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Experimental Perspectives on Heavy-Electron Metals

* *k Fokok
Z. FISK , H.R. OTT , and G. AEPPLI

*Los Alamos National Laboratory, Los Alamos, New Mexico 87545, **Laboratorium fir Festkdrperphysik,

ETH-HGnggerberg, CH-8093 Ziirich, **

*AT&T Bell Laboratories, Murray Hill, N.J. 07974

We motivate the description of heavy-electron metals in terms of concepts from the Kondo problem.
These concepts are used to discuss magnetism and superconductivity in heavy-electron systems. Par-
ticular attention is given to what we view as the principal outstanding questions in this field and
directions in which the field is developing. This will include consideration of the differences
between Ce and U heavy-electron compounds as well as the occurrence of very small ordered magnetic

moments.

1. INTRODUCTION

The class of materials called heavy-electron
metals is defined by the very large electronic
specific-heat coefficient, y, of order
1 J/mole K. It is now clear that there is a con-
tinuum in the physics which connects the heavy-
electron metals with metals with y's one to two
orders of magnitude smaller, and that no sharp
boundary demarks where heavy-electron behaviour
can be said to begin. It may seem surprizing that
a meaningful distinction can be made between ma-
terials based on y, but the distinction appears to
be a physically valid one and is based, ultima-
tely, on the fact that all the very large y's are
of the same magnetic origin.

The heavy-electron materials are all f-element
based (primarily on Ce and U), in particular on
those elements whose f-configuration is regarded
as unstable, although there appears to be no good
reason why such materials might not also be found
based on first row transition-metal elements. At
temperatures of order room temperature and higher,
the heavy-electron metals behave magnetically like
local-moment systems. On cooling to helium tempe-
rature, the local-moment susceptibility develops
into a Pauli-like susceptibility, characterized by
its magnetic-field independence. At the same time,
the remaining high-temperature spin entropy is
smoothly transferred to the conduction-electron
system: for effective spin J and temperature Tg
characterizing the change over, we estimate
vy =k In (23 + 1)/Tq per spin, in accord with
measured values.

A useful way to think about this change of be-
haviour is in Kondo terms: the local moments be-
come compensated via a Kondo-type interaction with
the conduction electrons, a consequence of which
is that a narrow resonance develops at the Fermi
level. The negative dp/dT often seen in the high-
temperature resistance behaviour and the large
positive Hall coefficient observed, are consistent
with this Kondo impurity picture, as is, of
course, the unusual magnetic susceptibility and
electronic specific-heat characteristics mentioned
above. The magnetic parentage of the large y's is
evident in the plot of y versus y (Fig. 1), where
we see that all the materials lie on the high-y
side of the Sommerfeld free-electron relation be-
tween y and x, indicated by the solid 1ine. In our
qualitative picture, it is the local moment fluc-
tuations which make the condition electrons heavy.
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2. NORMAL STATE

What is different in the atomically-ordered
lattices of f-ions from the "impurity" situation
is that the electronic state below some character-
istic temperature Ty becomes "coherent". The loss
of incoherent scattering, characteristic of the
high-temperature state, is clearly seen in the
rapid drop of the electrical resistivity and in
the loss of the large positive contribution to the
Hall constant [1]. The temperature characterizing
coherence is of the same order of magnitude as the
Kondo temperature connected with the ion lattice.
Theory has actually not progressed very far in
inter-relating the Kondo and coherence temperature
scales. A step in this direction has been the work
of Jones and Varma [2] on the two-ion Kondo pro-
blem. What they find is an important interaction
between the single-ion Kondo scale and the RKKY
coupling and present a scheme for extending their
considerations to the full Tattice. Batlogg et
al. [3] have presented evidence for a temperature-
dependent Kondo state in UBe;3 developing in the
vicinity of the onset of coherence, signaling a
breakdown in the single-ion Kondo approach.
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At T =

confirmation for the existence
states for heavy electrons has
the observation of de Haas-van
in CeCug [4] and UPts [5]. The
that no light masses have been

0 K, we expect the Bloch theorem to ap-
ply to the atomically-ordered compounds.

Dramatic
of coherent Bloch
been provided by
Alphen oscillations
interesting fact is
observed: all elec-

trons on the Fermi surface have become heavy. The
largest mass observed to date is 90 me in UPtj.
It is interesting that in the case of UPt;, for
which detailed band-structure calculations exist,
the extremal cross-sectional areas agree quite
well with the calculations. This is in Tine with
our qualitative remarks: Kondo-type interactions
can only influence states within kTy of the Fermi
level, affecting areas little.

