ABSTRACT

LOW-TEMPERATURE SPECIFIC HEATS
OF HEXAGONAL CLOSE-PACKED
ERBIUM-THULIUM ALLOYS

By Akella V. S. Satya

The specific heats of hexagonal close-packed
erbium and thulium metals, and three of their isostruc-
tural alloys were measured in the liquid-helium tempera-
ture range between 1.3° and 4.2°K for examining the valid-
ity of the localized 4f-band model, on which the current
theories of the rare-earth metals are based. Barring
possible uncertainties in the magnetic properties of the
samples and their impurity contents, the coefficients of
the specific-heat component linear in temperature calcu-
lated from the present data range in values approximatély
two to twenty times the constant electronic specific-heat
coefficient predicted by the above model for all the
hexagonal close-packed rare-earth lanthanides. Possible
explanations for such discrepancies are discussed. An
itinerant 4f-band model based on the one-electron-band
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model suggested by Mott is proposed for the lanthanides

as an alternative to the localized 4f-band model.
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CHAPTER I

INTRODUCTION

The physical properties and the alloying behavior
of a metal depend to a large extent on the structure of
its electron energy bands. Significant progress has been
made in recent years in both the theoretical calculation
of the energy bands and the experimental investigation of
the Fermi surfaces in various metals. The electronic
structure of the rare-earth metals is, however, far from
being completely understood. The lanthanides, from cerium
to lutetium, and the actinides, from thorium to lawrencium,
together form the largest group in the periodic table, and
are characterized by their partially filled f-shells in the
atomic state. Even in the metallic state, the lanthanides
have been traditionally viewed as consisting of trivalent
atomic cores including the 4f-shell, with three conduction
electrons per atom. This concept arose in an effort to ex-
plain the similarities in the chemical and the physical
properties of these rare-earth metals. Any dissimilarities
are attributed to the difference in the number of electrons

in the 4f-shell.



Nierenbera and co-workers [1l] determined the
ground-state electron configurations of all the lanthan-
ides in the atomic state, by using an atomic-beam reson-
ance method. The results are listed in Table I-1 together
with some of their physical properties.

The physical properties of the lanthanides were
reviewed early by Spedding et al. [2]. Kasuya [3] treated
the magnetic properties and the electrical resistivities
of the lanthanides based on an s-d exchange model assuming
that the atomic picture is nearly applicable for the 4f-
electrons in the rare earths even in the metallic state.
Yosida and Watabe [4], and Elliott and Wedgewood [5] at-
tempted to explain some of the experimental data by assum-
ing that only the 5d-6s electrons occupied the conduction
bands, which were treated essentially as free-electron
bands, perturbed perhaps by a small crystal potential.

Several calculations [6-10] for the band structure
of the rare earths have appeared in the literature since
then showing that the Fermi surfaces of these metals are
considerably modified from those of the nearly-free-
electron model. Dimmock and Freeman [6] criticized the
earlier nearly-free-electron calculations [4, 5] that

they failed to explain the large electronic specific heat



TABLE I-l.--Electronic configurations and some physical properties of
the lanthanides

—

Atomic-state Crystal Curie Neel u gJ
Atomic electron con- struc- temp. temp. Bogr Bohr
No. Element figurations ture °K °K magne- magne-
tons tons
(Ref.1) (Ref.15) (Ref.15)
57 La 5d1652 hex A3’
1_.1 2
58 Ce 4f" 54 6s , fcc Al 12.5 0.62 2.14
4f26s2
59 Pr ag36s? hex A3' 2';’ 3.2
60 Nd 4f4652 hex A3' 7.5 2.3 3.27
61 Pm 4f5632 hex A3'
6,2
62 Sm 4f "6s rhomb. 14.8
63 Eu 4f76s2 bcec A2 90 5.9 7.0
7..1 2
64 Gd 4f 5d76s hcp A3 293.2 7.55 7.0
65 Tb 4f96sz, hcp A3 221 229 9.34 9.0
4f85d16s2
10, 2
66 Dy 4f" “6s hcp A3 85 178.5 10.2 10.0
11, 2
67 Ho 4f  "6s hcp A3 20 132 10.34 10.0
12, 2
68 Er 4f" 68 hcp A3 19.6 85 8.0 9.0
13_ 2 a
69 Tm 4f 6s hcp A3 22 51- 3.4 7.0
60
70 Yb 4fl4652 fcc Al
71 Lu 4fl45d16s2 hcp A3

aThulium-type anti-phase magnetic transformation temperature.



of gadolinium [11-13]. The specific-heat data, discussed
in later sections, indicate a density of states at the
Fermi surface of Gd about eight times that predicted by
the free-electron model. Accurate measurements of the
various properties of a screw-type spin ordering in the
rare earths by Koehler et al. [14, 15] prompted Kasuya to
extend his s-d exchange model [3] to incorporate the s-f
interaction [16].

