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Magnetic measurements of CeAl; to below 1 mK
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The magnetic susceptibility of a polycrystalline, single-phase sample of CeAl; has been measured from
10 K to below 800 uK. Above 40 mK, the temperature dependence of the susceptibility is consistent
with the results of other groups and possesses a broad peak around 500 mK. Using standard rf
superconducting-quantum-interference-device detection techniques operating at 16 Hz, the sample,
which was located in a shielded environment having a residual static field of less than 2 nT, was not ob-
served to show any magnetic anomaly from 40 mK down to the lowest achievable temperature.

In an attempt to understand heavy-fermion materials,
considerable experimental and theoretical effort has been
devoted to identifying the ground-state properties of
these materials.!”7 No single ground state for all the
heavy-fermion systems can be identified as the materials
seem to be classified as either paramagnetic, magnetic,
superconducting, or both magnetic and superconduct-
ing.'~® For a number of years, it has been thought that
CeAl;, the first material to be classified as a heavy-
fermion material,”® possessed a paramagnetic ground
state. Its magnetic susceptibility”!® and zero-field heat
capacity at no applied pressure!°"!> show broad, low
peaks at ~500 mK. These and other low-temperature re-
sults’~20 were thought to be associated either with the
development of a Fermi liquid-like state or were charac-
teristic of a nonmagnetic Kondo lattice. Since 1988 there
has been additional experimental evidence, namely,
muon-spin-rotation spectroscopy?' and transport mea-
surements on a single-crystal sample,?? which seem to in-
dicate that the actual ground state of the system may be
antiferromagnetic, although the precise long-range na-
ture of this state in CeAl; remains unclear.’” The ex-
istence of a magnetic ground state is consistent with the
previous experimental results.’

The purpose of our work was to search, at significantly
lower temperatures than the previous 10-mK limit,* for
additional evidence which could assist in identification of
the CeAl; ground state. Since a definitive theoretical
description is lacking, the only possible guide for the ex-
periments is a comparison of the various characteristics
observed in different heavy-fermion materials.!~7 How-
ever, such a comparison does not unambiguously elimi-
nate the many possibilities, such as superconducting or
magnetic ordering transitions, which might be anticipat-
ed. A similar discussion may also be applied to CeCus,
whose properties resemble those of CeAl; (Refs. 1-7). A
preliminary report of a possible phase transition, at ap-
prchimately 2 mK, in CeCug has been presented by Jin et
al.

Our polycrystalline sample was prepared by arc melt-
ing using the highest purity Ce commercially available
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from Ames Laboratory and was annealed at 1000 °C for
56 days. The sample was from the same batch of materi-
al that was used in zero and high magnetic field specific
heat work?* in which no anomalies were detectable at 2.5
or 4 K from the well-known second phases. The high-
temperature magnetization measurements were made
from 1.8 to 10 K in a magnetic field of 0.5 T using a com-
mercial magnetometer.”®> The low-temperature low-
frequency susceptibility studies were performed from 40
mK to 2.0 K using standard mutual inductance tech-
niques operating at 317 Hz in the remnant magnetic field
of the earth. For both temperature regimes, the back-
ground contribution of the entire assembly has been mea-
sured, and this small contribution has been subtracted
from the results.

In a third apparatus, our investigations were per-
formed from 100 mK down to approximately 800 uK.
Susceptibility measurements were performed at 16 Hz
with an ac mutual inductance bridge using a rf
superconducting-quantum-interference device (SQUID)
as a null detector.® The experimental tower was
modeled after the arrangement used by Buchal et al.?’
and is shown in Fig. 1. The CeAl; sample was silver
epoxied?® to the end of an annealed copper finger that
was bolted to the top of a copper nuclear demagnetiza-
tion stage. A cylindrical tungsten sample? (5.84 mm
long and 1.52 mm in diameter) was silver painted® inside
a small cavity cut into the copper cold finger. The shields
and the coils surrounding these samples were thermally
anchored to the mixing chamber of the dilution refrigera-
tor. Magnetic shielding is very important because the
critical fields of the samples can be low, and supercooling
can also suppress the transition in a small applied mag-
netic field. The pick-up and excitation coils were placed
inside a Cryoperm®! cylinder, and a Nb shield surround-
ing the whole assembly, as shown in Fig. 1. A room-
temperature Mumetal shield, which was wrapped around
the cryostat, was only removed after the Nb shield had
been cooled to well below its superconducting transition.
Prior to mounting, the Cryoperm cylinder had been care-
fully heat treated after welding, and degaussed at room
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FIG. 1. A schematic of the experimental tower of the ultra-
low-temperature experiment is shown.

