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Linear thermal expansivity~a! measurements from 1 to 300 K and heat capacity (Cp) measurements from
1 to 110 K are reported for single crystals of thea-Lu hexagonal alloys LuHx and LuDx ~x50.005 and 0.053!.
TheCp data confirm and extend to 110 K earlier 1 to 20 K measurements on LuHx alloys, and, in addition,
show that isotope effects, if any, are small. The smallx dependences of theCp’s above 8 K can be associated
with small increases in the Debye temperatureQ0. This latter interpretation, which is consistent with ultrasonic
and other results for these alloys, is valid only ifCp is expressed as mJ/g mol K~essentially, per mole of Lu
ions!. The present results are in agreement with the previous conclusion from more extensive polycrystalline
LuHx data that the shape of the low-temperatureCp vs T relation forx<0.015 is qualitatively different from
that for x>0.032. The linear thermal expansivities of thec-axis alloys, even forx50.005, are significantly
smaller~by from 3% to 20%! than those for the pure crystals, with large isotope effects and a large, nonlinear
x dependence for the low-temperature expansivity data. Other types of data have shown a feature near 170 K
which is associated with the completion of pairing of the hydrogens along thec axis in next-nearest-neighbor
tetrahedral sites. A distinct~approximately 15 K wide! change ina which is observed near this temperature for
each alloy, except fora-axis LuD0.005, provides the most direct evidence of such a transition. The temperature
of the c-axis discontinuity is slightly isotope andx dependent, and scales approximately withx @124% on
warming for LuH~or D!0.053#. The LuH0.053a-axisa’s show a transition at the same temperature but of opposite
sign~215% on warming!. A large relative decrease in the expansivities of each of the alloys betweenT50 and
the transition can be ascribed to a more rapid disappearance of the spin-fluctuation and electron-phonon
enhancement terms for the alloys than for the pure metal. The large differences in the isotope andx depen-
dences of thea vsT relations support the postulate that the state of these alloys is quite different forx<0.015
andx>0.032.

I. INTRODUCTION

The present experiments were initiated to determine the
magnitude of the thermal expansivity contribution which
could be associated with Thome’s extensive results for the
1–20 K heat capacities (Cp) of a-phase LuHx alloys.

1–3 In
these experiments, the intrinsicCp for high-purity lutetium
was obtained using electrotransport-purified~ETP!
material.2,4 Subsequent samples~from the same starting ma-
terial! were doped with H to provide alloys with from 0.57 to
15.5 at. % H~LuH0.0057 to LuH0.183!. Previous work5,6 had
shown that H exists in single-phase solution~a- LuHx! in Lu
alloys at room temperature for concentrations of up to 20
at. % ~LuH0.25!. Thome’s data, which are tabulated in the
original source,1 have been published and discussed in a
number of papers.2–4,7,8Cp data from 25 mK to 2 K which
subsequently were obtained9 for several of these samples
(x<0.015) show a maximum excessCp for each sample,
and also a hyperfine contribution which is important for
T,0.10 K. Thome’s results support a discussion of earlier
data10 which concludes that impurities can have a significant
impact on the low-temperatureCp of Lu metal. Cp data
which were taken11 for the present Lu samples before doping
with H or D agree well with those for ETP Lu, and provide
assurance that the present starting material, although not of
ETP quality, is of adequate purity. This preceding paper11

givesCp and linear expansivity results@a5(] lnL/]T)P# for

good-quality lutetium and scandium crystals, and an inter-
pretation of their temperature dependences in terms of elec-
tronic effects. The Lu data published there providex50 ref-
erences for the present alloy studies, and will not be repeated
here.

Thome’s measurements1–3 show a low-temperatureCp

anomaly which changes character and for whichdCp/dx
changes sign from~1! to ~2! whenx increases from 0.015 to
0.032. By analogy with hydrogen and deuterium in
niobium,12,13 the suggestion was made2,3,7–9 that the effects
for x<0.015 are due to tunneling of the hydrogens, presum-
ably when bound to an interstitial such as O or N. The large
tunneling contributions of H and D toCp data for the nio-
bium alloys, for which significant H and D differences
occur,12 are consistent with theoretical calculations.13

Gschneidner, Gnugesser, and Neumaier9 point out the need
for LuDx alloy data to confirm their analogy. Although low-
temperature thermal expansivity results14 do not show corre-
spondingly large contributions due to H in niobium, tunnel-
ing often is associated with an enhanceda.15,16 The present
experiments were initiated primarily to search for such an
enhanceda and its isotope dependence.

Complementary thermodynamic results for Lu have been
published by Tonnies, Gschneidner, and Spedding17 for
temperature-dependent elastic constants and thermal expan-
sions, and by Greiner, Beaudry, and Smith18 for the effect of
small amounts of H on the elastic constants. Metzger, Vajda,
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and Daou19 used energy-dispersive x-ray-diffraction mea-
surements to determine Debye temperatures and static dis-
placements as a function ofx for LuHx . Inelastic neutron
scattering was used by Pleschiutschnig, Blaschlco, and
Reichardt20 to determine the lattice dynamics of Lu at room
temperature; the dispersion relations for a LuD0.19 alloy dif-
fer only slightly from those for pure Lu,21 and reflect a slight
hardening which is consistent with the elastic-constant re-
sults.

The state of H~D! in rare-earth~RE! solid-solution metal
alloys, particularly scandium, yttrium, and lutetium, has been
studied in a number of different ways, with qualitatively
similar results for all three metals. TheT dependences of the
electrical resistivities of these alloys show a change in slope
at approximately the same temperature~roughly 175 K for
Lu, Ref. 22! where nuclear magnetic resonance experiments
indicate a change in electronic structure.23 The anisotropy of
the transition was investigated by single-crystal LuD0.183 re-
sistivity measurements. These were complemented byCp
measurements from 1 to 300 K on the same material which
showed a peak centered at 203 K.24 Resistance measure-
ments in quenching and subsequent annealing experiments
show hysteresis and subsequent relaxation, from which acti-
vation energies can be determined.22 Internal friction experi-
ments provide complementary information.25 Stierman and
Gschneidner8 have measured the magnetic susceptibility of
Thome’s samples from 1 to 300 K, and conclude that spin-
fluctuation contributions are sensitive to the H content of the
alloys.