Inelastic neutron-scattering experiments are
providing their own slant on the question of co-
herence. The most complete experiments addressing
this are on CeCug [6] and UPt; [7]. Strong anti-
ferromagnetic correlations are found to be a pro-
perty of the heavy-electron ground state, and
these correlations are washed out above the coher-
ence temperature (Fig. 2). The energy scale cha-
racterizing these fluctuations appears to vary
from compound to compound in the same way that the
coherence temperature does. It is also interesting
to note that there has been Tittle indication of
significant phonon softening in reported neutron-
scattering experiments on heavy-electron metals.

3. SUPERCONDUCTIVITY

Much interest attends the various phase transi-
tions observed in heavy-electron metals although a
number occur just as coherence begins setting in.
First among these are the superconducting phase
transitions, now firmly established for CeCu,Si,,
UBeys3, and UPts. URu,Si,, with a somewhat smaller
v, should also be considered with this group. T.
in all cases is near 1 K, and it is also observed
that (vy,y), for these metals, lies near the Som-
merfeld line. The important questions raised by
the occurrence of superconductivity in materials
with strong magnetic characteristics were both
whether a new mechanism is involved and whether a
new superconducting pairing is being seen.

It turns out that these questions are not easy
to answer experimentally and that an accumulated
body of data rather than a single definitive
result is determining the current thinking on
these matters. While the case has been made by
Steglich and co-workers [8] for an isotropic sin-
glet superconducting state in CeCu,Si,, there is
growing evidence that in UPts and UBe;3 the super-
conducting state is anisotropic. The evidence
comes from numerous measurements of non-BCS tempe-
rature dependences below T, including ultrasonic
attenuation [9], specific heat [10], thermal con-
ductivity [11], anhd London penetration depth
(Fig. 3). The point is that the anisotropic states
have zeroes of the gap on parts of the Fermi sur-
faces, either points or lines. These zeroes yield
power laws in T rather than exponential depen-
dence, as in the case where the gap is non-zero
everywhere, These power laws are also to be dis-
tinguished from the more conventional gaplessness
in magnetically doped conventional superconduc-
tors, which gives a linear in T contribution to
the specific heat. This linear term has been
claimed to be obseved in UPts, although recent
work refutes this [13]. There also exists an un-
usual anisotropy in the ultrasonic attenuation in
UPts [14], as well as a peak below T in the
ultrasonic attenuation in UBers [9].
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One of the curiosities of heavy-electron super-
conductivity is the behaviour of UBejz with Th im-
purities. The curve of T, versus Th concentra-
tion is not monotonic, and an extensive set of
measurements on the pressure dependence of T. as
a function of Th doping gives support to the idea
that there are at least two different superconduc-
ting states involved as x varies [15] (Fig. 4). It
has already been known for some time that there is
a second phase transition of unknown origin below
Te for x > 1.7% Th [16]. uSR experiments [17 ]
have been interpreted as showing that the Tlower
phase transition is to a state with an ordered
moment of = 0.001 pg/U. (We note that supercon-
ducting pairings with some net ordered moment are
possible). Specific-heat measurements have de-
termined in addition that the upper and Tower
transitions for x > 1.7% track each other in ap-
plied magnetic fields 518].

uSR experiments [17 also gave some evidence
for a small moment present in pure UPt3. This is
distinct from the magnetic ordering found at 5 K
in Th- and Pd-doped UPts [19], without supercon-
ductivity at lower temperatures. Now neutron expe-
riments [20] have found a magnetic ordering with
Ty = 5 K, and an ordered moment of
= 0.02 py/U. This is believed to be a feature of
the pure and not the defect lattice. A very inter-
esting point is that below 5 K the order parameter
grows to a value which becomes constant abruptly
at T = 0.5 K. It is important to also remark
that superconductivity co-exists with small moment
magnetism in URu,Si, [21] and perhaps
Uj_xThyB13, as mentioned above. The presence
of the small-moment ordering and the strong anti-
ferromagnetic correlations in the superconducting
state makes a magnetic mechanism for T. in these
cases plausible.

4. ANTIFERROMAGNETISM

Besides the superconducting phase transition, a
number of heavy-electron metals are known to un-
dergo antiferromagnetic phase transitions. The
compound U,yZny7 is one such, with Ty = 9.7 K. An
extensive neutron investigation has been conducted
on this material [22]. Magnetic-fluctuations,
highly localized in reciprocal space, are found. A
Kondo-1ike response function fits the data well,
and it is an unusual result of this analysis that
the phase transition is driven by the temperature
dependence of the RKKY interaction and not that of
x. An instability criterion of the form Jy = 1 be-
comes satisfied because J increases with decreas-
ing temperature, x remaining nearly constant near
Ty. This temperature dependence of the RKKY in-
teraction is the subject of the work of Jones and
Varma. A possible explanation for the extreme sen-
sitivity of Ty in UyZny; to Cu additions [23]
may then lie in the interference of these addi-
tions with the low temperature development of the
RKKY interaction.

