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The heat capacity of single-phase 0.'-cerium has been measured from 1.6 to 22 K and the magnetic
susceptibility from 1.6 to 150 K. The electronic-specific-heat constant was found to be 12.8 + 0.2
mJ(g atom) ' K ' and the Debye temperature at zero degrees was found to be 179 + 2 K. The
susceptibility results show a skewed U type of temperature behavior with minimum ofl 3.77 X 10
emu g

' near 50 K and a rapid rise of about 20% below 20 K. The results are interpreted according
to various models for the nature of a-cerium and the n y transition.

INTRODUCTION

Pure cerium undergoes an isostructural trans-
formation, y- n, when subjected to increased
pressure or reduced temperature. ' This transi-
tion appears to be due to delocalization of the 4f
electron in y-cerium and is probably similar in
mechanism to the electronic transition which oc-
curs in several samarium and europium mono-
chalcogenides. 5 During the transition to e-ceri-
um, the specific volume decreases by nearly 16%,'
the valence appears to increase from +3 to around
+3.7, and the Curie-gneiss magnetic moment dis-
appears. Since the phase boundary culminates in
a critical point, these changes can occur contin-
uously or discontinuously.

The nature of o.'-cerium and tbe y ~ n transition
have been the subject of controversy in recent
years. Part of the controversy can be attributed
to the difficulty in preparing and making measure-
ments on single-phase o-cerium. The P (dhcp)
phase is stable below 273 K, and a y-cerium sam-
ple cooled directly from room temperature at zero
pressure will always contain varying amounts of
P-cerium at low temperatures. Only in the last
few years have pressure methods been successfully
used for the preparation of relatively pure a-ceri-
um, and the resulting samples have been sub-
jected to heat capacity, magnetic susceptibility, '
and resistivity measurements at atmospheric
pressure. However, even with pressure methods
the resulting n-cerium in some of these studies
has appeared to contain at least 1% P-cerium
or more. Since P -cerium is an antiferromagnet
below 12. 5 K, the strong effects in the specific
heat and susceptibility in the ordering region of
P-cerium tend to mask the properties of n-cerium,
even with small amounts of P -cerium. In the pres-
ent work we have expended much effort perfect-
ing our experimental techniques and have succeeded
in obtaining very pure (& 99. 5/o) n-cerium.
The description of our methods is presented else-

where. In this paper we report the results of our
heat-capacity and magnetic-susceptibility mea-
surements and interpret these results in light of
various theories on the nature of &-cerium and the
y~a transition.

EXPERIMENTAL PROCEDURE

The cerium used in this investigation was pre-
pared at Ames Laboratory-U. S. AEC and has a
purity of 99.8 at. % with respect to 76 elements.
The analysis of this metal is given in Table I.

The method used to prepare close to 100% single-
phase &-cerium was to apply 10-kbar pressure to
pure y-cerium at room temperature, reduce the
temperature to 77 K while maintaining the pressure,
release the pressure, transfer the sample to the
heat-capacity or susceptibility apparatus at 77 K,
and then take measurements being careful never to
allow the sample to warm above about 180 K where
the n -y transition begins to occur. More details
can be found in another paper.

Heat-capacity measurements were made on an
adiabatic calorimeter accurate to about 2% below
3 K and about 1% between 3 and 20 K. Separate
measurements were made on two cylindrical sam-
ples approximately 0. 7 in. long and 0. 353 in. in
diameter.

The magnetic susceptibility was measured using
a Faraday magnetometer with an absolute error of
about 3% and a relative error of 1%. The sample
was cylindrical with a diameter of 0. 25 in. and a
length of 0. 2 in. More details on the apparatus'
and handling of cerium can be found elsewhere.

RESULTS

Heat capacity

Figure 1 illustrates the beat-capacity results
for n-cerium. '6 Also shown are the results of
Panousis and Gschneidner~ (PG), which tend to be
higher by approximately 25% depending on the tem-
perature. Their results are corrected here for a
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TABLE I. Chemical analysis of cerium used (impurity

levels are in atomic ppm).