Neutron scattering experiments on these alloys~see Refs.
26 and 27 for summaries! show that below 300 K the hydro-
gens tend to be paired along thec axis in next-nearest-
neighbor tetrahedral sites which are separated by a rare-earth
ion. The ‘‘nonlabile’’ or paired fraction of the hydrogens is
small but significant near 300 K, increases with decreasing
temperature, presumably most rapidly near the resistivity
anomaly, and approaches unity nearT50.27–29 The c-axis
tetrahedral sites exist in close pairs between RE ions, with
energy considerations not allowing adjacent tetrahedral sites
to be occupied. As a consequence, these paired hydrogens
exist in short chains which form an ordered pattern in the
solid.26 The potentials at these tetrahedral sites are aniso-
tropic, with greater curvature along thec axis than along the
a axis. Phonon structure which arises because of an interac-
tion between the hydrogens in a pair has been reported for
YD0.17 ~Ref. 28! and for LuD0.19,

21 and more recently as a
function of temperature for LuHx and LuDx , with x'0.08
and 0.19.30 NMR ~Ref. 23! and quasielastic neutron
experiments27 ~QENS! both indicate localized proton motion
at low temperatures, but with different temperature depen-
dences and a NMR time scale which is 100 times slower than
that for the QENS results.23

Self-consistent cluster models31,32 show that the above
pairing gives the minimum energy state for H in yttrium
metal, with Blaschko33 commenting on the detailed conclu-
sions in Ref. 31. In a plane-wave pseudopotential study ofa-
YHx , Chang and Chou34 show that the tetrahedral sites al-
ways have the lowest energy, and that pairing in these sites
has the lowest energy of a number of different configura-
tions. Min and Ho35,36 used first-principles total-energy cal-
culations to study YH0.5, where one H is located at the tetra-

hedral site of a hexagonal unit cell. Although they do not
include pairing considerations, they obtain good agreement
with neutron scattering data for the magnitude and anisot-
ropy of the H vibrational energy, and for diffusion energies.
It is not clear how any of these calculations relate to the
presentCp ~or a! data.

II. EXPERIMENTAL DETAILS

A. Sample preparation

Gschneidner7 has discussed in detail the preparation of
high-purity RE metals. The initial Lu metal for the present
samples was a 70 g polycrystalline boule, approximately 40
mm long and 15 mm in diameter. The analysis of this boule
showed it to be similar in quality to Thome’s starting
material.1 After this boule was heated to 1100 °C for 24 h in
a vacuum of 131028 Torr, the H concentration decreased
from 0.09 at. % to less than 0.02 at. %, with no indication of
the low-temperature upturn which is characteristic of H im-
purities. A series ofCp and inconclusivea measurements
were made on this sample after successive alloying and de-
gassing with 0.5 at. % D and 0.5 at. % H. The differences in
the a data were ascribed to recrystallization in the sample
upon annealing to remove the H~D! prior to preparing the
next alloy. The boule then was converted to a single crystal
by annealing at 1500 °C in a vacuum of 1028 Torr, after
which the H content was determined to be 0.010~4! at. %.
Two oriented single crystals~b and c axis, each approxi-
mately 4 g with dimensions of 636312 mm3! were cut from
the boule and were used in subsequent experiments.~Note
that, since theb- anda-axisa’s are equivalent for a hexago-
nal crystal, this crystal, for convenience, will be designated
ana-axis crystal in the following.! The good agreement at all
stages11 betweenCp’s for the present~degassed! starting ma-
terial and Thome’s results1 suggests that, for practical pur-
poses, this material was equivalent to his ETP samples.

The polycrystal and single-crystal H~D! alloys were pre-
pared by heating the electropolished sample to 7001 °C in a
glass high-vacuum system to break down the oxide layer
before a titrated amount of H or D was added to the vacuum
system. The pressure in the system dropped quickly as the
gas was taken up by the 700 °C sample. The sample then was
kept at 650–700 °C in high vacuum for a week to homog-
enize the H~D!. Vacuum fusion analysis samples were taken
from the polycrystal after each procedure~alloying and sub-
sequent degassing!, as was done by Thome,1 with the boule’s
final mass decreased from 70 to 50 g. This sampling proce-
dure was not practical for the single crystals, since each of
the small samples was used for a number of different H~D!
alloys. Instead, the H~D! content of a sample was assumed
to be given by the mass of the gas absorbed by the sample.
This was verified by comparing the initial and final masses
of the crystal.

A puzzling aspect of the present experiments is that the
degassing of a LuH~D!x alloy at 1050–1100 °C and 1028

Torr usually did not decrease the H~D! content below ap-
proximately 0.1 at. %~x'0.001!; the initial degassing of the
bulk crystal was an exception. A H content of this magnitude
can seriously affect low-temperatureCp data, since Thome’s
data1 for LuH0.000 35~0.035 at. %! show an excessCp of ap-
proximately 5% near 1 K. As a test, just prior to carrying out
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the single-crystal growth procedure, the large polycrystal
was held at 1070 °C for 33 days in a vacuum which ulti-
mately reached 331029 Torr. The levels of the gaseous im-
purities, including H~final concentration 0.08 at. %!, essen-
tially were unchanged by this procedure. The temperature of
Lu metal apparently must be~significantly?! greater than
1100 °C to remove H~D! quantitatively. Whether these ob-
servations apply to H~D! alloys of yttrium, scandium, and
other RE metals is not known.

The order in which data were obtained for the various
alloys was as follows. The purea- andc-axis samples were
combined for aCp measurement before determining the in-
dividual a’s. Cp and a data then were taken for the same
crystals after successive alloying and degassing. The se-
quence for thec-axis crystal was as follows: LuH0.005,
LuD0.005, LuD0.0002~the degassed previous sample!, LuD0.053
~5 at. % D!, and LuH0.053. The initial a-axis alloy, LuD0.005,
showed very small changes ina, so noa-axis LuH0.005alloy
was prepared~the c-axis LuD0.005 alloy had shown much
greater effects than LuH0.005!. This processing was carried
out over a period of years using the same apparatus and
techniques, so the samples are believed to be as equivalent as
possible. Unfortunately, thea-axis sample was destroyed in
attempting to form a LuH0.053alloy. Since the original crystal
material no longer was available, a second, larger,a-axis
sample~0.04 vs 0.02 mol! was cut from a different Lu single
crystal which was of comparable purity~analysis showed
0.02 at. % H, near the limit of detection!. Rather extensive
Cp data~but noa’s! taken for this starting material agreed
well ~better than60.5% at allT’s! with the more limited
original combined-crystals data, and also with the degassed
c-axis sample data above 3 K, with no indication of a low-
temperature H-related upturn.11 This sample then was al-
loyed to form LuH0.053, and bothCp anda data were taken.

