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Heat capacities(1 to 108 K) and linear thermal expansivities (1 to 300 K) of LuH 4 145 Single
crystals: Thermal relaxation effects and the pairing transition
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Previous heat capacityC,) and linear thermal expansivityr) data for the hexagonat-LuH, and LuD,
[LuH(D),] single crystal alloysX=0, 0.005, 0.053)C. A. Swenson, Phys. Rev. 13, 3680(1996] have been
extended to Luld,4g A feature(a transition near 170 K ina vs T for LuHggs3 Crystals is much more
pronounced for the present results, with taxis (a-axis) data showing an almost 40¥80%) decrease
(increasgin « on cooling below 170 K. This transition, which was associated with the pairing of H along the
¢ axis in next-nearest-neighbor tetrahedral sites on opposite sides of a lutetium ion, is not clearly defined,
however, and, after a change in temperature, is characterized by isothermal drifts in the sample length with
time constants which are very small at 175 K but increase to 100 h at 144 K. The migration energy associated
with the temperature dependence of these time condtu2§3) eV] is approximately one-half that which is
associated with high-temperature bulk diffusion. The conclusion is that pair brép&iring does not occur
(is not completefdat a unique transition temperature when the alloy is warfeedled, but is a thermally
activated process, with the equilibrium fraction of paired H increasing with decreasing temperature, to achieve
a saturation concentration below 140 K. The approach to pairing equilibrium<fdr75 K is diffusion limited.
[S0163-182699)04624-X

I. INTRODUCTION which are at or significantly below those normally associated
with the pairing transition. The magnitudes of these effects
The present data for the heat capaciti€s)(and linear ~were largest foc-axis Lub 14gand were studied in detail for
thermal expansivitiega) of a- and c-axis LuH, 145 single  this crystal, which also was the last to be measured. Data for
crystals represent the extension of previous measurements ¥ a-axis LuH, 145 Crystal are very similar to those for tle
LuH, and LuD, [LuH(D),] single crystals x  @axis, but were not studied as extensively. The conclusion
—0,0.005,0.053)(Refs. 1 and 2to a more concentrated ToM these data, which will be documented in the following

alloy. The hexagonak-LuH(D), alloys (together with simi- sections and figures, is that a pairing transititimat is, an

lar alloys for yttrium and scandiunremain single phase to x-erendent phenomenon at a fixed temper_atdaes not
T=0 for relatively large values of (x<0.25, or 20 at. %, exist as such for Lughss Rather, the equilibrium concen-

3.4 . . tration of pairs appears to be a function of temperature which
dominantly on the hep tewahedi Sies n a andom solid PPIOZCHSS SalUa#00%) at or below 140 K. The ap-

. . S .~ proach to equilibrium after a change in temperature is rapid
solution(the « phasg, but, on cooling, tend to align in pairs for T=175K, but is diffusion-limited at lower temperatures
along thec axis in the next-nearest-neighb®NN) T sites become’s extremely slow below 144 K, the lowest ter'n-
on opposite sides of a rare-earth PResistivity annealing perature for the present data. '
effects near 170 KRefs. 4, § and rapid thermal-expansion " The following section summarizes current evidence for
changes near this temperattihave been associated with the the existence of pairing and a pairing transition in these al-
cessation of pairing on cooling, or the onset of pair breakufoys, and the temperature-dependence of the pair concentra-
on warming. This phenomenon has been referred to as th@yn. A brief description of the experimental apparatus and

“pairing transition.” This transition has appreciable width, procedures will be followed by a presentation and discussion
and no clear dependence Bror on H isotopé. of the experimental data.

Since pairing occurs along tleeaxis, thermal expansivity
measurements on oriented single crystals provide a sensitive
tool for studying the pairing transition on warming or cool-
ing, above, below and within the transition. Po# 0.053, This summary primarily includes information about the
the a data showed small time-dependent length changes neggmperature-dependence of the paired fraction and time-
170 K which did not significantly affect the rather strong dependent/diffusion-limited effects. The behavior of the
indications of the pairing transitiohSince the magnitude of scandium, yttrium, and lutetium kD) alloys is qualitatively
the changes i near the transition was greater for Lgifdss  (and often quantitative)yvery similar, and results for all
than for LuDy o053 the present experiments involved only three will be included. Daou and Bonfieioted unusual low-
oriented single crystal Lufh.galloys. Thea data for these temperature behavior in resistivity measurements on
samples show well-documented indications of nonequilibLuH(D), alloys; these were intended, along with x-ray lattice
rium effects for data taken with both decreasing and increagparameter data, to study the limiting solubilities of(Bl) in
ing temperature for 144T<<175K, or at temperatures lutetium. The x-ray data include lattice parameters as a func-