Dimmock and Freeman [6] calculated the band struc-
ture of gadolinium metal using the non-relativistic aug-
mented-plane-wave (APW) approximation. Their results
show that the 4f-band is only 0.05 eV wide, and is about
10.9 eV below the bottom of the conduction band. which is
5d-6s in nature. They stated that the seven localized 4f
electrons per atom in gadolinium would account for the
major part of the 7.5;_1.B saturation magnetic moment ob-
served in this metal [17]. However, their predicted
value of the electronic specific-heat coefficient of G4
is only 40% of the value measured by Lounasmaa [13], who
also assumed that the three conduction electrons per atom
alone occupy the hybridized 5d-6s bands. Dimmock and
Freeman [6] attributed this disparity to an electron-

phonon enhancement. Their representation of the density



of states of the 5d-6s conduction band at the Fermi sur-
face is shown in Fig. 1, from which they showed that the
5d band is about 6.8 eV wide and that it resembles the
d-band in the transition metals.

Based on their APW calculations Freeman, Dimmock
and Watson [7] computed a Fermi Surface for the £hulium
metal as determined largely by the 5d band. Their Fermi-
surface representation for the holes in the thulium metal
is shown in Fig. 2. They agreed, however, that the posi-
tion and the width of the 4f-band was strongly dependent
on the periodic potential assumed. They further attempted
to explain the anomalies in the temperature dependence of
the resistivity [18-20] of the heavy rare earths (from Gd
to Lu) in terms of the super-zone boundaries in the Fermi
surface that appear as a consequence of the magnetic order-
ing, and found but a qualitative agreement between their
theory and the experimental data. Watson, Freeman, and
Dimmock [8] then considered the perturbations of the 5d
bands due to the ordered 4f-moments in the heavy rare
earths, and suggested that these perturbations introduced
gaps in the bands largely at or near the Fermi-surface

sections along its basal planes. This, they claimed,
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Calculated energy band for gadolinium

FIG.1 (Ref.6)

Fermi surface for holes in Tm from one-electron
calculatian and localized 4f-band model
FIG.2 (Ref.7)



destroyed or perturbed large sections of the Fermi sur-
faces in these metals.

Kim [9] treated the conduction electrons in the
rare earths as being mediated by the exchange of spin
waves with the localized spins, that might cause an en-
hancement in the electronic specific heat similar to that
of the electron-pronon type. However, he did not bring
out any quantitative comparison between his analysis and
the available experimental data. Andersen and Loucks [10]
calculated the band structure of bcc europium by using the
relativistic APW method., and reported a density of states
at the Fermi surface of 12 per atomic Rydberg. This value
corresponds to an electronic specific-heat coefficient of
about 0.5 milli—calorie/mole/°K2, which is only one-third
the value obtained experimentally by Lounasmaa ([13].
Andersen and Loucks [10] attributed this difference to
the electron-phonon enhancement, purity of the sample,
and the steepness of the density-of-states curve.

Herring [21], on the other hand, believes that
there is a quite narrow group of 4f-like bands in the
rare earths appreciably hybridized with the s-p-d bands.
The width of this 4f-complex is presumably small compared

to the energy cost of placing other than the optimum number



of 4f electrons on an atom, and only when the complex acci-
dentally lies at the Fermi energy will there be any 4f-like
portion of the Fermi surface. Herring objects the values
of the widths of the 4f-like bands and their positions
predicted by the one-electron calculations as being un-
reliable.

" Considering the available Hall coefficients and
the low-temperature specific-heat data Gschneidner [22]
attempted to interpret the band structure of the lanthanides
from an experimental standpoint. He regarded the electronic
specific-heat coefficients obtained from the low-temperature
data as being unreliable, and hence used the room-temperature
specific-heat analysis for his treatment. He concluded that
the 4f electrons occupy either discrete energy levels, or
very narrow one-electron bands as proposed by Mott [23].
According to Mott [23], the overlap between incomplete 4f
inner shells in the rare earths is so small that it is most
unlikely that a 'metallic' type of wave function would be
appropriate for the 4f electrons or that the 4f shells con-
tribute to the Fermi surface. When the overlap between the
atomic orbitals is small, an inner band would split into
sub-bands of energy levels containing only one electron

per atom.
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The low-temperature specific heats of all the lan-
thanides, except Pm and Er, have been measured by Lounasmaa
[24]. sSimilar measurements were also made by Dreyfus et al.
with Pr, Sm, Tb, Fo, Er, and Tm in the temperature range of
0.4 to 4.2°K [25]. Their results were reported in a sum-
mary form only. The specific heats of Dy and Er were also
reported by Parks [26]. Data of these groups are listed in
Table I-2.