After the rather spectacular expansivity data for LuD0.005
~see below! were obtained, a possible interpretation was that
the sample had become polycrystalline when it was degassed
and then alloyed with D. A neutron-diffraction characteriza-
tion of the sample37 confirmed, however, that it was a single
crystal, with its longest dimension corresponding to thec
axis.

B. Calorimetry and dilatometry

Heat capacities were measured from 1 to 110 K using a
conventional heat-pulse tray calorimeter, with Apiezon-N
grease providing contact between the sample and the copper
tray. A single calibrated38 germanium resistance thermometer
was used for temperature measurements. A mechanical heat
switch provided thermal contact between the tray and an iso-
thermal shield; no exchange gas came into contact with the
sample at any time. The ratio of the sample heat capacity to
the addenda heat capacity was greater than 3 at 1.3 K, 1.5 at
4 K, and 0.5 at 80 K. The precision of theCp data~related to
the scatter of the data! was roughly60.3% above 4 K; com-
parisons with other data11 suggest an absolute accuracy of
roughly60.5% up to 40 K, rising to11.5~5!% above 80 K
where the temperature scale is not well documented. A com-
parison of the initial single-crystal data with those for the
c-axis sample after degassing following the LuH~D!0.005runs
shows60.4% agreement from 2.5 to 80 K; Thome’s data1

were used to estimate the D concentration for this sample

~x50.0002, or 0.02 at. % D! using the slight~1.3%! Cp ex-
cess which appears below 2 K. These data also were in simi-
lar agreement with those for the newa-axis crystal.

The above estimates of reproducibility probably are too
optimistic for the alloy samples. TheCp data for thea- and
c-axis LuD0.005alloys agree to better than 1% above 5 K, but
differ by 2~1!% below 4 K; thec-axis LuH0.005 data lie be-
tween these. TheCp data for thea-axis LuH0.053 sample
differ systematically from those forc-axis LuH0.053 ~see be-
low!; the data for this ‘‘new’’ sample are 3~1!% smaller be-
low 4 K; and11.5~5!% larger from 10 to 80 K. Thec-axis
LuD0.053data are intermediate between these. The agreement
betweenCp’s for the newa-axis crystal~prealloying! and
other pure data shows that sample size is not a factor. The
new alloy was prepared in a different facility, using different
procedures, which possibly could have affected the state of
the alloy. In particular, this sample initially was annealed for
only 24 h beforeCp data were taken. When the differences
with the correspondingc-axis sample were noted, the sample
was removed from the calorimeter, sealed in quartz, and re-
annealed at 700 °C for 8 days. The resultingCp data were
indistinguishable from those first taken~60.2%!, which in-
dicates that alloy inhomogeneities should not be a problem in
either this or previous work. These relatively small discrep-
ancies, which could be associated with the earlier data, sug-
gest caution in comparing results for different samples
which, presumably, are, or should be, identical.

The linear thermal expansivities@a5(1/L)(DL/DT)
5(] lnL/]T)P for smallDL# of these 12-mm-long single crys-
tals were determined from 1 to 300 K using a variable-
sample-length differential capacitance dilatometer.39 All data
were taken isothermally~T constant to 1 mK!; capacitance
readings subsequent to a change inT ~which could be as
small as60.5 K or as large as620 K! were taken only after
capacitance drift~presumably due toT differences between
the sample and the dilatometer! was negligible. Equilibrium
times~in the absence of sample effects! varied from one hour
near room temperature to a few minutes below 10 K. The
absolute accuracy of these measurements is approximately
61.531029/K at low temperatures~T,20 K for thea-axis
and T,7 K for the c-axis crystals! and 60.5% at higher
temperatures. The internal consistency of the data~the larger
of 65310210/K or 60.2%! is much better than this for a
given run, with uncertainty in the magnitude of the correc-
tion for the cell ‘‘expansion’’~determined with respect to a
pure copper sample! a major source of systematic error.

C. Data analysis and presentation

The methods which were used to analyze and present
these data are described in detail in the paper describing the
pure-crystal results,11 and will not be repeated here. At low
temperatures,Cp and a for a pure metal are expected to
follow the same temperature dependence, with,

Cp /T5 (
n50

N

CnT
2n ~1a!

and
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a/T5 (
n50

N

AnT
2n. ~1b!

In the limit asT→0, these suggest the conventionalCp/T ~or
a/T! vs T2 plot of the data. TheC0 andA0 parameters are
associated with electronic contributions, while theC1 , A1 ,
and higher-order parameters are associated with the lattice.
In particular,C05g, the electronicCp coefficient, whileC1
is related to the limiting lattice Debye temperatureQ0 by

Q05$@1.9443106 ~mJ/g mol K!#/C1%
1/3 K. ~2!

Low-temperature deviations from linearity in these plots im-
ply an anomalous contribution toCp ~a!. At higher tempera-
tures, power series including all powers ofT can be used
more effectively to represent bothCp anda, with the coef-
ficients having no physical significance.11

Experimental dataCp(Ti) ~whereTi represents an indi-
vidual data point! can be presented quite sensitively for a
wide range of temperatures using temperature-dependent
equivalent DebyeQ’s to represent parametrically the lattice
contributionCp

lat(Ti). Q(Ti) is defined by the relation

Cp
lat~Ti !5Cp~Ti !2Cp

elect5Cp2gTi5CD@Ti /Q~Ti !#, ~3!

whereCD(T/Q) is the Debye function.40 g/(C0) is obtained
from a fit of Eq.~1a! to the low-temperature data, which also
gives C1 and, hence,Q0 @Eq. ~2!#. For a Debye solid,
Q(Ti)5Q0 , while for a real solidQ typically decreases to a
minimum with increasingT, and then varies only slowly
with temperature. If the volume~or, for the present data,
concentration! dependence of the lattice entropy orCp can
be described in terms of a characteristic temperatureQ0, the
data for alloys with differentx should coincide in a reduced
plot of the data,Q(Ti)/Q0 vsTi /Q0, whereQ0(x) @orQ0~V!#
is an adjustable parameter. For sufficiently ‘‘high’’ tempera-
tures~T/Q0.0.05, or 10 K, for Lu!, this type of plot is rela-
tively insensitive to small~610%! variations ing.

