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' THE LOW-TEMPERATURE HEAT CAPACITY OF CERIUM METAL
Mary MacIvor Conway
Inorganic Materials Research Division, Lawrence Berkeley Laboratory

and Department of Chemistry; University of California,
Berkeley, California

ABSTRACT

The heat capacities of mixtures of the o and B phases of Ce metal
were measured between 0.08 and 24 K at zero pressure and in zero field.
Two were also measured between 0.4 and 24 K in fields of up to 60.5 kOe.
The heat capacities of the pure phases were extrapolated from this data.
o Ce has a ¥y of 22 mJ/mole-Ke, showing the expected large f contribution,
and a 0 of 125 K. The low temperature heat capacity of B Ce is field
independent.to 60.5 kOe. It can be represented by a linear term.with

Yy = Sk mJ/mole-K2 and a T

term an order of magnitude larger than that
expected from the lattice contribution. Existing theories seem inadequate
to explain the large size of the former and the field independence of

the latter. The entropy associated with the 12.5 K ordering peak shows

it to involve only half the sites of the dhcp B phase.
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INTRODUCTION

Properties of Cerium

The variable valence of the element Ce has been a major factor in
the continuing interest and research into its properties. The Lf, 54,
and 6s levels are of comparable energy in the Ce free atom and retain
similar énergies in Ce xﬁetal.l’2 Their exact relationship is affected
bybpressure and temperature, with high pressurés and low temperatures
raising the energy of the 4f level with respect to the Fermi level of

3-5 Tne 4f level has a radius of only 1/10 the

the s-d conduction band.
atomic radius, and is inside and well shielded by the filled 5s and 5p
shells, so that the behavior of the one 4f electron should be free atom-

like in trivalent Cel’

where the energy of the 4f level is well below
the Fermi level. When its energy is well above the Fermi level, its
electron will be transferred to the conduction band, changing the Ce

to tetravélent.' At least most and possibly all of this change in valence
can be made continuously in Ce, but large discontihuous changes in valence

do occur at some phase boundaries. The statements are not contradictory;

metallic Ce has at least one critical point, as shown in the phase

diagram in Figure 1. The phase boundaries shown are the estimated

thermodynamic boundaries, based on 3 sets of measurements which cover

7-9

the known transitions. The positions of the boundaries may be shifted

0]
by impurities,l and are usually obscured by hysteresis (as large as
190 K7 or 43 kbarll), so that discrepancies do exist in reported values,

but the discrepancies are not important here. .
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The three low pressure, high temperature phases of Ce appear to
have very similar valences, near 3.06. No purely trivalent phase is
known. The three phases are thé body-centered cubic (bcc) & phase
stable between 1000 and 1070 K at one atmosphere, £he face-centered
cubic (fcc) v phase stable between 350 and 1000 K, and the double
hexagonal close-paéked (dhep) B phase stable between 140 and_350 K.

In the case of the little studied & phase, this estimate of the valence
is baséd on the similarity of its molar volume and that of v Ce.8 The
B and v phases have a‘hf electron which generally acts well localized.
The metastable B phase orders antiferromagnetically at 12.5 K.12

(The v phase is not present at such low temperatures in sufficient
quantities for its expected ordering to be detectable.) The magnetic
susceptibilities of both the f and y phases obey‘é Curie-Weiss law
above 110 K, with an effective atomic moment of 2.51 “B’ close to the
free atomic value of 2.54 uB.6 This implies a valence of approximately

3

l .
3.03. The observed metallic radii of 1.824 for v Ce and 1.826 for

B Ce are smaller than the value of 1.8L46 estimated for trivalent Ce

(at room temperature and 1 atmosphere) from the observed values of the

13

Either the variation of

13

radii of the other trivalent rare earths.
the metéllic radii along the rows of the periodiq table ™™ or the observed
radius‘of a Celh may be used to estimate the radius of tetravalent Ce.
Both:indicate a valence of 3.11 to 3.13 for B'and T Ce.

This valence is noﬁ constant with temperature and pressure in

¥ Ce and is probably not constant in B Ce. The Y phase has a higher

valence near the y-a phase boundary than it does at room temperature




“with a 17% decrease in volume
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and 1 atmosphere. Elastic constant measurements at 1 atmosphere show
a lattice softening in a mixture of B Ce and metastable ¥ Ce between
175 K and -the v - « transition at 110 K, which continues to 31 K in

the mixture of a Ce and metastable B Ce.15 (This metastable v =a

- phase boundary lies slightly above the B =+ a boundary near 140 K and

also has a large hysteresis.) This behavior is'apparenﬁly associated

with an increase in the valence of the B and y phases. It is also

observed in samples containing only the 1 phase.l6 At room temperature,
' 17,18

the compressibility of v Ce increases with pressure while its

19

susceptibility decreases. Both indicate an increase in valence

before the v - o transition near 7 kbar. Both v and o Ce have the

- same valence above their critical point (a Ce is also fcc), but the

Y phase changes its lattice constant and presumably its valence much
less than does the o during the approach tb the critical point.l7

The low temperature ¥ - a transition at 1 atmosphere is associated
7 and with large changes in the suscepti-
bility,6 résistivity,eo and Hall effect®r of the sample. The high
pressure, room temperature transition shows a 12% volume change,7
evidence that one or both of the phases has changed its valence during
the increase in pressure and temperature. Changes'ih the susceptibility
and reéistivityll are also observed at the room temperature transition.
The susceptibility change appears to be twice_asvlarge as the change

22
at the low temperature transition, but the presence of an uncertain

amount of P phase makes the comparison very approximate. The atdmic

volume and susceptibility data indicate a valence of 3.55 to 3.76

19



for a Ce at low temperatures and 1 atmosphere and one of 3.49 to 3.74
, : 13,19..
for a Ce at room temperature and 7 to 10 kbar.

The valence of a Ce is not constant. At room temperature and
high pressure, it has a higher‘compressibility near the y-a transi-
tibn than it has at higher pressures.18 The change in lattice constant
along the phase boundary approaching the critical point is mostly in

17 and is faster above 500 K than below.;7’18

the a phase The suscep-
tibility‘df'a Ce shows a linear decrease as pressure increases up to
18 xbar atvroom temperature,19 but its lattice con:stan’cl)‘L and resis-
tivityll decrease more rapidly at-lower pressures than at pressures
above approximately 25 kbar. All indicate an increase in valence as
the pressures increases. There is no region of more rapid valence

change near the a-o' transition,ll’lh

in contrast.to the behavior near
the v-a transition, and the volume change is only )-1.37%.11‘L Assuming
the a' phase to be fully tetravalent, and comparihg the 4.37% volume
change at the 50 kbar transition with the 34.52% volume change neces-
sary to go from the hypothetical tetravalent staﬁe to the trivalent
13

state atAroom temperature, this implies a Ce has a valence of 3.87
at 50 kbar‘and room temperature. |

A few other properties of a Ce should be menﬁioned here. Though
they do not lend themselves to valence computations, they must be
accounted for by any theoretical models of the band structure respon-
sible for non-integral valences. No magnetic ordering transition has

been detected in a Ce.12’19 Neutron diffraction.measurements indicate

that a Ce has no uncompensated spins at zero pressurelQ but may not




be conclusive evidence for that point.l3 The susceptibility of a Ce
at 10 kbar is temperature independent above 100 K;Abehavior typical of
a metal with no localized magnetié moment., It is unusually large,
showing.a.iarge exchange enhancement apparently associated with

19

localized electrons. Finally, it increases in value below 100 K,

étypical behavior whose origin is u.ncertain.l9 No superconducﬁing
. 2
transition has been detected in a Ce above 0.3 K at 10 kbar 3,24 or
above 1.3 K at 50 kbar.ll Localized moments inhibit superconductivity
3-5 |

or surpresé it entirely, but are not the only'possible reason for
the failurebto detect superconductivity. The IVb.elements Ti, Zr,
and Hf have their transitions at 0.44, 0.56, and 0.16 respec’c:].vely,25
and the IIIb eiements Sc and Y are not superccnduéting at.zero‘pres-
sure,26’27'though none of these elements is magnetic. The virtual
bound state model of the 4f level in Ce,28’29 which appears to be the
model best able to-describe_the obsérved properties of Ce, predicts

' that a Ce is sﬁperconducting but at témperatures Just below thqse
investigated.

The‘d’vphase of Ce appears fully tetravalenf. It undergoes no
compression between 50 and 82.5 kbar.ll+ It is supefconducting, with
a transitioh temperature of 1.7 K at 50 kbar which follows the common
pattérn of decreasing as pressure increases.ll Its lattice structure
énd'certain aspects of its phase boundary are controversial. It has
been reported as both fcclu and distorted hexagonal close-packed (hcp).3o

Jayaraman's failure to find any evidence that an.a-a' boundary inter-

8
sects the fusion curve supports the fcc structure in that it suggests



that the boundary ends in a critical point. No direct evidence for a
critical point was obtained in the measurement of the boundary, which
unfortunately do not go above 480 K. The change in resistance across
the boundary is approximately constant, and the valences of the « and
o' phases do not change rapidly on each side of the transition. The
question of lattice structure is important, since the virtual bound
state modsl predicts a continuous change to tetfavalency in o Ce.28’29
A first order transition to an fcc o' phase implies a fundamental change
in elecﬁrohicvproperties not predicted by the model. A transition to
an hep (or other non-fce) o' phase does not rule out a continuous
change to ﬁetravalency in metastable a Ce at.preSSures above 50 kbar.
Studies of Ce at 2 different valences are possible at low tempera-
tures because the a phase is stable and the B phése metastable to zero K
at zero pressure. Thsy are also difficult, since in this region samples
of Ce aimost inevitably contain both phases in uncertain amounts. Be-
cause ofvthe large hysteresis associated with the phase transitions of
Ce, a sampls 6f Ce freshly cooled from the melt or from a high tempera-
ture anneal will generally remain entirely in the v phase at room tem-
perature.. When it is first cooled below approximately 280 to 250 K,
some 30 to'80% of the sample transforms to the B phase, while the
remaining 20 to 70% remains in the v phase until approximately 100 to
30 K, wheré it tfansforms to the a phase. Little if any v phase is
retained at zero K.. Some B phase converts to d at approximately LO
to 80 K. The sample at 4.2 K will be approximately 30 to 60% B, O to

5% v, and 35 to 70% . The exact phase composition has a complex



dependence on the purity of the sample, its grain size, whether it was
cold worked, how fast it was cooled, and possibly other factors. When
the sample is re-warmed, the « phasé reverts primarily to v but the B
phase does not revert unless the sample is warﬁéd'above approximately
350 to 440 K. Further thermal cycling increases the amount of B phase
in the sample to a limiting value of approximately 60 to 90%;7’12’31’32
So far, pure B Ce has not been obtained at 4.2K. Pure a Ce is obtain-
able by épplying approximaetely 10 kbar to a pure v éémple at room tem-
perature to convert it to pure a, and then cooling fhe sample under |

pressure to keep it outside the region of B stability.23
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Theoretical Backgfound

In mixed phase samples of Ce, the total heat capacity, C, is equal
to the‘sum of the contributions from the heat caﬁacity'of ﬁhe pure o
and pure B phases, Co and Cﬁ' Small secondary‘cphtributions from other
phasesvor from impurities may also occur. Botﬁ\qDL and CB may be further
divided into components. Both have an electronic heat capécity, CE,
and a lattice heat capacity, CL' The magnetic B Ce also has a crystal

field heat capacity, C,, and a magnetic heat capacity, CM.