In analyzing the low-temperature specific-heat data,
Lounasmaa [24] and Parks [26] used a localized 4f-band
model such as that discussed above and assumed a more or
less constant electronic specific-heat coefficient for the
lanthanides of the hcp structure. Such a coefficient has
often been used for comparison with the values predicted
by the theoretical work.

The concept that the 4f shells in the lanthanides
are partially filled and yet the 4f electrons contribute
neither to the conduction band, nor to the low-temperature
specific heat, is similar to the model proposed by Mott
and Stevens [26] for the transition metals in which the
d-electrons would be localized. Based primarily on the
results of the low-temperature specific-heat work by Beck

and co-workers [28], this localized d-electron model was
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TABLE I-2.--Some low-temperature specific-heat data of the lanthanides

Element Lounasmaa et al.[24] Dreyfus et al.[25]

crsgial Gamma (milli-  Debye temp. Gamma (milli-  Debye temp.
structure cals/mole/°K) °K cals/mole/°K) °K

(assumed) (assumed)

Ce (fcc) 5.02 147 —-—— -
Pr (hex) 5.83 152 4.54 85

Nd (hex) 5.38 157 —— -—
Pm (hex) ---- 162° — _—
Sm (rhomb) 2.89 166 2.4 116
Eu (bcc) 1.37 -— —— -—
Gd (hcp) 2.4 176 -—— -—-
Tb (hcp) 2.2 181 —_—— -—
Dy (hcp) 2.3 186 2.2 207
Ho (hcp) 2.4 191 6.2 114
Er (hcp) - 2.2P 1952 3.1 134
Tm (hcp) 2.5 200 5.1 127
Yb (fcc) 0.7 118 —— -——
Lu (hcp) 2,7 210 —— -—

aInterpolated values

bBy Parks [26]
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proved to be wrong and was corrected by Mott [29]. 1If the
localized f-electron model in the rare earths is vindicated
it would be a unique case in all metals.

The present work, therefore, is aimed at a study of
the low-temperature specific heat of some rare-earth metals
and their alloys in the hope that the results will shed
some light on the nature of their band structures. The
only alloy system of the lanthanides which has been inves-
tigated with the low-temperature specific-heat method is
the Gd-Pr system by Dreyfus et al. [30]. They did not try
to establish the localized f-electron model, but used such
a model for evaluating the hyper-fine coupling constants
of their alloys.

All the heavy rare-earth metals, except ytterbium,
crystallize into the hexagonal close-packed structure. 1In
the atomic state, the outer electron configurations of these
lanthanides are 4fx652. except for Gd and Lu whose configur-
ations are respectively 4f75d1682 and 4fl45dl6sz. If the
4f electrons are indeed localized, and hence do not con-
tribute to the density of states at the Fermi surface,
then isostructural hcp alloys of the erbium-thulium,
thulium-ytterbium, and thulium-lutetium systems should

have similar Fermi surfaces as assumed by Dimmock et al. [6].
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They should then reveal a constant electronic specific-
heat coefficient. On the other hand, if the 4f electrons
do form a band in the usual sense, and hence do contribute
to the Fermi surface, then alloying thulium with erbium.
which have complete solid solubility in each other, should
gradually increase the number of electrons in the f band.
The alloys should show variations in their electronic
specific-heat coefficients.

The specific heat of a metal can be expressed as

= + = + + + + e
Cp CV Cd CE CL CM CN Cd (1)

where Cp and Cv are the specific heats at constant pressure
and volume respectively separated by the dilatation term
cd' CE is the electronic specific heat, CL' the lattice

specific heat, CM' the magnetic specific heat, and CN. the
nuclear hyper-fine contribution to the specific heat. The

dilatation term

2
Cq=Cp-C,=8MVT ... (2)

where B is the volume expansion coefficient, 7, the bulk
modulus, and V, the volume of the sample, is negligible

for solids at liquid-helium temperatures.



W

b
Wit

Vit
ol

-

8r

%o,



13

According to the free-electron theory Sommerfeld

[31] expressed the electronic specific heat CE as

1.2 2
Cp = YT = STKN(E)T ... (3)

where y is the electronic specific-heat coefficient, N(Ef),
the density of states at the Fermi surface, and k., the

Boltzman constant. Thus N(Ef) is proportional to <y, and
N(Ef) = 1.785 vy ... (4)

when <y is expressed in milli-calories/mole/°K2.
Stoner [32] derived a more general expression for
the electronic specific heat considering an arbitrary-

shaped band

122 2
Cp =T = STk N(E,) [1+6kT CN(Ef)]T ... (5)
n 1 2
where CN(Ef) = [c4N (Ef)/czN(Ef)] - czFN (Ef)/N(Ef)] +....
with ¢ =n2/2, c,=714/20, N' (E,) = %E[N(Ef)]E=Ef. and

N" (E )=g3 [N(E,)] The implications of the 6kT2C

£ gg2 £ 'E=E¢ P N(Ef)
term in the electronic specific heat expression were dis-
cussed by Tsang [33].

