolarization occur-
ring for a complicated incommensurate spin-density
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wave. Within this model the whole sample volume un-
dergoes the magnetic transition. Interestingly, in the sys-
tem Cr85Mo15, which possesses an incommensurate spin-
density wave, one finds mSR signals that are again
perfectly fitted with the sum of two components (Telling
et al., 1994). In any case, and as observed in several
heavy-fermion systems, magnetism in YbBiPt develops
in a spatially inhomogeneous form without a clearcut
cooperative phase transition.

A tentative determination of the m1 stopping site was
obtained from transverse-field mSR measurements
where an asymmetric broadening typical of an aniso-
tropic Knight-shift powder pattern was observed. Com-
parison with simulated data indicated that the muon is
located at an off-center position shifted 0.4 Å from the
(1

2
1
2

1
2) point toward a nearest-neighbor Bi ion. Adopting

this m1 stopping site, one estimates a value of ms
.0.1 mB for the static Yb moment below 0.5 K respon-

FIG. 48. Zero-field mSR measurements on a polycrystalline
YbBiPt sample. (a) Temperature dependence of the ‘‘fast’’
Gaussian depolarization below 0.5 K, and (b) of the exponen-
tial depolarization rate characterizing the ‘‘slow’’ component.
(c) Amplitudes of the ‘‘fast’’ and ‘‘slow’’ components of the
mSR signal. At higher temperature the ‘‘fast’’ component van-
ishes (from Amato, Canfield et al., 1993).
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sible for the fast depolarization. This low value is con-
sistent with the absence of a nuclear Schottky anomaly
in the specific heat (Thompson et al., 1993), as well as
with neutron-diffraction studies where the nondetection
of magnetic Bragg peaks sets an upper limit of 0.25 mB
for any ordered magnetic moments (Robinson et al.,
1994).

Longitudinal-field mSR experiments show that the
rapid Gaussian depolarization does not change in fields
up to Hext=20 kOe. This is in sharp contrast with resis-
tivity measurements below 0.4 K, where an anisotropic
anomaly, ascribed to a Fermi surface that is gapped by a
spin-density wave, is destroyed in a field of 3 kOe. Thus
Heffner et al. (1994) proposed a model in which both the
Yb local moments and the itinerant conduction elec-
trons undergo ordering at T.0.4–0.5 K and in which an
applied field of 3 kOe is sufficient to destroy the spin-
density wave formed by the itinerant electrons but not
the Yb ordering. Hence this implies that the electronic
ground state is made up of rather independent elec-
tronic subsystems (localized and itinerant), in close simi-
larity with the situations already observed in UPd2Al3
and UCu5 (see Secs. III.C and IV.A.4).

B. Local-moment magnetism

Since heavy-fermion local-moment magnets are char-
acterized by the occurrence of magnetism with moder-
ately renormalized values of the static moments, it ap-
pears that neutron-scattering studies are more adapted
than mSR to unravel the magnetic properties of the
members of this class. It is the author’s belief that mSR
has not played a leading role in determining the basic
mechanism for the appearance of moderately renormal-
ized magnetism in these Kondo lattices. Nevertheless,
the following examples will demonstrate that, due to lo-
cal character of the information provided by the im-
planted muons, mSR should be considered a valuable
complementary tool, which has furnished outstanding
indications of the sometimes nonconventional character
of heavy-fermion local-moment magnetism.

1. CeAl2

This face-centered system (space group Fd 3̄ m) is of-
ten considered as the archetypical example of a heavy-
fermion local-moment magnet (TN.3.4–3.9 K), exhib-
iting a moderate value of the linear coefficient of the
specific heat g5C/T(T→0).135–270 mJ/(K2 mol).
Gavilano et al. (1993) showed that a large part of the g
coefficient for T!TN could arise from the spectra of
low-energy magnetic excitations of an incommensurate
magnetic structure. However, a substantial contribution
to g arising from the excitations of the itinerant electron
system formed by the heavy quasiparticles has to be con-
sidered as well. Such a contribution is also reflected by
the large NMR spin-lattice relaxation rate 1/T1 and the
observation of a Korringa law [where (TT1)21 is a con-
stant] for T!TN .
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The determination of the magnetic structure was
strongly hampered by the coexistence of two magnetic
phase transitions, with comparable transition tempera-
tures, in some investigated samples. For high-quality
single crystals, neutron-diffraction measurements (see,
for example, Barbara et al., 1980) indicate the presence
of only an incommensurate sinusoidally modulated spin

structure [wave vector q5( 1
2 1t , 1

2 2t , 1
2 ), with t

50.112; ordered moments ms.0.63 mB directed along
the [111] direction]. For samples of lower quality, one
observes the presence of a second magnetic phase char-
acterized by a simple type-II antiferromagnetism. It is
believed (Schefzyk et al., 1985) that the type-II structure
appears in disturbed regions of a sample where the
modulated structure is quenched.

Transverse-field mSR studies on a single crystal were
first undertaken to determine the m1 site (Hartmann
et al., 1989). From the angular dependence of the m1

depolarization rate, the m1 site was identified as the ‘‘2-
2’’ site (corresponding to the center of the 2Ce-2Al tet-
rahedra; g site in Wyckoff notation), which is also found
to be occupied by hydrogen (Fisch et al., 1979).

Measurements at low temperature revealed the pres-
ence in the mSR signal of a second component below 3.9
K, characterized by a fast depolarization rate and re-
lated to the occurrence of magnetic domains in the
sample. The fast depolarization (l.20 ms−1) is consis-
tent with a large static-field spread at the m1 site due to
the incommensurate magnetic structure and the high
number of magnetically inequivalent m1 sites (the g site
has a multiplicity of 96). The amplitudes of this fast com-
ponent (Am), which represents the magnetic volume
fraction, and of the slowly damped component (Apm),
which reflects the volume of the domains in the para-
magnetic state, are reported in Fig. 49. The temperature
dependence of Am and Apm indicate that the magnetic
order does not immediately involve the total volume of
the sample, but rather appears in a volume fraction that
grows gradually from zero for T*3.9 K to ;80% at low
temperature. Recent zero-field studies on a powdered
sample (MacLaughlin et al., 1993) have furnished, essen-
tially, a similar picture.

It is plausible that the two-component structure of the
mSR signal in CeAl2 around TN is somehow related to
the large spread of the transition temperature observed
in different samples (TN53.4–3.9 K). Such a large
spread of the transition temperature could indicate
slight differences of internal pressure in different
samples. Schefzyk et al. (1985) have demonstrated the
strong influence of the external pressure on the transi-
tion temperature, observed by thermal-expansion and
specific-heat measurements, as well as by the depen-
dence of bulk property anomalies at TN on the sample
quality. Finally, the observation by mSR of a residual
paramagnetic volume fraction below TN could provide a
straightforward interpretation of the large and sample-
dependent linear coefficient of the electronic specific
heat observed for T!TN , which, as discussed above,
reflects a Fermi-liquid behavior.
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2. CeB6

This cubic system (space group Pm 3̄ m) shows antifer-
roquadrupolar order below TQ.3.2 K and an antiferro-
magnetic state below TN.2.3 K (Komatsubara et al.,
1983). The magnetic structure was found by neutron
measurements to be described at 1.3 K by a wave vector
q5( 1

4 , 1
4 , 1

2 ) with a relatively small static Ce moment of
ms.0.28 mB (Effantin et al., 1985). However, no attempt
was made to measure the temperature dependence of
the magnetic ordering parameter. The antiferroquadru-
polar ordering has been identified by inducing antiferro-
magnetic order by an external magnetic field, but con-
troversial results are inferred from 11B-NMR and
neutron scattering (Takigawa et al., 1983; Erkelens et al.,
1987). Whereas a complicated triple-q structure is de-
rived from the angular dependence of the NMR results,
a simple antiferromagnetic structure with
q5( 1

2 , 1
2 , 1

2 ) is found for Hexti@111# by neutron measure-
ments.

From the angular dependence of the m1 Knight shift
measured in a single crystal, Amato, Feyerherm, Gygax,
Ō nuki et al. (1993) demonstrated that the m1 stop solely
at the d site [( 1

2 00), see Fig. 50]. On the basis of this m1

site determination, and of the antiferromagnetic struc-
ture suggested by neutron measurements, one predicts
from dipolar-field calculations that three different spon-
taneous fields should appear in the magnetic phase at
the m1 sites (due to the presence of magnetically in-
equivalent sites below TN). Surprisingly, zero-field mea-
surements below TN displayed a very complex mSR sig-
nal with 8 distinct spontaneous m1 frequencies ranging

FIG. 49. Temperature dependence of the amplitudes (asym-
metries) of the components of the transverse-field mSR signal
in CeAl2. The amplitudes are associated with the paramag-
netic (Apm) and magnetic (Am) volume fractions (see text;
from Hartmann et al., 1989).
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from ;2 to ;77 MHz (see Fig. 51). Furthermore, sev-
eral of the frequencies show strange temperature depen-
dencies that were tentatively ascribed to a gradual
change of the magnetic structure with temperature (e.g.,
turn of the static moments within the a-b plane; see
Feyerherm, Amato, Gygax, Schenck, Ō nuki, and Sato,

FIG. 50. Angular dependence of the two frequencies observed
in the transverse-field mSR signal in CeB6 (Hext=3.84 kOe,
T=15 K). The field was rotated around the [110] axis. The two
signals have an amplitude ratio of 2:1 corresponding to the

( 1
2 00) and (0 1

2 0) sites (open symbols) and the (00 1
2 ) site (solid

symbols). The angle u corresponds to the angle between Hext
and the c axis.

FIG. 51. Temperature dependence of the observed spontane-
ous m1 frequencies in the zero-field mSR signal below TN in
CeB6. The two sets of symbols correspond to different sets of
data (from Feyerherm, Amato, Gygax, Schenck, Ō nuki et al.,
1994).
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1994). A description of the magnetic state based on the
mSR data cannot be given yet, but it clearly appears that
these results are incompatible with the magnetic struc-
ture proposed from the analysis of the neutron-
scattering data. In particular, the high m1 frequency
components are not explained if the static Ce moment is
as small as 0.28 mB , as deduced by neutron-scattering
measurements, and require ordered moments of the or-
der of 1 mB .

