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Expansivity and heat capacity data for Lu and Sc crystals from 1 to 300 K:
Spin-fluctuation and electron-phonon effects
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Linear thermal expansivitya) measurements from 1 to 300 K and heat capa@ty measurements from 1
to 110 K are reported for single crystals of the hexagonal scandium and lutetium metal; tea were
combined with previous data to obtain smooth representations to 305 K for Lu and 350 K for S®y%he
(352 and 190 K, respectively, for Sc and)land y's (10.38 and 8.30 mJ/mol¥ respectively for Sc and Lu
are in reasonable agreement with previous data of various kinds. Electronic contributions are much larger for
the o’s than for theC,’s, with the large anisotropies of thés primarily electronic in origin. The equivalent
Debye®’s for the latticeCy’s and the Groeisen parameteis for the latticea’s both show an unexpected
dependence at “highT (T=04/2), which can be associated with the disappearance of spin-fluctuation and
electron-phonon enhancements to the electronic properties; this effect has been reported previously'$or Sc
by Pleschiutschniget al. [Phys. Rev. B44, 6794 (1991)]. While the resulting high-temperature “bare” or
“density of states”y for Sc, y,=5.7525) mJ/mol K, is slightly larger than that calculated recently bytgo
and Winter[J. Phys. Condens. Matt&r 1721(1993], the magnitude of the sufys,int+ v.p agrees well. For
Lu, for which no recent calculations exist,=5.5025) mJ/mol K2. The variouds (a andc axis, lattice, and
electronig¢ generally are quite anisotropic, with no obvious correlation between high- and lmetravior. The
anisotropy inI" which is associated with the enhancemésgin pluse-p) contribution is very large, with
similar magnitudes for the-axis valueg~17), but + for Lu and — for Sc. A 186-at. ppm Fe impurity in the
scandium crystals makes a significant contribution to all of the data below 3.5 K. The resulting inipsigtg
very large and very anisotropid [°®= — 40, T'®=30).

I. INTRODUCTION stants, as well as the linear thermal expansion, for single-
crystal Lu, while Greiner, Beaudry, and Snfitteported the
The present heat capacitg () and linear thermal expan- (smal) effect of hydrogen on the elastic properties of Lu.
sivity [a=(dnL/dT)p] measurements on lutetium single Fisher and Devé? have investigated the effects of both tem-
crystals were made to obtain pure-metal reference data fdierature and impurities on the elastic constants of Sc crys-
similar measurements on single-crystal L@¥, alloys; the tals, with results for the best samples con$|stentl\{V|th recent
results of these alloy measurements will be published®OM-témperaiure measurements by Leiseteal.” The

elsewheré. The corresponding measurements on scandiurﬂesencp data, which extend from 1 to 105 K, overlap with

. L e 1-20 K results for ETP samples of both fs. 3, 7,
single crystals were suggested by the calculation bz @od 12) and SA° Previously GersteirrJet al (GTSSu?nB the fol-
Winter? of the low-temperature electroniC, coefficient y | ’ '

for scandium, since the fine structure in their density of state%orgpa% srtijzb ;SES d(gf;%fg%’ 1r3e Zﬁléssfcc:)(rﬁlfzzg ngéaut well-

suggested a possibly Iarg_e electronic_contribution to the ther- Pleschiutschnig and his collaborators have used inelastic
mal expansivity. Gschneidner and his collaboratbrisave neutron scattering to study the lattice dynamics of(Ref.
demonstrated througlE, measurements on extremely pure 15) and SC® They compare their calculate, for Sc with
(ETP, or electrotransport purifiedamples of rare-earth met- e GTSS datd and suggest that the resulting differences are
als that small amounts of irdfi (for So) and hydrogeh(for  consistent with the assumption that the electrabjccoeffi-
Lu), among other impurities, probably are responsible for thesient y decreases with increasing temperature above 20 K,
very large discrepancies among previously reported lowprobably due to the disappearance of the spin-fluctuation
temperatureC,, results. Their extensive discussion of previ- contribution. Grimvaft’ comments that the electron-phonon
ous results for Sc and L(Ref. 3 will not be repeated here. (e-p) contribution toy, y.,, and, presumably, the spin-
The agreement between the pres€pts and those for the fluctuation contribution;y,, should begin to disappear for
ETP metals provides assurance that aulata represent an T=®/10, in agreement with this observation. Ikeelzal 18
intrinsic property of the pure materials. Lu and Sc are hexhave demonstrated in 1-20&, measurements that the spin
agonal crystals, se measurements must be performed onfluctuations in Sc are quenched by 10 T magnetic fields,
single crystals for each of the two symmetry directions.  while Stiermaret al® also have studied spin fluctuations in
The correlation ofC, and a data using the Gneisen single-crystal Sc using magnetic susceptibility measure-
relationships requires th@-dependentbulk modulus for an  ments. These data show a maximum in the susceptibilities of
isotropic material, and a complete set of elastic constants fahe crystals near 30 Kapproximately®/10) and unusual
an anisotropic crystal. Tonnies, Gschneidner, and Spefidingnagnetic behavior at lower temperatur@sore significant
have reported the temperature dependence of the elastic cdior the ¢ axis than for thea axis) which could be associated