The Cp’s and single-crystala’s are related through the
Grüneisen relations, which involve the elastic constants and
molar volumes.11 The resulting Gru¨neisen parameters have
significance only if the various contributions to the thermo-
dynamic properties~electronic, lattice, etc.! can be unam-
biguously separated. While this can be accomplished reason-
ably well for the pure-crystal data, the large impurity effects
for the a’s of the present alloys make such an analysis im-
practical.

III. RESULTS AND DISCUSSION

Since, contrary to expectation, no definitive relationship
exists between the experimentalCp and a results for the
present six alloy samples, theCp and a data will be dis-
cussed separately. This lack of a relationship perhaps is re-
lated to the results for the pure crystals11 which show that
electronic effects are much more significant for the principal-
axis a’s than for theCp’s. The pure Lu reference functions
used in the present paper are those which are described in the
pure-crystal paper.11

A. Cp results

The Cp data for both alloy concentrations initially were
analyzed in terms of the gram atomic weights@mJ/~g at.! K#
of the samples, following Thome.1 For the alloys with
x50.053~5 at. %!, this definition results inCp’s above 60 K
which are approximately 5% smaller than those for the pure
material. At these temperatures, the total electronic contribu-
tion toCp is less than 3%~it is most important below 10 K!,
so this difference cannot be related to electronic effects, but
must be associated with the lattice, and an increase inQ @Eq.
~3!# of from 10 to 15%.11 This conclusion can be compared
with direct determinations of the change inQ with x for Lu
alloys. The ultrasonic results of Greiner, Beaudry, and
Smith18 showdlnQ0/dx50.3~1! for 0.005<x<0.0069, while
Metzger, Vajda and Daou19 used dispersive x-ray diffraction
to obtaindLnQ`/dx50.46(8) for 0.014<x<0.133~Q` is the
limiting, high-T value of Q; see Ref. 11!. These results
would predict a much smaller~2%! increase inQ, or a de-
crease inCp of less than 1%. When the assumption is made
that the H~D! is firmly bonded to a Lu ion~as the pairing
model suggests! andCp is calculated for one gram molecular
wt ~essentially, for one mole of Lu ions!, the Cp results
above 60 K are identical to better than61% ~see below! for
all alloys. For consistency, Thome’s original data,1 where
they have been used in the following, have been recalculated
to reflect this definition.

With this definition, the present results forT.10 K ~Fig.
1! differ only slightly from those for pure Lu metal.11 The
data for the three samples withx50.005, and for the de-
gassed sample, agree among themselves and with the pure-
metal relation to60.5% above 10 K. The systematic differ-
ences from the pure metalCp’s which occur between 10 and
30 K for the three samples withx50.053@23.2~10!% near
15 K# can be described by a slight@1.3~5%!# increase inQ0;
the temperature dependence of these differences is consistent
with that which would be expected for this change inQ0 and
is not consistent with a decreasedg for these alloys. The
slight low-temperature upturn of the data for the degassed
sample in Fig. 1~3! reflects an estimated 0.02% D content.

The low-temperature region~T,20 K! is shown in
greater detail in Fig. 2; they-axis scale for the lower part is

FIG. 1. Relative differences between the various alloyCp data
and those for pure Lu;c-axis degassed LuD0.0002 ~3!, c-axis
LuH0.005 ~,!, c-axis LuD0.005 ~s!, a-axis LuD0.005 ~n!, c-axis
LuH0.053 ~.!, c-axis LuD0.053 ~h!, anda-axis LuH0.053 ~>!.
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the same as for Fig. 1, while the upper part has an extended
scale to include the lowest-temperature data. Thome’s
results1 ~as differences from a fit to his ETP data! are given
in Fig. 2 for the two values ofx ~0.0057 and 0.065! which
are closest to those for the present samples. For temperatures
above 5 K, the lower part of Fig. 1 shows better than60.5%
agreement between the various lower-x crystal data, with
poorer consistency~slightly more than61%! between the
higher-x data. The differences between thea-axis andc-axis
LuH0.053 Cp’s are unexpectedly large and extend almost to
80 K ~Fig. 1!; they possibly reflect differences in the prepa-
ration of the two samples.

The upper part of Fig. 2 shows two distinct features of the
low-temperature~below 3 K! Cp results for these alloys; in
agreement with Thome’s results,1–3 theCp’s are systemati-
cally greater forx50.005 than forx50.053, and, in addi-
tion, do not show a distinguishable isotope effect. At 2 K, the
differences from the pure metalCp [DCp/Cp528.5(1.5)%
for x50.005 and 17~1.5!% for x50.053# show a scatter
which is not systematic with H or D, and which is approxi-
mately the same for the two values ofx. Within these limits,
Thome’s polycrystal results for LuH0.0057 and LuH0.065 are
indistinguishable from the presentx50.005 and 0.053 data,
respectively. Our early data for alloys of the large~.50 g!
polycrystalline sample~LuH0.0049and LuD0.0054, not shown!
gave consistent but smallerCp’s, with DCp/Cp520.5~1.5!%
at 2 K. The implication is that forx50.005 theCp’s are a
maximum for small single crystals, possibly are smaller for

similarly sized polycrystals, and are appreciably smaller for
the large polycrystal. The significance of this observation,
which may be fortuitous, is not obvious, however, H possibly
is trapped in the grain boundaries of the polycrystals.

The two parts of Fig. 3 present theCp results for
LuH(D)x alloys using the conventionalCp/T vsT2 represen-
tation @Eq. ~1a!#. A number of Thome’s LuHx results

1 are
included also to emphasize the contrastingx dependences for
x<0.015 (dCp/dx.0) and x>0.015 (dCp/dx,0). The
agreement between the present~isotope-independent, not
shown! results and those of Thome forx50.0057 and 0.065
is evident in these figures; the ‘‘pure’’ relationship~the dotted
curve! represents equally well the pure crystal and the ETP
data. The LuH0.015 results are given in both parts to empha-
size that a maximum in the anomaly presumably occurs for
0.015<x,0.032. As in Fig. 2, the shapes of the curves in
Fig. 3 are qualitatively different forx<0.015, where each
shows an upturn at lowT, and forx>0.032, where each can
be represented by a linear relation. The coefficients for this
linear relation@Eqs.~1a! and~2!# are given in columns 3 and
4 of Table I for the pure samples,11 and for thex>0.032
alloy data. While theg’s for thex>0.032 alloy data show a
consistent decrease with increasingx, the x dependence of
theQ0’s is somewhat erratic.