Electronic Contribution

- The band structure density of electronic states at the Fermi
surface, N(eF), is the major controlling factor of the magnitude of

CE; Their relationship is described by:
= ol = '
Chps = (0 kg /3) N(ep)T = v T (1)

where CEbs is the unenhanced band structure electronic heat capacity,
and Ybs is é temperature~independent constant. .The magnitude of N(eF)
is not simply dependent upon the number of conduction electrons in the
metal. It strongly reflects the width of the conduction band. A
broad band, such as the typical s-d conductionvband; will have a low

to moderate density of states over a wide range of energies, so the
value of-N(eF) will not be sensitive to the value of the Fermi energy,‘
€pe A narrow band, such as the 4f band, will have a very high density.

of states but only in a narrow energy range, outsidé of which the




-9-
density of states drops rapidly to a negligible value.l’2’28’29 If
the U4f band overlaps the Fermi surface, N(eF) will be very sensitive

to the position of this band relative to €_. The magnitude of N(eF)

F

is also dependent upon the degree to which the available Fermi surface

is reduced by energy gaps introduced at Brillouin‘ione boundaries. In

‘general, metals with even valences undergo a greater reduction of their

effective Fermi surface than do metals with odd valences.
Electron-phonon and (in magnetic materials) electron-magnon
interactions can raise the effective mass of the electrons, which in

turn will make Cp larger than C_, . Theoretical studies of the mag-

Ebs
nitude and temperature dependence of these interéction effects have

been done,33—39 but there is not yet much experimental confirmation of
the theories, which leaves room for considerable doubt as to how these

effects should be included in the analysis of experimental data. When

v Equation 1 ié adjusted for these effects according to the theories, the

result is:

Cp = [1+ xp(T) + >_Vm(T)] Ty T (2)

wheré xévis the temperature dependent parameter describing the electron-
phonon enhancement effect and xm, also temperature dependent, describes
vthé'electrqn—magnon enhancement. This xm is zero for metals with no
or with dilute localized spins,3h_and SO is presumably zero for a Ce
in spite of its virtual bound f level. At T = Q, where xp has a value

39 34

of approximately 0.3 to 1. and xm has a value usually near 1,

[1+ LP(T=O) and xm(T=O)] Tps = Y,- Both xp and A are believed to
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increase.with T at temperatures immediately above zero, so that Cg is
not a perfectly linear function of T. However, it is nearly linear

at temperatures near zero,.and in most cases avlinear approximation is
the best available for extrapolating L After.this initial increase,

both xp and xm pass through a maximum, which in the case of Ce is

expected to be near 10 to 20 K for xp and near 0.2 to 1 X for xm. This

is based in the case of xp on comparisons with the calculated behavior

6,37, 3

of elements with a similar Debye since xp depends primarily on

the phonon frequencies and not on the electronicvprOPerties of the.

metal.39 In the case of xm is is based on the assumption that the

important difference between Ce and Gd, for which xm has been calculated,33

is the lower magnetic exchange energy of Ce. This is not necessarily

the éase, since the Uf electron of B Ce may be in a magnetic virtual

28,29

bound state and much closer in energy to the Fermi level than are

the Lf electrons of Gd. Above their maxima, xp and A decay slowly to
zero, so that by 150 to 200 K, CE should be equal to CEbs' The effect

of an external magnetic field on xm is not known.

Lattice Contribution

The.Debye theory for Cy, describes its behavior‘in terms of a
constant, 6, and a universal function in tempefatﬁre. In the limit of
low temperature, the function takes the form CL = 234 RT3/63, where
R is the gas constant. This 7> behavior depehds only on the propor-
.tionality of the frequency spectfum to the square of the frequency at

low frequencies, and must be correct at sufficiently low temperatures,
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usually below 9/100. Above this, the differences between the actual
lattice frequency specﬁrum and the parabolic spectrum assumed in the
Debye theory become significant. If the experimental data is fit by
letting © vary with temperature, it generally shows a minimum near 6 10,
as for example in Le where 90 = 143 K, but at the'minimum near 13 K,

6 - 100 k.20

Crystal Field Contribution

The localized 4f electron in B Ce is affected by the electric
fields of the ﬁeighboring atams. When the ions are assumed to have
spherical symmetry, this partially lifts the degeneracy of the 2F5/2
ground level of the Ce+3 ion. The resulting levels will have degeneracies
of 2 or higher, with the degeheracy and the energy separation of the
levels detefmined by the symmetry and strength of the electric fields.
In the dhep stacking of B Ce, layers of atoms in a gubic environment
alternate with layers in a hexégonal environment, so that B Ce as a
whole has half of its atoms in each. For each environment separate
calculations must bé made of the energy levels»ahd of the heat capacity
arising from the transitions of the ﬁf electron between these levels.

This heat capacity is of the standard Schottky form:J+l

' 2
~_R L -€p/T L e, /T
= r r
CCi - 2ZT2 E €I‘ gI‘ e - Z €r gI‘ € (3)
r=0 r=0
Z

r.) -C /T
where 2 = ;Eb g, © = €p = the energy of level r in units of K,
8, = the degeneracy of level r, R = the gas constant, and the factor

of 2 adJusts for the fact that each environment i contains only half

the L4f electrons.
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Bleaneyl1L2 has calculated from crystal field theory the degeneracy
of the energy levels and the ratios of their splittings for both of the
symmetries in a Ce, and has estimated the absolute magnitudes of the

k3

splittings by fitting his calculated CC to the PSS experimental data.
He obtains 3 doublets for the hexagonal sites, at energies of iero, 30,
and 150 K, and for the cubic sites a doublet at zero K and a quartet at

270 K. With these values of g, and € the Ccy are small below approxi-

r?
mately 3 K, and should not interfere with the determination of 7o,
though cCi may be affected by magnetic exchange fields and deviate from
the calculated curve at low temperatures. |

When the effects of non-spherical symmetry in the ions are calcu-
lated, the éiectric quadrupole-quadrupoie interaétion is found to be
the most J’.mpor’can’c.Lm This interaction can lift the ground level |
degeneraéy predicted on the basis of conventional crystal field effect
calcul,a.’cions.)+2 In B Ce, it could affect the atoms in the hexagonal

45,46 Its magnitude

environment, but not those in the cubic environment.
is estimated at 10 K for the heavier rare earths such as Gd,m4 and will
be larger in the lighter rare earths where the spatial extent of the uif

ik,kh6,1 This puts it at a magnitude comparable to

electrons is greater.
that of the magnetic exchange in‘t:e:ra.ction.u2 Unless the magnetic ex-
change‘is much greater than the quadrupole splitting the atoms in the
'hexagonal sites will have a singlet ground staté. The heat capacity
associated with the quadrupole splitting cannot be calculated by cor-

recting the gr's and €,'s of equation 3, since the effect is partially

co-operative in nature.u6 Theoretical calculations conflict with
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experimenﬁal results,h6 so that the heat capacitj contribution of a
given quadrupole splitting is not really known. Experimental results
on a systém (Ce ethylsulphate) with a significant»duadrupole splitting
show a péak'in the heat capacity in the same teﬁperature range as the
Schottky heat capacity (calculated ignoring.the'quadrupole effect), but
the peak.ié higher and contéins more entropy than the caiculated
Scho‘ctky.)1L7 Apparently the extra entropy is associafedfwith the lifting

of the degeneracy of the ground level.

Magnetic Contribution

Theory indicates that at low temperatures, the dependence of CM
on T is such that it should not interfere with the determination of v,.
Simple spiﬁ wave theory gives CyoK > for antiferromagnets. Magnetic
anisotropy introduces an energy gap; A, into the_gpin wave spec’crum,u8’u9
leading to an exponential term in the temperature dependence of Cy.
The magnitude of A is not known for B Ce, but the neighboring element
Pr is knownh to have a large anisotropy.so

More detailed calculations of Cm from theory, and in particular
quantitative comparisons with theory of the observed shape of the
magnetic ordering peak in B Ce, have not been attempted primarily
because éf the lack of any generally accepted theory of co-operative
: transipions. Additionally, the inevitable strains in a multiphase
sample of Ce will broaden any magnetic transition. Calculations of the

entropy of ordering are both possible and useful. In such calculations

it must be remembered that the 2 sites of different symmetry in § Ce
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should be capable of ordering separately, as do the'2 sites in the

neighboring dhcp rare earths Prso

and Nd.uo When a symmetry site
orders, fhe associated entropy will equal 1/2 R 1n 8os Where g, is
‘the degeneracy of the ground level. 1In the special case of a singlet
ground level, the site will not order at all unless the ratio of the
exchange field to the crystal field exceeds a critical value, which in
the case of a system with only a singlet excited state corresponds to
an ordering.temperature, Ta, of l/lOth the crystal field splitting.5l

If the system orders with T, below the crystal fiéld Schottk& tempera-
ture, the narrow spike in the heat capacity at To will contain an entropy
of appreciably less than 1/2 R 1n 2, while the Schottky peak is broadened

but not shifted in’temperature.51

The theory has not been extended to
systems where Tc‘is comparable'to the Schottky teﬁperature. The
hexagonal sites of polyérystalline Pr are such a éystem;»no ordering
peak is visible in the heat capacity of Pr. Alsd, the theory may not
.be appliéable without modification to a system such as is postulated

for the hexagonal sites of B Ce, where there ié quadrupole rather than

crystal field splitting betweén the 2 lowest energy states.

Secondary Contributions

There are 4 detectable secondary contributidns.fo the heat capacity
of Ce in the 0.08 to 24 K range. They appear attributable to the
impurities in the cerium, to the oxidation of the sample surface, or
to small amounts of a third and possibly a fourth phase of Ce. These

secondary contributions are the nuclear hyperfine heat capacity, and
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the small anomalies at 0.15,10.9, and 6 K.. (None of the anomalies can
be ascribed to the temperature dependence of xm since none have a sizé
strictly dependent on XB.)

The nuclear hyperfine heat capacity, CN’ is caused by the inter-
action between‘nucléar spins and ordered electron spins, and is a
Schottky'anomaly. Since the stable isotopes of Ce all havereven-éven
N Impurities with non-

contribution dependent on the concentration

nuclei with zero spin, Ce has no intrinsic C
zero nucleér spins give a'CN
of the impﬁrities, on the size of their nuclear spins, and on the‘xB
_6f the sampie. Since only the high temperature side of the Schottky
is visiblé_in the experimental data, the approximation QNoKJ/T2 can
be used. |

.The coat of Cez203 which forms on the surface of any Ce sample
exposed to the air is expected to order magneticaliy at some temperatﬁre,
bsincé the Ce in it has a localized 4f electron.