0163-1829/96/5F)/366911)/$06.00 53 3669 © 1996 The American Physical Society



3670 C. A. SWENSON 53

with the onset upon cooling of spin fluctuations. Similar small differences in thermometry. Atomic weights and den-

studies have not been reported for Lu. sities are from the summary by Gschneidffer.
The analysis of the preseft, and « data for Lu and Sc The linear thermal expansivitie§a=(1/L)(AL/AT)
single crystals in terms of equivalent Deb§ks and aniso- =(dInL/dT)p for small AL] of these 12-mm-long single

tropic Grineisen parameter§” supports Pleschiutschnig crystals were determined from 1 to 300 K using a variable-
et al’s suggestion thay is temperature dependent for 8¢, sample-length differential capacitance dilatométexll data
extends it to include thermal expansivity effects, and showsvere taken isothermallgT constant to 0.001 K capacitance
similar behavior for Lu. readings subsequent to a changeTirfwhich could be as
small as+0.5 K or as large as20 K) were taken only after
capacitance driffpresumably due td@ differences between

Il. EXPERIMENTAL DETAILS the sample and the dilatometevas negligible. The absolute
) accuracy of these measurements varies from the larger of
A. Sample preparation +1.5xX10" %K (T<6 K for c-axis samples<9 K for Sc

Gschneidnér has discussed in detail the production of a-axis samples<<20 K for Lu a-axis samplesto =0.5% at
high-purity rare-eart{RE) metals. The initial Lu metal for higher temperatures. The internal consistency of the (da¢a
the present samples was similar in quality to the startindarger of £5x10 19K or =0.2% is much better than this
material used by Thome and co-work&r€,with hydrogen, for a given run, with the magnitude of the correction for the
nitrogen, oxygen, and carbon the major impurities. This alsgell “expansion” a major source of systematic uncertainty.
was the case for the initial Sc metal, except that subsequent
analysis of the single-crystal material showed 186 at. ppm of C. Data analysis
Fe as the major impurity. For both metals, the preparation of
single-crystal samples by a long-term anneal near the meIE
ing point (1500 °C for Lu, 1300 °C for Scin 1078 Torr p
reduced the hydrogen content to less than 0.02 a206

Barron and Morrisoff have shown that low-temperature
data for a pure metal can be represented rigorously by a
power series which contains only odd powersTofthis re-
lation can be written in the usef@,/T vs T2 form as

at. ppm).
The Lu o's were determined using two oriented single N
crystalg[b (basal plane, referred to asaxis in the following C,/T= > c,T. (1a
n=0

andc (symmetry axis, each approximatelt g and 6x6x12

mm’], which subsequently were alloyed with(B) for the  similar consideratiorf€ give the low-temperature thermal

alloy studies.C,, data initially were obtained for these crys- expansivities for a pure metal as

tals, but the results which are used in this paper are for a

third (a axis, 8.9 g, 0.051 molcrystal, for which the data are N

consistent with the earlier results, but are more extensive. alT=2, AT (1b)

The two oriented Sc crystals were identical in orientation and n=0

similar in size to the original Lu crystals, with a combined For a pure nonmagnetic metal, the first term in Ed3.is

mass of 2.5 ¢g0.05 mo). associated with electronic contributiortfor C,, Cy=7),
while the higher-order terms are associated with lattice con-
tributions. The second term in Eqla) (n=1) gives the

B. Calorimetry, dilatometry limiting (T=0) form of the latticeC,, with the Debye tem-

Heat capacities were measured from 1 to 110 K using ®eratured, given by
conventional heat-pulse calorimeter with Apiezon-N grease o 13
providing contact between the sample and the copper tray. A ©0=[1.944x10° (mJ/g mol K/C,]** K. @)
single locally calibrate? germanium resistance thermom- The significances of the lead terms for th@xpressiofEq.
eter was used for temperature measurements. A mechaniddlb)] are more complex than f&,, and will be discussed in
heat switch provided thermal contact between the tray and aa later section.
isothermal shield; no exchange gas was used at any time to When impurities are presefds for S¢, the above discus-
cool the sample. For the Lu and Sc pure-crystal data, theion may not be valid, and the uniqueness of the first two
ratio of the sample heat capacity to that of the addenda waerms in Eqs(1) (the extrapolation td =0) should be tested
approximately unity at all temperatures. The precision of theusing a range of minimum and maximum temperatures for
data(from the residuals of fits of power series to the dlaga the fits. The contributions of the higher-order terms in @&g.
better than 0.3% at all temperatures, while the accuracynust be recognized to obtain meaningful valuesCgf(y)
[from comparisons with data for coppémbelow 20 K and and C; (®,). For Lu, the magnitude of these terfis>1,
with the GTS$*! data above 20 Kis =0.5% to 40 K, Eq.(1a]is 0.5% at 2.6 K, 5% at 5 K, and 8% at 6 K, so a
increasing tot+1.0(5)% (C,’s systematically highat 105 K. linear C,/T vs T2 relation cannot be used even at “low”
The ETP results of Thonié for Lu and of Tsang, temperatures. The present Sc déiath C, and ) show a
Gschneidner, and Schmidior Sc, which were obtained us- pronounced impurity contribution below 3.5 K, but, fortu-
ing a common calorimeter, are systematical()2 greater nately, the effects of the higher-ordan>1) terms in Egs.
than the corresponding present results from 6 to 20 K; belowl) are much smaller for Sc than for Lu, with plots Gf/T
6 K, these differences for both Lu and Sc are similar to theand a/T vs T? linear from 4 to 10 K(16<T?<100), so the
differences between Thome’s data and the present data feffect of the excess low-temperatu@g is minimized for the
pure copper. These differences could, for instance, arise fromata analysis. The impurity contribution can be represented
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by the limiting high-temperature form of a Schottky func- will exist. The characteristic electronic energy'*® is in-
tion, so additional terms@_,/T andA_,/T?) must be added versely proportional to the density of states at the Fermi
to the low-temperature representationsf and a, respec-  level, n(eg), so

tively.

