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For some time it was believed that heavy-mass electrons at low temper-
atures, in special rare-earth and actinide compounds, were due to a par-
ticular suppression of magnetic order in these materials. Various experi-
ments reveal, however, that magnetic order may occur from a heavy-electron

" state and that also a heavy-electron state may develop in the presence of
a magnetically-ordered matrix. Even in materials with no sign of a coop-
erative phase transition, microscopic experimental probes give evidence for
strong magnetic correlations, involving only very tiny (< 10~ pg) ordered
moments, however. All these experimental observations indicate that the
heavy-electron state cannot always be regarded as a simple Fermi liquid in
the usual sense. Various interactions of similar strength need to be consid-
ered. It is suggested that the balance of these interactions may lead to elec-
tronic inhomogeneities in k space. Both in magnetically-ordered or supercon-
ducting systems, unexpected electronic degrees of freedom appear to exist.
In other cases experimental observations suggest magnetic inhomogeneities
in real space which are not simply due to chemical inhomogeneities. Different
examples of these various possibilities are demonstrated and discussed.

PACS numbers: 75.20.~g, 75.20.Hr, 75.30.-m, 75.30.Mb

1. Introduction

The questions regarding the stability of magnetic moments in metals have
been pursued for a long time but the ideas considered in the early works of
Friedel [1], Blandin [2], Anderson [3] and Kondo [4] still provide the essential
background for discussing recent and new experimental observations. Simple met-
als are believed to be well understood with a Fermi-liquid-type behaviour at low
temperatures and, quite often, a transition to a superconducting state because of
electron—phonon interaction. Less transparent is the behaviour of d- and f-electron
transition metals and compounds. The most recent interest in such materials is
connected with a class of substances that was termed heavy-electron systems. Here
the electron—electron interactions dominate the electronic properties and therefore,
many-body effects can no longer be neglected or treated with simple approximation
schemes.

(7)
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Materials under consideration here contain ions with configurationally well
defined magnetic moments, due to incompletely-filled atomic electron orbitals,
on regular lattice sites. These moments necessarily interact with the ensemble
of conduction electrons and it may be expected that the adopted ground state
is of some magnetically-ordered variety. In this case it is usually assumed that
the Ruderman-Kittel-Kasuya-Yoshida (RKKY) interaction via conduction elec-
trons [5, 6] couples the individual ionic moments. The above-mentioned theoretical
work essentially considered the stability of an isolated single magnetic moment in
a metallic environment. The main obstacle with the new developments is to treat
the analogous problem for arrays of such moments in 3 dimensions. Obviously,
there are competing trends in the magnetic moment—conduction electron interac-
tions, either favouring a cooperative alignment of moments or else, leading to a
reduction or even full compensation of moments on a single-ion level, whereby also
cooperatively compensated states ought to be considered [7].

Below we intend to discuss a few experimental observations which indicate
that due to competing interactions of likely similar magnitude, ground states that
are more complex than those envisaged before may be adopted. The main purpose
of this discussion is to provide evidence for new aspects of inhomogeneities in
these materials, namely a probably not structurally-related anisotropy of electronic
states in k space and a new type of inhomogeneous magnetic correlations in real
space. These selected examples may serve as a guideline for future explorations in
this field, both in experinent and hopefully also in theory.

2. Examples of experimental observations

2.1. CeAls

This compound has been for a long time considered to be a standard exam-
ple where well defined local magnetic moments at low temperatures donate their
degrees of freedom to a new kind of state with the characteristics of a Fermi-liquid
state with strongly renormalized paraméters, i.e., formed by quasiparticles with
considerably enhanced effective masses. This view was based on the results of
experiments probing thermal- and transport properties at high and low tempera-
tures, i.e., between 0.05 and 300 K [8, 9].

It was therefore very surprising when a SR experiment probing microscop-
ically the magnetic properties of this material revealed a more complicated sit-
uation below temperatures of about 2 K [10]. At very low temperatures and in
zero magnetic field an oscillatory component in the uSR spectra indicated that at
least quasistatic magnetic correlations inducing a corresponding magnetic field at
the muon sites develop. The oscillation frequency decreases by approximately 15%
between 0.05 and 0.7 K (see Fig. 1), and above this temperature the oscillatory
component has vanished. The single frequency proves that the muons experiencing
this field are trapped and decay on magnetically equivalent sites. The tempera-
ture dependence of the y+-decay asymmetry indicates that the number of trapping
sites exposed to the quasistatic field with a non-zero average value increases with
decreasing temperature. As T' approaches 0 K, virtually the whole sample volume
is magnetically correlated [11]. The growth of the correlated regions occurs with-
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Fig. 1. Temperature dependence of the spontaneous ut precession frequency in zero
external magnetic field in CeAls below 0.7 K.

out any manifestation of a cooperative phase transition, as concluded before from
experiments probing macroscopic properties.