Impurities in the bulk of a Ce sample can participate directly in
an ordering.transition only if they are sufficiéntly concentrated to
order alone or as part of a Ce alloy. Such a conéentration could occur
with the precipitation of the impurities along grain boundaries during
an annealing or a slow éooling from the melt. It should not occur when
the Ce saﬁple is quenched from the melt. Impurities may indirectly
cause an ordering transition when more uniformly distributed in the

sample if they stabilize otherwise unstable trivalent (and thus

magnetic) phases of Ce.
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EXPERIMENTAL TECHNIQUES

Heat Cépacity Measurements, 0.4 - 24 X

Cryostat
The cryostat used for measurements in the_O;h‘to 24 K range is not

52 23

greatly different from the ones described by Triplett”  and Senozan.
The chief.differences are that the dewars for the cryostat are made of
stainless steel and not of glass, and that a small chamber of He* rather
than the entire He® bath is pumped to pre-cool the He” and the calofimeter
to about 1.3 K before the He® is pumped to cool>the calorimeter to 0.3 K.
Stainless steel dewars are not as easily damaged as gléss and can more
readily be made with a large inner diameter to take a large supercon-
ducting hagnet, such as was used in the course of the experiments reported
here. Their disadvantage lies in‘their higher héat capacity and thermal
conductivity, sb that more liquid He* is required to cool stainless steel
dewars ana to keep them cold. Some savings on the émount of liquid He*
needed for an experiment can be achieved by leaving the He* bath at one
atmosphere.

The sample in its calorimeter is mounted on a brass cage anchored
to the He” stage, as in the other cryostats, and thermal contact between
the calorimeter and the He® étage is made and broken by means of a
mechanical heat switch. The He* chamber cools fhe He” stage by the
thermal conduction and convection of the He® gas in the stainless steel
pumping'line of the He’ chamberA(the pumping line is anchored to the He4

chamber 3% in. above the top of the He” chamber) and by thermal conduction
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along a gréphite strut. This cdntact is adequate to cool the He” stage
to 1.3 K as the He® chamber is pumped on, and it.drops off sufficiently
with temperature and with the reduction of the gas pressure in the He’

pumping’liné that the heat leak from the He®* chémber becomes low enough
to allow the He~ chamber to reach 0.3 K.

Thebsuperconducting magnet and its power supply were puféhased from
| Magnion.Bu The magnet is located in the 4.2 K He® bath and fits over
the bottom of the vacuum jacket of the cryostat, with the sample at its
center. When not in use, it and its leads are taken off the cryostat
to consérve liquid He*. Similarly, when in use, current is run through'
- the leads only during the charging and discharging of the magnet, and
a peréisteht mode switch maintains the current for most of the time the
magnet is'in use. Currents of 14 and 90 R were used, giving magnetic
fields of 9.4 and 60.5 kOe, respectively. The fields were applied while
the sample was at 1 to 4.2 K. The magnet gives_a field on the sample
which is uniform to within 0.1%. The fringe fieid on the Ge thermometer
is merely 130 Oe when the field on the sample ié 60;5 kOe. This 130 Oe

is far too small to visibly affect the calibration of the thermometer.

Calorimeter

The éalorimeter design shown in Figure 2 was used for all heat
capacity measﬁrements in the 0.4 to 24 K temperafure range. OFHC Cu
thermally links the elements necessary for a heat capacity measurement:
the heater used to put heat pulses into the sample, the thermometer used

to measure the resulting temperature rise and to monitor the temperature
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drift between heat pulses, the sample itself, and the thermal link to
the mechanical heat switch which makes or breaké thermal contact between
the calorimeter and the cryostat.

The heater consists of approximately 16 feet of 0.0009 in. Pt -
9% w alloy wire wound non-inductively around arCu post and anchored by

Stycaét._s5

It has a resistance of about 7,300 ohms. The 2 current and
2 voltage leads which connect the measuring circuits at room temperature
with the héater are thermally anchored to each.temperature stage of the
cryostat fovreduce the heat flow along them. The final link from the
Hej stage to fhe heater itself is provided by 3'ideﬁtical‘lengths of
0.0025 in. Pt - 9% w alloy wire, which provide éléctrical contact while
minimizing thermal contact. Only 3 of these leads are used so that the
.resistance méasured is actually that of the heater plus that of one of
the leads. This gives an automatic correction for the heat input into
the calorimeter from the resistance heating in the two current-carrying
leads, based on the assumption that half of this heat flows into the
calorimeter and half into the cryostat.56

The ﬁhermometer is a Ge resistance thermometer, number 782, pur-

o7

chased from CryoCal”’' and calibrated in this laboratory. A Ge thermom-

eter is used primarily because of the stability of its calibration through

repeated thermal cycling. The thermal contact to the temperature sensing

element of the thermometer is almost exclﬁsivelyithrough the leads since
the exchange gas in the thermometer case is deliberately chosen to be
one which will be completely frozen out by 24 K, so that no anomaly in

the heat capacity of the thermometer can arise wheh that exchange gas




.‘19_Y

condenses or freezes. The leadsvare thermally anchored by soldering
them te Cﬁ leads wrapped around the calorimeter_and anchored to it by
Stycast. The electrical connection between the thermometer and the
room temperature electronics is made in much the same way as for the
heatef, with the exception that the link from the;He3 stage to the
thermometer is made by 4 lengths of 0.003 in. manganiﬁ wire. The
thermometer itself sits'in a well in the Cu with its case kept in thermal
contacf with the well by means of a small amount of Apizon T-grease.58

" The contrection undergone by Ce metal when it passes the transition
temperafure to the a phase near 110 K and the rapid oxidation of Ce in
air both cause problems in calorimeter design. The first was met by
screwing the samples onto threaded posts so that any contraction would
only increase the thermal contact between the sample and the calorimeter.
. The seeond was met by covering'the sample thoreughly ﬁith a thin layer
of Apiezon T greese and closely surrounding it with a Cu cup to retard
the diffusion of oxygen to the surface of the cerium during the period
between the final polishing of the Ce and the evaeuating of the vacuum
Jacket areund the calorimeter, a period of up tevi_hour. This arrange-
nment does not totally prevent surface oxidation.but does keep it down
to a thin layer. (Experience has shown that the grease alone is suf-
ficient for this purpose.)

Since the heat capacity of the calorimeter cannot be measured

without a sample in it, a dummy sample of l6.l.g of pufe Cu'(99.999%.

29

pure Cominco”” Cu melted under vacuum to remove dissolved Hz) was used
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in calibrating the calorimeter. The Qummy contributed slightly less

than 30% of the total heat capacity. The heat eaﬁacity of the calorimeter

was then determined by subtracting the heat capacity of the Cu as deter-

mined by Triplett52 from the total, and was fit to_aﬁ 8 term polynomial S
equation. The data peints show a less then 0.2% systematic deviation

fram this equation, which was used to calculate the contributioﬁ of the
caiorimeter to the addendum. When the heater broke after being repeatedly

dipped into iiquid Nz (the‘thermometer was protected from such abrupt

' temperaturé changes), it was re-made to the same deeign'and the calorim-

eter was re-calibrated in the same manner. When the thermometer was
temporarily removed from the calorimeter for further calibration, and
then replaced, the amount of change which could have been caused in the

heat capacity of the calorimeter was estimated to be 0.3%, SO no re-

calibratioﬁ was done.

The calorimeter used in the Ce measurementeuwas not calibrated in
any magnetic field, but 2 calorimeters of similar construction which
could be calibrated without a dummy sample had already been calibrated
in zero and 60.5 kOe fields. The only field effecﬁ observed was a
l/T2 term in the heat capacity of the Cu, whose magnitude was consistent
with thatvreported by Triplett52 (the Cu of the calorimeter is not in .
a uniform field). Accordingly, the addenda used for the heat capacity
measurements on Ce in 9.4 and 60.5 kOe fields wereAthe zero field
addendum plus a l/T2 term whose magnitude was celculated from that
observed in the other 2 calorimeters, with an adjustment for the small

differences in the total amounts of Cu in each, and (for the 9.4 kOe
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field) with an adjustment for the dependence of its size on the square

. of the magnetic field.

The heat capacity of the Apiezon T greasé'aﬁplied to the Ce samples
was calculated from the smoothed data reported by Westrum et al.6o
between l.and 25 K. Their results were extrapoiated to give an additional
"data point" at 0.5 K so.that the low temperature end of the fit would
not blow up, and then an 8 term least squares fit was used to represent
the data; The fit is good to within 0.5%. The total addendum, calo-
rimeter piﬁs grease, was never more than 5% of the'héat capacity of the
Ce sample.

During the calibration of the calorimeter with_the dummy Cu sample

in place, the thermal relaxation times of the whole ranged from instan-

taneous near 0.4 K to a maximum of 50 sec at 24 K, their increase in

- length following the increase in total heat capacity. During the relaxa-

tion péfibd, the temperature registefed on the thermometer increased
monotoﬁically, that i1s, the source of the finite rélaxation time was

the finite time needed for the heat to travel from the heater through
the sample to the thermometer, warming everything on its way. With
samples'in~place, thermal relaxations became moreicomplex. Superimposed
on the efféct Jjust mentioned was another effect apparently associated

with the 12.5 K magnetic transition in p Ce. At temperatures within a

few degrees of 12.5 K, the thermometer registered a maximum temperature

shortly after heat input ceased, and then showed a cooling to equilibrium.
Since the calorimeter is so designed that the heat has to pass through

the sample before it can reach the thermometer, the implication is that
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the Ce has some slow internal relaxation in this fempérature region.
In the LU and RC samples the thermal relaxation times are less than
5 sec near 0.4 K and increase to less than 80 sec near 12.5 and 2k K.
In the'UMA and UMB samples the relaxation times éfe.muéh longer at all
temperatuies, though their variation with temperature is the same as
that observed in the LU and RC samples. For UMAé_the relaxation times
are about 100 sec near 0.4 K and increase to abqut 300 sec near 12.5
and 24 K, while for UMB the relaxation times are about 240 sec near
O.4 K and increase to about 900 sec near 12.5 and 24 K. Thé cause of
this large difference in behavior is not clear;‘vBecause of the extrap-
olations‘necéssary to cofrect for steady-state temperature drifts,
the heat capacities of the latter two samples afe not as accurate as

those of the former two.
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Heat Capacity Measurements, 0.08 - 0.8 K

Measurements on three Samplés between 0.08 and 0.8 K were made in
the adiabatic demagnetization cryostat used by;Tripiett, and in the
calorimeter designed and calibrated by him,52 sb their description will
" not be repéated here in any detail. The calorimeter is similar to the
one used in the 0.4 to éh K range except that it is constructed of
silver, is in one piece with only one threaded postiahd no cup around
thelsample, énd hés a Pb superconducting switch rather than a mechanical
heat switch. The Ge thermometer, number 1751, is_how calibrated on
the same temperature scale as thermometer 782, an improvement of the
ﬁéale used by Triplett. The heat capacity of thé‘calorimeter has been
recalculated on the newer scale. The changes are not large.

The contribution of the Apiezon T grease used on the samples was
corrected for as described above. Also, for the high percent B LU
éample;Ian OFHC Cu cup with a threaded post in its center was put on
the sample. This cup was weighed and its contributidn to the addendum.