Finally, m1 Knight-shift measurements for the tem-
perature range TN,T,TQ also appear incompatible
with the antiferromagnetic structure induced by an ex-
ternal field that was proposed on the basis of the NMR
data. Hence from NMR results it was concluded that for
Hexti@110# antiferromagnetic moments perpendicular to
Hext are induced. Such a structure should have led to an
additional splitting of the m1 frequencies of the
transverse-field mSR signal below TQ , which were not
observed (Feyerherm, Amato, Gygax, Schenck, Ō nuki,
and Sato, 1994).

Due to their complexity, the mSR data on CeB6 are
still poorly understood. However, the peculiar observa-
tions seriously question the conclusions based on neu-
tron scattering and should entice further studies utilizing
these two techniques.

3. CeCu5

This system crystallizes in the hexagonal CaCu5-type
structure (space group P6/mmm), which is similar to
that of UNi2Al3, UPd2Al3, and CePd2Al3 (PrNi2Al3
type; see Secs. III.C and IV.A.3) but with Cu atoms
placed at the inequivalent g and c sites. Specific-heat
measurements at low temperature (Goremychkin et al.,
1987) revealed an electronic linear term of roughly
g.120 mJ/(K2 mol), comparable to those found typi-
cally for heavy-fermion local-moment magnets like
CeAl2. Inelastic neutron-scattering measurements have
shown that the crystal electric field splits the sixfold
degenerate state of the Ce3+ such that the ground state
is constituted by the u6 1

2 & doublet, while the u6 3
2 & state

is about 17 meV above the ground state and the u6 5
2 &

state lies above the u6 3
2 & doublet (see, for example,

Alekseev et al., 1992). Recent elastic neutron-scattering
measurements suggest that the magnetic structure below
TN.4 K is a simple antiferromagnetic type, with a
propagation vector q5(0,0, 1

2 ) (Bauer et al., 1994).
Whereas the hexagonal heavy-fermion compounds with
the parent PrNi2Al3 structure show static moments par-
allel to the basal plane, CeCu5 was found to possess
static moments parallel to the c axis with ms.0.36 mB .
This result appears surprising since the u6 1

2& ground state
implies that the direction of the easy magnetization is
within the basal plane. To circumvent this problem, a
model with strong anisotropic exchange had to be con-
sidered. Unfortunately, the difficulty in growing single
crystals, owing to the formation of CeCu5 through a
peritectic reaction, has so far prevented a verification of
this model by measurements on single crystals.
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
Zero-field mSR measurements on CeCu5 were under-
taken in the framework of a study of the gradual loss of
magnetism in Ce(Cu12xAlx)5 and Ce(Cu12xGax)5
(Wiesinger et al., 1994). In CeCu5 above TN the m1 de-
polarization function is well described by a Kubo-
Toyabe function [see Eq. (26)] with a depolarization
rate D50.16(1) ms−1. This value is consistent with a
m1 stopping site in the vicinity of (001

2 ) (b , k , or m site,
see Sec. III.C). Upon lowering the temperature below
TN.4.1 K, a spontaneous precession signal is detected,
the amplitude of which increases, at the expense of the
nonoscillating one, but never accounts for more than
;30% of the total mSR signal amplitude (see Fig. 52).
The m1 frequency of n0.6.6 MHz obtained for the low-
est investigated temperature corresponds to an internal
field at the m1 site of Bm.500 G.

Several conclusions can be obtained from the mSR
data. If the m1 stopping site is assumed to be the axial b
site, a primitive magnetic order, as deduced by neutron-
scattering studies, can be excluded since the internal
field at the m1 site would cancel. Consequently, based
on the mSR data, Wiesinger et al. (1994) proposed an
antiferromagnetic structure constituted by a ‘‘2 up-2
down’’ ordering of the moments parallel to the c axis,
along with a ferromagnetic ordering within the basal
plane. Under this assumption the cancellation of the in-
ternal field on every second m1 site could explain, to-
gether with the usual nonoscillating 1

3 term in polycrys-
talline samples, the large nonoscillating component
below TN .

On the other hand, by considering that the muons
stop either at the k site or at the m site, the observed
value of Bm.500 G appears compatible with the mag-
netic structure and the static moment proposed by neu-
tron scattering. However, all the k and m sites are mag-
netically equivalent, implying that, contrary to what is
observed, the nonoscillating component of the mSR sig-
nal should be limited to the usual 1

3 term. In order to

FIG. 52. Temperature dependence of the spontaneous m1 fre-
quency of the zero-field mSR signal below TN in CeCu5. The
inset shows the temperature dependence of the amplitudes of
the oscillating (open symbols) and nonoscillating components
(from Wiesinger et al., 1994).



1160 A. Amato: Heavy-fermion systems studied by mSR technique
reconcile the mSR and neutron-scattering data, one
should therefore either consider that the muons stop not
only at the k or m site, but also at the b site, where
Bm50, or alternatively that part of the sample volume
remains paramagnetic for T→0, as, for example, ob-
served in CeAl3 (see Sec. IV.A.1).

In any case, the mSR data reveal that the magnetic
order does not immediately involve the total volume of
the sample, but rather the magnetic volume grows
gradually as the temperature is lowered below TN .
Whether this peculiar behavior is related, as in CeAl3, to
the particular metallurgy of CeCu5 remains to be seen.
In particular, this observation appears to demonstrate
that the condensation energy of the magnetic state is not
large and the magnetic and paramagnetic ground states
are almost degenerate.

4. CeCu5Au

This system is closely related to the well-known
CeCu6 system, possessing the same complex orthorhom-
bic structure (space group Pnma). The CeCu62xAux
systems were investigated as an example of the occur-
rence of magnetism induced by atomic substitution
(Amato et al., 1995; see also, Secs. V.A and VI.A.2). The
Au ions substituting the Cu ions exclusively occupy the
Cu(2) site (Ruck et al., 1993), classifying the system
CeCu5Au as a real compound.

Zero-field mSR data reveal that at high temperature
the m1 depolarization function is best described by a
Kubo-Toyabe function [see Eq. (26)] that is characteris-
tic of a paramagnetic state, where the m1 depolarization
is solely due to the dipolar fields from the nuclear mo-
ments (mainly 63Cu and 65Cu). Below TN.2.3 K an an-
tiferromagnetic transition is clearly detected by the oc-
currence of spontaneous m1 Larmor frequencies. In the
magnetic phase the time evolution of the m1 polariza-
tion can be well described by a damped J0 Bessel func-
tion (see Fig. 53), which, as we saw in Sec. III.C, is theo-
retically expected for an incommensurate magnetic
structure described by one q wave vector. The occur-
rence of an incommensurate structure was determined
by neutron diffraction for a CeCu5.5Au0.5 sample, with
propagation wave vector q=(60.59,0,0) and moments
aligned along the c axis (Schröder, Lynn et al., 1994).
Assuming the same magnetic structure for CeCu5Au,
a value of ms.0.8 mB /Ce for the static
magnetic moment can be extracted from the mSR data.
Such a value is in fairly good agreement with the
rough estimations of 0.5–1 mB /Ce obtained by neutron
studies on CeCu5.5Au0.5 (Chattopadhyay et al., 1990;
Schröder, Lynn et al., 1994).

Finally, we remark that for CeCu5Au, which has a
simple congruent melting, the mSR data show that the
whole sample is involved in the magnetic state below
TN , as is usually observed in traditional magnetic sys-
tems. This could be interpreted as an additional indica-
tion that the observation of inhomogeneous forms of
magnetism in heavy-fermion local-moment magnets is
limited to systems with complicated melting behavior
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
susceptible to producing a distribution of internal
strains, which, in view of the low condensation energy of
the magnetic phase, could lead to inhomogeneous mag-
netic features.

5. CeTSn (T5Pd,Pt)

These systems crystallize in a complex orthorhombic
structure (space group Pn21a) that is closely related to
the structure of E-TiNiSi (Higashi et al., 1993). Whereas
the parent system CeNiSn is a Kondo insulator with a
narrow gap of only a few Kelvins (see Sec. VI.C), the
increase of the unit-cell volume for CePdSn and CePtSn
reduces the hybridization of the 4f electrons with the
conduction electrons, which allows the RKKY interac-
tion to overcome the Kondo effect. Hence complex an-
tiferromagnetic order is observed for the two latter sys-
tems with TN.7–8 K.

a. CePtSn

Neutron-diffraction studies show a rather complex
structure below TN.7.5 K. The moments lie in the (a ,c)
plane and are incommensurably modulated along the b
axis @q5(0,0.418,0)# (Kadowaki et al., 1993). Near 5 K,
one observes the occurrence of a second magnetic tran-
sition, where the static Ce moments possess components
in the three principal directions but are still modulated
along the b axis @q5(0,0.466,0)# . Although the static
moments for both phases (ms.0.6 and 0.8 mB) are con-
siderably reduced compared to the effective moment de-
duced from high-temperature susceptibility data, they
are well in line with the reduction of ms observed in
other heavy-fermion local-moment magnets, owing to
the Kondo effect. For CePtSn, T* is estimated to be of
the order 10 K.

Zero-field mSR studies on this system revealed unex-
pected features for the region around the magnetic tran-
sitions (see Fig. 54; Kalvius et al., 1994). Down to 8.8 K,

FIG. 53. Zero-field mSR spectra obtained above and below the
Néel temperature in CeCu5Au. The initial polarization was
along the orthorhombic b axis. For T51 K, the line represents
a fit of an exponentially damped J0 Bessel function (from
Amato et al., 1995).



1161A. Amato: Heavy-fermion systems studied by mSR technique
the zero-field spectra are characterized by a fairly small
depolarization rate, which can mostly be suppressed in a
weak longitudinal field of 20 Oe. The static nuclear mo-
ments of 195Pt prove to be the dominant contribution
leading to m1 depolarization. The very weak remaining
depolarization in longitudinal-field studies has to be
traced back to fluctuating electronic moments on Ce3+

with n4f*1013 Hz. When lowering the temperature by a
few tenths of a Kelvin, the zero-field signal shows a clear
Kubo-Toyabe behavior, characterized by a rapid depo-
larization corresponding to a width of the field distribu-
tion of A^DB2&.45 G, which is two orders of magnitude
larger than the field spread created by the 195Pt nuclei
above 8.8 K and therefore must arise from electronic
moments. The static nature of the field distribution was
demonstrated by the decoupling observed in longitudi-
nal fields (Fig. 54). These results indicate that the long-
range magnetic order is preceded just above TN by a
precursor state, where tiny electronic moments (ms
.0.05 mB) appear randomly oriented and static within
the mSR time window.