At low temperatures, the lattice specific heat per

mole, CL' of a simple solid can be expressed as
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3 _12 4 3
C, =oar” = o1l R(T/0) ...(6)

according to Debye theory [34]., where a is the lattice

specific-heat coefficient, R, the gas constant, and o,

the Debye characteristic temperature of the solid.
According to the spin-wave theory, the magnetic

specific-heat contribution in a solid is due to the exci-

tation of the spin waves which obey the Bose-Einstein sta-

tistics. Bloch [35] obtained the dispersion relation

We |&|2 between the general ferromagnetic spin-wave fre-

quency o and the wave vector &. Consequently., the simple

spin-wave theory [36] predicts

cM = uTB/z = chk(kT/ZJs)3/2 e (7)

for a ferro- or a ferrimagnet, where | is the magnetic
specific-heat coefficient, cgs a constant depending on
the crystal structure, J, the quantum mechanical exchange
constant, and s, the spin-angular momentum about the z-

3/2

axis. This T dependence of the magnetic specific heat

has been shown to be valid in the rare-earth garnets,
Fe304:

the dispersion law was found to be linear, and the mag-

etc. [37]. For an anti-ferromagnetic material

netic specific heat was shown to be proportional to T3[38].
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When the nucleus of an ion has a spin, as in the
case of the rare earths, the hyper-fine splitting of the
ionic levels due to the mutual interaction of the nuclear
and the electron dipoles comes into play., giving rise to
a Schottky-type anomaly in the specific heat. At the tail
of the anomaly, the Boltzmann exponential can be expanded

in a power series

[} -n
CN/R =3 Cn(kT) ...(8)

n=2
where the Cn's are the various nuclear specific heat co-
efficients. Marshall [39] evaluated the nuclear specific

heat for a ferromagnet to be

2

C.=vyT © = RI(I+1)A252/3kT2

.. (9)
where v is the nuclear specific-heat coefficient, I. the
nuclear spin, and A, the hyper-fine coupling constant.
Bleaney [40] discussed the nuclear specific heat of the
rare-earth metals in detail, and reported close agreement
between the theory and the experiment.

Hence, in the liquid heliumIV temperature range,

where the lattice and the nuclear specific-heat
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contributions are small compared to the electronic contri-
bution, the specific heat of the rare-earth metals and

alloys can be expressed as

c, =T + ar® + uT3/2 + v 2, ...(10)

The present work is aimed at studying the low-
temperature specific heats of the erbium and the thulium
metals and their alloys in the hope that the electronic
specific-heat contributions will indicate the nature of

the band structure of the rare earths.



CHAPTER II

EXPERIMENTAL TECHNIQUES

Erbium and thulium metals of 99.9% purity were ob-
tained from Messrs. Gallard Schlesinger Chemical Manufac-
turing Corporation in lump form. The spectrographic
analyses for these metals are listed in Table II-1 together
with that for the thulium samples used by Lounasmaa [24]
and Dreyfus et al. [25] for comparison.

Pure erbium metal of approximately one-fifth of a
mole was arc melted into two oblate-spheroid-shaped halves
in a water-cooled copper crucible of an arc furnace de-
scribed by Tsang [33], under a helium atmosphere. The
copper crucible was cleaned with 10% nitric acid in abso-
lute alcohol, and was repeatedly washed with pure alcohol.
The crucible was then dried under vacuum, and helium gas
was subsequently introduced into the furnace chamber to
Prevent any moisture condensation. The erbium charge was
melted in two lots of about 17 grams each after evacuating
and flushing the furnace chamber with helium gas for

17



TABLE II-1.
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Spectrographic analyses of the pure metals*

As-received metals

Lounasmaa's

Dreyfus et al.'s

Element Erbium Thulium Thulium Thulium
(Lot B-7669) (Lot B-7830) (Ref. 24) (private communi-
cation)

Y 0.05
Dy 0.02 0.02
Nd 0.05
Yb 0.001 0.001

Other RE's 0.01
Al 0.01 0.005 0.03 0.02
K 0.01
Ca 0.01 0.005 0.002
Cr 0.003
Ag 0.03
Mg 0.01 0.005 0.005 0.001
Mn 0.01
Na 0.02
Si 0.01 0.005 0.008
Cu 0.01 0.01
Ti 0.01
Fe 0.04 N.D. 0.01 0.05
Ta 0.12
0 Not determined 0.1
N Not determined 0.2
C 0.014

N.D. = Not detected.

three times.

*In % by weight.

The average loss of the metal due to evapora-

tion during the melting operation was about 3%.