52 equation for Cu.

calculated from the Triplett
Thermal relaxation times in these low temperature experiments

were LO sec or less.
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Thermometry

Temperature Scales

Recently, the National Bureau of Standards  (U.S.) has announced a

61

provisional temperature scale, Teos

for the 2 to 26 K region. This
scale is based primarily on measurements of the veldcity of sound in

He gas and is stored on Ge resistance thermometérs. Thermometers
caiibréted on T65 can be purchased from NBS. As this or perhaps,some
future revised scale becomes.widely accepted, the,exﬁensive efforfs
described below will no longer be necessary for the establishment of

a laboratory temperature séale, except for the cbntinued need for
magnetic'thermometry to extend the scale below itsfpresént lower limit
of 2 K. Meanwhile, T58,62 a He* vapor pressure scale, is the one in
common use between 1 and 4.2 K. The experimental fesults in this thesis
are reported on the basis of Tﬂ’ a laboratory femperature scale which is
based on magnetic thermometry below 1.1 K, T, from 1.1 to 4.2 K, gas
thermometry from 4.2 to 20 K, and the NBS platinum thermometer scale
Tgg from 15 to 25 K. Recalculation of the data‘on.T.e5 would not alter
the conclusions in this paper significantly. (The most noticeable

effect would be an 0.26% increase in all electronic heat capacities.)

Calibrgtorsv

The"eXperiments which eétablished Tﬂ were doné in two calibrators
of similar desigh. Both are essentially iarge blbcks of Cu to which
the varidus thermometers are thermally anchored;: The Ge thermometers

which preserve the temperature scale and the Pt th§rmometer calibrated
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by NBS on T_5 are mounted directly on the block. Tﬁe two-bulb gas
thermome'ber63 is located in the block. . The vapor fressure bulb used
for measuring both He* and He’ vapor pressures is linked to the block
by lengﬁhs of Cu braid, with screw contacts at bofh_énds (below 2.2 K,
the He® A point, He* exchange gas is used as the thermal link in vapor
pressure measurements). Finally, the spherical Ce2Mg3(NO3)12-2M H=0
(CMN) éalt pill, cut from single crystals of the sélt, is varnished to

two Cu vanes attached to the block with a screw contact.v

Vapor Pressure Thermometry

Vapor pressure measurements were made on He* from 1.2 to 4.2 K,

and on He® from 1.2 to 2.1 K (T62’64

the He” vapor pressure scale, was
defined to be consistent with Tsg). Above the ) péint, where thermal
relaxation times in the He* bath are poor and thermal gradients -exist,
a_small amount of liquid He4 was condensed into_the vapor pressure bulb.
This bulb has Cu vanes in it to aid thermal comtact and equilibrium.
The tube to room temperaﬁure is vacuumvjacketed_tonprevent the develop-
ment of cold spots above the liquid, and is elaborately radiation_trapped
to avoid heating from radiation and from oscillations of. the gas in the
tube. Beiow the A point, where film flow in suﬁerfluid He4 can lead to
evaporation from points at a higher temperature and make vapor pressure
measurements done in an enclosed bulb suspect, the vapor pressure of
the He® bath was measured through a tube with an open end near but

always above the bath. The bath below the A point has, of course, such

a very rapid thermal equilibrium time that thgrmal gradients are no
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longer a.prdblem. A small amount of He” was cohdénsed into the vapor
pressure bulb and the vapor pressure of He> (which is not a superfluid)
was measured‘at the same time. The bulb was held_ﬁﬁder vacuum at room
temperatufe for severél days between its use for measurements on He®*
and on He3,_to prevent contamination of the He3. in spite of the change
in measuring technique at the A point, the temperéture scale was smooth
_ throﬁgh this region.

Durihg the vapor pressure measurements, pressures were measured
with Hg‘énd 0il manometers, and monitored with Texas Instrument pressure
gages.65 _The readings on the TI gages weie displayéd on a chart
reéorder softhat any pressure fluctuations were easily seen. The
dependence ofvthesé readingé on pfessuie is not.simple, so it wasifouqd
to be easier to méke the vapor pressure measurements by conventional
monometfy than to calibrate and then use the TI,gagés. However, above
the A point, where the He* bath and thus the vapbr pressure bulb could
not be'keptxat a Quite constant pressure and temperature, the TI gages
were useful in two ways: first, by displaying the pressure fluctuations,
they made it possible to measure the height of both sides of the Hg
manometer while the pressure was at the same value;vsecond, by recording
the pressﬁre as a function of time they made possible small correétions
for the fluctuations when Ge thermometer resistanges were not measured
at the same times as the vapor pressure. These corrections éannot be
completely accurate since they assume linearity of'the gage readout
with preésu;e over thé pressure range of the flucﬁuation, but none were

more than 1.6 mK and most were much less. No correction for
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thermomolecular pressure gradients was necessary because of the large
size of ﬁhgvtubes used.66 No correction was made for the pressure
gradient,caused by the difference in the weights_of the hot and ccld
columns of gas, since the magnitude of thekcorrecﬁion was estimated to

be less than 0.5 mK,67

and the exact magnitude of the correction cannot'
be calculated without more knowledge of the temperature gradient in

the coldrcolumn of gas than was readily available.

Magnetic'Thermometry

T, is not only intended to be identical to Tgy between 1.2 and
4,2 K, it is also.directly based on Tgy below 1.2 K. This extension
of Tselis.accomplished by measurement of the suSéeptibility of the CMN
salt, kﬁoﬁn to obey the Curie law in the temperature region of interest.
A mutual‘inductance bridge was used to measure the susceptibility, and
temperatqres_wére calculated from M =.M°° + A/T, ‘wheré M is the mutual
inductance‘in arbitrary units. The two constanfs, Mw and A, are deter-
mined from measurements in the 1.2 to 3 K fegion, ﬁhere T is alréady
defined by vapor pressure measurements. M is plotted against l/T in
this regioh, and the best straight line through the'points defines M
and A. These constants and the measured values of M are then used to
define T bélow 1.2 K. In the two calibrators referred to above, the
temperature scale is extrapolated to 0.26 K in this manner. .Thermometefé
used below 0.26 K have'their,calibration extended to lower tempefatures
by the same technique. Care_must be taken in makiﬁg the measurements

‘and in defining M_ and A since small errors in these constants can cause
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major errois in the definition of T at the low tempefature end of the
extrapolétion. Accordingly, all the susceptibility data in the 0.26

to 3 K region were taken within 14 hours, during which mechanical jarring
of the éryostat was avoided and the temperature of thevHe4 bath was kept
constant at 1.2 K. One transfer of liquid He* to the bath was necessary
~in the middle of this period. Measurements were nét resumed until the

bath temperature had returned to 1.2 K.

Pt Thermometry -

Between 1.5 and 30 K, Tn is based on Tgg fhrough comparisons with
a Pt thermometer calibrated by the National Bureéﬁ of Standards. The
Pt thermometer was also used to determine the reference temperature
(near 20 K) of the gas thermometer, which was uéed in the 4.2 to 20 K
fegion; The gas and Pt thermometers agree to Within their combined
precision above 15 K but diverge below. Where they disagree, the gas

thermometef was used to define Tﬂ'

Gas Thermometry

The gas thermometer measurements used were done some years ago and
have not been repeated, because of the difficu;ties of measurement.
The thermometer was filled with one atmosphere of He* gas at 20 K, which
minimized‘errors in pressure measurement but required corrections of
4.5% at 4.2 K for the non-ideality of the He* gas... Since the virial
coefficients of He* gas are not well known, this correction is expected'

to be the main source of error in the méasurements. Keesom's "adopted
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valnes"‘of the virial coefficients68 have to be used above 5 K, since
they_arevthe only self-consistent values in the 5 fo 20 K region which
are closeiy spaced enough to permit interpolation._69 Below 5 K, the
Keller70 experimental values and the Kilpatrick et al.7l theoretical
values are useable, but a smooth transition frém the Keesom values is
possible only to those of Kilpatrick et al. and not to those of Keller.
The Kilpatrick et .al. values were used below 5 K. vThié gives a tempera-
ture scale between 4.2 and 20 K which is smooth in relation to magnetic

T2

scales'” and to T.,. However, it is 4 mK below T, at L.2 K.: In order
to make‘Tn smooth through the 4.2 X region, the deviation curves of
Tsgs Tgs and this gas thermometer scale from a fit equation for Ge
thermometer 897 were all plotted together. Tﬂ was drawn as a deviation
curve which joined smoothly onto that of Ty at 4.2 K, joined smoothly
onto that of the gas thermometer scale at 15 K (where it and T, agree),
and was émooth with respect to both T . and the gas thermometer scale
between 4.2 and 15 K.

Going‘to a lower filling pressure for the gas thermometer and thus
reducing fhe magnitude of the virial coefficient correction would not
neceséarily ease the problem of matching the temperature scales at

73

4.2 K. Rogers et al., who used the same virial coefficients and also

- took their reference temperature from T but who worked at pressures

552

é as high and used a single bulb gas thermometer, found their temperature

scale to be 8 mK above T, at 4.2 K. Further, the magnetic thermometry
T2

of Cetas and Swenson indicates that T55 and T, are not thermodynamically
consistent, though it shows that a temperature scale based on Ty is

only 5 mK above T g at 4.2 K.
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Acoustic Scale

The acoustic scale used for compsrisons with Tp was not obtained
difectly from NBS. A Ge thermometer calibrated by CryoCal against a
thermometerAcalibrated on T, by NBS was purchased from CryoCal for
use until one could be obtained from NBS. The'difference between the

CryoCal "T_. and Ty at 4.2 X agrees with the published difference

between T, and T587)+ to within 0.5 mK.

Smoothness of Heat Capacities

Tnvis the result of a series of new measurements and of recalcula-
tions which were initiated when it was found thatgheat capacities
calculafed on the earlier laboratory temperature scale, Ty, were
questionable near 4.2 K. In particular, the heat capacity of pure Cu
had a sharp peak near 5 K in a plot of its deviation from the reference

& and‘the heat capaéity of pure W had a

equation of Osbofne et al.,
negative T:5 term. The new measurements showed that Ty differed from
Tyg by 4 mK at 4.2 K, apparently because a leak in the vacuum jacket

of the vapor pressure bulb introduced errors in the earli;r vapor
pressure'measurements. By comparison, when Tﬂ is used to calculate
heat capacities from the same data, the W has a positive T° term, and
the peak in the Cu deviation plot is reduced in size (and altered in
shape), _Tn has not been directly defined or smoothed via heat capacity
measurements; although sharp variations in the size of the degree on

a températUré scale will produce anomalies in'fhe'heat capacity, such

anomalies may also be produced by impurities in the "pure" material.76
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The paper by Holste et al.77 gives a useful discussion of this problem

and of the effects on heat capacities of changing_témperature scale.

Standard'Ge Thermometers

All of the temperature measurements described above are preserved

78 number 897, permanently

on the étandard Ge thermometer, Honeywell
mounted on.fhe calibrator. A second, higher resistance Ge thermometer
is also permanently mounted and is calibrated abqve:2 K. Periodic
comparisons of the calibrations of the two thermomeﬁers provide chécks
for any loss of calibration with aging. Over the past 6 years these

two thermometers have continued to agree with each other to within the

precision of the calibration points, approximately 0.1%.

