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Chapter 8

HIGH-FIELD DILATATION EXPERIMENTS ON UPTj3; THE
PURE HEAVY-FERMION STATE

8.1 Introduction

In this chapter, we will present the high-field thermal-expansion and magnetostric-
tion data on UPtz. UPt; is an interesting compound for several reasons. It can
be considered as a prototype system for the U-based heavy-fermion compounds. It
displays all three properties, considered most salient for heavy-fermion behaviour, in
extreme form. In the field-temperature region where the heavy-fermion behaviour is
assumed to be present, i.e. for temperatures and fields below 17 K and 20 T, re-
spectively, an apparent heavy electron mass in combination with a strongly enhanced
strain dependence, a high value for the electronic Griineisen parameter and a small
but essentially non-zero magnetic moment are observed. As already discussed, its
magnetic ordering is also particular in this phase, suggesting the existence of sheets
of heavy-fermion behaviour in the (a, b)-planes coupled along the c-axis.

Aside from the superconductivity observed below 500 mK, no other phenomena
are observed. We will leave the superconducting phase outside the scope of our
inquiries and refer to [1] and references therein for further details.

The properties of UPt3 can easily be modified by doping with low concentra-
tions of Pd as a substitute for Pt. Depending on the degree of doping, various extra
phenomena can be introduced, such as: long-range antiferromagnetic ordering and
what is called ”temperature-induced re-entrant heavy-fermion behaviour ”.

A special role is set aside for magnetic fields. Not simply an extra energy
scale is added, but the physics in field is fundamentally different from that without
a field. E.g., a field is the only external parameter, that has direct interactions with
spins. This is of particular interest for heavy-fermion behaviour. Its elementary exci-
tations are expected to involve predominantly spin-degrees of freedom. Furthermore,
a magnetic field affects the density of states. It also introduces an extra quanti-
zation in the form of, e.g., the Zeeman splitting or Landau levels. For the spin of
free electrons (£3up), this results in an energy splitting to be expressed in a sim-
ple energy-scaling relation. Each kelvin corresponds to 0.5 T. Surprisingly enough,
a similar energy-scaling relation seems to exist between the characteristic field, B*,
and the characteristic temperature, T*, for heavy-fermion behaviour. For UPt; with
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a value for T* in the order of 10 K, the need for high fields, B> 20 T, is established.

An important feature here will be that phonons have no direct magnetic-field
dependence. Any magnetic-field dependence observed must, therefore, be related
to the effect of the magnetic field on the electronic part of the system. Applying
magnetic fields allows for some form of separation between the electronic and phononic
properties.

A point briefly to be mentioned here is the already discussed preference for
antiferromagnetic ordering and the de-preference for ferromagnetic ordering by the
heavy-fermion behaviour.

We will argue that for UPt3 and its heavy-fermion behaviour, the primal effect
of an applied field is to shift the peak in the density of states associated with heavy-
fermion behaviour to lower energies with respect to the chemical potential. In this
picture, B* corresponds to the field needed to shift this peak completely below the
Fermi energy. That implies that for B > B* at the lowest temperature such a
peak and hence heavy-fermion behaviour are no longer detected in a thermodynamic
experiment, but that as temperature is increased such states could possibly again
affect such experiments.

From specific-heat experiments, estimates can be deduced for the size of the
apparent effective heavy-electron mass ([2]). With the aid of dilatation experiments,
further information can be deduced concerning their relative strain dependence. This
strong strain dependence is a typical feature of heavy-fermion behaviour. Further-
more, dilatation experiments are directional sensitive as opposed to the specific-heat
experiments (one can measure the dilatation along various crystallographic axes). We
argued that, in a plot of the length of a sample as deduced from dilatation experiments
versus temperature and field, the heavy-fermion phase should be clearly detectable
as a valley even at non-zero temperatures. Dilatation experiments are, therefore, an
excellent tool to study the possibility of the existence of a heavy-fermion phase at
higher temperatures even in case it is absent at the lowest temperatures.

We present thermal-expansion and forced-magnetostriction data on UPt; in
the temperature range 1.5-17 K and in magnetic fields up to 25 T. Temperature and
field ranges are chosen so to cover both the characteristic temperature, T*, of 11 K
and the characteristic field, B*, of 20 T. The magnetic field is always applied parallel
to the crystallographic a-axis. For this field direction, the length changes along the
a-, b- and c-axes have been determined. The experiments have been performed on
the same sample as used in previous specific-heat ({2]) and magnetostriction ([3])
measurements. Length changes were measured using a parallel-plate capacitance
method.