Il. LITERATURE SURVEY
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tion of x at 25°C, as well ag(T) and c(T) from room and for the fraction of the HD) which are paired as a func-
temperature to 550 °C for pure lutetium, Lykiand Luly 1o tion of temperature. Similarly, there is little evidence for the
A striking feature for these hexagonal metals is thatdke  temperature at which the linear chain structure first appears,
ratio (which is larger for the alloys than for the pure metal; and for the growth of this structure on cooling. Diffuse
the ¢ axis expands and tha axis contracts upon alloying neutron-scatterindDNS) experiments for YRQ,; (Ref. 179
increases linearly with temperature from room temperatureelate the temperature dependence of the scattering structure
to 500 °C for the pure metal, but, for the alloys, becomedactor to that of the pair density, and suggest that approxi-
temperature-independerithe expansivities are isotropic mately 50% of the D were paired at 300 K, and 93% at 120
above approximately 250 °C after an initial linear increaseK. Similar results were obtained in other DNS experiments
with temperaturé. for LuD, (Ref. 18 and Sc) (Ref. 19. An analysis of
Subsequent isochronal resistivity studies used continuougmperature-dependent elastic incoherent neutron-scattering
heating(0.5 K/min) of LUH(D), (Refs. 6, 7 and similar rare- data for YH, ;5 suggests that the number of pairs was essen-
earth alloy& to investigate a resistivity annealing anomédy tially independent of temperature from 10 to roughly 170 K,
transition near 170 K which occurred after quenching after which it decreased by two-thirds upon heating to 390
through this temperature or after low-temperature irradiationk.?° This analysis also verifies theaxis H-Y-H pairing hy-
They were able to establish binding energies associated withothesis by showing that the H-pair separation corresponds
the transitio E,=0.05(1) eV, and also, from the isochro- to the distance between NNNsites in yttrium. The magni-
nal annealing studies, a characteristic migration eneffgy, tude of the structure factor at a given temperature was asso-
~0.25eV. An analysis of these data gives a reaction of ordetiated with the number of unpaired () which were jump-
unity.® An extensive summary of literature values for binding ing rapidly (13*s™%) between nearest-neighb®rsites(T-T
and migration energies for these alloys has been given blgopping, and, hence, reflected the breaking of pairs with
Vajda.g In a quite different experiment, Jung andskat® increasingl. The unpairedfree) H (D) have been referred to
report the results of isothermal annealing measurements “labile,” while those which are pairedbound are
(160—180 K of quenched resistivity samples of lutetium al- “nonlabile.” 1® This paper also presents results and further
loys with H, D, andT. The time scale for these data was aanalyses of temperature-dependent structure factors associ-
maximum d 2 h at 162 K. Incontrast with the other resis- ated with quasielastic-neutron-scatterit@ENS experi-
tivity studies, Jung and lsser’s data indicatéwith consid- ments on YHD), (Ref. 21) and ScH (Ref. 22. In Refs. 15,
erable scattgra reaction ordee2, andE,,=0.45eV. More 20, and 22, the temperature-dependent intensities and/or
recently, Yamakawa and Maeta have measured isothermatructure factors are normalized to low-temperature values,
resistivity recovery in quenched LyH, samples! The and should not be associated directly with complete pairing
samples initially were quenched to liquid-nitrogen tempera-at low temperatures.
tures, then annealed at fixed temperatures of 140—-162.5 K. The detection of rapidly movingT{-T) protons as low as
The sample periodically was quenched in liquid nitrogenl10 K demonstrates that kD) pairing probably is not com-
where the resistivity was determined; data taking extendeglete at low temperaturé8 A recent analysfs suggests that
over 5.5 days for the sample which was annealed at 140 kKhe QENS data forT>150K and the lower temperature
These data are consistent wiy,=0.43eV. NMR experiments are measuring the sameT) proton mo-
Nuclear magnetic resonan@®&MR) also has been used to tions, with hopping rates which increase rapidly with in-
investigate these transitioh$The temperature dependencescreasing temperature. The characteristic energy, 0.05 eV, is
of the spin-lattice relaxation rates for Lykhs (Ref. 13, consistent with the H binding energy which is found in a
YH, 15 and ScH 7 (Ref. 14 show structure near 180 K number of quite different experimentsAt lower tempera-
which indicates that the pairing transition involves a changeures, the QENS hopping rates-(0*'s %) increasewith
in electronic structure. decreasing temperature, while the NMR ratlesrease re-
Neutron-scattering experiments have been used to detesulting in QENS rates at 10 K which are approximately 1000
mine the temperature dependence of the strudlomation, times greater than those observed in NMR measurements on
concentration, and distribution of the ¢D) pairs of these the same materialé. This implies that QENS and NMR are
yttrium, scandium, and lutetium alloys. Inelastic neutron-looking at very different motions below 100 K, since the
scattering experiments show that the potential alongcthe NMR motions are too slow for the QENS to see, while NMR
axis at these NNN sites is softer and more anharmonic thancannot detect the much higher frequency QENS motions.
in the basal plane, so the predominan(@j motion is along Either a reasonable fraction of the (®) remain unpaired
the ¢ axis!® The small nearest-neighbor spacing for the tet-below 100 K, or pairs are being broken and reformed
rahedral sites does not allow pairs to be located on adjacesbntinuously?®
sites, and diffuse neutron-scattering data show that the pairs A number of paperg:*®21-24attribute the 170 K resistivity
are ordered in an array of adjacent chains, with the chainsansition§ to a freezing of the relaxation process. The bases
possibly shorter for Sc than for Lu alloysA more recent for these suggestions arise from various measurements of H
inelastic-incoherent-neutron-scattering study suggests th&bD) diffusion in these alloys at relatively high temperatures.
the extent of ordering of these chains increases from,$aH Hydrogen relaxation measurements gave the first determina-
LuH, to YH,.® tions of H(D) diffusion in lutetium? These were confirmed
Although general agreement exists that thé in Sc, by Gorsky-effect measurements of the diffusion of H and D
Y, and Lu are paired across a metal ion and that the pairg single-crystal Luljgs and polycrystalline Luljlys and
exist in ordered-axis chains, less conclusive evidence existsLuDg o5 from 380 to 540 K(Ref. 26§ which showed that the
for the temperature at which pairs first appear on coolingdiffusion is isotropic, with activation energiesE,
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=0.575(15) eV for H and 0.63) eV for D. These results are generally does not arise in the work described above, since
interpreted using a model in which hopping between nearesthe original material for the samplégttrium, scandium, lu-
neighborT sites is very fast, and, because of the isotropyetium contained less that 0.01% oxygen.