Mathematic Representatibn'of'the Ty Scale

The data which define the temperature scale aré fitted to an
equation of the form 1/T = 120 Ai(log Rf} where R is the thermometer
resistance. (No satisfactory theoretical relationship exisfs between
R and T, but in practice the above equation givés a satisfactory fit.)
For thermometer 897 and temperature scale Tﬂ, a 10 term fit was used
for the 0.26 to 30 K temperature range. Fits ﬁifh more terms will give
smaller average deviations of the data points from the fit equation,
but are less éatisfactory in other ways which will be discussed later.
The pergent deviations, A, of the data points froﬁ the equation are
then plotted against temperature and a smooth curve drawn through them.
This curve 1s represented by a table which, togéther with the equation,

defines the temperature scale to about 1 part in 10°.
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In heét capacity measurements, where accuracy in measuring tempera-
ture differences is more important than accuracy.in measuring the
absolufe‘temperature, errors in the slope of the smooth curve on the A
plot are the errors most likely to affect the accuracy of the heat
capacitiés. Such errors are especially likely where the slope is steep
and wheré it‘changes rapidly in rapid oscillatiohs about zero. Both
probleﬁs are most likely at the extremes of the teﬁperature range of
the calibration, and can be partially reduced by extending the calibra-
tion to a broader temperature range than is coﬁered in the heat capacity
measurements. Reducing the number of terms in fhe fit reduces the
- number of oscillations, and weighting the points at the extremes of

the fit makes the slopes at the extremes less steep.

Calibrétion of Working Thermometers

Tﬁe‘thermometers used for measuringvheat capacities are usually
calibrated by comparison with thermometer 897 at calibration points
spaced about (T/15) apart. Closer spacing is used at the temperature
extremes'of the calibration. When the calibration has to be extended
below 0.26 K, the thermometer is mounted in an adiébatic demagnetiza-
tion cfjoStat; ih thermal contact with a CMN salt. Mutual inductance
measurements are taken and used as described earlier. The constants
in the“eQuation relating M to T are defined from Tﬂ as carried on the
thermometer in question, and measurements at tempefatures down to

0.26 K are used in defining them.
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Spécifically, the 782 was originally calibfated against the standard
897‘from 0.3 to 30 K. vIts calibration was extendéd_down to 0.2 K when
it was found that the raﬁid oscillations at the low temperature end of
its A piot rendered it virtually impossible to_draw_the'A'curve well
enough to avoid introducing a spurious anomaly,in the heat capacity
near O.hVK. Thé problem may have been increased’by a carry-over to
the 782 of errors in the témperature scale carried‘at that time by
standara 897, Tg. Hindsight suggests that with the eliminatioﬁ of
problems in the temperature scale, going to a fit»of slightly fewer
terms and'giving extré'weight to the lowest temperature points probably
would have cured the problem with the 782 withoﬁt.any need for further
calibration. The‘l751 was caiibrated between 0.3 and 3.0 K against
standard 897. Its calibration was then extended down to 0.058 K so
that it could be used for heat capacity measurements iﬁ an adiabatic

demagnetizétion cryostat.
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Samples and Measurements

All experiments coded with the letters LU were done on pieces cut
from a 100 g, %" diameter rod of Ce of nominal 99.9% purity purchased
from the Lunex Company.79 A mass spectrographic analysis indigates a
purity of less than 99.8% for these pieces. Table I gives the detailed
impurity analyses of those Ce samples for which it.is available. The
mass specﬁrographic analyses searched for all stablé elements buﬁ were
unable to measure the concentrations of elements'of atomic number less
thah 9. |
| The rod of LU Ce was cooled from the melt in a-Cu mold, é very fast
cooling but nof quite a quenéh. Piece A, when first taken below room
temperature, was cooled to 100 K in 45 minutes, then cooled more slowly
to 0.3 K, after which a heat capacity measurement was taken from 0.4 to
24 K. This rapid initial cooling through the v - B Phase transition
region ihfo the region where the o phase is the thermodynamically stable
phase minimized the amount of B phase in the sample during the first
measuremenf. All other coolings for and all rewarmings from a measure-
ment on piece A passed through the critical 100 to 300 K region in k4 to
8 hours. The second measurement was done after one such warming and
cooling, with no other thermal treatment of the sample. The third
measuremént was done.after the sample had been warmed to room temperature,
cooled to 200 X for 5 houfs, returned to room temperature, then cooled

to 0.3 K. The fourth measurement was done after a similar procedure

14
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with the temperature held at 230 K for 5 hours.i Neither of these attempts
to incfeasé the amount of B phase in the sample.By leaving it in the
region of B phase stability was notably successful,‘so the more standard
technique of cycling the sample was resorted to. vThe sample was placed
in a sealed container under Nz exchange gas and_cyéled between room
temperaturé and 77 K, with each cYcle taking 30 to 4O minutes. The fifth
méaéurement_was taken after 10 such cycles, and the sixth after 30 more.
Fifty additional cycles were done before the seventh measurement but

they took only 10 minutes each ;nd were too rapid for the thermal con-
tact betWeeh the sample and its container, so that fhe thermal history

of the sample during these cycles is»unknown. Less B phase was detected
in the seve.nth measurement than in the sixth. After this, the slower
thermal cycling was resumed, and an eighth measurement done after 50
cycles, then a ninth after 100 moie cycles. The piece was then machined
to a smallér shape and a tenth measurement, the first from 0.08 to 0.8 K,
taken. The eleventh and final measurement was taken after the sample

had been exposed to the air and allowed to oxidizé'freely for two

months. Piece B was measured only once, for which it was cooled through

the 300 to 100 K region in 3 1/2 hours.

All experiments coded with the letters RC were done on a piece cut
from a 5/8" diameter, 3" long rod of Ce of nominal 99.9% purity purchased
from Research Chemicals.80 The mass spectfographic analysis indicates

a purity Qf less than 99.9%. The rod was cooled‘slowly from the melt
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in a graphite mold. The piece measured was taken from room temperature
to 77 K in 3 hours, then taken to 0.3 K and measured first in zero
field and then in a 60.5 kOe field. It was warmed,. held for 6 hours

at 200 K, and cooled before the second measurement in the same way the
LU Ce was treated. The third measﬁrement was done after no further
thermal treatment except warming to room temperature and cooling down

again.A

JMA and JMB

These codes refer to 2 different Ce samples of nominal 99.99%
purity purghased at different times from Johnsoﬁ, Matthey and Company?l
Mass spectrographic analyses show JMA to be less than 99.9% pure and
JMB to be less than 99.8% pure. Both were cooled from the melt in a
few minutes in a water cooled Cu mold. JMA, for its first and only
measurement, was cooled through the 300 to 100 K region in 6 hours.
JMB was cooled through this region in 12 hours; and 2 heat capacity
measurements were taken, one in zero field and one in a 9.4 kOe field,

while the sample remained below 30 K.

For ease of comparison, the comparable information on samples used

by other experimenters and referred to in this work is summarized here.

PGB

PGB iefers to the heat capacity measurement on a 91 + 5% B sample

of Ce by Panousis and Gschneidner.32 This Ce is 99.9% pure. These

authors subjected it to a high temperature annealing and cycling process
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to increase the grain size, at the end of which it was air cooled from
975 K to room temperature. After this it was cycled 30 times between

room temperature and 4.2 K before its heat capacity was measured. -

PGa
PGa refers to the data on a sample of Ce described by Panousis and

3?’82 as 100% o phase but appearing to have at least 3%

Geschneidner
B phase. The sample is 99.9% pure. The rate at ﬁhich it waé cooled
from the anneal is not given. It was put under 10 kbar pressure at
room température, cooled under pressure to 77 K, returned to 1 atm

pressure and drilled and tapped at 77 K, then cooled to 4.2 K for the

heat capacity measurement.

R
. 83
PR refers to the 1.5 to 20 K data of Parkinson and Roberts on a
Ce sample less than 99.6% pure. Only the impurities Li (0.4%) and Fe
(0.0h%)'are reported. Significant concentrations of the other rare
earths and an over-all purity less than that of the more recent LO can

be expected in a Ce sample of this age.

PSS

PSS refers to the 20 to 200 K data of Parkinson, Simon, and

Speddingu3

on a Ce sample whose purity is less_thén 99.5%. Reported
impurities are: Mg 0.25%, Ca 0.125%, Fe 0.02%, other rare earths less
than 0.1%. Since this is the oldest of the Ce samples it is almost

certainly the least pure.
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LO refers to the 0.4 to 4 K data of Lounasméé.'s8LL "experiment I"
-on a less than 99.6% pure Ce sample. The sample was cooled from the
melt to room temperaturé in about 1 1/2 hours. It was then slowly
cycled betwéen 293 and 77 K- 4 times before the heat capacity was

measured. -

n

PHS refers to the 0.3 to 6 K data of Phillips, Ho, and_Smith23 o
a sample of 100% o Ce at approximately 11 kbar. The sample is 99.9%

pure. Details on the thermal treatment are not given.
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RESULTS

‘Qualitative Description .‘

The set of heat capacity measurements repofted here incorporates
several tactics for separating the contributions to the total heat
capacity‘of Ce. First, a single sample of Ce was measured many times,

with its mole fraction of B phase, X,, different each time. This

B

showed the effects on the heat capacity of changing X, without changing

B
sample dependent factors such as the purity of the Ce. Second, several
differént.samples>of Ce were each measured at leaét once, permitting
. analyses of ﬁhe effects of the'sample dependent factors. Third, one
sample waé remeasured after being allowed to oiidize heavily, so that
contributions from the slight surface oxidation present in all samples
could be estimated. Fourth, high magnetic fields were applied to 2
samples élready measured in zero field, in ordef'tq determine the field
dependence'of the heat capacity. Table IT lists'all of the heat capacity
meésuremenﬁs.referred to, with the temperature range of the measurement,
the xB,vthe temperature of the observed maximum in the B ordering peak
(on a plof.of ¢/T vs. T), and the extrapolated 1.

| A sample'of Ce containing both a and B phases has a large heat
. capacity throughout the entire 0.08 to 24 K range. Near 12.5 K, the
heat capacity is dominated by the'antiferromagnétic ordering peak of

the p phase. As many as 3 other peaks are observable, all very much

smaller than the B peak. They occur near 0.15, 0.9, and 6 K. A small
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hyperfine contribution is_noticeable below approximately 0.2 K. As the
XB of a sample is increased, the total heat capacity increases at all
temperatures between 0.08 and 24 K, the B peak increases in size, and
the 0.9 and 6 K peaks remain approximately constanf_(figures 3 through
5). The behavior of the 0.15 K peak is irregular. Different samples
with comparable XB'S have similar but not identiéal heatlcapacities
(figu;es 6 through 15). The differences are most noticeable below
approximately 5 K, but amount to only a few percent of the total heat
capacity. The 0.9 and 6 K peaks have different sizes and shapes in
different samples,.and the B peak has a somewhat different shape. Two
samples, thé PGo and the JMA (to a lesser extent), have anomalously high
heat capacities above approximately 17 K. Hea#y surface oxidation oﬁ
the Ce does not affect its heat capacity above 0.4 K (figure 17).
Magnetic fields do affect it. .The application of a 9.4 kOe field raised
the total ﬁéat capacity of JMB Ce between 0.4 and é K, and lowered the
temperature of its 0.9 K peak (figure 1k4), but_did not change the heat
capacity from 2 to 5 K (the high temperature limit of this measurement).
A 60.5 kOeAfield lowered the total heat capacity of RC Ce between O.h4
and 2 K, probably lowered its 0.9 K peak (figure ié) and lowered,
broadenéd, and decreased the apparent size (by less than 5%) of the B
peak (figure 18). A 2 kOe field had no detectable‘effect on the PHS

2
pure o Ce. 3

The. size of the B peak is, of course, proportional to XB' Its
width and temperature are not quite constant. As XB increases from

0.30 to 0.80 in LU Ce, the width of the peak increases by at least 1 K
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and its temperature decreases by at least O.S-K;_ Different Ce samples
of comparable Xg have differences of a few tenths of a degree in the
widfh and temperature of their B peak. The 60.5 er field does not
noticeably change the temperature of the peak but does increase its
width by 0.6 K.