Because of the high vapor pressure of thulium at

elevated temperatures the erbium-thulium alloys and the

thulium metal sample were melted in cylindrical tungsten

crucibles in an induction furnace under a purified argon
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atmosphere. The induction-furnace setup is shown in
Fig. 3.

The pure metals., which are easily oxidizable,
were exposed to the atmosphere as briefly as possible.

To minimize the contamination of the alloys by the oxygen
impurity in the argon atmosphere, the gas was purified by
passing over clean copper turnings held at 500°'C to re-
duce its oxygen content to less than one part per million
(partial pressure of oxygen in equilibrium with copper at
500°C is about 10 ° atm. [41]).

The tungsten crucibles were dried at 120°C for
two hours prior to use. Referring to Fig. 5, the gra-
phite sleeve used as a jacket for the tungsten crucibles
and the refractory bricks in the induction furnace were
preheated to about 1500°C prior to each melt in order to
eliminate any adsorbed oxygen in the system. The furnace
was then allowed to cool to room temperature under the
inert atmosphere before the tungsten crucible with the
charge was introduced into the furnace. The system was
then closed and flushed for two hours with the purified
argon gas. The charge took about twelve minutes to reach
the melting point and was then maintained in the liquid

state for two minutes for homogenization.
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Legend for Figure 3

Pyrex glass window
Quartz tube 80 mm ¢
Induction coil
Tungsten crucible
Refractory collar
Graphite sleeve
Refractory bricks

Silicone rubber seal
(Dow Chem. Silastic 501 RTV)
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FIG.3 Induction furnace
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Dennison et al. [42] studied the amounts of tung-
sten and tantalum picked up by the lanthanides when the
latter metals were held in either tungsten- or tantalum-
crucibles at various temperatures above their melting
points for an hour. They reported that about 0.1 wt%
tungsten was picked up by the erbium and thulium metals
when they were held molten at S50°C above their respective
melting points for one hour. 1In view of the short time
the present melts were retained in the molten state in
the tungsten crucibles, it is expected that an insignifi-
cant amount of tungsten was picked up by each of these
samples.

The samples were freed from the crucibles by
chipping and grinding off the tungsten that might have
adhered to the surface of the samples; any regions of
tungsten to be removed at this stage were easily identi-
fied by a quick etch with a %% hydrochloric acid solution.
The samples were then sand-blasted to remove any surface
contamination, wrapped in 0.01" thick tantalum foils,
and were sealed in quartz tubes under helium at less than
10 torr. pressure. All the alloy samples were homogenized

at 700°C for twenty-four hours after wrapping them in 0.01"
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thick tantalum foils, and sealing them in quartz tubes
under helium at less than 10 torr. pressure.

Pure thulium and three erbium-thulium alloys were
induction-melted under tte above conditions. Table 11-2
shows theilr compositions as analyzed by Messrs. Atomergic
Chemetals Inc. by mass-spectrographic technique after the
heat-capacity measurements.

To measure the specific reat of a sample, a known
quantity of heat is supplied to the sample, and the cor-
responding temperature rise is determined under adiabatic
conditions. The heat is supplied to the sample in the
form of electrical energy. The temperature of the sample
is determined by measuring tke resistance of a carbon re-
sistor embedded in the specimen assembly., and the tempera-
ture rise by the change in the resistance,

The experimental setup was described by Wei [43]
and by Tsang [33] except for minor modifications. As shown

in Fig. 4, the apparatus consists of:

a) a cryostat for cooling the calorimeter and maintain-

ing it at liquid-helium temperatures.,

b) a low-vacuum system to lower the temperature of

the liquid-helium bath from 4.2°K to 1.3°K.
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TABLE II-2.--Analyses on the present melts in ppm by weight

Element — Exr  Er, 55Ty 25 E¥5 5™5.5 FEfg.25™p.75 ™
Al 75 160 32 110 18
ca 18 550 93 260 170
Ce 37 34 40 37 68
cu 100 6 1 13 18
Dy 120 190 160 170 410
Fe 400 19 30 43 31
Ho 97 56 50 31 2
K 0.23 22 2 7 130
La 8 9 15 9 22
Mg 0.3 8 7.5 11 22
Mn 12 18 36 39 62
Na 13 3800 10 29 510
Nd 110 390 580 940 2000
Ni 3 35 46 98 600
Pr 52 42 46 24 33
si 32 32 13 37 17
Ta 29 86 3 3 14
W 140 700 500 620 750
Y 1100 520 400 150 20
zn 2.8 5 160 230 47
c 86 36 140 200 850
F 6300 8600 4500 3800 320
N 1300 54 21 7 1100

0 120 470 240 490 1400
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c) a high-vacuum system to evacuate the calorimeter

for isolating the cooled sample,

d) a manometer system and a McLeod gage to measure
the vapor pressure of the liquid-helium bath,

and

e) an electrical system to measure all the electrical

quantities and the heating time.