An interesting feature of the heavy-electron
uranium compounds showing low-temperature magnetic
transitions is that the spin configurations have
been found to be commensurate. Spin configurations
in many Ce systems, we note, are often incommensu-
rate. Another feature found for the heavy-electron
uranium systems is that the ordered moments have
either of two values: = 0.7 pg/U or
= 0.02 pg/U [24]. Admittedly, the data set for
this observation is small, but it is remarkable,
for example that Th-doped UPt3 orders at 5 K with
0.7 pg/U while the pure UPt3 has the same ™
with 0.02 pg/U.
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Uj_xThyBe;s at various pressures (from ref.

Aspects of the magnetic ordering fit nicely in-
to the qualitative model discussed earlier. Below
the coherence temperature, the heavy-electron lat-
tice is a kind of van Vleck singlet lattice, only
here the singlets are not crystal-field singlets
but Kondo singlets. Magnetic order can be thought
about as occurring in such a lattice by a boot-
strap process. Imagine a small field at one f-
site. The Kondo ion there, in the small field, be-
comes slightly uncompensated, yielding a small net
moment at that site. This small moment, via the
RKKY interaction , generates a field at neighbor-
ing f-sites in the lattice. If the generated field
at the neighboring site is as large as the initial
small field at our original sites, a self-sustain-
ing internal field can be generated. The internal
field generated, in partially quenching the Kondo
compensation, will reduce the effective mass of
the conduction electrons. The loss of y below Ty
is then a loss in mass, not a loss of the Fermi
surface. These losses in y are, in fact, in accord
with the comparison of high-temperature effective
moments and the ordered, except in the case of
URu,Si,. Small-moment ordering of a strange kind
is also indicated in pSR experiments below 1 K in
CeAls [25].

It has not been so easy to identify heavy-
electron cerium magnetic compounds because the y's
in the magnetically ordered states are much smal-
ler than in U cases. The reason for this appears
to be that the Kondo temperature of Ce in its com-
pounds is, fairly generally, an order of magnitude
smaller than for U in its compounds. If the inter-
nal fields generated upon ordering are roughly the
same for both compounds, we expect a much stronger

quenching of the Kondo compensation, since this
will vary with the ratio Hint/To.
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Another aspect of the Ce system is that because
To is typically of order 1 K for them, RKKY inter-
actions often cause magnetic ordering before the
heavy-electron state can develop. In some cases,
such as CeCug, it appears possible to develop,
with impurity substitution, a heavy-electron state
from what appears to be a simple magnetic state
(fig. 5).

The most interesting substitutions which alter
the properties of heavy-electron systems are or-
dered ones, since the possibility for coherence
survives. Unfortunately, such substitutions can
not often be achieved. An interesting case is that
of adding Au to UPts to produce UAuPt,, where the
Au is believed to fill a special position in the
lattice. Here the y changes from 90 mJ/mole K? to
725 md/mole K2 for UAuPt, [26].
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Fig. 5. Low temperature C/T versus T2 for
CeAlCuy. Inset shows specific-heat data below
1K, the slope g1v1ng a low-temperature limit-
ing y = 2.20 J/mole K2 (from ref. 27).

5. CONCLUDING REMARKS

It is believed that a theory for heavy-electron
metals can be developed from studies of the Ander-
son lattice Hamiltonian. What one hopes to achieve
is a phase diagram encompassing the rich variety
of phenomena observed experimentally. Do the
small-moment orderings, for example, only occur
near the Sommerfeld line in the (y,x) plot? And
how are we to think about phase transitions occur-
ring, as in UCug, in a heavy-electron state which
develops in the presence of higher temperature
magnetic order [28]?

It is important to understand how the very
small energy scales observed come into being, Yb
compounds can provide a useful approach to such a
question because here pressure can be used as a
clean probe to push the f 13 configuration towards
integral occupancy. It would be interesting if
superconductors were to be found in the process.

The heavy-electron problem appears as a piece
of the more complicated transition-metal problem,
Spin fluctuations appear to dominate the physics
of the heavy-electron metals, not charge fluctua-
tions. In the transition metals the magnetic elec-
trons enter into the bonding, and are consequently
importantly involved in the free energy of the ma-
terials. There must exist transition-metal com-
pounds where the spin-fluctuations dominate, and
if external conditions could be changed so as to
mix-in charge fluctuations, an important new at-
tack on the larger problem could be made from the
heavy-electron arena.
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