The minor peaks at 0.15, 0.9, and 6 K are all significently sharper
than Schottky anomalies, and are thus probably ordering peaks. Only 3
experimente were done in the femperature region of the 0.15 peak, and
its size, width, and temperature are different in all 3 (figures 19
and 20). These parameters have no simple dependenee on XB or on what
sample is measured. The size is proportional to the estimated amount
of okide‘on_the surface of the Ce, but this has not been confirmed by
measuring a heavily oxidized sample at this low a‘temperature. At most
0.003% of the total Ce in the samples is associated with this peak.
The 0.9 K anomaly has been detected in all samples except PHS measured
to that'lqw a temperature (figures 12 through 16). Its width and
temperature change slightly with XB’ but ifs size remains constent
(figureiel). Heavy oxidation does not affect this peak. Its size,
width, and temperature are different in different samples of Ce, but
are not dependent on the rate of cooling of the Sample from the melt
(and thus pfeSumably not dependent on the grain size or on the degree
- of concentration of the impurities at the grain boundaries). The size
is roughly proportional to the total amount of impurities in the sample,
fhough such a conclusion must be tentaﬁive in Qiew.of the inadequate

data on the concentrations of H and O impurities} The peak's decrease
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in tempefatu?e in a magnetic field shows it to be caused by an anti-
ferromagnetic ordering. It represents at most 0.06% of the total Ce
in any»sémple (less if something other than Ce is causing or helping
cause it)."The 6 K peak has been detected only'iﬁ the PR and LU samples
(figures 4 and 11). The size, width, and temperature of this peak are
insensitivé.to XB (figure 22) and to the amount of oxide coating. They
are different in different samples, having the séme lack of dependence
on the rate of cooling and the same rough proportionality to the amount
of impurities as is seen for the 0.9 K peak. 1In LU Ce, this anomaly
represents less than 0.06% of the total Ce. It represents less than
6% of the PR Ce.

A small nuclear hyperfine heat capacity (approximately 4107 mJ/K*-
mole) associated with some of the impurities in the samples is visible

below approximately 0.2 K. It is slightly larger in LU than in RC Ce

(figure 19).
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Data Analysis

Phase Composition

Since it is generally infeasible to measure the phase composition
of Ce samples directly during heat capacity measﬁfements, that informa-
tion has to be derived from the heat capacities-ﬁhermselves. Two mefhods
of deriving it have been found useful and reasonably acéuraté. The first
is basedtxlthe.fact that the 12.5 K peak invthe héétvéapacity of Ce is
caused by ordering in B Ce only,12 so that the entropy associated with
it, Sy, is strictly proportional to XB‘ Idgally,.SM gan be calculated
from the known degeneracy of the ground level ofvfhe system undergoing
ordering;‘ in practice; there is sufficient unceftéinty as to how much
of the tbtal entropy should be assigned to thé magnétic ordering that it
is nedessér&'to develop 1 or more reasonable definitions of Syj for a

system of unknown X, and compare that SMi with the:'SM defined in the same

B
way for a measurement of pure B Ce or of Ce of known Xg+ The second
method of determining Xg is based on the ideal equation representing the

total heat capacity observed in experiment i:

. Where CB apd Co, are the heat capacities of the pure B and pure o phases.
This equafion assumes that no other phase of Ce is present in significant
amounts,'and neglects contributions from impurities."Once Cq and Cg are
_known, XBi can be derived. Since no pure o or pure ﬁ Ce samples have
been measured at zero pressure, Co and Cg ﬁust bé derived from data on

experiments for which XB is known.
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The XB of the PGB sample was measured dilatometrically to be

32

0.91 = 0.05, making it possible to use the data on this sample for

the X determinations based on SMi-comparisons. It can also be used

pi
as one of.the 2 C; needed to define Cg and Cg in equation 4. The best
second Ci appears to be the heat capacity of PGa _Cé after its Xg has
been deterﬁined by Syj comparisons. Its Xg of approximately 0.03 is
sufficiently small that the Xgi's derived for other experiments from
equation L are not sensitive to the exact choice Sf Xp for PGa. Thus

the XB's determined by the 2 different methods are determined essentially
independéntly of each other, and the agreement between them is evidence
for their validity.

In estimating xgj from Syj, 3 different definitions of Sy; were
used. For a given experiment, the 3 XB'S estimated agreed with each
other to within 7%. |

In éstimating XBi from equation H, calculations were restricted to
the 5 to 11 K temperature range. Below 5 K, equation 4 does not hold,
primarily because of the broad peak near 0.9 X, ﬁhich is not a part of
Cq oOr CB’ "Above 11 K is a region where the C; change very rapidly with
temperaturebnearvthe B ordering peak, so that they are not well known
between expérimental points. Above this region thg heat capacity of the
PGa sample is anomalously high and not in accord with equation 4. For
a given experiment, the Xg's estimated from equation 4 in this restricted
temperature range agree to within 3% and fall at the high end of the

range of values determined by Sy; comparisons.
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Calculating SMi is tedious and less precise7théﬁ using equation Uk,
and having to restrict the use of equation U4 to bétWeen 5 and 11 X is
limiting. For these reasons; the LU‘experiﬁents'offhighest (excluding
the experiment where the Ce was heavily oxidized) and lowest Xg were
used as secondary standards for determining the Xg of other experiments,
after their XB's were carefully determined from both‘SMi and equation L.
The precision of the comparisons of other experi@énts'with these 2 is
3% éi less (outside of the regions of the 0.9 and 6 K peaks) for all
experimenﬁs.éxcept the ones on PGa,and JMA. The XB:of'JMA was chosen to
be the one estimated from Sy;. The XB’S of all gxpériments are repbrted
in Table iI. Note that the one calculated for LO Ce is 0.35, in good
agreement with Lounasmaa's estimate of 0.0, whiqh is based on an x-ray
diffraction measurement done after the_sample was. warmed back to room

1:,em}_)e:r"c1ture.8LL

Low Temperature Contributions

The maghétic and crystal field heat capacities of Ce are expected
to be very small at lbw temperatures. When this is fhe case, C = Cg + Cf,
and C/T = v, + AT?/6,>. (The non-linearities of the enhancement effects
in v, are at most a small percentage of its total_vélue at low tempera-
fures.) .Experimental data plotﬁed as C/T Vs Tg_will fall-on a stfaight
‘line with intercept Yo and élope = A/8 2. This méthod of determining v,
and 66 requires no a priori assumptions as to their magnitudes.

When the low temperature heat capacity data on Ce is plotted as C/T vs

Tg; they fall on a straight line except where the contribution of the
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0;9 K peak is significant (figures 12 through 16). 1In the LU and LO
experiments, where the peak is narrow and where good data could be ob-
tained on its low temperature side, this data appears to fall very close
to the same straight line used to approximate the_data on the high tem-
perature Sidé of the peak. (In the JMB experiments and in the RC experi-
ment in a 60.5 kOe field, the lowest temperature daﬁa falls below thé
straight line. This is not believed to be significanﬁ, since the long
relaxation times of the JMB sample reduce the accuracy of the measurements,
while the uncertainties in the addendum in 60.5 kOe are sufficient to
explain the RC data.) For a given Xg, the 1 's determined for different
Ce samples vary by less than 10%. The variation appears attributable
to the uncertainties introduced into the extrapolation by the 0.9 K
peak and to the small uncertainties in Xg. The Yo}s'of pure o and pure
B Ce are estimated to be 22 and 54 mJ/mole-K>, respectively. The O's
are 56 and 125 K, respectively, with uncertainties of approximately 10 K.
The heat capacity of PSS Ce, with X5 = 0.50, shows a C;, comparable

k3

to that of La over a very wide temperature range, which is the eXpected
behafior fdr B Ce. This means 60 for B Ce should be approximately 152 K,
not 56 K. Iﬁ that case, the slope actually obserfed for B Ce is approxi-
mately 6 times that expected. The most probable ipﬁerpretation of this
behavior is that CM is making a large contribution to C at low temperatures.
When there .is no energy gap in the spin-wave spectrum, CMG T_3 , and thus
it does not interfere with the determination of Yo" Only when there is

an energy gap is the extrapolated v, likely to be wrong. The large con-

tribution of Cy to C at low temperatures (to 0.08 K) strongly implies
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that the gap is nonexistent or very small, but the lack of dependence
of the apparent v, on the applied magnetic field implies that the gap
is very large (a 60.5 kOe field should induce a gap‘of approximately 1\!
8 K). In the absence of knowledge of the size of the gap and of the
temperature dependence of Cyp» it is difficult to kﬁoﬁ how much confidence
should be placed in the extrapolated v,'s reported in table II.

Rosen reports a 90 of 139 K for a mixed phase sample of Ce,85

and
estimates it to be accurate to'0.5 K. This value,ié an accord with
the estimated 6,'s of 125 K for a Ce and 152 K for B Ce if the Xg of his

sample was approximately 0.5, a likely value.