FIG. 2. Relative differences between the various 1–22 K alloy
Cp data and those for pure Lu. The symbols for the crystal data are
as in Fig. 1. The differences from the smooth ETP relation also are
shown for Thome’s~Ref. 1! polycrystalline LuH0.0057 ~L! and
LuH0.065 ~l! data.

FIG. 3. Cp/T vs T2 plots for selected data. Unless otherwise
noted, the symbols refer to the polycrystalline alloy data~Ref. 1!.
Both parts: pure Lu~----!, LuH0.015 ~3!. ‘‘ x<0.015:’’ c-axis
LuH0.005 ~,!, LuH0.0022 ~1!, and LuH0.0057 ~L!. ‘‘ x>0.015:’’
LuH0.032~d!, c-axis LuD0.053~h!, LuH0.065~l!, LuH0.124~j!, and
LuH0.183 ~1!. Thec-axis LuD0.005anda-axis LuD0.005data bracket
the c-axis LuH0.005 data shown; similarly, thec-axis LuH0.053 and
a-axis LuH0.053 data bracket thec-axis LuD0.053 data.
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Figure 4 contains reduced plots of the latticeCp relation
[Q(Ti)/Q0 vs Ti /Q0, see Eq.~3!# for x>0.032 for the
present data~upper! and for Thome’s data~lower!. The
dashed-line reference relations in Fig. 4 represent the smooth
fits to either the pure-crystal results11 ~upper! or to the ETP
data1 ~lower!. For the alloys, the ‘‘fit’’ value ofg ~col. 3,
Table I! was used to calculate the latticeCp’s and corre-
sponding equivalentQ’s @Eq. ~3!# from the data for each of
the alloys. The value ofQ0~x! was adjusted manually until

the reducedQ’s coincided with the pure metal relations, as is
shown in Fig. 4. The lower-temperature limit for this proce-
dure was chosen to be 0.04~approximately 7.6 K!, since
uncertainties ing could have a significant effect at lower
temperatures; the upper limit was determined arbitrarily by
the onset of scatter in the crystal data above 45 K, and by the
upper limit of Thome’s data~20 K!. The excellent agreement
between the data and thex50 relations for these tempera-
tures @60.003 in Q~Ti!/Q0# reflects directly the
x-independent shape of the alloy latticeCp relations. The
resultingQ0’s, which are given in col. 5 of Table I, show
more consistency than those obtained from the low tempera-
ture fits to the data.

This procedure was repeated for each alloy using the
~usually! smaller pure value ofg in column 3 to investigate
the effects of variations ing. The representations~not
shown! were equally satisfactory, and correspond to theQ0’s
which are given in column 6 of Table I. The smaller magni-
tudes of theseQ0’s correspond to the slightly larger lattice
Cp’s associated with the use ofx50 g’s. The relative change
in Q0 with x which follows from both of these procedures,
dLnQ0/dx50.23(4), is in reasonable agreement with the
ultrasonic@0.3~1!#18 and x-ray@0.46~8!#19 results. The good
agreement from 10 to 100 K between the pure metal and
various x50.005 crystal data~Figs. 1 and 2! is consistent
with a negligiblex dependence inQ0 for these dilute alloys.

B. Expansivities

Figure 5 shows the temperature dependences of thea’s
for pure single-crystal Lu metal~the dotted and dashed
lines!, and for the six alloys~the symbols!. The data for both
the c- and thea-axis crystals are given in the upper part
of Fig. 5 to show the magnitude of the anisotropy in thea’s,
while the lower part presents on an expanded scale only
thea-axis data. A striking feature in these~and the following!
plots is their distinct contrast to theCp results; thec-axisa
is very sensitive to small amounts of D@it is decreased by
from 10% to 20% upon alloying with 0.5% D~or 5.0% H or
D!#, with a very significant isotope effect forx50.005. The
rapid change ina near 170 K for each of the alloys suggests

TABLE I. Parameters for fits of Eq.~1a! to the data in the lower part of Fig. 3, and for the normalizations
of the reducedQ/Q0 vs T/Q0 relation ~Fig. 4!. g is given in units of mJ/mol K2, Q0 in K.

Sample Low-T fit
NormalizedQ0

a

Fit g Pureg
Alloy x g Q0 Q0 Q

0

Pure crystal 0.000 8.299 189.91 189.91 189.91
Lu c 1 D 0.053 9.770 189.1 192.5 191.9
Lu c 1 H 0.053 9.715 193.8 193.3 192.8
Lu a 1 H 0.053 9.939 189.0 191.5 191.0
ETP 0.000 8.303 190.03 190.03 190.03
Thome, LuHx 0.032 10.776 194.9 193.1 191.3
Thome, LuHx 0.065 9.734 189.8 193.5 192.5
Thome, LuHx 0.124 8.886 192.9 196.2 195.5
Thome, LuHx 0.183 8.280 196.5 198.2 198.0

aSee Fig. 4.

FIG. 4. Normalized,Q/Q0 vs T/Q0, plot of the latticeCp’s for
alloys withx>0.032. See thetext for details. The crystal alloys are
as in Fig. 1, while Thome’s alloys are as in Fig. 3. LatticeCp’s
were calculated using the ‘‘low-T fit’’ g’s in column 3 of Table I;
theQ0’s used for the normalization are in column 5 of Table I.
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a transition which undoubtedly is associated with the
completion of the pairing of H or D in next-nearest-neighbor
sites along thec axis. The change in thea-axis LuH0.053a’s
near 230 K is a real effect which does not appear in the
correspondingc-axis data; its origin is not understood. The
data for both this alloy and for thea-axis LuD0.005alloy show
appreciably more hysteresis and scatter above 150 K than the
c-axis alloys.

The transition temperaturesTtr are defined as the mid-
points of these relatively broad transitions. The transition

temperatures, their widths, and the fractional changes ina at
the transition are summarized in Table II for each alloy, to-
gether with other published data forTtr . Since thea-axis and
c-axis alloys show differences from the pure metal of oppo-
site sign, the relative effects on the volume expansivities~not
shown!

b5~] lnV/]T!P5ac12aa ~4!

are significantly smaller~by a factor of approximately 2!
than those for the linear expansivities.