When further lowering the temperature, the Kubo-
Toyabe component decreases in intensity and is re-
placed by a spontaneous precession signal, characterized
by a narrowly peaked frequency distribution that is fully
developed around 7 K and reflects the long-range mag-
netic order. The interesting point revealed by the mSR
data is that the magnetic transition is not sharply defined
in temperature and different types of spectra can exist
simultaneously. Furthermore, the static spin state just
above TN , characterized by the Kubo-Toyabe function,
can be reached both by cooling and warming the sample.
In view of these mSR results, Kalvius et al. (1994) ques-
tioned the classification of the magnetic transition as be-
ing of conventional second order. Moreover, following
the observations in CeAl3, CeAl2, CeCu5, and CeCu2Si2

FIG. 54. Zero-field mSR spectra in CePtSn at various tempera-
ture below 9 K: (a) paramagnetic state; (b) static random order
just above TN ; (c) and (d) coherent long-range order. As
shown in (a) and (b), the static character of the field distribu-
tion at 8.2 K and 9 K is verified by decoupling experiments in
longitudinal fields (from Kalvius et al., 1994).
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(see above), the observation of a rather large spread of
the magnetic transition temperature is an additional in-
dication that inhomogeneous features are rather com-
mon among the heavy-fermion compounds.

The magnetic behavior observed by zero-field mSR
just above TN offers a simple explanation for the broad
peak seen in the specific heat (Takabatake et al., 1993).
The rise in C/T below 9 K could be ascribed to the
random-spin freezing detected by mSR, whereas the step
increase of C/T below 7.7 K reflects the onset of long-
range order as observed by the concomitant occurrence
of spontaneous m1 frequencies in the mSR signal.

The occurrence of a narrowly peaked frequency dis-
tribution in the mSR spectra for the upper magnetic
phase appears incompatible with the claim of an incom-
mensurate magnetic structure reported by neutron stud-
ies. On the other hand, the mSR data exhibit a drastic
change of the coherent precession pattern below ;5 K
(which contains at least three frequencies), in agreement
with the occurrence of a second magnetic state sug-
gested by the neutron-scattering results. However, the
different components show again a small depolarization,
in apparent contradiction with the complex incommen-
surate structure observed for the lower magnetic phase
by neutron-scattering studies. In order to reconcile mSR
and neutron-scattering data, and in analogy with the
situation observed in Holmium and Erbium, Kalvius
et al. (1994) suggested that magnetically ordered state of
CePtSn is locally commensurate, but is interrupted by
spin-slip defects that make the larger-scale structure in-
commensurate. A similar problem is observed for our
next example, CePdSn.

b. CePdSn

The spin-glass precursor state above TN observed in
CePtSn does not have a counterpart in the parent sys-
tem CePdSn (Kalvius et al., 1994). In CePdSn the
transverse-field m1 depolarization rate shows a clear in-
crease when lowering the temperature just above TN ,
which was ascribed to the usual slowing down of the
dynamical 4f fluctuations present down to TN . Below
TN.7.5 K, zero-field studies indicate the presence of a
spontaneous spin-precession signal. The beat structure
of the mSR signal reveals the presence of two well-
resolved frequencies associated with small depolariza-
tion rates (see Fig. 55). Again, this sharply defined field
distribution is unexpected in view of the proposed in-
commensurate structure with propagation vector q
5(0,0.473,0) deduced from neutron-scattering measure-
ments (Kohgi et al., 1992). As for the upper magnetic
phase of CePtSn (see above), this discrepancy has been
tentatively explained in terms of spin-slip defects
(Kalvius et al., 1994).

6. U2Zn17

This rhombohedral system (Th2Zn17-type structure;
space group R 3̄ m) undergoes an antiferromagnetic tran-
sition below 9.7 K, as shown by neutron-diffraction stud-
ies (Cox et al., 1986). The magnetic structure is consti-
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tuted by ferromagnetic (110) planes coupled
antiferromagnetically along the c axis, and with the U
moments (ms.0.8mB) aligned in the (111) plane. In con-
trast to this rather simple picture, the mSR data obtained
on this system have raised a number of questions that
remain unsolved.

Zero-field mSR data show that the majority of the im-
planted muons stop at m1 sites where the dipole fields
arising from the magnetic structure cancel below TN
(Barth et al., 1986). From the observed temperature and
angular dependence of the high temperature m1 Knight
shift for the principal components of the transverse-field
mSR signal, one deduces that indeed the c site (with x
5 1

3 and x5 1
6), for which the dipole fields cancel is occu-

pied (Barth, 1988). However, zero-field and transverse-
field mSR measurements also show that about 25% of
the amplitude of the mSR signal is lost when cooling the
sample below TN . This loss of amplitude is ascribed to
the occurrence of a huge static-field spread below TN in
part of the sample, or at a particular m1 site, which leads
to a rapid depolarization occurring within the deadtime
of the mSR spectrometer (;231028 s). Longitudinal-
field measurements yield a value of about 1000 G (for
T→0) for the width of the internal-field distribution re-
sponsible for this rapid m1 depolarization, which is fully
unexpected on the basis of the simple antiferromagnetic
structure determined by neutron scattering. Since very
similar results are obtained in polycrystalline and
monocrystalline samples, as well as for measurements
utilizing low- and high-energy muons probing different
regions of the samples, it is believed that the observed
effect reflects intrinsic properties of the system. This
suggests the formation of a rather complex magnetic
structure unlike that deduced from neutron studies.

More puzzling is the observation that the same frac-
tion of the muon ensemble, which undergoes the fast
depolarization below TN , exhibits a highly peculiar be-
havior above TN , as observed in transverse-field mea-
surements (Schenck et al., 1992). This fraction is associ-

FIG. 55. Temperature dependence of the two spontaneous m1

frequencies observed below TN in the zero-field mSR spectra
of CePdSn (from Kalvius et al., 1994).
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ated with at least three components exhibiting a highly
unusual angular dependence of the m1 Knight shift, in-
volving direction cosines up to the eighth order. Such
angular dependence cannot be generated by dipole
fields from the field-induced U moments [see Eq. (18)],
which do not involve direction cosines higher than the
second order. It is therefore suggested that the peculiar
angular dependence of this fraction results from a com-
petition between the Zeeman and some additional inter-
action. In this context, the questions to be solved are
why such competition is only observed by a restricted
portion of the muons, and in which way this competition
is connected to the complex magnetism seen by this par-
ticular fraction of the muon ensemble.

Obviously the properties of U2Zn17, as evidenced by
the mSR data, reveal complex subtleties that are at
present not understood at all. It is to be hoped that ad-
ditional experimental and theoretical studies will pro-
vide a deeper insight into this peculiar heavy-fermion
system.

7. UNiB4

This hexagonal system crystallizes in the hexagonal
CeCo4B-type structure (space group P6/mmm) and un-
dergoes an antiferromagnetic transition at TN.20 K.
The magnetic structure is quite unique, exhibiting the
ordering of only 2

3 of the spins with wave vector q=(1
3,

1
3,0)

and moment direction in the basal plane (Mentink et al.,
1994). These spins align in hexagonal structures in the
basal plane that are ferromagnetically coupled along the
c axis. The spins in these hexagonal structures have ori-
entation 150°, 90°, 30°, −30°, −90°, and −150°. The re-
maining 1

3 of the spins are fully frustrated and are lo-
cated in the center of and in between the hexagonal
structures.

Zero-field mSR studies confirmed the presence of a
magnetic state below TN=20 K by detecting the occur-
rence of a rapid depolarization @D(T→0).27 ms−1# ,
with the initial m1 polarization aligned either along the
c axis or in the basal plane (Nieuwenhuys et al., 1995).
This rapid depolarization, which reflects static magne-
tism, as proven by longitudinal-field experiments, has to
be traced back to the highly complicated magnetic struc-
ture producing a large field spread at the m1 stopping
sites. When the initial m1 polarization is directed along
the c axis, in addition to the component showing rapid
depolarization, a second component with reduced ampli-
tude, representing a spontaneous precession behavior is
detected. This latter component was tentatively attrib-
uted to muons stopping at the f sites (1

200) surrounding a
frustrated U moment inside one of the hexagonal struc-
tures. Indeed, such a site was found to be occupied, to-
gether with the n site, by hydrogen ions in the isostruc-
tural compound LaNi4B (Spada et al., 1984).

Figure 56 exhibits the temperature dependence of the
normalized results for the observed spontaneous m1 fre-
quency and depolarization rate, together with the or-
dered moment deduced from neutron diffraction. No
anomaly is detected around 10 K, where the magnetic
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susceptibility and specific heat show a maximum, which
supports the conclusions that no additional magnetic
phase or reorientation of the U moments arises below
TN . Accordingly, the peculiar temperature dependence
of the macroscopic properties below TN were explained
by Mentink et al. (1994) to result from the summation of
one-dimensional ferromagnetic spin waves (1

3 of the mo-
ments) and those of a three-dimensionally ordering an-
tiferromagnet (the remaining 2

3 of the moments).

8. UCd11

UCd11 crystallizes in the cubic BaHg11 structure
(space group Pm 3̄ m) and exhibits a magnetic order at
TN.5 K but with a still unknown magnetic structure.

Zero-field and transverse-field mSR measurements
(Barth et al., 1986) showed a loss of the mSR signal be-
low TN , which was ascribed to the development of a
huge internal-field spread (several 100 G) seen by the
muons. As in the case of U2Zn17 (see Sec. IV.B.6), this
huge field spread leads to a very rapid m1 depolarization
within the deadtime of the mSR spectrometer. Such a
large field distribution could reflect either a complicated
magnetic structure, or, alternatively, a high number of
magnetically inequivalent m1 stopping sites in the mag-
netic unit cell. This latter hypothesis is quite reasonable
in view of the rather complex crystallographic structure,
which provides a large number of possible interstitial m1

sites. Regardless of the exact magnetic structure, the
huge field spread indicates that the ordered U moments
must be of the order of ;1 mB .