Higher-temperaturémore slowly varying C, and « data I'e*=dIn[n(ep)]/dInV. (6b)

can be represented more easily by a power serids in For the lattice, the characteristic energylat 0 is the Debye
temperature@,, and

N
— n
Cp= 2 CaT (33 I= — din@,/dinV. (60
and The significance of ™ is more complex at higheF's.?®

\ For a single crystal, the volume and linear expansivities
are related by
a= AT (3b) S
n=0 B'=a,+ap+ay. (79
For precise data, Ieast—squares fits of E@s.often are use_d The o are identical for an isotropic materialBK=3ai),
for two or more overlapping temperature ranges to avoid an

. i while for a crystal with axial symmetrgsuch as the hexago-
excessive number of terms; none of the Ieast-square%- _

. . L al metals Sc and Dua,= a,, and
determined parameters has any physical significance.

Experimental date&C,(T;) (whereT; represents an indi- Bizzai T+l (7b)

vidual data point can be presented quite sensitively for a a e
wide range of temperatures using temperature-dependeRiguation (6a) remains valid for the general case, but the
equivalent Debyed’s to represent parametrically the lattice usually different thermal expansivities for the individual

contributioncﬁt(Ti). O(T,) is defined by the relation symmetry directions can be used to obtain additional infor-
mation. For hexagonal symmetry, the relations equivalent to
Ca(T;)=Cp(T))—CE*=C,— yT;=Cp[T;/O(T))], “ Eq. (6a) becomé&®
I'L=(V/CL)[(Cy1+ Crp) e+ Cygal
whereCp(T/0) is the Debye functiof® y (Cy) is obtained a=( p)[F 1+ Croay+Ciga]
from a fit of Eq.(1a) to the low-temperature data, which also =—[dInd'(a,c)/dlna]., (8a)

gives C; and, hence®, [Eqg. (2)]. For a Debye solid, ' ' ' '
O(T;)=0,, while for a real solid® usually decreases to a T =(V/C,)[(2Cza,+ Cypa]= —[dInd'(a,c)/dInc]yp,
minimum with increasing and then varies only slowly with (8h)
temperature.

The constant-volume heat capaci@, is required for
comparison with theoretical calculations, such as those rez
lated to lattice dynamics studies. The relationship betwee
Cp, andC, is given by

where theC;;’s are the elastic constants, and this now

ive the strain dependences of the characteristic energies.
he electronic and latticé’s follow by analogy with Egs.

6b) and (6¢). The inverse relationships, which demonstrate
the importance of elastic coupling vid,; between thea-

C,=Cp/{1+[B°BsT/(C,/V)1}, (55 andcaxisa's, aré®
where 8 [=(dInV/dT),] is the volume thermal expansivity, aia=(Cip/VD)[Cs3Fia— Cyall], (9a)
Bs is the adiabatic bulk modulus, ar@,/V is the heat ca- _ _ _ _
pacity per unit volume. a'c=(C'p/VD)[(C11+ Ci)ll—2C, 4, (9b)

The thermal expansivities and heat capacities have a com-,
mon origin, since each is obtained from a derivative of theWith
entropy. WhenC, and a can be expressed as the sum of _ n _ 2
“independent” contributiongdas for a metal; Eqs(1)], this D=CaalCort C1a) = 2(Coa)"
relationship will be different for each contribution. The
Gruneisen model assumes that the entr&y,T) for each Ill. RESULTS AND DISCUSSION
contribution can be d_escribed _by a characteristic temperature A. C, and a data
(energy ®'(V) as S(V,T)=S[®'(V)/T].*® The volume
thermal expansivitys, andC'p are related through the di-
mensionless volume Gneisen parameter,

Figures 1 and 2 give for both Lu and Sc the presept
data to 40 K, and tho$&*of GTSS for higher temperatures.
The GTSS data show increasing scatter below 40 K, but join

Fiv=,6’iBs/(Cip/V)= —dind/dInV, (63) smoothly with the present glata at that temper_aturé:pAT _
vs T representation is used in Fig. 1 to emphasize the relative
where the parameters are as in E8). The magnitude of’ magnitudes of the electronic contributions @ (Cg'eCVT
usually is less than 4; its sign may beor —2°T'}, givesthe = const); these are much smaller foy, than for thea's (see
volume dependence of the characteristic energy. the following). Figure 2 is of the form suggested by Ega),

For a nonmagnetic metal, independéhts will be de- and shows the quite different effects of the higher-order
fined for the electronic [{®*%) and lattice ™) contribu-  terms for Sc and Lu; as well as the low-temperature, Fe-
tions; for scandium, a third, anomalous, contributidifj  related “anomaly” for Sc. Table | contains the values of the
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effects(a/T=cons} are of much greater relative importance
for @ than forC,, and, in particular, that the anisotropy of
the o’s for Sc in Fig. 3 would be much larger without a large
negative electronic contribution t®, . Figure 5 presents the
low-temperature results in the same form as Fig. 2Ggr,
with a corresponding “anomaly” contribution for Sc at low
temperature. Tha-axis Lu «’s are very small at lowl, with
structure which may or may not have significance. Table |l
for Sc and Table Il for Lu give the parameters for E¢kh)
and 3b) which represent these results; tAe, term for Sc
represents the anomaly contribution.