Impurity Conc. Impurity Conc.

H

N

0
C
F
Li
Be
B
Na
Mg
Al
Si
P
s
Cl
K
Ca
Ti
V
Cr
Mn
Fe
Co
Ni

Cu
Zn
Ga
Ge
As
Se
Br
Sr
Zr
Nb

Mo
Ru
Rh
Pd
Total
Total

(Cr
Total
Total
Total

139 Ag
500 Cd
350 In
887 Sn
103 sb

~ ~ ~ Te
&0. 02 I
&0, 01 Cs

2 Ba
0 Hf

0. 1 Ta
2 W
0. 3 Re

&0. 5 Os
6 Ir
2 Pt
1 Au

0. 5 Hg
&0. 5 Tl

0, 2 Pb
&0, 1 Bi

7, 5 Th
&0. 02 U

0, 5 Sc
0.4 Y
0. 08 La

~ ~ ~ Pr
&0.2 Nd

&0. 04 Sm
&0. 06 Eu
&0. 06 Gd
~ ~ 0 Tb
&1 Dy
~ 0 0 Ho
&1 Er
&1 Tm
&0.2 Yb
& 0. 1 Lu

magnetic-rare-earth impurities
magnetic-transition-metal impurities
, Mn, Fe, Co, Ni)
amount of impurities (76 elements)
nonmetallic impurities (15 elements)
metallic impurities (61 elements)

&0.1
&0, 2

&0. 08
&1
&0. 08
& 0. 1
&0.1
&0. 05
&5
&0. 8

2

0. 5
&0. 7

&5
&0. 5
& 0. 2

0, 1
&0, 1
&0.5
&0.5

0. 1
&0, 2
&0. 5
&5

4

&0.4
&0.3
&0, 08
&0.9
&0. 5
&0. 5
&0.3
&0.5
&0. 06
& 0.2

3
7.7

8. 3
2047
1986

61

copper plug in the sample holder which was inad-
vertently left out of the calculations. The present
results given in Figs. 1 and 2 are the combined
data obtained from two ~ -cerium samples. After
the first sample was run, the disagreement between
the earlier results of Panousis and Gschneidner
was evident. Because of this a second sample was
prepared from the same y-cerium stock to verify
the results obtained on the first sample.

The difference between the PG and the present
results is believed to be due to about 6% P in
the PG sample. The dashed line shown in Fig. 1

is an interpolation to 6%%uo n, 94%%uo P using
the &-cerium data of the present investigation and
the 91'%%uo P, 9%%u~ n data of Panousis and Gschneid-
ner. ' The data generally coincide with the in-
terpolation, except in the region around 12.5 K,
the antiferromagnetic ordering temperature of P-
cerium. In this region the peak in the PG data is
considerably broadened and generally shifted up-
ward in temperature. This peak broadening pos-
sibly caused them to considerably underestimate
the amount of P-cerium in their sample. Also,
after the heat capacity of the copper plug is sub-
tracted out of the PG data, the peak is more notice-
able since this correction is larger above 13 K than
it is below 13 K. The P-cerium probably formed
during the drilling and tapping of their sample,
which was not done to our sample. The broadening
of the peak is probably due to the large amounts of
deformation in the lattice resulting from the pres-
sure method used for preparing the sample.

Panousis and Gschneidner noted a rise below
5 K in their heat-capacity data for &-cerium
(Fig. 2). This rise is not seen in the C/T-vs-T
plot (Fig. 2) of the present investigation. This dif-
ference may be due to the differences in the puri-
ties of the samples used in the two investigations.
Their sample contained 30 atomic ppm iron and a
total. of 109 atomic ppm of the magnetic rare earths,
which compares with 7. 5 and 7. 7 atomic ppm.
respectively, in our sample (see Table I). A sec-
ond possibility is that the rise in their data is part
of a high-temperature tail of a magnetic-impurity
ordering. Both Conway" and Lounasmaa" ob-
served low-temperature peaks in their heat-ca-
pacity data for cerium phase mixtures, which
could be due to the same causes.