Unlike the situation of the other heavy-fermion com-
pounds, the 5f spin fluctuations could be observed
above TN in longitudinal-field experiments (see Fig. 57).
The m1 depolarization rate lLF , which reflects the spin-
lattice relaxation 1/T1 , follows a power law

lLF,T.TN
5

1
T1

}~T2TN!2~0.460.1!, (48)

FIG. 56. Plot as a function of T/TN of the reduced values of
the spontaneous m1 frequency and depolarization rate mea-
sured on a monocrystalline UNi4B sample with the initial m1

polarization along the c axis. The line represents the ordered
moment as deduced by neutron diffraction (from Nieunwen-
huys et al., 1995).
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which implies that for T@TN the 5f spin-fluctuation rate
varies as n5f}AT , with an estimation of n5f.1010 Hz for
T52/TN . As already noticed by Schenck (1993), this
dependence, which is consistent with the theory of Cox
et al. (1985), is typical for Kondo lattices and is observed
by NMR and inelastic neutron scattering in numerous
systems (see, for example, Qachaou et al., 1987). It is
believed that in the particular case of UCd11, the rela-
tive closeness between the m1 and the nearest U neigh-
bors provides a strong enough hyperfine coupling con-
stant to render possible the observation of the 5f spin
dynamics within the mSR time window.

9. Other U-based heavy-fermion local-moment magnets

As we saw in Sec. III.C, the antiferromagnetic transi-
tion observed in UPd2Al3 involves a rather large value
of the static U moment (ms.0.85 mB) and a transition
temperature TN&T* . These observations indicate that
the magnetic state involves localized f moments. The
same conclusion can be drawn regarding the high-
temperature magnetic phase of UCu5 (see Sec. IV.A.4).
However, for both systems the local-moment magnetism
is found by mSR to microscopically coexist with a more
itinerant subset of heavy quasiparticles, which present
an additional instability at lower temperature (supercon-
ductivity for UPd2Al3 and heavy-fermion band magne-
tism (HFBM) for UCu5). This strongly suggests that,
whereas part of the f moment is frozen out below TN by
the static magnetic intersite correlations, another part
continues to present on-site fluctuations characteristic of
the Kondo effect, which results in the formation of the
heavy quasiparticles, which, in turn, are involved in the
low-temperature phase transitions.

V. FERMI-LIQUID PARAMAGNETS

The detection by mSR of weak static magnetism in
such heavy-fermion systems as CeAl3 or CeRu2Si2,
which were long considered to be examples of a para-

FIG. 57. Temperature dependence of the spin-lattice relax-
ation rate 1/T15lLF in UCd11. Note that lLF is independent of
the longitudinally applied magnetic field. The solid line repre-
sents a fit of Eq. (48) to the data (from Barth et al., 1986).
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magnetic Fermi liquid, has considerably modified the
phenomenological classification of the heavy-fermion
compounds. Hence the paramagnetic Fermi-liquid
ground state once considered to be predominant sud-
denly appeared to be only an exception at best. It was
therefore considered of some importance to investigate
by microscopic techniques the few remaining heavy-
fermion compounds still classified as paramagnetic and
to search for the possible occurrence of heavy-fermion
band magnetism with reduced ordered moments, which
could appear as a common feature among the heavy-
fermion compounds.

A. CeCu6

Since its classification as a heavy-fermion compound
(Ō nuki et al., 1984; Stewart et al., 1984), CeCu6 has at-
tracted considerable experimental attention. The key
role played by this orthorhombic system (space group
Pnma) was generated by the possibility of growing large
single crystals. Furthermore, since the discovery of a
magnetic transition in CeAl3, and in an increasing num-
ber of other heavy-fermion systems (see Sec. IV), CeCu6
has been considered the archetypical example of a
heavy-fermion system with normal ground state. Never-
theless, CeCu6 seems on the verge of magnetic ordering,
as it exhibits, for example, dynamical short-range mag-
netic correlations below 10 K (Regnault et al., 1987).
Moreover, some properties point to the occurrence of
some kind of magnetic anomaly. The magnetoresistivity
shows a maximum for T,0.5 K (Ō nuki et al., 1985), as
observed also in magnetic heavy-fermion systems such
as CeAl3, and a sudden change in slope occurs in the
thermoelectric power near 250 mK (Amato et al., 1987).

The m1 stopping site was determined by measuring
the angular dependence of the m1 frequency nm , as well
as its temperature dependence, in an external transverse
field of Hext=5 kOe. Figure 58 shows the angular depen-
dence of nm for Hext rotated in the (101) plane. The
presence of two symmetrical signals of identical ampli-
tude is indicative of crystallographically equivalent but
magnetically inequivalent m1 sites. Figure 59 shows the
m1 Knight shift as a function of the macroscopic mag-
netic susceptibility for the principal directions. From the
observed scaling, which indicates that the atomic suscep-
tibility probed by the muon is identical to the macro-
scopic susceptibility, one can extract the dipolar and
contact hyperfine coupling constants (Adip

xx 50.89 kG/mB,
Adip

yy 520.10 kG/mB, Adip
zz 520.79 kG/mB, and

Acont=0.17 kG/mB). Among all the possible interstitial
sites, only the site (001

2 ) (b site, multiplicity 4) has a
compatible theoretical value for AJ dip (Adip,theor

xx 50.97
kG/mB, Adip,theor

yy 520.11 kG/mB, and Adip,theor
zz 520.86

kG/mB) and splits into two subsets of magnetically in-
equivalent sites when Hext is rotated in the (101) plane.

mSR zero-field measurements down to 40 mK show
no sign of a magnetic transition, such as a spontaneous
m1 frequency and/or additional depolarization arising
from a change in the dynamics of the 4f moments
(Amato, Feyerherm, Gygax, Jaccard et al., 1993). Figure
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
60 exhibits an example of a mSR spectrum recorded at
2.2 K together with a fit to a Kubo-Toyabe function.
Measurements in longitudinal fields did not reveal any
m1 depolarization, indicating that the linewidth of the
zero-field signal is exclusively quasistatic in origin with
fluctuation rates, if present, smaller than 1 MHz. The
value of the zero-field m1 depolarization rate (D.0.23
ms−1) is, moreover, compatible with the calculated line-
width only due to dipolar fields from 63Cu and 65Cu
nuclear moments at the b site and is temperature inde-
pendent down to at least 40 mK (see Fig. 61). The ob-

FIG. 58. Measurement at 12 K of the angular dependence of
the m1 frequency nm with the external field rotated in the (101)
plane (Hext=5 kOe). Two components of similar amplitude are
detected in the mSR signal.

FIG. 59. Plot of the m1 Knight shift measured in CeCu6 for the
principal directions as a function of the bulk susceptibility. The
temperature is an implicit parameter.
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servation of a constant depolarization rate for the whole
temperature range sets an upper limit of D4f.0.10 ms−1

for an additional depolarization due to a hypothetical
magnetic ordering of the Ce 4f moments. Considering
for the hypothetical magnetic ordering the incommensu-
rate magnetic structure observed for CeCu5.5Au0.5 (see
Sec. VI.A.2), the upper limit of D4f represents an upper
limit of 331023 mB /Ce for a static 4f moment. Assum-
ing, on the other hand, a dense-spin-glass picture where
the static moments are randomly oriented, an upper
limit of 1.531023 mB /Ce is obtained.

Therefore the mSR data virtually exclude the presence
of magnetic order and confirm that CeCu6 plays quite a
unique role among the heavy-fermion compounds by
possessing a paramagnetic ground state and clear Fermi-
liquid properties at low temperature.

FIG. 60. Time evolution of the m1 polarization in CeCu6 at 2.2
K with Pm(0)ib. Lower curve: Zero-field data with a Kubo-
Toyabe fit; upper curve: longitudinal-field data with
Hext=1 kOe (from Amato, Feyerherm, Gygax, Jaccard et al.,
1993).

FIG. 61. Temperature dependence of the zero-field depolar-
ization rate in pure CeCu6 and CeCu5.9Au0.1 (see Sec. VI.A.2).
The error bars are smaller than the data-point size (from
Amato et al., 1995).
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B. CePt2Sn2

As stated above, the class of heavy-fermion com-
pounds with paramagnetic ground state is quite limited,
and until recently CeCu6 was still the only heavy-
fermion compound for which the paramagnetic ground
state was confirmed by mSR technique. Recent mSR
measurements in the system CePt2Sn2 (Luke et al., 1995)
seem nevertheless to reveal that CeCu6 does not consti-
tute an accident of nature and that other systems could
present a similar ground state. However, the situation of
CePt2Sn2 is still controversial, and conflicting results
were reported.

Beyermann, Hundley, Canfield, Thompson, La-
troche et al. (1991) and Beyermann, Hundley, Canfield,
Thompson, Fisk et al. (1991) reported specific-heat,
magnetic-susceptibility, and resistivity measurements of
CePt2Sn2 and inferred antiferromagnetic order below
TN=0.88 K from a peak in the specific heat. For the in-
vestigated polycrystalline sample, the nominally tetrago-
nal crystal structure (space group P4/nmm) has under-
gone a monoclinic distortion. The value of the linear
coefficient of the electronic specific heat g
.3.5 J/(K2 mol) measured above the reported magnetic
transition is one of the largest ever observed and is con-
sistent with the value of T* .1 K reported from quasi-
elastic neutron-scattering studies (Mignot et al., 1993).

This rather clear picture was challenged by specific-
heat results obtained on a single crystal in which the
monoclinic distortion was absent (Shigeoka et al., 1993).
No evidence for magnetic order could be detected, sug-
gesting that the lattice distortion may promote magnetic
order.