High Temperature Contributions

The heat capacity of pure « Ce can be extrapolated from the LU ex-
periments §nce their XBi's are known. This héat cépacity has only lattice
and electronic‘contributions, and its Cp is a small percentage of C for
most of the 0.4 to 24 K range'(o.3% at 22 K, 2% at 10 K, 14% at 4 K), so
that C; can be determined with reasonable accuracy. For the calculation,
Yo was rounded to 2O‘mJ/mole-K2, This value is bélieved to be accurate
to within 10 to 20%, in view of the fact that tl;e,T3 heat capacity ex-
trapolatéd for a Ce does not show (and should notvshOW) any contribution
from Cy. The 6(T)'s calculated for a Ce are shown in Table III;’ The
low total ﬁeatvcapacity below approximately 6 K and the uncertainties in
T, can leéd to considerable errors in 6 ét low temperatufes. However,
it is cleaf that above approximately 10 K the Cp of a Ce is lower than

that of‘La,uovand thus its 6 is higher. Apparently this does not hold
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below 10 K, where the Go_of o Ce is less than that of La and presumably

less than that of B Ce.

ve

The entropy of magnetization in B Ce may be calculated from Sy =

S - (SE + S, + SC). The calculations of BleaneyL.L2 (corrected for XB) -

were used to approximate SC. For the LU experiment with XB = 0.80,

S1, was approximated by the SL of La.u0 and SE was.epproximated by YO-AE.
For:the'LU experiment with XB = 0.30, the heat capacity of pure a Ce was
used for‘tSL + Sp.  In the former case, both Sy (i6-K) and Sy (25 K) were
found to equal 0.50 R 1n 2 per mole B Ce. In the latter case, Sy (16 K)
was calculated to be 0.43 R 1n 2 while §y (25 K) wae'0.81 R 1n 2. By

16 K, SM should be on the order of 90% of its total value, and by 25 K,
twice Ty SM should be essentially 100% of its total value. Clearly
this is not the case. The data can be foree-fit to give 8y (16 K) =
0.9 R 1n 2 and Sy (25 K) = R 1n 2 only by aesuming'ﬁhat Sc is negligible
below 25 K and that the true (or the average) v value of B Ce is less

than half the apparent Yor

Secondary Contributions

The nuclear hyperfine heat capacity can be ealculated only approxi-

mately because of its small size and the interference of the 0.15 K -

anomaly, but this is not a problem because its interference with the

extrapolation of data to:zero K is negligible. The value of CN is ap-

mroximately 4-107° mJ/mole K*. It is slightly larger in LU Ce than in

the purer RC Ce.
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The size of the 0.15 K anomaly appears to bé.proportional to the
amount of oxidation of the surface of the Ce sample, though this has
not been confirmed by measurements of a heavily‘oxidized sample at these
temperatures. Its shape indicates that it ;é an ordering peak of some
sort. |

The origin of the 0.9 and 6 K peaks remains less than certain. Such

8-90 and might

small,sample dependent peaks are common to the rare éarths,
be a reflection of the problems in purifying them, or might be caused by
ordering transitions in metastable phases (the phases can be stabilized

by impurities or strains). Direct ordering of the'impurities seems un-
likely; since the presence of the peak does not depend on the impurities
having had_an opportunity to become concentrated along the phase boundaries.
In Ce, the fcc v phase is a likely cause of one of.the two peaks: it is
expectéd to be present in small amounts and to order. An hcp phase,

essentially a region of stacking faults in the dhcp B phase, is a possible

source of the second peak.
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Discussion

a Ce

The Yo value of 22 mJ/mole-K2 for o Ce is high for an element, ap-
proximately 16 mJ/mole-K? higher than expected for a metal with an s-d
conduction band and with a valence of 3.61. This extra 16 mJ/mole-K2
is attributable to the presence of the Uf electron, presumably in the
predicted virtual bound state. Its size is in accord with the predicted
12 or 2k ﬁJ/mole-K range of the f virtual bound stété contrfbution.28’29
The 1, of,thé s-d conduction band was calculated by assuming that such
a band has a Yy which is linear in valence for valences between 3 and k4,
and that its v, is 11.5 mJ/mole-K° (the T, of fece La9l) when its valence
is 3 and 2.2 mJ/mole-K® (the T, of hep Hf9l) when its valence is 4. This
assumption of linearity has not been confirmed for valences between 3
and 4 by studies of alloys of intermediate valence, but it is known to
be a good approximation for valences between 5 and 6 and between 7 and
8.92 The zero pressure, zero temperature valencé df a Ce was calculated

28,29

from the equations describing the virtual bound state model:

No(€p) = 7T/(xE%), n=7T1/(xE)

Nf(eF) is the density of f states at the Fermi surféce, calculated from
- the contfibutidn to Yo and_from equation 1; I' is the half-width of the
virtual bound state, estimated to be 0.0l eV from IR absorption measure-

ments; is the height of the virtual bound state above the Fermi

surface; n is the number of f electrons, equal to 4 minus the valence.
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At zero pfessure and temperature, E is calculated to be 0.057 eV, and n
to be 0.39. |

The Yo value for « Ce at 11 kbar is 11.3 nJ/mole-K2, %3 of which
approximateiy 7 mJ/méle°K2 is attributable to the.f contribution. This
indicates that the valence of the a Ce has beenvraised to 3.74 by 11
kbar, aﬁd E is raised to 0.087 eV. This low—temﬁerature pressure de-
pendence dfvthe valence calculated from the preséure dependence 6f Yo is
approximately twice as great as the room temperature pressure dependence
calculated from the lattice constants.lLL ‘ | |

Although'the virtual bound statevmodel for the f level has predicted
fhe electronic properties of o Ce essentially correctly,lit appears less
able to predict its unusual lattice properties. At zZero pressure, a
Ce has a 90 of approximately 125 K, apparently significantly less than
the 6, of the nearly trivalent B Ce, and‘éertainly not appreciably more
than that of B Ce. By contrast, the 6, of tetravaleﬁt Ce should be ap-
proximately 180 K, based on the assuﬁption that-it’will be as much larger
than the 6, of its trivalent neighbor La (65 = 140 K for fec Lagl) as
the 6, of tetravalent Hf (65 = 252 K9l) is larger than that of its tri-
valent neighbor Lu (6, = 210 K.9h Both are hep). - The alloy studies on

92

the variation of 90 with valence”” are unfortunately of limited useful-
ness for assessing the behavior of the Ce phases.because the process of
alloying changes 90 even when the valence is not changed. To the extent
that the behavior of pure metals can be extrapolated from that of alloys,

the studies appear to indicate a non-linear dependence of © on valence.

In this light, there exists some possibility that the 6, of 125 K is
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reasonable for o Ce with a valence of 3.61. The alternative possibility
is that fhe 0.61 electron is not yet fully in the s-d band, so that the
effective valence for the lattice binding forces ié'less than that for
the electronic density of states. If @his is thevcése, the electronic
transition which occurs at the a-a' phase transition could be associated
with a transition to full s-d character (and full participation in the
lattice binding) of the originally 4f electron.

The 11 kbar 6, value of 200 K for a ce?3

is very approximate, because
of the experimental problems involved in measuring heat capacities at
high pressures. If the 65 of o Ce is actually anywhere near this high at

11 kbar; it implies a far more rapid change in Govwith pressure than can

be explained by the slight change in the valence.

B Ce: Electronic Properties

The v, value of 5.4 mJ/mole-K2 observed for B Ce is unlikely to be
the result of a large contribution to the electronic density of states
by the f level, as calculated by Rocher,l since fhé room temperature 1
value, T500, Observed for v Ce is 7.247° to 7.5° mJ/mole-K2. This Yo,
is one of the lowest observed for the trivalent rare earths,2 making it
doubtful that even the small (1.2 mJ/mole-Ke) f ¢0nﬁribution calculated
by Cogblin:and Blandin28 is present. The Y(T) of B Ce should be com-
parable to,br smaller than that of vy Ce: the 2 phéses have the same
valence;'thé entropy change at their phase transition is too small to
include any significant change in electronic entropy',7 and the v, of

dhcp La is 2.1 mJ/mole-Ke lower than that of fcc Lé.9l Nor is it likely
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that the "lattice softening" observed in the elastic properties of vy and
B Ce at low temperatures15 corresponds to a valence increase large enough
to significantly increase the f contribution to Y0:  The A2/4 observed

for v Ce between 120 and 300 K

corresponds to a coefficient of thermal
expansion of 8:107°/K,intermediate between that of Pr (6.8-10'6/K96) and
that of Nd (lO.O°lO'6/K96). An increase in valénce tends to contract
thé lattice, giving too high a coefficient of thermal expansion. The co-
efficient observed for Ce is at most 20% high.

The discrepancy between the estimated Ysoo of B Ce and the apparent
Yo implies'that 1f the v, is valid, an important'temperature dependent
enhancement effect is occurring. The phonon enhancement factor XP(T=O)

is calculated to be 0.7 to 2.5 for Sc and Y.97

If Ce has a comparable
xp, and 1f v5,, is approximately equal to Ty, then an enhancement of 5
to 18 mJ/mole K® at zero K can be expected from this contribution. The
magnon enhancement factor Xm(T=O) is believed to be approximately 1.0

3k When this

and insensitive to the strength of the magnetic exchange.
effect is included, the total expected enhancement to v,,, at zero K
becomes 12 to 25 mJ/mole-Ke. Thus Yo can be appreciably larger than
Y00° Possibly further theoretical work will shoﬁ Xm to be larger than
l.Q in some cases. At the present stage of knowledge, it cannot be |
definately said whether the v, of B Ce reflects fhe.electronic properties
. alone or whether it cbntains some field-independent contribution from CM.
Most. of the other magnetic rare earths have thé same ambiguity in

their v,'s as does B Ce. Their experimental heat capacities show a much

larger linear term at low temperatures than at room temperature, which
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can be ascribed entirely to Yd_or partially to Cy, bﬁt the justification
for either interpretation is inconclusive. The_qatavare summarized in
Table IV. 'The large linear terms do appear to have some association with
the magnetic properties of the elements and perhaps also with the f
character éf their magnetism, in view of the fact that such terms are
noﬁ found elsewhere in the periodic table9l (with the possible exception
of the actinides) and are not found in the nonmégnetic rare earths La,
Yb, and Lu. .This may mean that the relatively low Qrdering temperatures
of the rare earﬁhs cause their Cy's to be large at low temperatures (so
that an important linear contribution is possiblé,'though this alone
does not make it certain). Alternatively, it may mean that xm(Tzo) is
larger than expected. Thié does not eXplain why the apparent size of xm
varies so much among the rare earths. If the Yo'é'of the nonmagnetic
rare earths are used to approximate the band structure density of states
with phonon enhancement, then A varies from zero fo 12. Whatever the
source of ité unusual size, fhe linear term shows no correlation with the
type of magnetic ordering and little correlation with the ordering tem-

perature. Further study would be valuable.

B Ce: Magnétic Prbperﬁies

The enﬁropy associated with the 12.5 K ordering peak in the B phase
of Ce, SM, is only 1/2 R In 2. The experimental.déta can be force-~fit
bto give SM:= R 1n 2 only by assuming Co to be essentially zero below
25 K and simultaneously assuming ¥y to be significantly less than the

apparent v,. Heat capacity measurements have been done on hcp Cey
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103 per mole Ce. In

alloys,32 and these also 'show an Sy of 1/2 R 1n 2
the alloys,'the Neel temperature TN is moved to a lower temperature as

the Ce is diluted by the non—magnetic Y, while C is to a first approxi-

C
mation unehanged, and Cy, is slightly reduced. The effect on CE is not
known, but presumably it is decreased by the.addition of Y with it s much
lower Y, (8;2 mJ/mole-Kagl), The alloy with 31.4% Y has a Ty near 5 K,
where both Co and Cp, are small. Force-fitting the Aata on this alloy to
give SM = R In 2 per mole Ce requires the assumption that significant
contributions to Sy occur at temperatures as high as 4 to 5 times TN‘

An 8, »of 1/2 R 1n 2 for a single ordering peak is what should be
expected fdr an element with dhep stacking. The theeretical treatment
of the 2 non-equivalent laﬁtice sites in the dhcp lattice predicts that
they shouldvhave different beha.vior,l‘L2 and this prediction is confirmed
byvthe‘experimental data on the dhcp elements Pr and Nd. Only the sites

50

of hexagonal symmetry order in Pr. Both sites order in Nd, but the

cubic sites‘order separately at a lower temperature than the hexagonal

40,98

sites. For both sites to order at the same temperature in B Ce
would be anomalous behavior requiring investigation and an explanation.
Only the one 12.5 K TN has been detected for B Ce by measurements

-

of the heat'capacity,u3 magnetic susceptibility;o'end resisﬁivityeo of
Ce.. Two Tﬁ's appear in the heat capacities of dhcp Cela alloys.lou

:The lower TN’ Tyes 1s the result.of the transition which occurs at 12.5 K
in pure Ce. This conclusion is baeed on the shape, SM (approximately

1/2 R 1n 2 per mole Ce), and temperature of the peak.. The higher TN,

Tpyps occurs at 12.5 K in the 21.1% La alloy, yet in Cela as in CeY the
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ordering transition must be lowered in temperature by the dilution of

the magnetic exchange by the non-magnetic element. Judging by the fact

that a given concentration of Y lowers TNc approximétely 1.6 times as

much as the same concentration of la, this dilution effect is less strong :

with La, possibly because of the partial f character of its conductioh

band.29 The behavior of TNh in the Cela alloys is unusual. The entropy

per mole Ce associated with it appears to increase as the concentration

of La increases. The magnetic susceptibility of the alloyslou shows no

anomaly fqr dlloys containihg little La, but shows a»weak, antiferro-

magﬁetic-like anomaly at Ty, when the La is 73.0%-of the alloy. 1In

short, the transitioniat TNh behaves like a magnétié ordering transition

in a system with a singlet ground state, where the ratio of the magnetic

exchange-to the splitting between the ground and the first excited states

: ' . 1
is being increased as the concentration of Ia inc_reases.5 The quadrupole

interaction must decrease more rapidly than the exchange interaction as

the concentration of La increases.