Additional uSR experiments in non-zero external fields were used to iden-
tify the pt-decay site in the crystal lattice with some reliability. Corresponding
calculations and a thorough analysis of all available data indicated a value for
Ce3t derived moments of about 0.05 pp/Ce below 0.7 K [12]. It is obvious that
both this small value of the moments involved in the correlations and also the
unusual, spatially inhomogeneous increase in magnetically-correlated volume with
decreasing temperature need more attention.

More recent low-field NMR experiments on the same material and at temper-
atures between 0.035 and 20 K confirm to a large extent the previous microscopic
observations [13]. Above 1.5 K, fairly sharp and quadrupole-split resonance lines
of 27A] nuclei indicate a normal paramagnetic environment. Below 1.5 K, however,
a broad background intensity increases with decreasing temperature and at the
lowest attained temperature of 0.036 K, the NMR response has transformed into
a broad peak with a width of a few hundred gauss (see Fig. 2). These spectra may
again be taken as evidence for a growing portion of volume with a non-vanishing
internal field of a magnitude that does not vary considerably with temperature.

Subsequent measurements of the spin-lattice relaxation rate 77 * reveal a
Korringa-type behaviour in this temperature interval, i.e., again no evidence for a
cooperative phase transition. As expected, the Korringa constant is considerably
enhanced if compared with the value obtained for pure Al [14].
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Fig. 2. NMR spectra of 2’Al in CeAl; at a frequency of 3.964 MHz and at low temper-
atures.

2.2. YbPiBi

This compound is the end member of a series RPtBi, where R stands for
rare-earth elements. The crystal structure of these compounds is of cubic symme-
try. Considering the unit-cell cube, all sites in the middle of the cube edges are
unoccupied and also the potential site in the center of the cube is empty. The
compounds with light rare-earth elements are semiconductors and only the Yb
compound is a good metal with a residual resistance ratio (RRR) of the order of
20 [15]). Thus this compound may be regarded as being close to a metal-insulator
transition. Recent Hall-effect data confirm this view by revealing a very small
number of charge carriers per unit cell [16].

The most outstanding property of this substance is an extremely large spe-
cific heat at very low temperatures [17]. In Fig. 3 we show C,(T") between 0.1
and 1 K. Between 0.5 and 1 K, the specific heat is almost constant. Just below
0.4 K, a small but distinct peak indicates a phase transition and below 0.35 K,
Cp(T) varies almost linearly with temperature. Here, the ratio Cp(T') is extremely
large (= 9 J/(mole K?) and the entropy related with this specific heat is Rln2
between 0 and 1 K. Additional information concerning the phase transition just
below 0.4 K has been obtained from x(T") measurements [18]. A plot of xac(T')
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Fig. 3. Specific heat at YbPtBi below 1 K.
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Fig. 4. Low-field ac magnetic susceptibility of YbPtBi below 0.7 K.

for H = 0 and T between 0.07 and 0.7 K is shown in Fig. 4. A distinct kink at
0.39 K and a rounded maximum at 0.1 K are the most prominent features. Both
these features vary with increasing external magnetic field. The kink is shifted to
lower temperatures and is no longer discernible for fields exceeding 2 kQOe. The
rounded maximum occurs at slightly higher temperature at low field values and
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for H > 2 kOe is shifted back again to lower temperature. Varying of the applied
frequency v of the xac measurement revealed that the transition is not of spin-glass
type because no shift in the kink temperature was observed for v varying between
a few tens of s~1 and some kHz [19].

A microscopic study with special attention to this phase transition was at-
tempted with uSR experiments below 1 K [20]. The zero-field 4SR spectra reveal
two distinctly different magnetic environments for the u* decay sites by the ob-
servation of two decay channels with distinctly different relaxation rates. As for
CeAls, the percentage of these two magnetically-inequivalent sites changes with
temperature whereby the most sizeable variation is ohserved between 0.2 and 0.7 K
(see Fig. 5). From experiments made in external fields it may be concluded, how-
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Fig. 5. Temperature dependence of the amplitudes of the slow and fast components of
ut relaxation in YbPtBi below 1.2 K.

ever, that the put decay sites are structurally equivalent and therefore again, a
magnetic inhomogeneity has to be considered. For T close to 0 K, the magneti-
cally different domains must be distributed with a ratio of about 2:1. If at all, the
transition manifests itself by an increase in the respective relaxation rates, whereby
the increase for the fast-decaying component amounts to a factor of about 6. Nev-
ertheless, this increase is far from being abrupt in temperature and certainly not
comparable to the distinct anomaly in C,(T’). Calculations aiming at determining
the value of Yb moments that might explain the uSR results give 0.1 upg/Yb or
less. This again implies a tremendous reduction of any reasonable moment to be
expected from the Yb3* configuration.