To obtain additional information, mSR studies were
recently undertaken on a monocrystalline sample with-
out monoclinic distortion (Luke et al., 1995). Zero-field
studies indicate that at high temperature the Gaussian
m1 depolarization rate is solely due to the static, ran-
domly oriented 195Pt nuclear dipole moments. By lower-
ing the temperature, an additional exponential depolar-
ization is detected, which is only weakly affected by
applied longitudinal fields less than 1 kOe. This there-
fore indicates that fluctuating moments of electronic ori-
gin are responsible for this depolarization. Figure 62
shows the longitudinal-field depolarization rate lLF .
Upon cooling the first increase of lLF corresponds to the
narrowing of the quasielastic linewidth seen in neutron-
scattering experiments [see also Eq. (48)] and reflects
the Kondo spin fluctuations. The first saturation of lLF ,
corresponding to the temperature where the fluctuation
rate of the f spin saturates, was taken as an estimation of
T* (.20 K), which is considerably larger than the value
extracted from neutron scattering. Alternatively, the oc-
currence of a temperature-independent m1 depolariza-
tion rate could indicate that another mechanism for the
f-spin fluctuations becomes dominant at lower tempera-
tures. Since the overall f spin-fluctuation rate n f mainly
reflects the faster fluctuation-rate mechanism according
to n f5Sn i , the slow Kondo fluctuations at low tempera-
ture could therefore be dominated by a faster and
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temperature-independent mechanism. The RKKY inter-
action between the f spins leads effectively to a
temperature-independent spin-fluctuation rate given by

nRKKY=
1

tRKKY
5

1
9\ S p

6
~gJ21 !2J~J11 ! D 1/2

N~EF!J2

(49)

(Kumagai et al., 1981), where gJ is the Landé factor.
Hence the CePt2Sn2 results could represent an example
of the possibility of detecting by mSR the crossover be-
tween two different mechanisms responsible for the
f-spin fluctuations.

Below 1 K (i.e., at a similar temperature as TN ob-
served by specific heat, see above), the further increase
of lLF indicates a slowing down of the f moments. The
fact that the depolarization rate is only weakly affected
by a longitudinal field of 1 kOe demonstrates that the
origin of the depolarization still has a dynamical charac-
ter at low temperature. However, and in contrast to the
high-temperature situation, decoupling experiments in
high fields showed that the moments are fluctuating
rather slowly. It therefore appears that below 1 K there
is a tendency for the moments to try to order, but spin
freezing is somehow prevented and slow fluctuations
continue down to millikelvin temperatures.

In view of the mSR results, the observation via the
specific heat of static magnetism in a CePt2Sn2 sample
with monoclinic distortion suggests that the distortion
may promote magnetic order, perhaps by removing a
geometrical frustration of the spins. Without distortions,
the presence of geometrical frustrations leads to slow
fluctuations persisting for T→0.

It is worth mentioning that CePt2Sn2 samples without
an indication of static magnetism show a rapid increase
of the ratio C/T at low temperature. The concomitant
presence of a large C/T ratio and the proximity of mag-
netic order is strongly reminiscent of the situation ob-
served for heavy-fermion compounds showing non-
Fermi-liquid behavior (see Sec. VI.A), where an

FIG. 62. Temperature of the longitudinal-field m1 depolariza-
tion rate (Hext=100 Oe) measured in CePt2Sn2 with the initial
m1 polarization along the a axis (from Luke et al., 1995).
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invoked explanation for the large specific heat at low
temperature is based on the potential presence of low-
lying collective spin excitations connected with a zero-
temperature phase transition. It is therefore suggested
that additional investigations should be undertaken on
CePt2Sn2 with the specific goal to test for the presence of
a ground state with non-Fermi-liquid behavior.

Although mSR results show that CePt2Sn2 and CeCu6
possess a paramagnetic ground state, the origins for the
absence of magnetism in both compounds are probably
conceptually very different, involving possibly frustra-
tions for CePt2Sn2 and the presence of a paramagnetic
Fermi-liquid state for CeCu6.

The confirmation by mSR, of the existence of heavy-
fermion systems possessing a purely paramagnetic
ground-state represents more than simple measurements
with anecdotal character. Thus such an observation ap-
pears to support the simple model, described in Sec. I,
for which the properties of the majority of the heavy-
fermion systems are explained within a Landau Fermi-
liquid framework, where a one-to-one correspondence
between the excitations of the complex metallic systems
and those of a free-electron gas with strongly renormal-
ized parameters is assumed to exist.

VI. ‘‘EXOTIC’’ HEAVY-FERMION CLASSES

A. Non-Fermi-liquid behavior

As discussed in Sec. I, the observations of a large lin-
ear coefficient of the electronic specific heat, a large
Pauli-like susceptibility, and a T2-dependent electrical
resistivity are usually considered as characteristic fea-
tures of the heavy-fermion compounds. A recently dis-
covered class of heavy-fermion compounds with uncon-
ventional low-temperature properties is attracting
increasing interest. For the systems belonging to this
class, opposite of what was discussed at the end of the
previous section, transport and thermodynamic mea-
surements indicate that the Fermi-liquid description
does not apply. One observes, for example, a logarith-
mic divergence of the specific heat [i.e., C/T}
2ln(T/T0)] and a linear dependence of the electrical re-
sistivity, which are both taken as signatures of non-
Fermi-liquid behavior. Considerable discussion has
taken place about the source of such behavior, and con-
ceptually different origins have been invoked.

A two-channel quadrupolar Kondo effect has been
considered, where the quadrupolar moment of the f ion
interacts with the conduction electrons and the spin of
the conduction electrons provides the two available
channels (D. L. Cox, 1987). This single-impurity effect
has been shown to be possibly present in systems where
the U ions are in a 5f2 configuration and also in Ce-
based systems with hexagonal and cubic symmetry (Cox,
1993). Another possible origin of the non-Fermi-liquid
behavior is based on the suggestion that a paramagnetic
and a magnetically ordered ground state are practically
degenerate, leading to a quantum phase transition at
zero temperature (Löhneysen et al., 1994). Finally, it
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was also proposed that a non-Fermi-liquid behavior
might arise, in a single-impurity model, from a distribu-
tion of Kondo temperatures in disordered systems (Do-
brosavljevic et al., 1992).

In the following we present the main conclusions ob-
tained by mSR, where this method has been mainly uti-
lized to check for the complete absence of static magne-
tism in the non-Fermi-liquid regime.

1. Y12xUxPd3

The cubic system Y12xUxPd3 (space group Pm3m)
displays a variety of magnetic behaviors ranging from
localized f moments characteristic of x51 (note that
UPd3 has a dhcp hexagonal structure with space group
P63 /mmc), to spin-glass behavior for 0.5*x*0.3 (Sea-
man et al., 1992). On the other hand, the alloy
Y0.8U0.2Pd3 was the first system for which the magnetic
susceptibility and specific-heat data have been inter-
preted in terms of a non-Fermi-liquid behavior arising
from a two-channel quadrupolar Kondo effect (Seaman
et al., 1991). mSR experiments were undertaken to study
the crossover, and possible connection, between spin-
glass order and the non-Fermi-liquid state (Wu et al.,
1994).

Zero-field experiments at low temperature on alloys
with x50.4 and 0.75 show a sharp decrease of the m1

polarization at early time, followed by a minimum and a
1
3 recovery.5 This recovery is a clear signature of a spin-
glass order.

In canonical spin-glass systems, such as AuFe or
CuMn, the m1 depolarization, below the freezing tem-
perature Tg and for short times, assumes an exponential
form arising from the fact that the total distribution of
the local fields has a Lorentzian character. This Lorent-
zian distribution is obtained by assuming a Gaussian dis-
tribution (with a width D/gm) at each muon site and a
Gaussian distribution r(D) of the values of D to account
for different ranges of magnetic fields at different muon
sites. On the other hand, for dense spin-glass systems,
the total distribution of the local fields can be repre-
sented by a Gaussian distribution, since all the m1 stop-
ping sites have similar magnetic environments. A Kubo-
Toyabe m1 depolarization function [Eq. (26)] is
therefore expected for dense spin glasses below Tg .

The U concentrations in the Y0.6U0.4Pd3 and UPd4 al-
loys lie between the above described two limiting cases,
so a modified probability function r(D) had to be
adopted (for more details, see Wu et al., 1994). Figure 63
shows the half width at half maximum (HWHM) of the
thus obtained internal-field distribution, together with
the freezing temperature, as a function of the U concen-
tration. For the U concentrations x50.1 and x50.2 only
a reduced portion of the samples (;10% and ;40%,
respectively) show the occurrence of static magnetism.

5The 0.75 concentration is obtained with a UPd4 sample pos-
sessing the same cubic structure with stoichiometry
s0.25U0.75Pd3, where s represents a vacancy.
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The sharp decrease of the HWHM of the static-field dis-
tribution and of the freezing temperature, when lower-
ing the U concentration, indicates the disappearance of
spin-glass order around the threshold concentration of
x50.2. The large nonmagnetic fractions for x&0.2 can
be taken as evidence for the existence of a nonmagnetic
G3 ground state, which is confirmed by neutron-
scattering data (Mook et al., 1993). As stated above,
such a nonmagnetic ground state is required for a two-
channel quadrupolar Kondo effect, which could explain
the non-Fermi-liquid behavior in these systems. On the
other hand, the mSR data confirm that the systems ex-
hibiting non-Fermi-liquid behavior are close to a mag-
netic instability, which in this case is spin-glass freezing.
In accordance with the approximate scaling functions
shown by the specific heat and the magnetization in
magnetic field, this proximity indicates that a single-ion
quadrupolar Kondo effect is not the source of the non-
Fermi-liquid behavior in Y12xUxPd3. Hence no defini-
tive conclusions can be drawn at the moment. Neverthe-
less, Löhneysen (1995) noted that the presence of non-
Fermi-liquid behavior for a variety of samples (i.e., for
x&0.3), regardless of their proximity to magnetic order
or not, is a strong indication that the quadrupolar
Kondo effect must be the cause of this effect. However,
it remains to be seen whether the occurrence of non-

FIG. 63. Zero-field mSR measurements on UPd4 and
Y12xUxPd3. Upper part: Low-temperature width of the static
random fields as a function of the U concentration x . Lower
part: Magnetic phase diagram (freezing temperature) deter-
mined by mSR (from Wu et al., 1994).
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Fermi-liquid behavior for different U concentrations is
an intrinsic characteristic or might be related to small
distributions of local U concentration. In this vein, Sül-
low (1994) has demonstrated, via detailed metallurgical
analysis, that compounds with x&0.2 are intrinsically in-
homogeneous.

2. CeCu62xAux

This alloy has been extensively investigated, since, ac-
cording to symmetry-based selection rules (Cox, 1993), a
two-channel Kondo effect should be absent.