‘Pure B Ce and Ce in dhcp alloys can have a'singlet ground state on

its hexagonal sites but not on its cubic sites.

The cubic sites

5,46

have a doublet ground level and appear to be the sites ordering at

12.5 K in‘puré Ce. If the hexagonal sites have a singlet ground state .-

it is because the electric quadrupole-quadrupdlevintéraction has lifted

the double degeneracy predicted by crystal field théory. With a singlet

ground stéte, the hexagonal sites may not order aﬁ éll.

oL The behavior

of the Cela alloys and the failure to detect two ordering transitions

in pure Ce

6,

20,43

are strong evidence for the existence of the postulated
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singlet ground state. The latter is not evidence against ordering on

the hexagonal sites of Ce, since no anomalies occur in the heat capacity,

105

magnetic susceptibility, and resistivity of Pr when ordering occurs

on the singlet ground state of its hexagonal sites. Existing neutron
diffraction measurements on Ce are inconclusive evidence on the point.le
The elastic properties of Ce show an anomaly at 31 K15 of the same type

as is observed at Ty in Pr96 and at the higher Ty in Nd.96 (They fail

15

to show'an‘anomaly at 12.5 K in Ce"” and at the lower T, in Nd.96) The

N
extrapolétion of TNh in Cela alloys gives a pure Ce Ty, of 16 to 17 K,
not 31 K. 'However, 31 K is about as much higher than the TNh of Pr as
that TNh
high. A third possible TNh is at 20 to 25 K, if the anomalous high'tem—

1s above the TNh of Nd, so it does not'appear to be unreasonably

pefature heat capacities of PGa and JMA Ce are assumed to be caused by
TNh*

Anventropy of 1/2 R 1n 2 remains to be accounféd for. This is that
part of the éntropy of the Lf electron which is not associated with
either thé traditionél crystal field splittinguz.or the ordering on the
cubic sites. It should be associated with the quadrupole contribution
to the heat capacity or distributed between that contribution and the
magnetic heat capacity of any ordering on the hexagonal sites. Accounting
for this entropy does not require any revision of the model just developed
for the hexagonal sites, but cannot be done exactly because of the lérge
uncertainties in estimating CL,VCE, and Cq (which is based on a fit to
experimental data done with the assumption that the'hexagonal sites had
a doublet ground leveluz), and even in estimating_the total heat capacity

of B Ce above 25 K.
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TABLE I

Impurity Analyses (atomic ppm)

Flement _Ii]a Ea __JM_Aa _J@a Mb Ec
H e e e e W7 30,500
c e e e e 8,L00
N e e e e 40 e}
0 u60)d e e e 551 6,480
F 7 Th 37 ' 2,510
No . 61 91 12 . .

Mg 58 58 58 115 8

Al 104 10k 10k 6

si 50 50 50 30,
23 113 ©l B

S 4 22 L
cL ko 20 40

K - 54 36 36 72 20

Ca 18 18 280 350 7 30
se 3 3 3 3k
i 50 88 88
\' 3 3 3 3
Cr 8 8 3 108 .2 4o
Mn 15 51 5 (I
Fe . 106 100 25 75 Lo 370
Ni 91 36 oy . 10 70
cu 1080 22 22 1550
Zn . e . 6 -6 ,

Yy . 158 16 6 = 16 .20 Lo
Mo | - 20
Ag 2 | 6 . 230

I 1 |

la 134 10 . 151 10 4
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TABLE I (continued)

Element = LU RC JMA JMB ' PAN Lo
Pr 12 10 25 L. 10
Nd ©136 58 19 97 50 10
Sm 187 N .
Eu : 170
ad 42 67 45 36 Lo 20
To N 176 18 9 )
Dy 10 7 2 17 7 20
Ho 2 2 1 5
Er 25 2 1 10 670
Tm 2 2
Yb 5 1 1
Iu 2 1 1 | _
Ta 58 30 80
W | 1
o _ 5 -
Th 39 362 | - ho 110
v 1 3 3

Subtotall 0.2619% 0.1629% 0.112% 0.257% - 0.034% 0.441%

Total®  0.307% 10.134%  5.023%

impurity analysis done mass spectrographically
chemical analysis

chemical analysis for H, C, N, O, and F, spectrographic analysis for
the rest .

estimated by the supplier

not measured;unless so noted, elements not reported were not detected
in the mass spectrographic analysis

total reported except for H, C, N, and O

total reported; totals are non-equivalent because not all were
analyzed for H, C, N, and O :
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TABLE IT

Summary of Experimental Resulté

ple K T, g b e Treme (9 RS
LU 1 0.30 31.7 12.9 0.4 - 23
LU 0.34 32.9 —_— 0.08 -0.9 piece B
LU - 0.38 34.6 12.5‘ 0.4 - 22
LU 0.be2 35.4 12.5 0.4 - 22
LU 0.45 36.L4 12.5 0.5 - 2k
LU 0.50 38.4 12.h O.4 - 23
LU 1 0.62 42.6 12.4 0.4 - 24
LU 0.59 4o.9 —_— 0.04 -7
w 0.65 43.2 12.4 0.4 - 23
LU 0.80 47.6 12.4 S 0.4 - 23
LU 0.82 L8.2 —_— 0.08 -0.8
U 0.82 48.2 - 12.5 0.4 - 24 oxidized
RC 0.61 43.1 12.2 0.4 - 22
RC 0.61 4O, 4 12.2 0.k -21 60.5 kOe
RC 0.63 Lk, 0 12.2 0.4 - 24
RC 0.63 46.0 —— 0.08-0.9
JMA 0.57 45.3 12.1 0.04 - 23
JMB 0.65 42.6 12.2 - 0.04 - 19
JMB 0.65 4.0 — 0.04 - 5 9.4 kOe
PGP  0.91 — 12.h 3 - 19
PGa 0.03 —_— (13) 2.5 - 20
FR 0.88 —_ 12.3 1.5 - 20
LO 0.35 37.1 —_— 0.4 - L
PSS 0.50  — '
PHS 0.00 11.3 - i 11 kbar
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TABLE III

Heat Capacity of a Ce

Co(mJ/mole-K)

0

Lo
1ko
282
8l
1070
1740
260L
3552
4590
5640
6710

125

73

© 101

11k

120

- 122

124

125

.127

128
130

131
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TABLE IV

Properties of the Rare Earths

apparent

Yzoéb v.a i p i ' low temperature

‘ ) o N C magnetic structure
(mJ/mole X ) (mJ/mole X ) (K) (K):

La 9.Me —_ ;—;, none

ce - 7.5° 54T ?,12.5 —f%' complex antiferromagnetic

Pr 7.3 26.2 25, — — " L

Nd 8.6 58 20, 7.5 —_ " "

Sm  11.5 12.4 14.8 o " "

B 3.7 12.1 90 _ " " |

Gd 9.2 (11)8 292 293 simple ferromagnetic

Tb 12.2 10.4 229 221 - " "

Dy 9.1 - 17.9 178.5 85 " "

Ho 7.9 50 132 20 conical ferromagnetic

Er 11.8 (9.1)® 85 19.6 n "

Tm 7.2 22.3 51-60 22 complex ferrimagnetic

w? 2.9 —_— —_ none

Lu 11.3 —_— — none

a divalent; the rest are trivalent

b reference 2

Z fee v phase

reference 99 except as noted

o

reference 100, dhep phase
present work, dhcp B phase

reéference 101, not recalculated without a priori assumptlons
(probably would not be much changed)

reference 102, not recalculated without a priori assumptions
(could be hlgher than 9.1)

reference 98
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Figure Captions

Phase diagram of Ce. The a-a' phase boundéry has not been studied
above 480 K.

Calorimeter used for measurements on Ce between 0.k and 2l K.

The low temperature heat capacity of LU Ce. |

The intermediate temperature heat capacity of LU Ce.

The high temperature heat capacity of LU Cé{

The heat capacity of RC Ce. Less than half the points below 4 K
are shown. The smooth curve representing the heat capacity of

LU Ce is drawn thraigh points shown in figures»3-5.

The heat capacity of JMA Ce. Less than half the points below 4 K
are shown. The smooth curve representing the heat capacity of LU
Ce is drawn through points shown in figures 355.

The heat capacity of JMB Ce. Less than half the points below 4 K
are shown. The smooth curve representing'the heat capacity of

LU Ce is drawn through points shown in figures 3-5.

The heat capacity of PGB Ce. Less than half the points below 4 K
are shown. The smooth curve representing thevheat capacity of

LU Ce is drawn through points shown in figures 3-5.

The heat capacity of PGa Ce. Less than hélf>the points below L4 K
are shown. The smooth curve representing the-heat capacity of

IU Ce is drawn through points shown in figures 3-5.

The heat capacity of PR Ce. Less than half the points below 4 K
are shown. The smooth curve representing the heat capacity of

LU Ce is drawn through points shown in figures 3-5.
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extrapolation of T Of
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extrapolation of v, of

A typical low temperature heat capacity and extrapolation of To

of LU Ce.

The heat capacity of heavily oxidized LU Ce. Less than half the

points below 4 K are shown. The smooth curve representing the

heat capacity of unoxidized LU Ce is drawn through'points shown

in figures 3-5.

The effect of a 60.5 kOe field on the heat Capacity of.RC Ce. The

smooth curve represehting the zero field heat capacity of RC Ce is

drawn through the points shown in figure 6.

The‘O.l5 K peaks and hyperfine heat capacities of LU and RC Ce.

The 0.15 K peaks of RC and LU Ce.

The 0.9 K peak of LU Ce.

The 6 K peak of LU Ce.
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