diffusion in the basal plane is determined primarily by

T-O-T jumps(o refers to octahedrall SiteRENS measure- Il. EXPERIMENTAL DETAILS
ments which were used to determine the occupancy times _ _
(jump rates for the interstitial sites in polycrystalline YH The sample preparation, experimental apparatus and pro-

(Ref. 27 and single crystal YH,, at 593, 633, and 695 K cedures, data analysis, and, essentially, samples, were iden-
(Ref. 24 essentially agree with this model. The residencetical for the earliet and the present measurements, so the
times for jumps between nearest ne|ghﬂ;’mndo sites and relativeCp and « data from these two investigations may be
from Oto T sites are rough|y Comparab|e ('1@_ 10° 115) at Compared direCtIy with better that 1% precision.H was
these temperatures, and are much smaller than those faflded to the previous- andc-axis Luh gs3 Samples to ob-
jumps betweerT sites andO sites (10 s);?* the resulting  tain the current Lulg;4s samplesC,, data from 1 to 110 K
activation energyE,=0.57(3) eV, is in agreement with the were taken using a conventional semiadiabatic tray-type
Gorsky effect results. calorimeter with ApiezorN grease for thermal contact. The

An anelastic relaxation study of hydrogen pairs in,YH linear thermal expansivity data from 4 to 300 K were ob-
single crystalis consistent with other mechanical spectros-tained using a copper differential capacitance dilatoritter
copy, high_temperature SQ"NMR dat&g and neutro?flz? which was calibrated using a copper standard.
results over 10 orders of magnitude in jump rag$actor of Expansivity measurements are especially valuable for the
almost 5 inT), and an activation energy of 0.6) eV. An study of systems which show hysteresis and time effects,
extrapolation of these various results to 180 K gives a resiSince, in contrast wittC, experiments, data can be taken
dence time of several minutes for the diffusion-limitifig0 ~ With either increasing or decreasing temperature. In addition,
jump. Unfortunately, outside of a single observation of thethe extremely higlnot always usablesensitivity and stabil-
doubling in 24 h of the intensity at 150 K of a Lgg,DNS 1ty (8L/Leampe=2X10"° normally, 2<10™*° at low tem-
Scattering patterhs, there are no reports in the neutron- pel’aturé of th|S dilatometer make pOSS.Ip!e the determination
scattering literature of time-dependent effects. of very small isothermal length instabilities.

The behavior of these alloys appears to be different at
high and low concentratiort§;*®?*with a decrease in chain IV. RESULTS AND DISCUSSION
order with decreasing, and some question whether or not
pair formation occurs for smak.?! A small thermal expan- At low temperaturesC, and « for a pure metal are ex-
sivity pairing transition anomaly, however, exists for Pected to follow the same temperature dependence; #ith
LuHg gos @and LuDy go52 A further analysi® of the data de-
scribed in Ref. 21 shows that the temperature dependence of _ on
the elastic-incoherent-structur€éEISF is concentration- Cp/T—Z,O ContaT (1a
dependent for YH. This analysis of EISF data also includes
more details of the data presented in Ref. 22. The modeind
which is proposed for the EISF results links these data di-
rectly with the concentration of labiléree) H (D) in these N
alloys. A possibly related observation is that the temperature alT=2, Apysq T2 (1b)
dependence of the low temperat@g of LUH(D), shows a n=0
significant x dependencé® Below approximately 10 K, . _
C,(T) is qualitatively different forx<0.015[whereC ,(T) 2These relations lead to the convennoﬁtgl/_T (oral/T) vs
is anomalously largeand for x=0.032 [where C(T) is T< plot of low-temperature data for mgtalllc samples. '!'he
“normal,” see Ref. 2 for a discussidnThe absence of an lead parameteréC, andA;) generally arise from electronic
isotope effect, and of a detectable similar contribution to thecontributions, while theC3,A; and higher-order parameters
linear a’s, rules out the association of the lOV\Ep behavior Usua”y are associated with lattice contributions. For a pure
with H (D) tunnelling. No explanation exists for this low- metal,C,=y, the electronicC, coefficient, while the limit-
temperatureC, behavior; an association with the proposeding lattice Debye temperatuf@,, can be calculated fro@;

N

the absence of pairing at lowis a possibility. as
At higher temperatures, th€, data for these LKD),
alloys’ are in agreement with phonon dispersion results 0(=[1.944x10° (mJ/g mol K//C3]* K. 2
which show small effects of pairing on the phonon
spectrun®* The smallx dependence of the allog,’s (and If the C,,/T (or a/T) vs T? representations of data show

0,'s) reflects the tight binding of a pair to its common Lu deviations from Eqs(l) as T—0 K, the implication is that

ion; the net effect of pairing on either side of a Lu ion is to an anomalous contribution G,(a) exists. At higher tem-
increase slightly the mass of that ion. The pure lutetigis ~ peratures, power series including all power§ afan be used

also agree well with those calculated from the phonon speanore effectively to represent both, and «, with the coef-

trum for pure lutetiun?? ficients having no physical significant&ower series fits to

Cannelli et al*® have attributed a number of relaxation the data were used to generate the smooth representations of

processes in measurements involving,tblinteractions be- the data which appear as smooth curves in the following
tween hydrogen and oxygen in their samples. This possibilitfigures.
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FIG. 1. The differences from the pure Gy, relation(Ref. 1 of
the data for the individual samples of Lykhg[a axis (A), ¢ axis
(A)], LuHg gs3[a axis (O), ¢ axis (®)] andc-axis LuH, go5(+) (Ref.
2) and, in Fig. 1b), polycrystalline LuH 153 (<) (Ref. 30.