Figure 3 illustrates the Debye temperature as
a function of temperature. The value of eD at zero
degrees is 179+2 K compared to 117 K for Panousis
and Gschneidnere and 200 K for Phillips et al. ,
which was obtained from measurements at 10 kbar.

The PG value of 117K has no significance since
it was derived from measurements on a two-phase
sample. The other two values compare favorably
especially when one considers the 179-K value
was obtained from ambient-pressure measurements
and the 200-K value at high pressure. Further-
more the increase in 8& with pressure is consistent
with sonic measurements performed on o-cerium
at room temperature and high pressure. 3' These
authors ~ found that the e~ increased -4 K per kbar,
which compares with -2 K per kbar for the differ-
ence between our 0& value and the 10-kbar value
of Phillips et al. The 179-K value for the Debye
temperature of e-cerium is also reasonable when
compared with the e~ value for P-cerium (162 K),
especially in view of the fact that e is -16%%uo more
dense than P.
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FIG. 1. Heat capacity
of e-cerium. The present
results, although not dis-
tinguished, are based on
measurements made on
two samples {see text).

The electronic-specific-heat constant Y is
12.8+0.2 mJ(gatom) 'K~, which compares favor-
ably with the values of 9. 79 and ll. 3 mJ (g atom) ~

K for Panousis and Qschneidnero and Phillips
et al. , respectively. Again, the PG value should
be discarded since it was obtained from measure-
ments on a two-phase sample, The difference be-
tween our value and the Phillips et al. value would
suggest a decrease in the density of states at the
Fermi surface of about 12% by increasing the pres-
sure to 10 kbar. However, this difference might
al.so be due to the difference in impurities in the
two samples, especially if the Fermi level lies in
a region of the band structure where the density of
states changes rapidly with energy. Unfortunately
Phillips and co-workers did not give a chemical
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analysis for their cerium sample.
This value for the electronic-specific-heat con-

stant [12.8 mJ (gatom) 'K ] is the highest known

y value for pure metals (excluding values reported
for the magnetically ordering trasnsition and rare-
earth metals and Pu). " The yvalue for o'-cerium
is 20-30/g higher than the values for Sc, Y, n-La,
and Lu, and 3, 5 times larger than that of Th. ~3

Magnetic susceptibility

Figures 4 and 5 show the results for the mag-
netic susceptibility versus temperature for &-ceri-
um. '5 For purposes of comparison the results of
Grimberg et al. and the results of MacPherson
et al. ~ at 10-kbar pressure are also shown in
Fig. 4. Our results show a skewed U-shaped tem-
perature dependence for the susceptibility with a
minimum of 3.77~10 emug ' around 50 K. The
absence of any noticeable break in the X-vs-T
curve at 12. 5 indicates that no II phase is present
in our O. -cerium sample.

The 10-kbar data for n-cerium as shown in
Fig. 4 suggest a minimum at 110 K, but within ex-
perimental error the susceptibility from 70 to
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FIG. 2. C/T-vs-T2 plot for e-cerium. The present
results, although not distinguished, are based on mea-
surements made on two samples (see text).
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FIG. 3. Debye temperature as a function of tempera-
ture.
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300 K could also be considered to be constant (see
original paper by MacPherson et al 7).. Our zero-
pressure data show an increase above 50 K at a
rate of 4.6~10 9 emug K . The data extrapolate
to a room-temperature value of 4. 8~10~ emug"'
(6. 7&&10~ emumole ~), which is the same value
obtained when the high-pressure room-tempera-
ture data of MacPherson et al. are extrapolated to
zero pressure. The data of Grimberg et al.
might exhibit a minimum, but unfortunately their
measurements do not extend to sufficiently high
temperatures to show this.