Very surprising are the results of Cp(7) measurements on material where
Yb is partly replaced by Y, i.e., of the type Yb;_,Y,PtBi. It was found that the
overall magnitude of C, below 1 K scales with the content of Yb ions per formula
unit, as may be expected. Quite unexpected, however, is the observation that the
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Cp-anomaly occurs always at the same temperature for z varying between 0 and
0.5 [18]. This implies that the order parameter involved in the transition must be
of rather local character. Structural disorder, which might be expected from the
features of the unit cell described above is unlikely the cause for this because the
sizeable value for the RRR and the structural equivalence of the ut trapping sites
effectively rule out this explanation. It is to be hoped that further microscopic
studies with higher-resolution capabilities would help to solve these puzzles. For
theoretical efforts it must be kept in mind that various important interactions
(crystal-electric field, RKKY exchange interaction, Kondo’s compensation) are of
almost equal size and small.

2.8. UCusy

Experimental studies of the low-temperature properties of this compound
gave the first evidence that a heavy-electron state may also form in the environ-
ment of a magnetically-ordered matrix [21], a feature that was not anticipated
in early models for explaining heavy-electron formation. Below we discuss some
experimental results which suggest that the ensemble of itinerant electrons con-
sists of essentially 1ndependent subsystems. Various macroscopic and microscopic
measurements established the rather conventional antiferromagnetic order among
ionic U moments of respectable value of the order of 1 up/U [22-24]. The corre-
sponding phase transition occurs at 15 K. Clear manifestations of this transition
are anomalies in the temperature dependence of the specific heat Cp(T") and the
electrical resistivity p(T'). The feature of the latter anomaly implies that the tran-
sition induces a partial gapping at the Fermi surface thereby reducing the amount
of available itinerant charge carriers [25]. The temperature dependence of p be-
tween 0.02 and 30 K is shown in Fig. 6. It reveals that the remaining free carriers
experience a drastic reduction in scattering below about 12 K, a combined effect
of reduced magnetic scattering and the gradual onset of coherence with decreasing
temperature.

This coherence leads to a distinct increase in the Cp/T-ratio with decreas-
ing temperature below 4 K, rising to a value exceeding 300 mJ/(mole K?) below
2 K. This correlated electronic subsystem now, by itself, loses its stability and
another phase transition at approximately 1 K is indicated again by anomalies
of the specific heat and p(T) (see Fig. 6). Below 1 K, p(T') reaches a maximum
at 0.4 K and subsequently decreases somewhat as T approaches zero kelvin. The
anomaly of Cp(T') is distinct but small, only little entropy change is involved. Be-
low 0.7 K, Cp decreases linearly in temperature to zero, i.e., Cp = 9T, whereby y =
80 mJ /(mole K2) [21]. These two observations again imply a substantial reduction
of the Fermi surface and in combination with additional transport and spectro-
scopic measurements it may be concluded that the now remaining itinerant elec-
trons form a state with the features of a renormalized Fermi liquid as T — 0 K.
This state, however, coexists with a conventional magnetically-ordered state, cer-
tainly stabilized by RKKY interactions, and yet another ordered phase, developing
below 1 K, whose order parameter is not yet established.

Rather unexpectedly this 1 K transition does not influence in any detectable
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Fig. 6. Temperature dependence of the electrical resistivity of UCus below 30 K. The
inset shows the data obtained below 2 K on an expanded temperature scale.

way the magnetically-ordered state that develops below 15 K. This became obvi-

ous from recent uSR- and neutron experiments probing the magnetism of UCus

below 15 K [24]. Within experimental resolution, no alteration in either the mag-

netic structure or the magnitude of the ordered moments at 1 K could be observed.

The only microscopic manifestation of this transition in #SR or neutron scatter-

ing is an increase in the relaxation rate in the put-decay spectra. This is shown
for one relaxation channel in Fig. 7. A possible implication of this result may be
the formation of order among tiny moments that would escape the detection with
neutron techniques but drastically influence the heavy-electron state that develops
below 4 K. Estimating the possible magnitude of moments involved in the tran-
sition from pSR data results in values of 0.1 ug or less. Another conjecture, the
formation of a small internal distortion of the crystal lattice, i.e., the formation of
a charge-density wave does not seem to be compatible with the combined uSR-
and neutron results.

The 1 K transition is extremely sensitive to impurities and imperfections
in general, as is often observed for heavy-electron systems. For some deliberately
introduced impurities, especially those on Cu sites, this is also true for the 15 K
transition, in not the same excessive way, however [25]. The conjecture of the
coexistence of two essentially decoupled electronic subsystems found some support
in recent thermal expansion measurements [26].