A pure copper disc, shown in Fig. 5(a), was
Prepared to house the thermometer and the heating coil.
An uncoated 1/10 watt carbon resistor was used as the
thermometer. It had a nominal resistance of 56 ohms at
rYoom temperature, about 850 ohms at 4.2°K, and 50,000
Ohms at 1.3°K. This thermometer was lightly greased and
Snugly fitted into the hole in the copper disc to provide
the thermal contact between the two. The disc was then
non-inductively wound with a 40-gage formex-coated man-
ganin wire to serve as the heater. 1Its resistance was
325 ohms at room temperature. Both the thermometer and
the heater ends were soldered to cotton-insulated 40-gage
copper wires, which in turn, to 1%" lengths of manganin

leads.
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Legend for Figure 4.
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Liquid-nitrogen container
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Legend for Figure 5
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The sample under investigation was sliced into
two cylindrical halves, and the parting surfaces were
ground and polished flat to match the top and bottom sur-
faces of the heater-thermometer assembly. The polished
surfaces were lightly greased, and the heater-thermometer
assembly was sandwiched between the two sample halves and
tied together with 20-gage copper wires. The assembled
specimen was suspended so as to be at the center of the
calorimeter can by means of three single lengths of #50
nylon thread. The lead wires from the heater-thermometer
assembly were soldered to the four pins of the lower kovar
seal. The electrical connections from this kovar seal to
the room-temperature region at the top of the calorimeter
system were also made of manganin wires. Twisted pairs of
the manganin wires were taken out into the liquid-helium
bath through a 1/8" copper tube, which was sealed with
Epibond-100A as described by Roach et al. [44]. The heater
and the thermometer wires were separated at the top of the
protection tube, and were passed through two bent stainless-
steel tubes., at the end of which they were soldered to two

separate connectors.
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The manometer system was designed to provide an
accurate measurement of the vapor pressure of the liquid-
helium bath from 4.2°K down to 1.3°K, by incorporating a
mercury and an oil manometer, and a McLeod gage. The mer-
cury and the oil manometers could be operated together be-
low 50 torr., and the o0il manometer and the McLeod gage,
below 25 torr. The ratio of the density of mercury to that
of the octoil used in the manometers was found to be 13.81.
The details of this system can be seen in Fig. 6.

The resistances of the heater and the thermometer
and the currents passing through them were measured by
means of a Leads and Northrup K-3 universal potentiometer.
The circuit diagram of the instrument panel is shown in
Fig. 7, and the switch settings for the various functions
are listed in Appendix A. A double-pole switch S1 was in-
stalled to activate a CMC 800A electronic counter when the
heater current was turned on. The counter was connected
to a Hewlett Packard 200CD audio oscillator set at 1000
cps., whose frequency was continuously checked by a separate
Hewlett Packard 3734A electronic counter with a *1 count

accuracy.
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Legend for Figure 6

To HeC
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Mv1l through Mv5
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Mechanical fore-pumps
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Legend for Figure 7

BS1,

Cl

CCG

CTR

DCA

FRG

MCA

MLA

Ms1

ND

osC

P1,

R14,

BS2

P2,

R16

R By

REC

RS1,

RS2

» BS3

P3,

P4

Battery substitutes
{constant 3-volt supply)

Capacitor
Cold-cathode vacuum gage
Electronic counter

DC Amplifier
Frequency gage
Microammeter
Milliammeter

Main switch

Null detector
Oscillator

Mechanical fore-pumps

Decade resistors for the heater and
the thermometer circuits respectively

Heater resistance and thermometer
resistance

Recorder
Standard resistances of 100,000 and

100 ohms respectively for standardizing
the thermometer and the heater currents

S1 through S19 Switches
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The basic standard for the emf measurements with
the potentiometer was a low temperature coefficient cad-
mium standard cell SC, which had an emf of 1.01925 volts
+0.005% at 24°C and an internal resistance of less than
500 ohms at 20°C. For current measurements, two Leeds
and Northrup standard resistances RS2 and RS1 of 100 ohms
+0.005% and 100,000 ohms *0.005% respectively were used
as standards in the heating and the thermometer circuits.
The accuracy of the present setup was discussed by Tsang
[33]; and an over-all accuracy of *2% can be expected in
the specific-heat measurement.

The experimental procedure, as described in Ap-
pendix B, essentially involved the preparation of the
cryostat for the liquid-helium transfer, the calibration
of the thermometer resistance between 4.2°K and the low-
est temperature attained, and the measuring of the temp-
erature response of the thermally isolated specimen when

a known quantity of heat was supplied to it.