In Fig. 6, thea/T vs T2 plot of the low-temperature por-
tion of these data~compare with Fig. 3! shows that the dif-
ferences in Fig. 5 persist to the lowest temperatures, Here,
the solid line in each figure represents the smooth pure-
crystal expansivities, while the various dashed and dotted
lines represent fits of Eq.~1b! to the corresponding data; the
low-temperature intercept for each of these fits (A0) is given
in the first line of Table III. The behavior of thec-axis data in
Fig. 6 resembles qualitatively that of the corresponding data
in Fig. 5, with LuH0.005differing only slightly from the pure
metal, in contrast with the relatively common behavior~and
decreased magnitudes! for the other three crystals. The data
which are shown for the degassedc-axis crystal agree well
with the initial pure-crystal relation. Thea-axis a’s are an
order of magnitude smaller than those for thec axis~note the
vertical scale difference!, with quite different behavior for
each of the two samples. An important difference between
Fig. 3 and Fig. 6 is that thea plots forx50.005 do not show
the same upturn at low temperature as those forCp . This
most likely reflects a lack of sensitivity in thea determina-
tions.

Figure 7 presents thec-axis data of Fig. 5 more sensi-
tively as the ratio of the alloya’s to those for the pure metal
at the same temperature; a similar plot for thea-axis a’s is
not useful sinceapure50 near 10 K. The low-temperature
knee in these plots~especially forx50.005) occurs near
temperatures where electronic contributions~proportional to
T! become significant. Changes in electronic properties are
emphasized by the difference~a2apure!/T5Da/T which is
plotted vsT in Figs. 8~c axis! and 9~a axis! for the various

FIG. 5. a vs T relations for pure Lu~----! and Lu alloys.c axis:
LuH0.005~,!, LuD0.005~s!, LuH0.053~.!, and LuD0.053~h!. a axis:
LuD0.005 ~n! and LuH0.053 ~>!. Note the vertical scale differences.

TABLE II. Transition parameters.Ttr is defined as the midpoint of the transitions in Figs. 5 and 7–9; the
uncertainties reflect transition widths. The resistivity transitions appear to have similar widths.

Sample

Ttr ~K! Da/a ~%!

CommentsH D H D

c axis
x50.005 167~5! 178~6! 2.5~5! 2.1~3!

x50.053 163~7! 159~7! 24~1! 24~1!

a axis
x50.005 170~10! 21.4~10! poorly defined
x50.053 160~8! 215~1!

Resistivity
0.04<x<0.235 172 Ref. 41
0.05<x<0.19 166 172 Ref. 22
x50.183 174.~5! Single crystal, Ref. 24
Cp

x50.183 203~20! DCp/Cp50.03 Single crystal, Ref. 24
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alloy data. The dotted curves in each of these figures relate
Da to apure, with magnitudes which correspond toapure/10T.

A common feature of the fourc-axis relations in Fig. 8 is
the approximate correspondence betweenDa/T at T50 and
at the low-temperature end of the transition, with a signifi-
cant intermediate minimum. The temperature of this mini-
mum varies from 30 K forx50.053~no isotope nor orienta-
tion effect! to 35 K for c-axis LuH0.005 and 50 K forc-axis
LuD0.005. The shapes of these curves qualitatively mirror the
shape of the lattice thermal expansivity, when the assumption
is made thata/T is constant for the electronic contribution.
For temperatures greater thanTtr , a is unchanged forc-axis
LuH0.005, but is decreased by approximately 6% forc-axis
LuD0.005. Thea’s for the c-axis x50.053 alloys are smaller
than those for the pure metal near 290 K~comparable with
those for LuD0.005! but increase rapidly with decreasingT
and do not show a significant isotope effect.

Thea-axis alloy plots in Fig. 9, when compared with the
more extensivec-axis data in Fig. 8, show comparable gen-

eral features, but a larger scatter of the data~note the order-
of-magnitude more sensitive scale! and, for LuH0.053, greater
structure. Ttr is poorly defined for LuD0.005, although
Da/T50.10~5!31028/K2 above approximately 170 K, and
0.15~5!31028/K2 for lower temperatures. The large scatter in
these LuD0.005 data appears because all of the data for this
sample are plotted, with no distinction between the several
different warming and cooling runs which were internally
consistent~to better than60.5%!, but which showed consid-
erable hysteresis; the negative spike at 230 K~25%! oc-
curred on a final warming run, while the subsequent cooling
run gave the positive spike at 210 K~16%!. The LuH0.053
data in this figure are those for the final warming run after
the sample had been cooled to 1 K. The original cooling run
is similar in shape, but somewhat different in magnitude.
While the 15% decrease ina at 160 K can be associated with
the 24% increase at 163 K for thec-axis crystal, there is no
comparable feature in thec-axis data which can be related to
the 10% increase in thea-axis a near 240 K. The negative
spike on warming for thex50.005 crystal and this feature
occur at the same temperature, and reflect effects which ap-

FIG. 6. a/T vsT2 plot for pure Lu~—! and Lu alloys; the alloys
are as in Fig. 5, with the addition of the degassedc-axis sample
LuD0.00021~3! ~see Figs. 1 and 2!. The various dashed and dotted
lines represent smooth fits to the data through which they pass. Note
the vertical scale differences.

TABLE III. The leading parameter for Eq.~1b! for fits to the data of Fig. 6.A0b is the ‘‘high-temperature’’~bare density of states! value
for pure Lu ~Ref. 11!.

Sample

a axis c axis

Pure 0.005D 0.053H Pure 0.005H 0.005D 0.053H 0.053D

A0 ~10208/K! 20.25 20.13 20.21 3.82 3.2 2.6 2.3 2.5
A0b ~10208/K! 0.50~5! 20.3~2!