The relative strain dependence of the electronic effective mass (m*) is defined

_ 9(In(m"))
7= (L)

(8.1)
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in which L; represents the sample’s length along i = a-, b-, or c-axis. 7; can be deter-
mined from a combination of thermal-expansion data (as presented here) and specific-
heat data (as presented in [2]). Two approaches exist. The standard Griineisen-
parameter analysis can be performed. The alternative approach is by means of a
rigorous result of Fermi-liquid theory. The ratio of the low-temperature linear co-
efficients of thermal expansion and specific heat is expected to be proportional to
the apparent electronic 7; (in which i is in the direction along which the thermal
expansion is measured). This is in complete analogy with the well-known result
from Fermi-liquid theory that the low-temperature linear term of the specific heat is
proportional to the apparent electronic effective mass itself.

The Griineisen analysis leads to a temperature dependent expression while

the Fermi-liquid argument only produces a to zero-temperature extrapolated
result.

Methods exist (see e.g. [4] ) by which the direct contribution of the phonons
to an observable quantity, such as e.g. specific heat or thermal expansion, can be
estimated. To assign the temperature dependence of the remainder to the tempera-
ture dependence resulting from the electronic excitations is not always correct. Asa
high value for the Grilneisen parameter is taken as a fundamental property of heavy-
fermion behaviour, also a strong electron-phonon coupling must be expected. The
strong electron-phonon coupling causes properties of the electronic excitations and
their temperature dependence to be strongly affected by the presence of phonons and
their temperature dependence. One could imagine that, as an effect of the phonon
system present, the electronic excitations liable for the heavy-fermion behaviour are
dressed in a fashion similar to, e.g., a polaron, see [5][6][7]. In this case, the dressing
has a dramatic effect on the properties of the electronic excitations. In [5][6][7] it was
estimated that for typical heavy-fermion systems this may leads to a 25 % reduction
of the effective mass of the electronic excitations.

The presence of phonons will affect parameters, such as the ligand-hybridization
strength, essential for such electronic excitations. We estimated that already from the
zero-point motion of phonons (the ground state of the phonon system at zero tem-
perature), a drastic effect must be expected on the effective mass of the electronic
excitations.

It is clear that a considerable fraction of the temperature dependence of the
properties of the electronic excitations is stemming from the temperature dependence
of the phonon system and a strong electron-phonon coupling.

Instead of studying the temperature dependence, a better option is to study the
field dependence of m* and 7;. Phonons are hardly field dependent, and the observed
field dependence must, therefore, directly be linked to the electronic system.

By a comparison of the different field dependencies of 7; (for i = a- and b-axis)
versus m* around B* we will try to deduce features for the anomalous structure in
the density of states (as there is the strain dependency of energy levels) typical for
heavy-fermion behaviour.
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Figure 1 Magnetostriction of UPt; for fields, B || a-axis, covering the characteristic field of
B* = 20 T. From left to right, the magnetostriction along the a-, b and c-axis is represented,
respectively. Notice: the scale for the a- and b-axes is a factor of three enlarged compared to
that for the c-axis

From a combination of magnetostriction and thermal-expansion data, the rel-
ative length changes, (AL/L), as function of both applied field and temperature can
be deduced. The results for the dilatation data along the a-axis will be presented in a
three-dimensional plot of the relative length versus field and temperature. Aside from
the features present in such a plot for ' < T* and B < B*, we will be particularly
interested in the features present for B > B*.

8.2 The forced-magnetostriction data

The forced-magnetostriction data, (1/L;0L;/0B), with i either the a-, b-, or c-axis and
B || a-axis), see Fig. 1 nicely complete and extend the previously reported results
of [3]. They reveal a sharp peak at B* which rapidly decreases in amplitude for
increasing temperature. Measured along the c-axis, the peak in the magnetostriction
data is about three times smaller than along the a- and b-axis. The field at which the
anomalies are observed, B*, is not temperature dependent. Along the a-axis we are
able to trace the anomaly up to 12 K, approximately the characteristic temperature,
T*, for the heavy-fermion behaviour in UPt;. With respect to the a-axis, along the
b-axis an extra contribution to the high-field background seems to be

present. It is not clear whether this is a consequence of the difference between
longitudinal and transversal magnetostriction or related to the anisotropy.







