CHAPTER III
EXPERIMENTAL RESULTS

The specific heats of the five samples described
previously were successfully measured between 1.3° and
4.2°K. The calculations and the analysis of the experi-
mental data were performed on a CDC 3600 computer. The
program is given in Appendix C. The input data for the
calibration were the thermometer resistance and the
liquid-helium vapor pressure. Above the A-point the
vapor pressure data were corrected for the hydrostatic
pressure of the liquid-helium head above the center of
the calorimeter can. The temperature corresponding to
the vapor-pressure values were calculated from the 1958
liquid-heliumIV temperature scale [45] by interpolation.
The thermometer resistance and the temperature data were

fitted to the Keesom-Pearlman relation [46]

N
.5 (log R) " ... (11)

(logR/T) n+l
n=0

to yield the coefficients cn+l' The calibration data from

all the experiments were found to satisfy (11) with N=1
37
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with a scatter of less than 10 milli-degrees. A typical
calibration curve is shown in Fig. 8.

The specific heat of the specimen assembly con-
sists of the contribution from the sample and that from
the heater-thermometer assembly including the copper wires

tieing the specimen together

L2
= T +
i Rht/J n CV AT n

h 1 2CV AT ... (12)

1 2

where ih is the heating current, Rh' the resistance of the
heater, t, the heating time, J, a conversion constant to
yield the energy in calories, n, and n,: the number of
moles of the heater-thermometer assembly and the sample
respectively, Cy, and Cy,» their respective specific heats.,

and AT is the corresponding temperature rise. The specific

heat of the sample is then

.2
CV = ltht/n?JAT-— nlCV /nz. ... (13)
2 1
The heater-thermometer assembly weighed about four
grams, of which the non-copper material was about 8% by
weight. C,,., was assumed to be that of copper with neglig-

1

ible error. The specific heat of copper was determined by
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several workers and the value reported by Isaacs and Mas-

salski [47] was

Cv = 0.0001668T + 0.00001159T3 ... (14)

1
in calories per mole per degree K.

The five experiments were conducted with the speci-
mens of the erbium-thulium system: two with the pure
metals, and three with the alloys. The specific-heat
data of the samples are listed in Tables III-1 through
III-5, and the plots of the specific heat versus tempera-

ture are shown in Figs. 9 through 1l.
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TABLE III-l.--Specific-heat data on Erbium Sample Date: 1-31-68

Weight of sample = 31.264 gm = 0.1869185 mole.
Weight of Heater-Thermometer Assembly = 3.55 gm = 0.05587 mole.

Heater resistance at 4.2°K = 286.16, at 1.3°K = 285.95 ohms.

Thermometer-calibration coefficients: Cl = -1.0291935
C2 = 0.6272095
Data Temperature Specific Heat Data Temperature Specific Heat
No. °K m-cal/mole/°K No. °K m-cal/mole/“K
2 1.4213 124.86 16 2.7872 193.07
3 1.4790 124.10 17 2,9272 207.52
5 1.6379 126.76 18 3.0666 222,22
6 1.7016 130.30 19 3.2069 237.60
7 1.7545 129.49 20 3.3774 255.18
8 1.8434 135.39 21 3.4645 270.06
9 1.9803 138.86 22 3.5779 288.01
10 2.1235 147.19 23 3.7090 315.25
11 2.2437 153.76 24 3.8172 326.12
12 2.3045 156.77 25 3.8963 335.80
13 2.4144 162.00 26 3.9836 364.35
14 2.5088 171.08 27 4.1136 383.94

15 2.6807 181.96 28 4.2005 404.36
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TABLE III-2.--Specific-heat data on Er 75T 25 alloy Date: 9-16-68

Weight of sample = 32.2917 gm = 0.192581 mole.
Weight of Heater-thermometer Assembly = 4.7821 gm = 0.07526 mole.
Heater resistance at 4.2°K = 285.755; at 1.3°K = 285,50 ohms.

Thermometer-calibration coefficients: C, = -1.0355476

1
C2 = 0.6301181
Data Temperature Specific Heat Data Temperature Specific Heat
No. °K m-cal/mole/°K No. °K m-cal/mole/°K
1 1.3233 20.327 17 2.3500 28.052
2 1.3375 19.398 18 2.4585 30.392
3 1.3850 19.091 19 2.5889 33.637
4 1.4464 19.383 20 2.7165 37.177
5 1.4985 19.656 21 2.8758 42.432
6 1.5501 19.751 22 3.0915 50.732
7 1.5894 19.816 23 3.2297 57.325
8 1.6388 19.971 24 3.4097 65.249
9 1.6976 20.393 25 3.6295 77.270
10 1.7490 20.463 26 3.8014 87.999
11 1.8131 20.973 27 3.9177 96.319
12 1.8899 21.633 28 4.0061 102.417
13 1.9806 22.516 29 4.0755 106.604
14 2.0669 23.647 30 4.1400 111.803
15 2.1801 25.132 31 4.2023 116.161

16 2.2844 27.063
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Table III-3.--Specific-heat data on Er _Tm 5alloy Date: 8-2-68

5

Weight of sample = 28.516 gm = 0.1696401 mole.
Weight of Heater-Thermometer Assembly = 3.7255 gm = 0.05863 mole.