The T=0 Debye temperatur®, [Eq. (2)] is compared
directly in Table IV with values from othe€, experiments
and with those calculated from elastic-constant data and the
analysis of inelastic neutron scattering dispersion relations.

FIG. 1. C,/T vs T representation of the smooth heat capacitiesFOr consistency, a reanalysis of the ETP results is given
of Sc and Lu, using Eq¢1a) or (3a) and the parameters in Table I. Which uses the same procedures which were used to obtain

the smooth relations of Table |. The elastic-constant values

parameters for Eq$1a) or (3a) which are used to represent Were calculated from the data cited using procedures de-
these data, with theC , term for Sc representing the Scribed by Grimvalf’ while the neutron scattering values

anomaly contribution.

are found in the cited papers. The neutron values refer to 295

Figures 3—5 present the thermal expansivity results foK dispersion relations, and should be increased by approxi-

both Lu and Sc. The volume thermal expansiyviyn Fig. 3

mately 0.8%(Lu) and 0.6%(Sc) to obtain values corre-

is given by Eq.(7h). The corresponding relative expansions SPonding to theT=0 volumes. Table IV also contains a
for Lu [L(T)/L(293 K), not shown are consistent with those comparison of the electroni€, coefficients y from the

of Tonnies, Gschneidner, and Speddirigigure 4, which is
shows that electronic

of the same form as Fig. 1 foC,,
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FIG. 2. C,/T vs T? representation of the low-temperatug

T2(K2)

present experimentsZ,, Eq.(1a), in Table [] with those for
the ETP samples, and for the calculation oft&and
Winter? The differences in th€, parameters for a common
analysis undoubtedly reflect the systematic effects which
were discussed in Sec. Il B. These differen@scept possi-
bly for the theory are not significant.

B. Spin and e-p effects; C,

Figure 6 give the temperature dependences of the equiva-
lent Debye®'s for Sc and LU[Eq. (4)], both for the actual
data points and for the smooth representations o€thdata.
the present data are used x40 K, thosé®*of GTSS for
higher temperature€Table ). Initially, a common structure
appeared above 50 K which disappeared when the data were
corrected to correspond to the most recéimternational
Temperature Scale of 1990, the ITSy2mperature scafé:
the platinum resistance thermometer which was used for
both of these experiments was calibrated by (ien Na-
tional Bureau of Standards using the NBS-55 sCdtem 12
to 90 K; and the ITS-48 at higher temperatufe¥ The
smooth temperature dependenceGyf which is plotted for
each metal illustrates the sensitivity of this representation,
since at 300 KC,, is greater tharC, [Eq. (5)] by 1.12% for
Lu and 0.93% for Sc.

A puzzling feature in Fig. 6 for both Sc and Lu is the
increasein ® with increasingT above roughly 50 K, since
this corresponds to a decrease(ltj‘t relative to the Debye
function. Barron, Collins, and Whit2 imply that ® should

be independent of above 0.8, in agreement with calcu-
lations from neutron scattering dispersion relatfdns§ for

data for Sc and Lu; the symbols in each case correspond to th@hich ® approaches a constant val(®,,) at high tempera-
actual data, while the dotted lines are calculated from the pureture (Table IV). The “C" relations in Fig. 6 were calculated
metal parameters in Table I. The zero for the Sc figure is supusing Eq.(4) and they's in Table IV. Pleschiutschnigt al.s
pressed; the vertical scale for Sc is a factor of 10 more sensitivebservatiof® that y for Sc begins to decrease above 20 K

than for Lu.

suggests that this is not appropriate. For metals such as Sc
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TABLE I. The parameters for Eq$la) or (38 which will reproduce the experiment@l,’s for scandium and lutetium metals, in units of
mJ/mol K. The final parameters in this tab@?,(j'= ¥p) Were used to obtain the electrorfig's for the calculation of “highT” lattice C's.
See the text for details.

Scandium Lutetium

Range XT<27.5K 27.5<T<40K 40<T<105K 105<T<350 K T<7 K 7<T<40 K 40<T<104 K 104<T<305 K

Present data Reference 14 Present data Reference 13
Eq. (1a) (33 (33 (3a) (1a) (33 (33 (33
C_,* 14
Co 1.0380<10 3.130x10° 1770100 —2.2490x10*  8.2988 —7.1404<107 1.09913<10* 1.874%<10°
C, 4.4501x10°%2  —3.5628<10°  —1.9801x1C? 8.5020<10°  2.8384<10°!  3.7956x1(P  —2.2038%1C° 4.6840< 10
C,  —3.8811x10°° 1.4284<10 6.9635 —7.4701 8.570%10* —7.3433x10 1.6938% 107 —4.0734
C, 42003107 —1.3821x10°!  3.7610<102  3.8960x10% 3.110«10°®  7.0373 —5.53099 1.864210 2
Cy —1.1045¢10°° 4.4544x10* —1.8857x10°°% —1.2075<10* —2.8202<10°!  1.05034<10°!  —4.3201x10°°
Cs 1.4115¢10°12 1.6013<107°  2.0506<10°’ 5.8541x10°% —1.2403810°3 4.0083<10°8
Cs —9.0105<10 16 —4.4260<10°® —1.4651x10 10 —6.2796<10°°  8.99992<10 ©
C, 2.2816x10°1° 2.7686x107 —3.6795%10°8
Cg 6.49262<10 1
cad 5.7525) 5.5020)

4mpurity contribution, present samples only.

and Lu, the low-temperature consists of a “bare” density Grimvall'’ suggests, in agreement with Pleschiutschnig
of states contributior(y,) which is enhanced by electron- et al’s observationt® that the electron-phonofand spin-
phonon(ye,) and spin-fluctuation yspi) contributions? fluctuation contributions should begin to decreaseTer©/
10, so it is reasonable to assume that the electr@pids
given by yT nearT=0, and byy,T at “high” temperatures.