A. C, results

The C, data for the two Lulj4gCrystals are presented in
. P . ¢ :
Figs. 1 and 2, together with earlier restits*®In Fig. 1(a),

TABLE |. See Table I, Ref. 2. Parameters from fits to Etp
to the data in Fig. 2, and from the high-temperature normalizations
of the®/0, vs T/@,, relation. y is in units of mJ/mol K, 4 in K.

Low T fit
Sample - Normalized
alloy vy 0, O Citation
Initial crystal 8.299 189.9 189.9 Ref. 1
c-axis LuDy gs3 9.770 189.1 192 Ref. 2
c-axis LuH, gs3 9.715 193.8 193 Ref. 2
a-axis LuH, gs3 9.939 189.0 191 Ref. 2
a-axis LuH, 145 8.300 188.1 195 Present
c-axis LuH, 145 8.072 189.3 195 Present
Pure Lu polycrystal 8.303 190.03 190.0 Ref30
Polycrystal LuH g3, 10.776 194.9 192 Ref. 80
Polycrystal Lubges ~ 9.734 189.8 193 Ref. 30
Polycrystal Lub o,  8.886 192.9 196 Ref. 80
Polycrystal Luk ;g3 8.280 196.5 198 Ref. 30

aSee Fig. 4, Ref. 2.
bSee Ref. 2 for the data analysis which was used.

The lower temperatur€, data of Fig. 1b), along with
additional polycrystalline dat¥,are presented in the 1 to 5.5
K Cy/T vs T2 plot of Fig. 2. The purpose of this represen-
tation is to show that the data for pure lutetidmsingle crys-
tal LuH, o553 and LuH, 145 and polycrystalline Luki;,, and
LuHgy 1835 have approximately the same slopeith 0,
=190K). The primary differences arise through tfie=0
intercept y, which decreases approximately linearly from
10.8 mJ/mol K at x=0.032 (data® not shown to the pure
value nearx=0.15. Columns 2 and 3 of Table | give the
values ofy and ®, from fits of Eq.(1a) to the various data
for x=0.032. Forx<<0.032, the alloy daté&he LuH, y;5and
LuHy gosdata in Fig. 2 are typicakhow anomalous behavior

the differences of the various crystal data from the smoott@t low temperature. The polycrystalline Lybis data repre-
relation for the pure initial material are systematic at lowsent the maximum observed difference of alldy's from

temperatures, but are less thari% for T>60K. Figure
1(b) shows the sam€’s from 1 to 20 K with an expanded
vertical axis, and also include€,’s for polycrystalline

those of pure lutetium for temperatures greater than?£K.
In Fig. 1, the LuH o553 (and other data show minima near
12 K which were ascribed in Ref. 2 to small changes in

LuHg 185°° The agreement between the data for the twolattice properties; changes inof up to 25% were found to
LuHo 148 Crystals and the polycrystalline data is quite satis-have negligible effects o, abowe 8 K because of the rapid
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FIG. 2. C,/T vs T2 for the crystal datdsymbols as in Fig. 1,
with pure Lu (— — —)] and polycrystalline datdLuHg o35 (5%),

LuHg 104 (), LuHg 153 ()] (Ref. 30.

increase of the lattic€, with temperature. The shape of a
lattice C,(T) relation is reflected directly in the dimension-
lessO(T)/O®, vs T/O, relation, where® (T) is an equiva-
lent Debye temperature which is directly related to the lattice
Cp(T), and @, is an adjustable parameter characteristic of
the lattice? Using this formalism, the shapes of the lattice
Cp's for the various alloygincluding now Luk ;49 can be
made equivalent to those for pure lutetium using the values
of ®¢ in column 4 of Table I. The normalize®’s vary
approximately linearly withx (to within =1 K), with
dLnO®,/dx=0.21(3), in agreement with the earlier results
and discussioA.There is no correlation with the largede-
pendence ofy which appears in column 2. The results in
Table | suggestbut not clearly that the normalized’s
tend to be significantly larger than those obtained from the
low-temperature fits of Eq1a) to the data. For lutetium, Eq.
(1a would be expected to give reliable values fgr but
small systematic errors in low-temperatig data can lead

to significant uncertainties ifd,.
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FIG. 4. Normalizeda- and c-axis &’s [(a— apyd/T vs T] for
LuHg 145 (A), LuHg 53 (@), andc-axis LuH, go5 (+) (Ref. 2. The
a-axis vertical scale is more sensitive than that for ¢hexis. For
comparison, each figure include¢10T (— — —) for the pure crys-
tal.

FIG. 3. a andc-axis a vs T data for the present Luf.g(4),
pure Lu (—) (Ref. 1), and LuH, 53 (@) (Ref. 2. The a-axis
vertical scale is more sensitive than that for thaxis.