Heater resistance at 4.2°K = 285.955; at 1.3°K = 285.72 ohms.

Thermometer-calibration coefficients: Cl = -1.0336623
C2 = 0.6298109
Data Temperature Specific Heat Data Temperature Specific Heat
No. °K m-cal/mole/°K No. °K m-cal/mole/°K
1 1.3186 16.170 22 2.4275 51.617
2 1.3633 17.443 23 2.5244 56.234
4 1.4677 18.363 24 2.6431 62.883
5 1.4779 19.008 25 2.7829 71.053
6 1.5431 19.319 26 2.9257 79.876
7 1.5745 20,380 27 3.0484 87.437
8 1.6288 21.304 28 3.2234 99.597
9 1.6554 21.782 29 3.3278 104.057
10 1.6924 22.953 30 3.3917 110.607
11 1.7379 23,922 31 3.5212 120.818
12 1.7915 25.859 32 3.5992 124.213
13 1.8395 26.694 33 3.6658 130.486
14 1.8737 28.403 34 3.7299 138.970
15 1.9239 30.123 35 3.8078 140.882
16 1.9649 31.254 36 3.8674 151.890
17 2,0177 32.817 38 3.9662 154.360
18 2.0677 34,911 39 4.0227 158.044
19 2,1331 38.165 40 4.0820 164.599
20 2.2120 41.239 41 4.1261 161.679

21 2.3112 45.627 42 4.1713 175.426
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TABLE III-4.--Specific-heat data on Er 25Tm 75 alloy Date: 9-11-68

Weight of sample = 32.405 gm = 0.1922968 mole.
Weight of Heater-Thermometer Assembly = 3.7715 gm = 0.05936 mole.
Heater resistance at 4.2°K = 285.755; at 1.3°K = 285.545 ohms.

Thermometer-calibration coefficients: C1 = -1.033711
C2 = 0.630025
Data Temperature Specific Heat Data Temperature Specific Heat
No. °K m-cal/mole/°K No. °K m-cal/mole/°K
1 1.3141 28.901 21 2.2736 64.034
2 1.3274 28.682 22 2.3518 66.011
3 1.3650 31.288 23 2.4375 69.581
5 1.4526 32.102 24 2.5623 75.066
6 1.5147 36.147 25 2.6535 75.232
7 1.5849 39.023 26 2.7662 79.628
8 1.6266 39.290 27 2.9045 83.591
9 1.6605 41,355 28 3.0392 85.571
10 1.6899 41.941 29 3.1746 88.834
11 1.7248 43.516 30 3.3366 90.022
12 1.7702 45.091 31 3.4848 96.076
13 1.7945 44.544 32 3.5951 100.006
14 1.8282 46,391 33 3.6627 97.744
15 1.8664 47.644 34 3.7635 101.249
16 1.9137 50.714 35 3.8573 104.191
17 1.9665 50.879 36 3.9396 104.422
18 2.0244 54.079 37 4.0140 103.868
19 2.1030 51.475 38 4.0979 106.948
20 2.1742 60.119 39 4.1631 107.394
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TABLE III-5.~--Specific-heat data on Thulium sample Date: 8-22-68

Weight of sample = 27.094 gm = 0.16038216 mole.
Weight of Heater-Thermometer Assembly = 3.8885 gm = 0.061198 mole.
Heater resistance at 4.2°K = 285.805; at 1.3°K = 285.585 ohms.

Thermometer-calibration coefficients: Cl = -1.0341672
C2 = 0.6297254
Data Temperature Specific Heat Data Temperature Specific Heat
No. °K m-cal/mole/°K No. K m-cal/mole/°K
1 1.3029 19.121 18 2.3697 38.042
2 1,3155 19.574 19 2.4944 40.446
3 1.3658 20.496 20 2.5822 42.779
4 1.4127 20.827 21 2.7223 45.484
5 1.4710 21.904 22 2.8829 49.550
6 1.5233 22.601 23 3.0107 52.650
7 1.5807 23.210 24 3.1418 56.157
8 1.6244 24.29%06 25 3.2995 60.480
9 1.6744 24.790 26 3.5023 66.401
10 1.7448 25.937 27 3.6824 72.241
11 1.8185 27.099 28 3.8105 76.917
12 1.8777 28.320 29 3.8845 79.329
13 1.9258 29.244 30 3.9542 82.633
14 1.9853 30.356 31 4.0284 83.291
15 2.0479 31.622 32 4.0896 84.370
16 2.1210 32.692 33 4.1547 86.619
17 2.2242 35.013 34 4.2175 91.545<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>