Y=Yb+ ¥spint Yep= Yo(1+N\). (10 To test this postulate® (T) for each metal was recalcu-
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FIG. 3. The smooth thermal expansivities for Sc and Lu as FIG. 4. a/T vs T representation of the expansivities for Sc and
calculated from the parameters in Tables Il and Ill. The symbold.u; the symbols represent expansivity data, while the dotted lines
indicate only the crystallographic orientati¢#t for a axis, X for c are calculated from Eq$lb) or (3b) and the pure-metal parameters
axis). in Tables Il and III.
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representation increasesBbecomes greater tha;, for Sc,
T=0 at 320 K, while for Lu,T=0 at 160 K. The scatter in
the data corresponds to approximatel.2% except at the
highest temperatures. The resulting values@grare in ex-
cellent agreement with those from other experimeisese
Table IV), including that from an energy-dispersive x-ray-
diffraction experiment! The dispersion relations for Lu
(Ref. 15 show a minimum valué®=155.8 K at 23 K and
0,.=159 K. The high-temperature, explicit, anharmonic con-
tribution toC,, (linear inT) should be small for these “low”
(T~0) temperature$

Gotz and Wintef calculate y,=5.228 mJ/mol R
[n(eg)=30.18 states/Ry dt.for Sc, roughly 10% smaller
than that given by the present analy$&3.21.4) states/
Ry at]. Their calculation of(ygpnt vep) =4.65 mJ/mol K is
consistent with the present value, 483 mJ/mol K2, which
is calculated from

o/ T (108K2)

N
4]
o
[ ..".(gx
R A,
|
w
[e]
'
[3,]
o

225

[N
o

-
[6)]
I
i

(4]
T T
% : i
AT\L I |

c-axis x +]
L _
BE o : ]

o
(=]
T

Co— ngj: Y~ Yb= Yspint Yep- (13)

The difference between theiy=0.89 and the present
v=0.81(4) [Eq. (10)] reflects the differences iy, . For Lu,
the present analysis givesy,=5.5025 mJd/mol K2
[n(ep)=31.91.2) states/Ry at, and A=0.51(2), which im-
plies smaller spin and/a-p effects. No theoretical calcula-
tions exist for Lu which are equivalent to those byt&and
Winter for Sc. Tsangt al2 summarize theoretical density of
states results for a number of rare-earth meta$sof 1984,
together with estimates of the spin aeep contributions.
FIG. 5. a/T vs T? representation of the low-temperature expan- oy Sc, the bare(ez) summary is roughly in agreement
sivity data. See the caption for Fig. 4. For Sc, thaxis scale is on  ith the above, while thee-p contribution appears to be
the Ieft,_thec—axis s_cale(displaced, less _sensitive, ano_l with negative underestimated, and that for spins overestimated. For Lu,
values is on the right. For Lu, the_a—axns a's, as indicated, have their summary is consistent with(e-)=25(1) states/Ry at.,
been multiplied by 10 before plotting. and A=0.955), although fewer studies are involved. The

lated for decreasing values ofin Eq. (4) until © was con- density of states relations for these metals show considerable
g oun =a. structure’ so small shifts in the location of the Fermi level

stant above the minimum. The results of these calculationgan have a large effect ar(e;)
are shown by the Ipwel((fj‘dJ) curves in Fig. 6, which follow 9 F)-
from usingy,=C3%=5.75(vs 10.38 aff =0) mJ/mol K2 for
Sc and 5.50Vvs 8.30 atT=0) mJ/mol K for Lu (Table .
The symbolg+) in each case represent the actual datm- Equationg(8) were used to calculate the anisotropic Gru
verted toC,) while the dotted line corresponds to the smootheisen parameterE for the Sc and Lu lattice and electronic
relation which represents these data. The bracketing dashedntributions, as well as for the anomaloispurity) con-
lines illustrate uncertainties iny, of =0.25 and =0.20 tribution for Sc. The smooth representations of the data in
mJ/mol K2 for Sc and Lu, respectively. The sensitivity of this Tables I-1Il were used for these calculations, as well as ana-

af T (108 K2)
X
e

; |Lu
0 50 100 150 200 250 300 350 400
T2 (K2)

5

C. Spin and e-p effects; a’s and I''s

TABLE Il. The parameters for Eqglb) or (3b) which will reproduce the present experimentéd for pure lutetium metal, in units of
K~L. The final parameters in this tabdASdf) were used to obtain electronigs for the calculation of “highT” lattice «’s. See the text for
details.