As stated in Sec. V.A, CeCu6 has a paramagnetic
ground state, but the substitution of Cu by atoms of
larger atomic radius (e.g., Au) expands the lattice and
therefore weakens the exchange interaction, leading to
the stabilization of the local f magnetic moment against
the formation of local Kondo singlets (see, for example,
Germann et al., 1988). For x50.1 (CeCu5.9Au0.1), the
magnetic order is suppressed to zero temperature, and
the nonmagnetic and magnetic ground states are degen-
erate (i.e., g5gc , see Fig. 2; Löhneysen et al., 1994). The
observation of non-Fermi-liquid features in
CeCu5.9Au0.1 seems therefore to arise from the proxim-
ity of the magnetic ordering occurring for x.xc.0.1
and points to a quantum phase transition between mag-
netic and nonmagnetic ground states at zero tempera-
ture.

Zero-field mSR measurements were undertaken to
check, by microscopic technique, for the complete ab-
sence of static magnetism for x→xc . Measurements per-
formed down to 20 mK fail to detect any clear magnetic
transition. For all the investigated temperatures, the
time evolution of the m1 polarization is best described
by a Kubo-Toyabe function [Eq. (26)], which is charac-
teristic of a paramagnetic ground state, where the m1

depolarization is solely due to the dipolar fields from the
nuclear moments (mainly 63Cu and 65Cu).

Although the Au ions substituting the Cu ions expand
the lattice and possess a strongly reduced nuclear mo-
ment, the measured values of the m1 depolarization rate
D of the Kubo-Toyabe function are identical in
CeCu5.9Au0.1 and in CeCu6 (see Fig. 61). This similarity
results from the fact that for x<1 the Au atoms exclu-
sively occupy the Cu(2) sites (Ruck et al., 1993), which
are not located in the vicinity of the m1 site (001

2 ) and
therefore only marginally contribute to the field distri-
bution at the m1 site. The main components of this field
distribution arise firstly from the Cu atoms located at the
Cu(5) sites and secondly from those located at the Cu(1)
sites. Assuming a small, local-lattice relaxation around
the m1 deduced from the Knight-shift data, one calcu-
lates for pure CeCu6 (see Sec. V.A) a theoretical value
of D50.246 ms−1 for the m1 depolarization rate at the b
site, which is in fairly good agreement with the mea-
sured value. With the observed linear variation of the
lattice parameters between x50 and x51 (Schröder,
Lynn et al., 1994), one calculates for x50.1 an almost
negligible decrease of 0.4% for the second moment of
the local-field distribution at the m1 site, which corre-
Rev. Mod. Phys., Vol. 69, No. 4, October 1997
sponds to a change of the m1 depolarization rate smaller
than the experimental resolution.

Regardless of the subtle contributions to the depolar-
ization rate, the complete absence of spontaneous Lar-
mor frequencies in the first place and/or of a clear
change of behavior of the depolarization rate in the mSR
signal of CeCu5.9Au0.1 strongly supports a nonmagnetic
ground state for this alloy. Since, as stated above, a two-
channel quadrupolar Kondo effect is very unlikely for
this orthorhombic structure, and keeping in mind that
for x.xc clear signs of static magnetism are observed by
macroscopic techniques, the mSR data appear compat-
ible with the suggestion that the non-Fermi-liquid be-
havior reported in CeCu5.9Au0.1 occurs in the proximity
of magnetic order.

Although more systematic mSR experiments should
be undertaken on other systems exhibiting non-Fermi-
liquid behavior, the mSR studies described above for
CeCu5.9Au0.1 and Y12xUxPd3 are compatible with a pic-
ture where the magnetic transition is suppressed to zero
temperature. Within this picture, the T lnT dependence
of the specific heat and T dependence of the electrical
resistivity would arise from the presence of low-lying
collective-spin excitations near the zero-temperature
phase transition. Although phenomenological models of
non-Fermi-liquid behavior resulting from a critical point
at T50 have been proposed recently (see, for example,
Tsvelik and Reizer, 1993), more theoretical work lies
ahead to understand the collective effect arising from a
zero-temperature phase transition.

B. Rare-earth heavy-fermion compounds with low
carrier density

This class of heavy-fermion compounds is attracting a
growing interest particularly in connection with the
high-Tc CuO2 layered systems which, in many respects,
appear to possess similar properties (see, for example,
Kasuya et al., 1993).

For this class of heavy-fermion systems, the non-f ref-
erence compounds are usually either semimetals or
narrow-gap semiconductors, and, as a consequence, the
f systems exhibit extremely low carrier concentrations
@ne&1022/(f atom)# . Although the number of conduc-
tion electrons available to interact with the localized f
moments is strongly reduced, some of these systems
present close similarities with the more traditional, me-
tallic heavy-fermion systems. Gigantic C/T ratios are,
for example, observed, and this raises the basic problem
of the nature of the degree of freedom giving rise to the
low-energy excitations underlying the large linear con-
tribution to the specific heat. These observations have
led to speculations about the presence of a many-body
Kondo resonance within the band gap or the occurrence
of magnetic transitions at very low temperature. Hence,
for this class of compounds, mSR was specifically utilized
as a check on such speculations, due to its high sensitiv-
ity to static magnetism.
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1. Ce3Au3Sb4

The cubic system Ce3Au3Sb4 (Y3Au3Sb4 structure,
space group I 4̄ 3d) is a narrow-gap semiconductor with
the Ce atoms in a well-defined 4f1 state (Kasaya et al.,
1991). Specific-heat data at low temperature exhibit the
presence of a clear peak for T&3 K [leading to a ratio
C/T(T→0).2.5 J/(K2 mol)], attributed to the occur-
rence of a Kondo resonance within the band gap
(Kasaya et al., 1994).

Zero-field mSR measurements have recently been un-
dertaken to gain more insight into the nature of such
specific-heat anomalies (Amato, 1995b). The m1 depo-
larization function is represented at all temperatures by
a Gaussian function G(t)5exp(2s2t2/2), for which the
temperature dependence of the depolarization param-
eter s is reported in Fig. 64. Above 2.5 K the depolar-
ization function is due to the dipolar fields of the
121,123Sb nuclei. (For these temperatures the Gaussian
function represents the short-time behavior of the ex-
pected Kubo-Toyabe function [see Eq. (26)] with the
correspondence s5D•& .) Below about 2.5 K the dra-
matic increase of the depolarization rate (which reaches
;3 ms−1 for T→0) represents the development of qua-
sistatic magnetic moments of electronic origin suppos-
edly randomly oriented, which creates a field distribu-
tion with zero average at the m1 site. The depolarization
caused by such a distribution should be best described
by a Kubo-Toyabe function with the typical 1

3 recovery
of the m1 polarization (Schenck, 1985). Consequently,
the absence of the 1

3 recovery in the present data points
to a small fluctuation rate of the magnetic moments. In
any case, the mSR data reveal that at least part of the
entropy release below 2.5 K must arise from some kind
of magnetic ordering. On the other hand, specific-heat
data in a magnetic field exhibit an increase both of the
temperature and the amplitude of the low-temperature
peak, which appears compatible with an anomaly in-

FIG. 64. Temperature dependence of the zero-field m1 depo-
larization in polycrystalline Ce3Au3Sb4. The depolarization
function is represented at all the temperatures by a Gaussian
relaxing function (see text; from Amato, 1995b).
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ferred from the Kondo effect (Hewson, 1993). Therefore
one point of view would be to invoke both mechanisms
to describe the specific heat at low temperature. An al-
ternative point of view is to consider that the Gaussian
decay of the m1 polarization arises from a dense spin-
glass-type order (see, for example, the discussion in Sec.
VI.A.1). On this assumption, the linear term of C(T)
could be associated with the almost linear behavior of
the specific heat of spin glasses due to magnonlike exci-
tations (see, for example, Maletta and Zinn, 1989). Such
huge terms linear in T , have, for example, been ob-
served in insulating spin glasses such as Eu0.25Sr0.75S
(Löhneysen et al., 1985). Interestingly, measurements in
magnetic fields of the specific heat of spin glasses indi-
cate a shift of the low-T anomaly toward higher T , com-
patible with what is observed in Ce3Au3Sb4 (Kasaya
et al., 1994).

A possible origin of the presence of a spin-glass-like
short-range ordering is the large deficiency on the Sb
and Ce sites (Adroja et al., 1995), which breaks the
translational symmetry of the Ce lattice and could ham-
per the development of long-range ordering. In the same
vein, Adroja et al. (1995) have detected an unusual
sample dependence of the transport properties in
Ce3Au3Sb4 with, for example, the electrical resistivity
exhibiting either Kondo-lattice or semiconducting be-
havior.

An alternative explanation for the short-range order-
ing has been invoked by Katoh (1994) based on the idea
of a magnetic polaron formulated by Kasuya et al.
(1993). In the low-carrier limit, impurity states can form
magnetic polarons with localized Ce 4f electrons. It was
speculated that such magnetic polarons, heteroge-
neously located in the crystal, could disturb a potential
long-range magnetic ordering due to the exchange inter-
action between the Ce3+ ions.

2. Sm3Se4

A description in terms of the Kondo effect and mag-
netic ordering had to be utilized for another low-charge-
carrier-density heavy-fermion system: Sm3Se4 (Frass
et al., 1992). This system crystallizes in the cubic Th3P4
structure, which is closely related to the Y3Au3Sb4 struc-
ture with the same space group I 4̄ 3d .