FIG. 7. The ratio ofc-axis alloy expansivities to those for the
pure metal,a/apure. The alloys are as in Fig. 6. Note the vertical
scale differences.
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parently are significant only for thea-axis crystals. A
frequency- and temperature-dependent structure is found
near these temperatures in internal friction studies.42

Relatively large systematic differences on warming and
cooling ~and hysteresis! were described above for thea-axis
crystals aboveTtr . Thec-axis LuD0.005data in Figs. 7 and 8
show similar sample-related effects between 50 and 80 K,
where data taken on cooling to 45 K lie significantly~2%!
higher than those taken subsequently on warming from 45 K,
although they coincide above 80 K. The sample then was
cooled to 1 K, with the 50 K data taken on warming 4%

smaller than the previous warming data from 45 K. Drifts in
sample length which were observed on occasion at 25~5! K
usually did not reappear after cooling to 1 K. The most con-
sistent drifts in sample length occurred between 130 and 200
K for most of the alloys~LuD0.005was an exception!. These
generally were small~on the order of 1 Å/min! and had no
significant effect on data taken over a period of 1 h or so. On
cooling, the sample length would decrease rapidly due to the
positive a, then would continue to shorten slowly afterT
became constant~after 1 h!. The opposite effects were ob-
served on warming. These effects varied in detail from
sample to sample, and generalizations are difficult. Measured
time constants were as short as a few hours or as long as 100
h. For the longest time constants, the projected changes in
sample length were estimated to be220 ppm for thec-axis
and 17 ppm for thea-axis sample. These time constants
introduce an ambiguity in the analysis of the data, since it is
not clear whethera should be determined by the sample
length change corrected back to the time when dilatometer
equilibrium was reached, or to the projected long-time
sample length. When smallDT’s were used in the transition
region, this could result ina’s which differed by as much as
10%. Possibly related effects were noted in neutron scatter-
ing experiments by Blaschkoet al.43 who reported that the
intensity of a neutron diffuse scattering pattern for LuD0.04at
150 K increased by a factor of 2 in 24 h.

IV. DISCUSSION

The presentCp data support the original conclusion2,3,7

that theCp’s of a-phase Lu-hydrogen alloys (LuHx) behave
quite differently below 3 K for x<0.015 and forx>0.032
~Fig. 3!. In addition, the present data show that any model
which describes theseCp results must not depend signifi-
cantly on the mass of the hydrogen isotope; this apparently
eliminates models which involve motion of the hydrogen
~such as tunneling!. The H ~D! which are paired along thec
axis on either side of a Lu ion apparently are bound to the
ion sufficiently well that lattice heat capacities, and the De-
bye temperatureQ0, are related to the molecular weight, not
the atomic weight, of the sample. The agreement between
our x50.005 alloyCp data and those for the pure metal for
T.10 K ~Figs. 1 and 2! suggests a commonQ0; Thome’s
LuHx data forx<0.015~not shown! also are consistent with
this postulate. For largerx, the small decreases inCp with x
in Figs. 1 and 2~Table I! can be understood in terms of small
increases inQ0 ~Table I! which are consistent with those
found in ultrasonic18 and energy-dispersive x-ray19 experi-
ments on these alloys; the reduced representations in Fig. 4
suggest that the shape of the lattice relation is unchanged by
alloying. Although the data forx>0.032~Fig. 3 and Table I!
are consistent with anx dependence for the electronicCp
coefficient g ~which approaches the pure value for
x50.183!, no evidence exists for similar effects for
x<0.015, where the low-temperature anomaly obscures this
contribution.

The low-temperature linear expansivity data in Fig. 6
have strong isotope andx dependences, but forx50.005 do
not exhibit the same type of anomaly below 3 K as theCp
data~Fig. 3!. The dilatometer may not be sufficiently sensi-
tive to resolve these effects if, as the preceding paragraph
suggests, tunneling does not occur.

FIG. 8. ~a2apure!/T5Da/T for the c-axis alloys in Fig. 6. A
relative scale is given by the reduced smoothc-axis expansivity,
ac/10T ~----!.

FIG. 9. ~a2apure!/T5Da/T for the a-axis alloys in Fig. 6. A
relative scale is given by the reduced smootha-axis expansivity,
aa/10T ~----!.
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While the ‘‘high-T’’ Cp data are relatively uninteresting,
the same is not true for the correspondinga’s. The rather
broad ‘‘pairing transition’’ atTtr , the magnitude of which
appears to scale withx ~Table II!, clearly is evident in Figs. 5
and 7–9, as are pretransition effects. TheTtr are consistent
with those from resistivity measurements, although condi-
tions in the two experiments are quite different; the resistiv-
ity data are taken with a carefully chosen continuous warm-
ing or cooling rate of 0.5 K/min,22 while our samples, due to
the mass of the dilatometer, can only be warmed~or cooled!
much more slowly, with an hour or so required for equilib-
rium near the transition. The nonequilibrium effects~isother-
mal drifts in sample length! which we observe do not appear
to be important for the resistivity studies. TheCp data of
Vajdaet al.24 for a LuD0.183crystal show broad feature inCp
at 203 K; resistance measurements on a similar sample
showed a transition at 174 K~Table II!.

Nuclear magnetic resonance studies have shown that the
pairing transition is accompanied by a change in electronic
structure.23 Since electronic contributions to thermodynamic
properties are proportional toT @the lead terms in Eqs.~1!#,
the plots ofDa/T in Figs. 8 and 9 are intended to emphasize
differences between the electronic properties of the alloys
and the pure metal. The two common features for the
x50.005 and 0.053 alloys are, first, that each shows a tran-
sition, the magnitude of which scales approximately withx
~Table II!, and second, thatDa/T in each case has similar
structure below the transition~with different signs for the
a-axis andc-axis alloys!. These similarities are in contrast
with the very different isotope dependences for thex50.005
and 0.053c-axisa’s in Fig. 8, and with their very different
pretransition temperature dependences. An intriguing feature
in Fig. 8 for all four c-axis alloys is the correspondence
betweenDa/T atT50 and at the low-temperature end of the
transition; this, presumably, corresponds to the electronic
structure change which is observed in the nuclear resonance
data. The intermediate structure is large, and puzzling, since
no resolvable isotope-dependent effects are observed in the
Cp data for these temperatures~50625 K!.

Our analyses of theCp’s and thea’s for pure lutetium
~and scandium! crystals11 demonstrate that electronic effects
are relatively much more important for thea’s than for the
Cp’s. The ‘‘high-T’’ lattice properties of these crystals can be
made consistent with lattice dynamical predictions only if
the assumption is made that the very significant spin-
fluctuation and electron-phonon enhancements to the elec-
tronic contributions for bothCp and a are quenched with
increasing temperature. This is consistent with the suggestion
by Grimvall44 that spin-fluctuation~and electron-phonon!
contributions should begin to disappear forT.Q/10. The
electronic contributions each are proportional toT, with a
different proportionality parameter@C0 in Eq. ~1a! for Cp ,
A0 in Eq. ~1b! for a# for low and highT and a complex
intermediate behavior; the quenching of the enhancements
has a relatively much smaller effect onCp than ona.