Lutetium a-axis Lutetiumc axis

Range 1<T<11.9 K 11.9<T<34 K 34<T<300 K T<18 K 18<T<95 K 95<T<300 K
Eq. (1b) (3b) (3b) (1b) (3b) (3b)

Ay —2.500x107° —1.9723<10°° —4.5495<10°° 3.8230<10°8 1.7032x10°8 5.5577x10°°
A 1.980x10 5.9683x10 ' 2.5830<10 ’ 2.8722x10° 10 —4.6123<1077 2.2003x10’
A, —7.0630<10°8 —2.6307107° 1.5226x10 12 4.7697x1078 —1.3607x107°
As 4.0748<107° 1.3400<10™ 1! —5.7851x1071° —1.2955<107° 3.9409<10 %2
A, —1.1869< 10710 —3.3112x107% 6.0323<10°18 1.7225¢10° 1! —4.3746<1071°
As 1.7576x10 12 3.1834<10°Y —-1.1487 10713
Ag —1.0612<10™ % 3.0668<10716
Al 5.05)x10°° -0.32)x107°
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TABLE lll. The parameters for Eqg1b) or (3b) which will reproduce the present experimenaés for pure scandium metal, in units of
K. The final parameters in this tabl&3®) were used to obtain electroni¢s for the calculation of “highT” lattice «’s. See the text for
details.

Scandiuma axis Scandiunt axis

Range T<53K 53<T<300 K 2<T<245K 24.5<T56 K 56<T<300 K
Eq. (1b) (3b) (1b) (3b) (3b)
A_2 —3.9x1078 5.0x10°8
Ao 3.277%10°8 6.552 78<10 © —5.2287x10 8 —3.9117x10°8 —5.6057<10 ©
A, 5.1753x10° 13 —4.678<1077 1.2226<10 10 —5.3152¢10 2 1.0000<10° 7
A, 9.2069<10 1° 1.481 851078 —4.2888x107 13 5.3700<10° 14 1.6775¢107°
Ay —7.3457x 10718 —2.117 210710 8.3826<10° 16 —3.2916x10° Y7 —2.3982x10™ 1
Ay 2.9095¢10° %! 1.746 0010712 —7.3648<1071° 9.5888<107 %! 1.2744x107 13
As —5.6336x10°° —8.799 95¢10™%° 2.4208<107%? —-1.3967 102 —3.1498<10716
Ag 4.1773<10°%° 2.6723x10°Y7 8.1095<10°2° 3.0118<1071°
A, —4.485 44x10™2°
Ag 3.192 2% 1023
Al ~1.72)x10°° 2.02)x10°®

3mpurity contribution, these samples only. See the text.

lytic representations of the elastic-constant results of Fishefior both crystal directions{a'a‘=a—A0T), as well asvy,
and Devet® for Sc and Tonnieet al® for Lu (see the Ap-  (C3%) to obtain latticeC,’s, until both I'2* and I'?* were
pendiX. Figure 7 givegin the dashed and dotted curydélse  temperature independeftninimum standard deviationst
lattice I’s which result when the low-temperature parametershigh” temperatures(T>140 K for Sc,T>70 K for Lu).
[Co, andA,, Egs.(1)] are used to define the electronic con- Tables Il and Il contain the values @, (A% which re-
tributions to C,, and «, while the solid lines represent the sulted from this procedure; by analogy with g discus-
corresponding’, . The T=0 I'®* as well as th&=0 and  sion, the electronic contribution @ is given byA,T at low
300 K I'® are given in the upper part of Table V for both T [the A, are those for Eq(1b) in Tables Il and I, and by
metals. AS‘“T at high T. Although the minimum in the standard de-
The latticeI’s in Fig. 7 show the same type of high- Viation for the latticel’s was well defined, its breadth is
temperature inconsistency which appears in Fig. 6Ggr  reflected in the stated uncertainties.
Barron, Collins, and Whif@ comment that lattic&”s should The lower half of Table V summarizes the results for the
become temperature independentTor ®/10, which clearly  “high-T" Is, with the I'™* also indicated in Fig. 7 as the
is not the case, presumably because of the disappearance“@fljusted” symbols(O for a axis, X for ¢ axis). For Sc, the
spin ande-p contributions tax at high temperatures. TH&s  adjusted latticd™s are isotropic[ rd=rk=0.8g2)] and
were recalculated using systematic iterations\gfEq. (1b)] intermediate between the original values. For El'_j,t is un-

TABLE IV. A comparison of Debydéd’s and y's from various experiments.

Scandium Lutetium References

0 (K)
Cp, crystals 352.210) 189.95) Present data and analysis
Cp, ETP 345.310) 183.25) Lu, Sc, Ref. 3
Cp, ETP 346.810) 190.33) Ref. 3 data, present analysis
Elastic 356.510) 185(10) Sc, Refs. 10,11; Lu, Ref. 8
Elastic 186 Ref. 9
Neutron 354.2 188 Sc, Ref. 16; Lu, Ref. 15

¥ (mJ/mol K3)
Cp, crystals 10.38 8.299 Present data and analysis
Cp, ETP 10.33411) 8.19416) Ref. 3
Cp, ETP 10.33 8.305 Ref. 3 data, present analysis
Theory 9.88 Ref. 2

0, (K) T>140 K T>70 K
Cp, crystals 310.8.2) 157.510) Present data and analysis
Neutron 310 159 Sc, Ref. 16; Lu, Ref. 15
X ray 157(1) Ref. 31
76 (MI/mol K?) 5.7525) 5.50(20) Cca¥ Table |

Theory 5.23 Ref. 2
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FIG. 7. Lattice Grueisen parameters for Sc and [Eqgs. (8)],
calculated from the smooth relations defined by Tables I-Ill and in
the Appendix. The curves were calculated using low-temperature
parametergthe solid lines represent the volume @eisen param-
etel to obtain the electronic contribution, while the symbg@Isfor
aaxis, X for c axis) use the adjustethigh-T) electronic parameters.
affected by the adjustment, whilé{:at increases by 50% to See the text for details.