The systematic differences between @g's for the a-
and c-axis LuH, o553 samples in Figs. 1 do not occur for
LuHo 145 €ven though the individual samples, except for HCp) are expected to be proportional to temperat[iej.
content, are the same. This introduces an added complicatiddb)], the differences between the alloy and pure metal prop-
by suggesting that, as was previously n(ﬁesubtle, un- erties also should, to a first approximation, be proportional to
known differences in sample preparation can be importantemperature. Figures 4 give the temperature dependence of
for these alloys. the « differences in Figs. 3A a=(a— a,, | after normal-
ization by the temperatureA a/T]. To establish a relative
B. Expansivity results scale, each of Figs. 4 included10T (— — —) for the pure
Figures 3 give th&- andc-axis linear thermal expansivity crystal. The steep decrea_t@acreqsae of Aa/T with increas-
(a) data for the present LuH.s alloys, pure lutetiuthand ing temperatu_re in the-a_X|s(a-aX|s) plots has been_ ascribed
LuHq 055 (Ref. 2. Note the factor of 3 difference between the to a more rapid quenchlng. of the enhancements in the alloys
c-axis anda-axis « scales, the opposite signs for the effectsthan for the pure _metéIWh!Ie (AalT)ok=(AalT)1s0 for
of alloying on the two crystal orientations, the relatively the c-axis alloys in Ref. Zindicating a change in the bare
greater effects of alloying on the-axis a’s and, for x  C-axis electronic properties on alloyinghis does not apply
=0.148, the qualitatively greater scatter of the data in thd0 thea-axis data, nor to the-axis Luk, 145 &’s in Figs. 4.
“transition region,” 150—170 K. This scatter, which is re-  The low-temperaturé<15 K) data in Figs. 3 and 4 are
lated to drifts in sample length after a change in temperatureplotted asa/T vs T2 in Figs. 5, where tha@-axis andc-axis
was studied in detail for the-axis LuH, ;45Sample, and less Vvertical scales differ by an order of magnitude. While these
extensively, but with similar results, for the correspondingfigures show that alloying has only a small effect on the
a-axis sample. The earlieraxis a’s,? in particular, showed a-axisA; (“electronic”) parameter, it has a large effeet-
significant scatter and hysteresis at all temperatures whichmost linear inx) for the corresponding-axis term. This
are not understood. c-axis behavior is quite different from that &, in Fig. 2,
Electronic contributions are important for pure lutetium where theT=0 intercept(y) is not defined forx<0.015, is
Cp's, but much more so for the’s, with the predominantly abnormally large fox=0.032 and approaches the pure lute-
low-temperature electron-phonon and spin-fluctuation entium value forx>0.15. In contrast with Fig. 2, the slopes
hancements completely quenched by 108 While Cpen-  (A3) in Fig. 5 have a strong dependencésee the lowr
hancements always must be positive, thosedaran have behavior in Figs. % which represent changes in electronic
either sign, and are negative for theaxis and positive for (an accelerated quenching of the enhancementt lattice,
thec-axis ’s.! Since these electronic contributionsdgand  properties.
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in capacitance £C), (AT), and a(T) for copper® The

12 E . ] time constant for dilatometer equilibrium at 175 K is from 45
10F B 3 to 60 min, the temperature typically is constantit0.005 K
_ 08 = i r ) (5 mK) after 15 min or sdequilibrium control is=1 mK for
:5 06F - . several dayk but thermal equilibrium(sample and cell iso-
© 04F N Y ” - thermal, indicated by negligible capacitance driquires
%’02 o A_.A" PP ] another 30 to 45 min. TypicalT’s ranged from=0.5 K at
“E A_AA' oot ] " ] liquid-helium temperatures tec20 K when « had a small
00f peo*t _— o] temperature dependence. For the data in Figh B,usually
-0.2 i a-axis | was betweer{=) 3 and 5 K. An important characteristic of

o] WS P FRUTE FUTE FEETE FETEN PR S the data for 144T<170K was a continuing isothermal
drift in C after an hour or so, with a time constant apprecia-

LB I I B 0 N N L L L B

A

12F . bly larger than that for thermal equilibriur@, T, anddC/dt
: i . were recorded periodically until the drift rate was negligible.
10: T P The vertical dashed lines in Fig. 6 connect thie calcu-
“‘g sk % - ] lated from theAC immediately after temperature equilib-
° pdi .° . rium was establishetsolid symbol$ and the finalAC after
; 6F P A R N "3: the system showed negligible drifopen symbols Where
N 43 Tt P g . two open symbols are shown, the higher corresponds to an
bl A___A..-A--"’ﬁ"" 3 extrapolation ofAC to t=o. Data for Run 1[on cooling
2 Fo AN [c-axis |- from 300 to 45 K(%), then on warming back to 295 K+)]
0:. il ittt il il e were taken rather casually, before the significance of the drift

o 25 50 75 100 125 150 175 200 225 was fully apprecia_ted. Thc_ese data were repeated in Run 3
) (the same setypwith considerable care taken to document
(O] the effects of drif{cooling (A), warming(l)]. An important
FIG. 5. a/T vs T2 for the a- and c-axis data in Fig. 4. The feature in Fig. 6 is that the solid symbdiseglecting drifi
dashed lines are fits of E€Lb) to the data. The-axis vertical scale  fall on an extrapolation to higher temperature of the

is an order of magnitude more sensitive than that forctiasis. < 140K data(where time constants are very laygehile the
open symbols correspond to an extrapolation to lower tem-
C. The transition region; 144 to 170 K peratures of theT>170K data, for which equilibrium is
rapid.

Figure 6 shows details of theaxis Luk 145  data from Figures 7 give the capacitanf€(T,t)] data which were
110 to 210 K. Expansivity data were taken in three separat§sed to calculate the's in Fig. 6. Thec-axis lutetiuma’s

runs with the same §etL[pRun 1, 300-45-295 K; Run 2, om 110 to 150 K fortuitously are only slightly larger than
(295)._4'2_55{295) K Run 3, (295_1_757144_175Q95 those for copper, witlC varying slowly with temperature. A
K], with only the first and last appearing in Fig. 6. For eachgimijar plot for thea-axis Iutetium datdnot shown does not

data point, the dilatometer initially was in isothermal equi- y4ye the same clarity, primarily because bothdteand the
librium at T, then was cooledor warmed to a new constant  q|ative effects in the transition region are smaller, and
temperatureT+AT; « was determinef from the changes da/dT does not change sign at 180) K (Figs. 3.