This compound shows a semiconducting behavior,
with, for example, an electrical resistivity revealing an
activation energy of Ea.0.13 eV, but here again low-T
specific-heat measurements have shown the presence of
a huge linear term of g.0.79 J/(K2 mol Sm3+).

mSR data recorded in zero field above about 20 K
(Takagi et al., 1993) indicate the presence of an expo-
nential depolarization rate lZF.0.4 ms−1 (see Fig. 65),
which cannot be ascribed to the linewidth, due to dipo-
lar fields from 77Se, 147Sm, and 149Sm for reasonable m1

stopping sites. The presence of a nonzero depolarization
in longitudinal-field data (with lLF only slightly smaller
than lZF) strongly suggest the presence of slow Sm spin
fluctuations. The slowing down of the spin fluctuations is
indicated by the increase of lZF and lLF with decreasing
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temperature. Below about 10 K, the zero-field mSR sig-
nal starts to develop a clear two-component function
with the presence of an additional fast Gaussian compo-
nent, the amplitude of which reaches ;45% at very low
temperature (see Fig. 65). Its Gaussian character indi-
cates the onset of static or quasistatic spin correlations in
the form of spatially disordered magnetism, at least in
part of the sample, and the linewidth reflects local fields
of the order of 25 G, which correspond to static Sm
moments of ;0.04 mB . In addition, at about
10 K the specific heat (Frass et al., 1992) starts to de-
velop a broad peak, which culminates at about 1 K, pre-
cisely the temperature where the depolarization rate of
the fast Gaussian component has reached a constant
value. Therefore, if, on one hand, the mSR data strongly
suggest that the observed specific-heat anomaly at low
temperature is due to the removal of local spin degrees
of freedom from the Sm3+ ions, they are, on the other
hand, not compatible with a simple description of the
specific-heat anomaly by a single-impurity Kondo
model.

The absence of a clear transition in the mSR data as
well as the broadness of the specific-heat contribution

FIG. 65. Zero-field mSR measurements on a polycrystalline
Sm3Se4 sample. Upper part: Temperature dependence of the
zero-field (ZF) depolarization rates for the exponential and
Gaussian components. Longitudinal-field (LF) results at high
temperature are also reported. Lower part: Temperature de-
pendence of the amplitudes of the two components of the
zero-field signal.
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have to be traced back to the absence of charge ordering
in superlattices of the Sm2+ and Sm3+ (present in a 1:2
ratio), which is, for example, observed in the related
compound Yb4As3 (Ochiai et al., 1993). For Sm3Se4, the
mSR data are again compatible with a dense spin-glass-
type behavior, which is also supported by the history-
dependent behavior of the magnetization and the behav-
ior of the specific heat in a magnetic field (Frass et al.,
1992). Therefore, as for Ce3Au3Sb4, possible magnon-
like excitations could be responsible for part of the large
term linear in T in the specific heat.

These latter two examples of mSR studies on heavy-
fermion compounds without charge carriers illustrate
the possibility that low-temperature magnetic transitions
and/or magnetic excitations strongly contribute to their
specific heat and could mimic the presence of an elec-
tronic contribution with a huge linear coefficient. Hence
it is advocated that microscopic studies, such as mSR,
should be undertaken as a further check of heavy-
fermion behavior.

3. Yb4As3

Among the rare-earth pnictides with the anti-Th3P4
cubic crystal structure (which is an inverse structure of
the Th3P4-type structure with same space group I 4̄ 3d),
the compound Yb4As3 exhibits astonishing properties.

From Hall-coefficient (Ochiai et al., 1987) and optical-
reflectivity measurements (Kwon et al., 1987), this sys-
tem has been shown to possess an extremely low carrier
concentration of ne.1023 per Yb3+ ion. Nevertheless,
Yb4As3 exhibits a heavy-fermion behavior, which is usu-
ally seen as a typical metal phenomenon and is charac-
terized by a large electronic contribution to the specific
heat @g.0.2 J/(K2 mol)# and a quadratic behavior of the
electrical resistivity (r2r05AT2). It has been shown,
moreover (Ochiai et al., 1990), that the T2 coefficient of
the resistivity scales with the linear coefficient of the
specific heat in the same universal way (Kadowaki and
Wood, 1986) as for usual heavy-fermion metals with
large carrier concentration.

Preliminary mSR studies were undertaken to test
whether low-lying collective-spin excitations could pos-
sibly account for part of the large specific heat at low
temperature (Takagi, 1994). Zero-field mSR data, down
to ;3 K, indicate a constant depolarization rate (see Fig.
66), which could be suppressed in longitudinal fields.
This depolarization rate, which is solely due to the
nuclear dipolar fields from the Yb and As isotopes, in-
dicates the absence of static 4f spin correlations and
therefore raises the question of the origin of the large
linear term in the specific heat. If no low-lying magnetic
excitations can be invoked, the large linear term must
arise from a large density of electronic states at the
Fermi level, which appears rather surprising in view of
the classification of this system as a low-charge-carrier-
density heavy-fermion compound. Thus, assuming that
the whole linear term in the specific heat is associated
with the free charge carriers, and taking into account the
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low carrier concentration, one estimates a mass en-
hancement over 1000, which would constitute the high-
est observed value.

To conclude, the origin of the heavy-fermion state in
Yb3As4 is still a mystery, and the study of the low-
energy excitations in this system should provide a fasci-
nating subject for further investigations.

C. Kondo insulators

Early in the study of heavy-fermion compounds, ex-
tensive theoretical work was devoted to the comprehen-
sion of the Kondo-lattice problem and its dependence
on the number ne of conduction electrons per f site. If
the conduction band is half-filled (ne51), the solution
of the Kondo lattice problem, for a parameter g [see Eq.
(4)] sufficiently large and no Coulomb interaction U be-
tween f states, is an insulator with a gap. This arises
from the fact that, according to Luttinger’s theorem
(Luttinger, 1960), the volume enclosed by the Fermi sur-
face is not dependent on the presence of interactions.
Martin (1982) showed that so long as there is no long-
range order, the same result is obtained even for UÞ0.
In terms of a simple Kondo model, this situation would
correspond to the filling of the Brillouin zone by addi-
tional states due to the Abrikosov-Suhl resonance. The
occurrence of an insulating gap is indeed observed for a
group of mostly cubic rare-earth-based systems labeled
as Kondo insulators (for a recent review, see Fisk et al.,
1995). These systems behave as disordered metals at
high temperatures but become semiconducting below
T* . The isostructural compounds, obtained, for ex-
ample, by replacing the Ce ions of a Kondo insulator by
trivalent non-f ions, are ordinary metals. Conversely, by
replacing the Ce ions by tetravalent non-f ions, one ob-
tains band-gap semiconductors, which confirm the theo-
retical prediction that the particular ground state of the

FIG. 66. Temperature dependence of the m1 depolarization
rate recorded in zero applied field in polycrystalline Yb4As3
(from Takagi, 1994).
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Kondo insulators is based on the hybridization of one
occupied f state with exactly one half-filled conduction
band.

Examples of Kondo insulators, such as the cubic sys-
tems SmB6, SmS, TmS, and YbB12, have been known
for more than two decades. A renewed interest in this
field was generated by recent neutron-scattering experi-
ments on SmB6, which revealed that the gap could be
due to the local formation of an excitonic band state
between f electrons and d holes, questioning therefore
the simple picture of a hybridization gap. Moreover, the
discovery of the noncubic Ce-based Kondo semiconduc-
tors CeNiSn and CeRhSb has also stimulated theoretical
and experimental studies of the Kondo insulators.

The few mSR studies of Kondo insulators were under-
taken with the aim to investigate their magnetic proper-
ties at low temperature and possibly observe an inter-
play between gap formation and magnetic interactions,
in order to understand the origin of the gapping of the
electronic spectrum.

1. CeNiSn

This orthorhombic system (space group Pn21a) is the
first example of a Ce-based Kondo insulator (Taka-
batake and Fujii, 1993). Above 20 K, CeNiSn behaves
like a metallic heavy-fermion compound with a high
characteristic temperature T*.100 K. Susceptibility and
resistivity data show signs of the development of coher-
ence in this Kondo lattice below about 20 K. Below 7 K
a gap is formed in the heavy quasiparticle band [this
latter being characterized by a ratio C/T.200
mJ/(K2 mole)]. NMR, as well as transport, thermal, and
elastic properties indicate the opening of an anisotropic
gap. Furthermore, inelastic neutron measurements (Ma-
son et al., 1992) revealed the presence of a spin gap at a
particular wave vector that was one order of magnitude
larger than the charge gap.

Based on macroscopic studies, possible transitions in-
volving some kind of ‘‘weak’’ magnetism were reported
at 12 K (Takabatake et al., 1990) and below 0.5 K (Aliev
et al., 1993), but no definitive conclusions could be
drawn. Additional information was provided by mSR
measurements (Kalvius et al., 1995). Zero-field studies
on single crystals established the absence of a magnetic
transition down to at least 0.011 K. This was inferred
from the absence of a spontaneous m1 frequency or a
rapidly depolarizing signal. In principle, the absence of a
spontaneous m1 frequency for an antiferromagnet might
reflect the fact that the muon stops at an interstitial site
with vanishing internal field. However, this requires a
m1 stopping site of high local symmetry, which is not
available in the orthorhombic structure of
CeNiSn.

Since in CeNiSn only scarcely abundant isotopes of Sn
carry a nuclear moment, the influence of the 4f Ce-spin
dynamics on the m1 depolarization rate is detectable in
zero-field and transverse-field studies. As an example,
the orientational dependence of the transverse-field m1

depolarization rate is reported in Fig. 67. Additional in-
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formation was provided by longitudinal-field measure-
ments that demonstrated the dynamical origin of the m1

depolarization rate lLF . From the field dependence of
lLF(Hext), a 4f spin-fluctuation rate n4f could be ex-
tracted at low temperatures, using the relation (see, for
example, Slichter, 1978)

lLF~Hext!}
lZF

11~gmHext /n4f!
2 . (50)

From the values of n4f.40 MHz and lZF , one obtains
an extremely small value for the field width D/gm

5A^Bm
2 &.10 G at the m1 stopping site, pointing to an

effective Kondo compensation of the 4f moments. If all
the Ce atoms carry a moment, the obtained field width
implies that the Ce-moment size is of the order of 4
31023 mB . On the other hand, by considering that a
reduced fraction of evenly distributed Ce atoms contrib-
utes to the linewidth, the involved moment could be
much higher (see Fig. 68). However, the consistency of
the mSR data obtained from the different samples and
the observed spatial anisotropy makes the scenario of a
few impurities with large moment an unlikely one.