1.38. TheA3Y and C3% were used to calculate the “high-

electronicls which also are given in Table V, and which are for samples with smaller concentrations of Fe. Indeed, the
characteristic of the bare density of states. These show jresentC, data resemble theirs for a 30 at. ppm Fe sample,
smaller anisotropy than those far=0 (the enhanced val- which they believe corresponds to the low-temperature satu-
ues. ration concentration. They postulate that @econtributions

By analogy with Eq.(11), the combined spin and-p  for higher Fe concentrations arise from Sgk® SgFe
contributions to the electronie’s are given by the difference which is concentrated in the grain boundaries; our samples
betweenA, [Eq. (1b)] and A3 for each of the crystallo- are single crystals, and, presumably, do not contain grain
graphic directions. These differences for Sc and (and  boundaries. A metallographic and Auger examination of the
Y—1v,) Were used to calculate th€'s which are given in  present samplés shows no Fe-bearing inclusions, so the
Table V for the “highT” “spin + ep’ contribution. These source of the discrepancy is not known. The present results
I"'s are highly anisotropic for both Sc and Lu, with the larg- probably are associated with a small concentration of Fe in
est magnitudes for the-axis direction, but with little other solid solution.
similarity. ' has different signs for the two metdisegative The “impurity” parameters in Tables | and Il were used
for Sc, positive for Ly, while theT",’s are positive for both, to calculate the “anomalyT’s which are given in Table V.
but with quite different magnitudes. As a resdl, is small ~ They are large in magnitude and are highly anisotropic, with
for Sc and large for Lu. an anisotropy which is opposite to that of the “spiaep’
contribution.

FIG. 6. Equivalent Deby@'s for Sc and Lu lattice heat capaci-
ties. The upper curves in each figure use Tre0 value,y, in Eq.
(4), while the C?¥ curves usey,. Note that® and C, have an
inverse relationship. See the text for details.

D. Impurity effects, Sc

. . . IV. DISCUSSION
The impurity (presumably 186 at. ppm of Feontribu-

tions to bothC,, and thea’s for Sc are largéFigs. 2 and j The representations used in Figsifdr Cp) and 4(for )

and are srgnrfrcant below approximately 3.5 K2=12). were chosen to emphasize the relative importance of the
They can be represented within experimental accuracy bglectronic(C,/T or «/T independent of) and lattice contri-
terms proportional td ~ <, using the parameters in Tables | butions; the different maxima temperatures for Sc and Lu
and Ill. The presen€, results are inconsistent with those of reflect the difference in the®,'s. After an adjustment for
Tsang and Gschneldr?ewhlch show a much greater effect the disappearance of spin-fluctuation and electron-phonon
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TABLE V. Intrinsic Grineisen parameteisfor Sc and Lu crystals. The stated “high-uncertainties reflect those ili\gdj (Tables Il and
Ill). See the text for details.

Scandium Lutetium

I'y I'e Iy I'y I'e L,
T=0 parameters
Lattice (0 K) 1.26 4.21 2.39 0.66 1.57 1.00
Lattice (300 K) 0.43 2.05 1.00 0.86 0.83 0.85
Electronic 4.11 —4.855 1.10 1.675 6.525 3.48
“High-T" parameters 140-300 K 70-300 K
Lattice (av) 0.851) 0.873) 0.902) 0.862) 1.383) 1.062)
Electronic 1.02) 5.2(6) 2.54) 1.94) 0.8(6) 1.55)
Spin+ep 7.83) -17.97) —0.6(4) 1.1(7) 17.312) 7.19)
Anomaly —40 30 -17

contributions with increasind, the « anisotropies in Fig. 3 this effect; the large magnitudes for the anisotrdpie sug-
are primarily electronic in origin for Sc, and are associatedyest tunneling®
with the lattice for Lu(see Table V and Fig.)7 Previously, Legvoldet al3 found that the saturated mo-

The low-temperatur€C,, and o data for Sc and Lu give ment of gadolinium-rich alloys was a function of tleéa
limiting Debye ®’s (0,) which are in reasonable agreementratio for these alloys, not the volume, and ascribed this to a
with those obtained in other experimer{fBable V). The sensitivity of the predominantlg-like band near the Fermi
T=0 lattice Gruneisen parameter@able V) show that, for level to changes in the/a ratio, but not to volume changes.
each,0, is more sensitive t@-axis thana-axis strain[Eqs.  The samed-like band is important for S¢,and the present
(6b) and (8)]. These data also giv@able V) the electronic  results appear to be consistent with tlidband postulate,

C,, coefficienty for each metalfor Sc, y is 5% greater than although the relationship between the present experiments on
a recent calculation as well as the strain derivatives of pure(nonmagneticmetals and the magnetic alloys studies is
n(eg), the density of states at the Fermi leyEQs.(6a and  not clear.