The pattern for arv determination in the transition region

N L s AR LAY LERRY LAREN RARES LLARS LA is as follows. In Fig. ), the sample, initially in equilibrium
2.43 3 (no drift) at 175 K (A), is cooled to 170 K(A), with the

C ] small AC denoting anx slightly greater than that for copper.
22f ] C, however, drifts downwards isothermal{the gap,g, in-

< 203 3 creases as the sample length shonteasards equilibrium

S TE . (A). The next cool, to 167 K, and subsequent cools, follow a

= 18fF . step-wise path, and define two essentially paral¥ir)

N o . lines; the uppefA), which corresponds to a nonequilibrium
1‘6: ‘ : cooling (pair distribution “frozen™), and the lower(A),
1.4F e ’;A’i ] Wh_ich pre§umably represents thermal equilibrium for the
12:*“” pairs and is an extrapolation &(T) for T>170K. After

sample equilibrium at 144 K on the second riiower A),
110 120 130 140 150 160 170 180 190 200 210  the (ijlatometer was warmed to 153 (), with C subse-
T K guently increasing to an equilibrium valggl) which is on
FIG. 6. Details from 110 to 210 K of theaxis LuH, isa’s in ~ the lower of the two cooling lines; there is no hysteresis. An
Figs. 3 and 4. The dashed vertical lines conngstcalculated from  important observation in Fig.(B) is that the 144 K data do
data taken immediately after a temperature chasgid symbols not lie on extrap0|ati0ns of the linear relations. This corre-
and those calculated after length drift was negligitdeen sym-  sponds in Fig. 6 to the decrease in the difference between the
bols). Symbols; cool%) and following warm(+) for Run 1; cool initial and the finala’s below 150 K. Presumably, given
(A) and final warm(l) for Run 3. See the text for details. sufficient time, pairing will be saturated just below 140 K.
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FIG. 7. Actual capacitancgelative length changealata vsT for Cd it d et el

the c-axis LuH, 145 @’s shown in Fig. 6. The symbols are as in Fig. 0.1
6, with the addition of 4 to 55 K data from Run(® ) in Fig. 7(a). 0 500 1000 1500 2000 2500 3000 3500 4000 4500
t (minutes)

Figures 7 ShO_W apparent inconsistenqies or shifts in the FIG. 8. dC/dt vst for three of the Run 3 data points in Figs. 6
data near 50 KFig. 7(a)] and at 144 K. Figure (&) shows ;4 7. The symbols are as in those figures, with the dashed lines

that data taken from 4 to 50 K in Run(Zigs. 3-5 imme-  epresenting fits of Eq(4) to these data; the time constants are
diately after Run 1 differ from Run 1 by-0.05 pF @OL/Ls  shown in Fig. 9.

=+1.2x10 %) near 50 K. For these low-temperature data,
exchange gas was used to cool the dilatometer from 295 to Figures 8 show isothermalC/dt vs t relations for three

77 K over night without monitoring>(T), after which the  of the Run 3 data in Fig. 7dC/dt, which initially was
dilatometer was cooledt4 K and data were taken to 55 K. —400x 1076 pF/min (d Ln L¢/dt= —5.5x 10"%/h) at 170 K

The dilatometer subsequently was allowed to warm slowlycooling, was +0.15x10 6 pF/min (dLnL/dt=+2

back to 295 K; the initial and final 295 K's are in good  x 10-8/h) when the 153 Kwarming data were terminated.
agreemenfindistinguishable in Fig. (&]. Similarly, in Fig.  while the 170 K data showed negligible drift after 3.5 h,
7(b), the 144 KC's from Run 3 are 0.03 pF smaller than gyifts for the 144 and 153 K data were appreciable after 3

those from Run 1(corresponding toL/Ls=7x10"°) be-  gays. Although the 170 K data in Fig. 8 can be represented
cause the dilatometer was cooled through the transition reyy 3 single time constant,

gion more quickly for Run X+, %) than for Run 3(A). A

similar effect was observed for tha-axis LuH, 45 data [C(T,t)—C(T,t=2)]=[C(T,t=0)—C(T,t=x)]
(—0.015 pF, samé& ¢ andC's) between the initial ruri295—

45-295 K and a second run fro 4 K upwards. The impli- Xexp(—t/7)=Prexr

cation is that if a sample is cooled through the transition xXexp(—t/7), (33

region too quickly c-axis (a-axis) sample lengths below 100
K will be appreciably longefshortej than if a very slow, _ _ _ _ _ _
equilibrium, cooling rate had been used; a residual of un- dC/dt=Pre<exp(—t/n)=[C(T.H) = C(T .t Oo)]/T(’Sb)
paired H will remain. Unfortunately, these changes in sample

length cannot be directly related to the number of pairs cretwo time constants are required to represent the isothermal
ated. data in Figs. 6 and 7 below 165 K;
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FIG. 10. The temperature dependence of the products Pfer
Prel and Pre2 from the fits of E() to the data. The dashed line

FIG. 9. Time constants [Eq. (4)] vs 11T for the data in Figs. 6 for Prel is from a fit of Eq(5). See the text for details.
and 7. The symbols are as in those figures.