11 Table
III contains on the first line the low-temperature values ofA0
for pure Lu and the alloys, and on the second line the ‘‘high-
T’’ value, A0b, for the pure metal. Unfortunately, the consis-
tency analysis does not give direct information as to the tem-
peratures at which the quenching of the enhancements
occurs.

In Figs. 8 and 9, the magnitude of the structure inDa/T
near 40 K is similar to that which is associated with the
quenching of the enhancements for the pure metal~A02A0b,
Table III!. This suggests that this structure inDa/T vs T is
associated with a more rapid quenching of the enhancements
with increasingT for the alloys than for the pure material, as
was suggested by Stierman and Gschneidner.8 The almost
identical values ofDa/T at T50 and at the low-temperature
end of the transition for each of the alloys then reflects the
effect of the ordering on the bare density of states contribu-
tion to a, with the dominant enhancement contributions no
longer present above 150 K. Similar effects which should
occur forCp would be relatively much smaller, and possibly
would be indistinguishable from those in Figs. 1 and 2 which
we have attributed to thex dependence ofQ0.

With this postulate, the quenching of the enhancements
for thec-axis alloys~when compared with the pure metal! is
least effective for the LuH0.005alloy, appreciably more so for
LuD0.053, and most effective for LuD0.005 and LuH0.053; the
isotope effect is reversed forx50.005 and 0.053. If the
quenching were complete for ac-axis alloy~but not initiated
for the pure metal! near, for example, 10 K, the shape of the
Da/T vsT curve would reflect the temperature dependence of
the quenching in the pure metal;Da/T initially would de-
crease rapidly by 4.131028 near 10 K~solely an alloy effect!
and then would rise slowly to itsT50 value as the metal
enhancements disappeared with increasingT. Figure 8 sug-
gests that for the pure metal the major enhancement quench-
ing occurs between 30 and 125 K~it does not scale withQ
when compared with scandium!, and probably occurs be-
tween 10 and 50 K for the alloys, since the largest magni-
tudes for the change inDa/T are 3.3~2!31028. In Fig. 6, the
gradual decrease in the average slopes of the smooth rela-
tions between 0 and 12.6 K could be related to the onset of
enhancement quenching in the alloys.

The situation is less clear for thea-axis a’s in Fig. 9,
where no structure comparable with that for the correspond-
ing c-axis crystal is observed fora-axis LuD0.005 ~where
quenching is not enhanced?!, andDa/T for LuH0.053 at the
beginning of the 160 K transition is the same as that atT50.
The intermediate shape mirrors that for thec-axis crystal and
is consistent with enhanced quenching of the enhancements
for this alloy. For this alloy, the structure aboveTtr does not
reflect the smooth relationship for the samec-axis alloy. If
the c-axis expansivities are characteristic of thec-axis pair-
ing transition in these alloys, thea-axis data show that subtle
anisotropic corollary effects occur. Possibly this reflects the
relatively greater softness of the pairing potential normal to
rather than along the symmetry axis.26

V. SUMMARY

The present results, rather than clarifying, increase the
complexity of the experimental picture for thee LuH~D!x al-
loys. The original low-temperatureCp data for polycrystal-
line LuHx samples

1–3 were consistent with the existence of
two different states for these alloys, with a transition occur-
ring for 0.015<x<0.032; the lower-x state is characterized
by aCp anomaly, while the larger-x state has a ‘‘normal’’T
dependence~Figs. 1–3!. The presentCp data show that the
low-temperature, small-x anomaly is not isotope dependent,
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and, hence, cannot be associated with hydrogen motion such
as would occur in tunneling. A corresponding anomaly does
not appear in thex50.005 linear thermal expansivity data,
possibly because of a lack of dilatometer sensitivity.

The higher-temperature single-crystal thermal expansivity
data also are consistent with the existence of two quite dif-
ferent states for these alloys, since the temperature depen-
dences and isotope effects for thec-axisa’s are quite differ-
ent for x50.005 and 0.053. The pairing transition atTtr ,
which is observed in electrical resistivity experiments22 and
as a change in electronic structure in NMR data,23 appears as
a well-defined discontinuity ina at approximately the same
temperatures~Figs. 5 and 7–9 and Table II! which is propor-
tional to x. For thec-axis crystals, the change in the elec-
tronic contribution to a upon alloying @Da/T
5~aalloy2apure!/T# is the same atT50 and atTtr , and is
believed to be associated with the electronic structure change
observed in the NMR data. The large temperature depen-
dence ofDa/T aboveTtr for the c-axis crystals~Fig. 8! re-
flects the ordering of the H~D!, while the abrupt decrease in
a at Ttr indicates the termination of this ordering. An impor-
tant question is whether the ordering triggers the electronic
structure change, or whether the electronic structure change
terminates the ordering.45 Since theDa/Twhich is associated
with this change is approximately the same magnitude for
the x50.005 and 0.053c-axis alloys, the latter postulate
probably is more likely to be correct. A large isotope- and
x-dependent anomaly ina which appears betweenT50 and
Ttr can be attributed to a more effectiveT-dependent quench-
ing of spin-fluctuation and electron-phonon enhancements
for the alloys than for the pure metal.

While the emphasis in the above paragraph has been on
thec-axis expansivities, thea-axis data also are interesting in
that they, too, reflect the transition, but with different detailed
behavior. Thea’s for both a-axis samples~LuD0.005 and
LuH0.053! showed hysteresis and structure aboveTtr which
did not appear in the comparablec-axis data. Whether this

reflects different physics, or the relative softness of the H~D!
potential in the basal plane, is not clear.

Questions which future experiments might answer are as
follows.

~1! Is the ‘‘change in character’’ of the low-temperature
Cp ~Figs. 2 and 3! gradual, or does it occur at a distinct value
of x? This probably would involve 1–20 KCp data for a
range ofx, from 0.01 to 0.03;a measurements onc-axis
crystals also would be useful.

~2! The present measurements should be extended to
higherx values~at least tox50.183, 15 at. %! to determine
the x dependence of thea’s and possible saturation effects.

~3! Alloy Cp measurements should be extended to higher
temperatures to investigate theCp anomaly which corre-
sponds to those fora at and aboveTtr ~Figs. 5 and 7–9!.
Only one determination of an alloyCp at these temperatures
has been reported~Table II!.24 This will be a difficult experi-
ment, and perhaps can be done best in a differential calorim-
eter as a direct comparison with pure Lu.
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