(8); the T=0 “electronic” I"'s in Table V]. Thesels are In summary, the present results and analysis suggest cau-
quite anisotropic for both Sc and Lu, and for each reflect dion in the separation o€, and « data into electronic and
combination of a bare density of states contribution and enlattice contributions for metals in which spin-fluctuation and
hancements due to spin fluctuations and the electron-phonaectron-phonon effects are important. The requirement of
interaction[Eq. (10)]. lattice dynamics consistency not only provides information

The decrease of these enhancements with increabing about the bare density of states at the Fermi level, but, when
(Refs. 16 and 17results in an apparent conflict with the « and elastic-constant data are available, also shows the
requirements of lattice dynamics if tiedependence of the complexity of the density of states through the strain deriva-
enhancements is ignor¢doth the equivalen® (Fig. 6) and  tives (the I"s) at that point; the density of states for Sc and
the latticel”s (Fig. 7) should become constant at hidh. Lu, at least, is much more sensitive to uniaxial strain than to
The required lattice dynamics consistency can be achievedolume changes. This is true also for the enhancements, al-
by appropriately adjusting bot and the parametef#\, in  though dependences for the individual contributions from
Eq. (1b)] which give the electronic contributions te These  spin fluctuations and the electron-phonon interactions cannot
adjusted parameters,=C3%in Tables | and IV andd3¥in  be separated.

Tables Il and Ill, and the “highF” I"’s which are calculated
using them(Table V), then are characteristic of the high- ACKNOWLEDGMENTS
bare, unenhanced, density of states.

The resultingy, for Sc is approximately 10% larger than K. A. Gschneidner, Jr., kindly provided copies of the the-
that calculated by G2z and Winte? although the sum sis of D. K. Thome? which contains a tabulation of the data
Yepint Yep (=¥~ 7o) agrees well. The use of the adjusted for the ETP LuC,’s,*” and of the data for the ET@,’s of
coefficients results in high-lattice I''s which are isotropic  Tsang et al3®® Extremely useful conversations with B. N.
for Sc and quite anisotropic for L{Fig. 7 and Table Y. The  Harmon are gratefully acknowledged. The single-crystal
bare electronid™s (strain derivatives, Table Ware aniso- samples were prepared and characterized in the Materials
tropic, but not as markedly as those farThe most striking Preparation Center of the Ames Laboratory. This work was
result involves thd™s (strain derivativeswhich are associ- performed at the Ames Laboratory, lowa State University
ated with the enhancemeritg,,+ vep) (Table V). These are  and was supported by the Director of Energy Research, Of-
highly anisotropic, with the largest magnitudes17) along fice of Basic Science, U.S. Department of Energy under Con-
thec axis, but(—) for Sc and(+) for Lu. The individual spin  tract No. W-7405-ENG-82.
and electron-phonon contributions cannot be separated, but
the _result is an extreme sgnsitiv!ty of the enhancements to APPENDIX: ELASTIC CONSTANTS
strain along the axis. A similar anisotropy, but much larger,
is found for thel’s associated with the Fe impurity in the Sc  Elastic-constant data have been published for both Sc
crystal(Table V). An unusual mechanism must exist to cause(Ref. 10 and Lu® The elastic constants in each case show a
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TABLE VI. The parameters which with EqA1) will reproduce the smooth values for the elastic con-
stants,Bg, andC,/C, which were used in the present paper. These parametersTvithK, will give the
elastic constants anls in units of 1d° Pa (10" d/icm?); C,/C, will be dimensionless.

Mg M, ¢

Sc (Ref. 10, sample 1Y

Cu 10.250 —-1.98x10 3 200
Cio 4.450 3.5x107* 120
Cis 3.000 —2.50x10™4 160
Cas 10.170 1.4%10 3 15
Cua 2.640 3.5x107* 15
Ces 2.900 —9.80x10°4 106
Bs 5.730 -3.00x10°* 250
Cy/C, 1.000 4.5x10°° 210
Lu (Ref. 8, sample Lull

Cu 9.105 —-1.98x10 3 110
Cio 3.193 5.010°° 60
Cis 2.865 —5.00<10™4 70
Cas 8.400 —-1.31x10°°3 90
Cua 2.916 —9.90x10™4 70
Ces 2.953 —9.80x10°4 106
Bs 4.946 —6.70x10* 35
Cy/C, 1.000 4.1&10°° 70

significant impurity dependence, with no “recommended” Cij=Mq+ Mo/ {[exp(¢/T)]—1}. (A1)

results given. Tonnies, Gschneidner, and Speddigige

tabulated results for two samples; the data for the “higher-The adiabatic bulk moduluBg, which is calculated from the
purity” Lull has been used for the present calculations.elastic constants, and the temperature dependenCg/df,
Fisher and Devé? give results in graphical form for several [Eq. (5)] also can be represented by this function. Table VI
samples; the data from their sample DBANL) has been gives the parameters for EGAL1) which will represent the
(somewhat arbitrarilyselected for use in the present calcu- experimentaC;; data andBs for Sc and Lu to better than 1%
lations. Since elastic properties can be expected to {tary (the temperature dependences are 9yalidC,/C,, to better
first ordey with the volume and, hence, with the internal than 0.1%. WhileM, corresponds to th&=0 value of the
energy of a material, th@-dependent data for each of the C;;, the magnitudes oM, and ¢ were derived using aad
elastic constants for Sc and Lu were arbitrarily hand fitted tdhoc procedure, and have no physical significance whatso-
the form of an Einstein energy function: ever.
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