UT (K1

formed with changing temperature, the product >Pre
dC/dt=Prelxexp —t/r;)+Pre2<exp —t/7,). (4  Should be, to first order, a thermally activated process, given
by
The 7's for the data in Figs. 6—8 are plotted in Fig. 9 as
In(7) vs 1/T, the form which would be expected for a ther- Prex 7= const exp( —E/KT), )

mally activated process such as diffusion. The dashed Iinevsvh (eE | haracteristic enerav. Fiqure 10 is a plot of the
represent least-squares fits to tie and give for the char- Erek IS a characteristic energy. g ap
acteristic migration energies products Pr = for Prel and Pre2. The dotted line through

the Prel values represents a fit to E() with E
E;=0.221) eV and E,,=0.314) eV. =0.2;(1) eV,l in agreemept with thg c_:haract_eristic energy
associated withr;. No similar analysis is applicable to the
These are to be compared with the migration energies for Hlata for PreX 7,, which has a very different temperature
in lutetium from the isochronal resistivity recovery measure-dependence, and for which ad hoclinear relation has been
ments, 0.22) eV.? from the isothermal resistancy recovery plotted.
measurements, 0.45 gRef. 10 and 0.43 eMRef. 1], and The representation of th@C/dt vst data with two time
from the Gorsky effect determination of self-diffusion of H constantd Eq. (4)] is not unique, but was used for conve-
in lutetium, 0.57%15) eV.?° The present average migration nience, and involves the implicit assumption that the pairing
energy, Enit+Em)/2=0.26(3) eV, agrees well with that reaction is of order unity. This assumption is suspect, since
from the isochronal resistivity measurements, which suggestd must occupy theT sites simultaneously in order for the
that the two very different experiments are closely relatedreaction(pair formation to occur. An isothermal resistivity
The differences from the two very difficult isothermal resis- recovery study which is more analogous to the present work,
tance recovery measuremefgse Sec. )lis not understood. gave a reaction order of 2 or more, wih,=0.45 eV (Ref.
Similarly, it is not understood why the migration energies10). An attempt was made to apply the formalism from this
generally are appreciably smallés0% smaller for the study’ to the 144 K data in Fig. 8, with no success. Inde-
present datathan the bulk diffusion value. As was men- pendent of the choice of a reaction order, the data always
tioned in Sec Il, a number of papers have commented that ashowed a change in character approximately midway
extrapolation of the bulk Luklys diffusion result$® gives  through. The analysis of the most recent isothermal resistiv-
occupation times of minutes near 180 K. These calculateity recovery studie’ states that the results are independent
occupation times, which are consistent with the onset of thef the assumption of a reaction order.
present sample relaxations near 170 K, would be much The discussion of the x-ray-diffraction measureméiis
shorter if the present migration energies were to be usedec. Il noted the different temperature dependences of the
Hence, an inconsistency exists which is not understood. c/a ratios of pure Lu and Lull The pure lutetium
For the present data, E¢Ba shows that the product Pre expansivitieSand those for Lulg;45can be used to calculate
X {=[C(T,t=0)—C(T,t=w)]} is proportional to the total the c/a relations forT<300 K which are shown in Fig. 11;
isothermal(drift-related change in length of the sample after the o’s were integrated to obtain relatiee andc-axis length
a change in temperature. This relation can be used in twohanges which were normalized to thenda x-ray values
ways. First, Eq(3b) can be used to estimate the differenceat 300 K# The linear temperature dependencetd for the
between the capacitance at a titn€(T,t) and its limiting  pure metal, and the concave downwards temperature depen-
value C(T,t=<), usingdC(T)/dt att and the appropriate dence for Lul 4 above 170 K are consistent with the
7(t); for most of the data, the representation at the longeshigher temperature x-ray dataFor the alloy, an extrapola-
times was dominated by,. Second, if the total isothermal tion of the low-temperature curve to higher temperatures and
capacitance (length change, AC=[C(T,t=0)—-C(T,t of the higher temperature curve to lower temperatures sug-
=w)], is a measure of the equilibrium number of pairsgests that the change in character occurs near 150 K; this
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1585 T r T T " 1.591 of temperature, and that a pairing transition as such does not
,/;& 1 exist. For extremely slow changes in temperature, the paired
15841 Pyl 11:59%0 fraction appears to saturate near or below 140 K. Figures 7
1 ssal ,.; o 14589 show the raw capacitance datg which were us_ed to calculate
.k ) '/’/,,a LuHg 15 — ] o the &'s in Fig. 6. The systemat!c cgpacnance dlffer.enc_es be-
—g“ 1.582] I “/ S 11.588 —§ tween the three rurfsiear 50 K in Fig. 7a), at 144 K in Fig.
= 5 s ¢ ] = 7(b)] are a direct consequence of the rate of cooling of the
1.581F 4;’ < 11587 sample; a large€ is associated with a more rapid cooling
8 Mf/“& . rate through the transition region and implies a greater
15807 oo 1"%% sample length and fewer pairs formed. Unfortunately, no di-
15790 , , . s 13485 rect correlation exists between isothermal changes in sample
0 50 100 150 200 250 300 length and the number of pairs created.
TK) The isothermal resistivity recovery measurements of Jung

and Lasset’ (160-180 K and Yamakawa and Maéia
FIG. 11.c/a vsT for pure lutetium(®) and for Lubh 145(¢) as  (140-163 K qualitatively support this picture, and extend

calculated from an integration of the smooth single crystal the lowest temperature to 140 K. Their data show that the
Note the offset in the scales for the two materials. rate of resistance recovery after quenching slows dramati-

cally as the temperature is decreased, with time scales which
does not rule out a transition, but is consistent with the inare comparable with the present.
terpretation of the present data. Higher temperature data Fast H motion between NN sites has been observed
would be interesting to, possibly, relate the temperaturgyelow 100 K in neutron-scattering experimeftghis obser-
variation ofc/a to the onset and temperature dependence ofation has been used to postulate that nonpa(tiabile” )

the formation of pairs. H exist at low temperature’s. Other experiméntd—2!also
give information about paired fractions as a function of tem-
V. CONCLUSIONS perature. The present experiments indicate that pair forma-

tion most likely does not take place, or occurs infinitely

The initial objective of the present investigations was toslowly, below 140 K[ (very) slow cooling rates are essential
extend previousa and C, data for single crystal Luld for pairing equilibriunj, and imply that, for “rapid cooling,”
alloys’ from x=0.053 tox=0.148. The general trends ex- a significant unpaired fraction could exist. The only mention
hibited by the earlier data are confirmed, with gresults  in the neutron-scattering literature of time-dependent effects
below 20 K in agreement with polycrystalline dafaThe s a single observation of the doubling in 24 h of the intensity
large differences between the shapes of the pure metal ared 150 K of a Luly,, DNS scattering pattertf. The time
alloy «’s in Ref. 2 are enhancedbut do not scale witkx) for  scales in the transition region for the isochronal resistivity
LuHg 14g (Figs. 3 and 4 recovery experimenfswhich are measured in minutes, are