temperature inside a Mumetal shield. Residual magnetic
fields were measured by observing the shift at the SQUID
output when flux was expelled from the tungsten sample
at its superconducting transition,*? and could be compen-
sated to less than 2 nT by feeding a dc current to the exci-
tation coil. Without any compensation, the trapped field
was observed to be kept below 20 nT by the Mumetal-
Nb-Cryoperm combination, and to vary by at most 2 nT
from one demagnetization run to another. The magnetic
field perpendicular to the axis of the detection coils could
be neither detected nor compensated, but this component
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is believed to be small in our geometry.

Thermometry for the microkelvin experiment was pro-
vided by a strain-gauge®’ 3He-melting-curve thermome-
ter.* The tungsten superconducting transition provided
a temperature fixed point,>** and its variation with ap-
plied magnetic field*® could also be used as a further
check of the consistency of the temperature and magnetic
field calibrations. The lowest temperature achieved in
the present experiment was below 800 uK, a conservative
estimate from the reading of the *He-melting-curve ther-
mometer, which becomes very insensitive below 900 uK.

For the microkelvin work, the response of the ac
mutual-inductance bridge operating at 16 Hz was dom-
inated by eddy currents generated in the cold copper
finger. To ensure that these currents would produce
negligible heating and that the magnetic field on the sam-
ple was minimized, we only used very low excitation lev-
els. Consequently, our sensitivity was rather low, and we
were unable to make accurate quantitative susceptibility
measurements. Nevertheless, at our operating excitation
level of 1.7 nT rms, we could have resolved a supercon-
ductive signal corresponding to a Meissner effect involv-
ing only 1% of the sample volume. In other words,
below 40 mK , any change in the CeAl; susceptibility, if
present, was less than 0.01 of (—1/4).

The high-temperature magnetic susceptibility results
are shown in Fig. 2 along with the low-temperature, low-
frequency data obtained down to 40 mK, which are also
given in Fig. 3. Since the mutual-inductance technique
provided only relative changes in the susceptibility, the
low-temperature data have been normalized to the high-
temperature results in the region where the two sets of
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FIG. 2. The susceptibility is shown as a function of temperature. The triangles are data taken in a commercial magnetometer, and
the circles are data acquired by standard low-frequency mutual-inductance techniques; see text. The inset shows the inverse suscepti-
bility.
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FIG. 3. The low-temperature ac susceptibility is shown from

Graebner, and Ott (Ref. 9) are shown as squares.

data overlap (see Fig. 2). Our results are in agreement
with other published results,”!®% including the low-
temperature data of Andres et al.’®, which are shown in
Fig. 3 for comparison.

Below 40 mK, the signal was temperature independent,
and to within the aforementioned sensitivity limits, we
are reasonably confident that no part of the CeAl; experi-
enced a superconducting transition or any other kind of
detectable magnetic ordering.®® The absence of a super-
conducting transition is significant since CeAl® is similar
to other heavy fermion superconductors which possess
both antiferromagnetic interactions and superconductivi-
ty.!”® There is always the possibility that the remnant
magnetic field suppressed any potential superconducting
state. However, using BCS theory as a rough estimate
for the relation between the thermodynamic critical mag-
netic field at T=0, i.e., H.(0), and the superconducting
transition temperature T,, we have

H.(0)=T, (1.0X10" % /v,)'/?, (1)

where ¥ is the electronic contribution to the specific heat
and v, is the molar volume. Using y =1.25 J/(K? mol),
v,, =5.08X107° m3/ mol and T, =800 uK, Eq. (1) gives
H_.(0)=100 uT, which is four to five orders of magnitude
larger than the residual field present during the experi-
ment. This result suggests that either the BCS weak-
coupling theory is not applicable for an order of magni-
tude estimate (which is unlikely, since it is applicable for
other heavy-fermion superconductors®), or the potential
superconducting state lies at a lower temperature, or the
ground state of the system is not superconducting. Final-
ly, there are a variety of possible explanations for the ob-

T (K)

1.5 K down to 40 mK by the circles. The results of Andres,

served experimental results.””?"?> These possibilities,

which range from a magnetic glassy state to suppressed
long-range ordering due to competing interactions, are
too numerous to discuss in this paper. It seems clear that
progress in answering the open questions will require fur-
ther experimental work, at the lowest temperatures, on
recently available single-crystal specimens.
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