Interpreting the change of the m1 depolarization rate
reported in Fig. 67 as a change of n4f , one observes that
n4f}AT , as represented by the solid line through the
data points. Similar to the situation observed for UCd11
(see Sec. IV.B.8), the AT dependence of n4f is consistent
with the typical NMR and neutron-scattering data ob-
served for Kondo lattices. Whereas for UCd11 the obser-
vation of dynamical effects by mSR was possible due to
the strong hyperfine coupling constant, in CeNiSn dy-
namical effects in zero-field or transverse-field experi-
ments can be observed, as stated above, due to the ab-
sence of a sizable nuclear-moment contribution and to

FIG. 67. Temperature dependence of the transverse-field
(Hext=1 kOe) m1 depolarization rate for single crystalline
CeNiSn with the a axis (solid symbols) or the c axis (open
symbols) oriented parallel to the external field. The lower set
of data points represents similar data for polycrystalline
Ce0.85La0.15NiSn. The solid line through one set of data points
represents a T21/2 dependence of the depolarization rate (from
Kalvius et al., 1995).
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the relatively slow fluctuation rate of the 4f moments.

2. Ce0.85La0.15NiSn

Due to small-gap semiconductor properties, the ef-
fects of coherence in heavy-fermion systems are most
pronounced in the Kondo insulators. In particular, the
Kondo insulators are very sensitive to strains in the crys-
tal and impurities. Adding small amounts of nonmag-
netic impurities leads to the formation of Kondo holes
(Doniach and Fazekas, 1992). A Kondo hole is a missing
f electron at a given site, which is introduced by a large
local f-level energy that prevents the occupation of the f
state. The presence of Kondo holes in a Kondo lattice
breaks the translational invariance and gradually de-
stroys the coherence of the heavy-fermion ground state.
When the concentration of Kondo holes is increased, an
impurity band forms in the gap of the Kondo insulators
and progressively smears the hybridization gap. Hence it
was speculated that hole-hole exchange coupling could
lead to an antiferromagnetic ground state. In order to
test such a hypothesis, mSR studies have been per-
formed on the system Ce0.85La0.15NiSn, which corre-
sponds to the La concentration for which the energy gap
is destroyed (Kalvius et al., 1995).

The search for a spontaneous m1 frequency in zero-
field experiments gave a negative result down to 0.011
mK. Interestingly, transverse-field results even indicate
a weakening of the magnetic behavior compared to the
pure CeNiSn (see Fig. 67). Therefore the mSR data
teach us that a transition, driven by a Kondo-hole–
Kondo-hole exchange interaction, into a long-range
magnetically ordered state can be safely excluded for
Ce0.85La0.15NiSn.

3. CeRhSb

CeRhSb presents close similarities to CeNiSn. It pos-
sesses the same orthorhombic crystal structure, with a
roughly 3% larger unit cell, and also belongs to the re-
cently discovered Ce-based Kondo insulators.

Like CeNiSn, zero-field mSR experiments did not in-
dicate any tendency of CeRhSb to enter into a magneti-

FIG. 68. Range of magnitude versus concentration of magnetic
moments, as derived from Monte-Carlo simulations, compat-
ible with the spectral parameters of CeNiSn in zero field (from
Kalvius et al., 1995).
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cally ordered state (Rainford et al., 1995). In particular,
no spontaneous m1 frequency or rapidly depolarizing
signal could be detected. Down to 0.5 K the time evolu-
tion of the m1 polarization is well described by a Kubo-
Toyabe function arising from the 121Sb and 123Sb
nuclear moments. The corresponding depolarization can
be totally suppressed in longitudinal-field measure-
ments, indicating that the Ce moments fluctuate rapidly
with a rate in the THz regime.

In agreement with the zero-field results, transverse-
field data show a temperature-independent m1 depolar-
ization rate down to 0.5 K. Figure 69 shows that below
0.5 K the m1 depolarization rate exhibits a slight rise,
which reflects, in a similar way to CeNiSn, the slowing
down of the f-moment fluctuation rate. However, in
CeRhSb the onset of this depolarization rate of elec-
tronic origin occurs at lower temperatures and has a
lower magnitude compared to the signal observed in
CeNiSn. Rainford et al. (1995) ascribed this difference
to the fact that in CeRhSb the f-spin fluctuations remain
faster, which is supported by the large linewidth ob-
served in inelastic-scattering studies (Rainford, 1995).

Although the mSR investigations of Kondo insulators
are still limited, the few available results appear to indi-
cate a slowing down of the fluctuation of the f moments,
which become detectable in the mSR time window. This
slowing down seems to be much more pronounced than
for the other heavy-fermion classes, for which the f fluc-
tuations were only detected for exceptional cases. This
observation is also corroborated by preliminary mSR
studies on another cubic Kondo insulator system,
Ce3Bi4Pt3 (space group I 4̄ 3d), for which the zero-field
m1 depolarization rate shows again a barely detectable
increase at low temperature, the origin of which appears
connected to rather slow fluctuations of the f moments,
as proven by longitudinal-field experiments (Heffner,
1994). Whether the apparently anomalous slowing down
of these fluctuations in Kondo insulators is connected to
the possible opening of a spin gap concomitant with the
opening of the charge gap remains to be seen and will
require careful comparisons between mSR and inelastic
neutron measurements.

FIG. 69. Temperature dependence of the m1 depolarization
rate (Gaussian fits) measured in a 100 Oe transverse field in a
CeRhSb polycrystalline sample (from Rainford et al., 1995).
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VII. SUMMARY AND OUTLOOK

In this review, I have attempted to give a survey of the
mSR studies on heavy-fermion compounds. Due to the
unique information obtained for this class of compounds
by the implanted muons and the increasing availability
and quality of mSR facilities around the world, the num-
ber of publications relating mSR studies in heavy-
fermion compounds is steadily increasing. A conse-
quence may therefore be that the present review will
rapidly become obsolete. However, the results discussed
in the preceding sections already demonstrate that a
wealth of diverse and unique information can be ob-
tained from mSR investigations on heavy-fermion sys-
tems. While it appears impossible to draw a general and
consistent picture of the available data to date, some
emphasis can be placed on a few novel phenomena, dis-
covered or confirmed by mSR, that have enriched the
complexity and, sometimes, the comprehension of
heavy-fermion physics.

The occurrence of magnetic phases with extremely
small static moments is now a well-established phenom-
enon. mSR studies have demonstrated that this magnetic
behavior, which is formed in the low-temperature
Fermi-liquid state and is usually ascribed to the itinerant
magnetism of the heavy quasiparticles, is a widespread
characteristic among heavy-fermion systems.

The microscopic coexistence of different electronic
subsystems in the ground state of some heavy-fermion
compounds has been detected by mSR for at least two
U-based systems (see Secs. III.C and IV.A.4). Whereas
a more localized f-electron subsystem is responsible for
the long-range antiferromagnetism, another itinerant
subsystem formed by the heavy quasiparticles appears
unstable against either a low-moment itinerant magnetic
phase (UCu5) or a superconducting phase (UPd2Al3).
A similar situation could occur for two other U-based
heavy-fermion superconductors (namely, URu2Si2 and
UNi2Al3), for which a microscopic coexistence between
magnetism and superconductivity has been established
by mSR studies (see Secs. III.D and III.C). On the other
hand, for the only known Ce-based heavy-fermion su-
perconductor, CeCu2Si2, the mSR data have clearly
proven that superconductivity and magnetism do not mi-
croscopically coexist. This has led to the hypothesis that,
for this system, magnetism and superconductivity are
two different, mutually exclusive ground states of the
same subset of electrons.

A number of mSR data on Ce-based heavy-fermion
systems indicate that the segregation of the sample vol-
ume in multiple domains is not limited to the
superconductivity-magnetism problem, but is also re-
flected by the occurrence of domains of different mag-
netic behavior. In addition, some Ce-based magnetic
heavy-fermion systems show an apparent absence of
clear cooperative phase transitions. Rather, the magneti-
cally ordered domains appear to grow gradually out of
the paramagnetic domains over a wide temperature
range. On the contrary, but with the still unclear excep-
tion of U2Zn17 (see Sec. IV.B.6), U-based heavy-fermion
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systems appear microscopically homogeneous. Such an
observation could be related to the extremely large val-
ues of the heavy-fermion Grüneisen parameter Ghf ,
which leads to an extreme sensitivity to internal strains.
Considering that U- and Ce-based heavy-fermion sys-
tems exhibit equally large Ghf values (de Visser et al.,
1990), this would imply that strains are more generally
present in Ce-based specimens. Whether such an obser-
vation has a fortuitous character (CeAl3 and CeCu5, for
example, which exhibit multidomain structures are both
formed through a complicated solid reaction, see Sec.
IV.A.1 and IV.B.3), or whether it is a result of a more
fundamental difference between 5f and 4f heavy-
fermion systems (Yb- and Sm-based heavy-fermion sys-
tems such as Yb12xYxBiPt and Sm3Se4 also exhibit mul-
tidomain features, see Secs. IV.A.6 and VI.B.2) still
needs to be investigated by systematic microscopic stud-
ies on high-quality single crystals.

Numerous mSR studies of the magnetic properties of
heavy-fermion systems have revealed features similar to
those of spin glasses, notably random magnetic order. In
particular, such a behavior was observed for several
heavy-fermion compounds classified as systems with low
charge-carrier density (see Sec. VI.B), and for which the
origin of the gigantic ratio C/T at low temperature ap-
pears unclear. Consequently, these mSR data suggest
that at least part of the huge term linear in T of C(T) in
these systems could be associated with the almost linear
behavior of the specific heat of spin glasses, due to mag-
nonlike excitations. An important lesson to be learned
from such studies concerns the absolute necessity of per-
forming microscopic studies prior to classifying a system
as a heavy-fermion compound.

Finally, mSR has provided evidence for the unconven-
tional character of the superconducting state of some
heavy-fermion systems. In this respect, the results ob-
tained on U12xThxBe13, and possibly on UPt3, may set
severe constraints on any further theoretical consider-
ations.

In conclusion, mSR has provided an impressive
amount of new information on different facets of the
heavy-fermion problem. Although a complete under-
standing of a significant part of the present data is still
missing and will require additional and systematic ex-
periments, it appears reasonable to say that mSR has
already significantly enhanced our level of comprehen-
sion of the microscopic aspects of heavy-fermion sys-
tems.
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Hartmann, O., R. Wäppling, A. Yaouanc, P. Dalmas de
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Schröder, A. , J. W. Lynn, R. E. Ewin, M. Loewenhaupt, and
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