In Figs. 3, the abrupt change im below 170 K occurs much shorter than those for the present experiments, which
near the same temperatures where relaxation effeftsn  range from hours to days. These differing time scales may
referred to as the pairing transitipmitially were observed account for some of the differences in the conclusions.
in resistance recovery studies of the annealing of quenched A representation of the time-dependence of thaxis
and/or irradiated sampl&sThese effects generally were as- drift rates forT< 167 K (Fig. 8) requires the use of two time
sociated with the lowest temperature at which, on cooling, Hconstant§Eqg. (4), Fig. 9]. The average of the migration en-
pairs are formed along theaxis in the NNNT sites on either  ergies for the two time constants, 0(36eV, is the same as
side of a Lu ion. A number of papéfs®?1?*suggest, how- that determined in the isochronal resistivity recovery
ever, that this apparent transition is the result of the slowingxperiment$,0.272) eV, which suggests that the two quite
down of H diffusion in these alloys, and, on the basis ofdifferent experiments involve the same phenomenon. A puz-
high-temperature bulk diffusion measuremefitgredict a  zling discrepancy is that the magnitude of this migration en-
dwell time of the order of minutes near 180 K. In Figs. 3 andergy is just one-half of that for self-diffusidii;?® 0.57515)
4, the scatter of the Lufd s « data below 175 K is related eV. The two isothermal resistance recovery experiments give
directly to long-term drifts in sample length after a change inE,,=0.45eV (Ref. 10 and 0.43 eV(Ref. 11, with no un-
temperature; these effects are documented in Fig. 6, wherertainties stated. Each of the resistance recovery experi-
the solid symbolgA) are for data taken immediately after a ments involves at least one crucial assumption. The experi-
change in temperature, while the open symldi$ are for mental data of Daowet al® are consistent with a reaction
data taken after the drifts have become negligible. Wlaén  order of 1, while those of Jung and LasSesuggest a reac-
this transition region is determined by cooling the sampletion order of 2 or greater. Yamakawa and Maéstate that
the initial o’s reflect a decrease in sample length with a “fro- their results are independent of the assumption of a reaction
zen” pair distribution. As additional pairs begin to form, the order, but (implicitly) assume that the shape of the
sample length decreasegair formation causes the lattice resistance-temperature relation is independent of pair con-
parameters to decrease and to increasguntil an equilib-  centration. While the present isothermal experiments have
rium is reached; thex calculated from the equilibrium state much greater precision than any of the resistivity experi-
is larger than that from the state immediately after the temments, and, hence, should be more reliable, a unique inter-
perature change. The implications from these data are tha@tretation is not possible since the data below 167 K cannot
the equilibrium relative number of pairs is a smooth functionbe represented by a single time constant, nor by the assump-
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tion of a reaction order greater than unity. A puzzling semi-high concentration¥1618:21-23ith a question as to whether
qualitative feature common to all of these experiments is thapairing even occurs for smak?! although a pairing transi-
the migration energy for each is significantly smaller thantion occurs forx=0.005 in thea(T) data? An interesting
that for high-temperature bulk diffusion, yet the larger bulk €xperiment would be to compare low-temperat@re data
diffusion value is consistent with the onset of diffusion- for a sample which, initially, was cooled rapidly through the
limited recovery effects near 180 K. transition region and then very slowly. No cooling rate-
The temperature dependence of the product of the predependent data exist for the curredy experiments;* the
exponential term and the corresponding time constant réime spentin the transition region probably was less than 1 h.
flects the magnitudes of the total capacitangength Additional Cp data for 0.015x<0.032 also would be use-
changes which will occur during these isothermal drifts. Fig-ful- The previous suggesti6rthat C, measurements in the
ure 10 shows these products for the two time constants. ThEansition region would be helpful probably no longer ap-
behavior of PreX 7, can be interpreted to be proportional to plies, ~since the_ tempera_ture-dependent_ relaxation times
the increase in the unpaired H population with increasingVould make the interpretation &, data difficult. The data
temperature; the dotted linEq. (5)] assumes a thermally 11OM the single report oC, data for the transition regién

activated process with the same activation energy #pr '€ inconclusive. L .
(0.22 eV} as in Fig. 9. This is an interesting, and perhaps The ear!y x-ray investigations of Daat al." suggest that
P ; ; &n extension of the single crystal length-change data to

500 °C or so, probably by using x-ray or neutron-diffraction
|Qechniques, would be extremely useful. In particular, the
temperature dependence of the lattice parameters ar/the
ratio (Fig. 11) could provide clues as to the onset of pairing
g’n an alloy such as the present.

the product Pre& 7,, which increases with decreasing tem-
perature, could be associated with the formation of paired
chains®

The C,(T) results of Thomeet al* for polycrystalline
LuH, show that a qualitative difference in character occur

for 0.015<x§0.032, with a maximum dev!ation from those ACKNOWLEDGMENTS
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