The major question of how this separation within the subsystem of the con-
duction electrons might occur is still a puzzle. Estimates based on band-structure
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Fig. 7. Temperature dependence of the uSR relaxation rate for one decay channel in
UCus below 2 K.

calculations reproduce both the Néel temperature and the magnitude of the or-
der moment of the conventional antiferromagnetic order quite well [27]. There is
clearly no hint, however, of the behaviour at lower temperatures described above.
Considering the crystal structure of UCug it may be noted that cation- and anion
sites are structurally well separated and this may lead to an intrinsic anisotropy of
possible interactions. Nevertheless, the fact that a heavy-electron state may also
form even when the f-electron moments are aligned in a conventional magnetic
order seems of some significance for theoretical models describing corresponding
correlated systems.

24 Ul_;,,- Thz B€13_yBy

Superconductivity in this type of compounds occurs out a highly resistive
and strongly paramagnetic normal state [28]. Various experimental results indicate
that the superconducting state in pure UBej3 is unconventional and characterized
by gap zeros (see e.g. [29]). Magnetic and non-magnetic substitutions on either the
U or the Be sites usually lower the critical temperature T;. for superconductivity
very effectively and result in extensions of the gap zeros over appreciable parts of
the Fermi surface already for small concentrations of impurity elements. Outstand-
ing exceptions are replacements of U by Th and Be by B on a low atomic-percent
level. Experimental observations concerning the properties of correspondingly ma-
nipulated materials have been published before [30, 31]. :

The most amazing results of Th substitutions of concentrations z is the
non-monotonic dependence of 7.(z) and the appearance of a second phase transi-
tion in the superconducting state which is, however, restricted to the concentration
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range 0.02 < z < 0.045. The corresponding phase boundaries combine to a highly
unusual superconducting phase diagram [32) and it has been conjectured that
superconducting phases with different types of order parameters are realized in
this compound series. This phase diagram, as it follows from measurements of the
low-temperature specific heat C,(T") is shown in Fig. 8. Microscopic measurements
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Fig. 8. Superconducting phase diagram of U;_.Th;Bes.

using the uSR technique [33] indicate that in the superconducting phase denoted
as L, superconductivity either coexists with ordered magnetic moments of the or-
der of 10~2up /U or that the superconducting order parameter carriers a magnetic
component. Model calculations based on a Ginzburg-Landau-type analysis [34]
indicate that the second possibility may indeed be realized. The first possibility
would again require the coexistence of two long-range order phenomena, in this
case of superconductivity with some small-moment magnetic order, both involving
the heavy quasiparticles.

Boron doping on the Be sites in relatively small quantities has a drastic effect
on the Cp anomaly at the superconducting transition [31, 35]. This is exemplified
in Fig. 9, where it may be seen that for y ~ 0.03, the discontinuity AC), at T¢
is about twice as large as that expected from the weak-coupling BCS calculation
and we also note that the shape of the anomaly is distinctly different from the
usual mean-field behaviour and shows a tendency towards a A-type anomaly. The
reason for this drastic change in spite of only a small alteration of the chemical
composition of the material is not known. One possibility is a drastic reduction of
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the superconducting coherence length upon doping with B but it is again not clear

how this should happen by the addition of only a small percentage of B atoms per
formula unit.
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Fig. 9. Cp/T ratio of Boron-doped UBeis below 1.2 K. The broken line indicates the
expected BCS anomaly in the weak-coupling limit.
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Fig. 10. C,/T ratio of superconducting U;_Th;Beja—yBy compounds below 1 K.

A similar anomaly enhancement is observed for Th-doped UBejs. This is
demonstrated for one selected example in Fig. 10, where the respective ratios
Cp/T are plotted versus temperature. This figure emphasizes, however, yet another
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problem that arises if one considers the requirement of entropy balance that should
be obeyed in this type of phase transition. It is quite obvious that this require-
ment cannot be met without assuming that the hypothetical normal state of these
materials carries some hidden degrees of freedom at temperatures below T,. The
corresponding specific heat, assumed to be described by C, = y(T')-T, would neces-
sarily result in a y-value at zero temperature of the order of ¥(0) = 3 J/(mole K?).
Again it is not clear where these degrees of freedom originate. Suppressing the su-
perconducting state with large external magnetic fields and probing C,(t) under
these conditions is not an advisable way to solve this puzzle, because magnetic
fields of the required magnitude certainly influence the electronic characteristics
of the normal state that would be established in zero external field at' tempera-
tures below T, and therefore any conclusion drawn from such an experiment is
necessarily ambiguous.

3. Conclusion

The above presented, especially selected examples are intended to demon-
strate that ground-state properties of materials termed as heavy-electron systems
are not really well understood. It appears.that at least in some cases, the ex-
perimentally established properties are not easily reconciled with expectations of
behaviour that follow from models assuming a simple Fermi-liquid to be the gen-
eral ground state of these systems.
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