All three investigations show a strong tempera-
ture dependence, below 20 K for our data and below
50 K for the other two results. Both Grimberg
et al. and MacPherson et al. found that their sus-
ceptibility measurements exhibited a field depen-
dence due to magnetic impurities —the corrected
curves are given in Fig. 4. In contrast to this
behavior no field dependence was observed in our
O. -cerium specimen at 1.79 or 4. 0 K in fieMs from
8. 4 to 13.5 kOe (i. e. , the susceptibility was con-
stant within + 0. 3% at 1.79 and + 0. 5% at 4 K, well
within the precision of our measurements). Fur-
thermore, a calculation of contributions to the
susceptibility from paramagnetic impurities based
on our chemical analysis yields at most 0. 2&&10

emug ' at 2 K, which accounts for only one-fifth
of the excess susceptibility at this temperature.

One other feature in our data needs explanation.
The minimum susceptibility of 3. 77&&10" emug '
is 4. 5 times the Pauli contribution predicted from
our electronic-specific-heat constant. This dis-
crepancy has also been noted by MacPherson
et al. and by Qrimberg et al.
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FIG. 4. Magnetic susceptibility of e-cerium. Note
the shift in scale for the data of Grimberg et al.

DISCUSSION

The unusual temperature dependence of the sus-
ceptibility of n-cerium is evident in Fig. 5, where
it is compared to the susceptibility of other para-
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FIG. 5. Comparison of the magnetic susceptibility of
e-cerium with other paramagnetic metals,
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magnetic metals. Of these metals only Q.-Mn,
Pd, and Sc, in addition to n-cerium, show any un-
usual temperature dependence. In the case of Q.-Mn
the maximum and minimum are due to antiferro-
magnetic ordering at -100 K. The temperature de-
pendence of Pd is opposite that of o.-cerium and Sc.
Scandium, like z-cerium, exhibits a rapid rise be-
low about 20 K, but does not go through a minimum
and an increase in the susceptibility with increasing
temperature at higher temperatures. Thus, any
explanations for the temperature dependence of the
magnetic susceptibilities of Mn, Pd, and Sc prob-
ably are not applicable to e-cerium.

There are several models for the mechanism of
the y- e transition and the nature of n-cerium but
none of these adequately explain all of the features
mentioned above. Zachariasen and Pauling26 first
proposed that during the transition a 4f electron in
the y phase is transferred or promoted to the 5d6s
conduction band. Several subsequent models have
been based on this idea; however, most authors be-
lieve only a fraction (-0.7 at 1 atm) ot the 4f elec-
tron is transferred during the y- + transformation.
The high observed electronic-specific-heat con-
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stant for z-cerium is consistent with a partially
filled 4f band. If there were no electrons in the 4f
band then an electronic-specific-heat constant of
the size of that of thorium would be expected, and
from what was noted above the z-cerium value is
-3.5 times larger than that of thorium.

Coqblin and Blandin have proposed a promo-
tional-type model based on Anderson's description
of localized magnetic impurities in the Hartree-
Fock approximation. Their model predicts that
the 4f level is broadened by resonance with the con-
duction band into a virtual bound level lying about
0.15 eV above the Fermi level in o, -cerium. Part
of the low-energy tail of the 4f peak would lie below
the Fermi level, and the extra 4f contribution to
the density of states would explain the high elec-
tronic-specific-heat constant, magnetic suscepti-
bility, and the nonintegral valence of a-cerium.
More specifically the high susceptibility would be
due to an exchange enhancement such that the total
susceptibility would be given by

g=2p's[n~(EQS+n, ( E~)],

where

S= 1
1 —Vny(E~)

Here n&(Ez) and n( zE) are the densities of states
at the Fermi level due to the f electrons and the
conduction electrons, respectively, U is an aver-
age value of the effective exchange integral of the
f electrons, and S is the exchange enhancement fac-
tor. A calculation of the factor S is strongly depen-
dent on how the total density of states at the Fermi
level is apportioned between nz(Ez) and n, (Ez) Our.
electronic-specific-heat constant leads to a total
density of states at the Fermi level of 2. 72 states
eV atom . The contribution from the conduction
electrons has been calculated by Mukhopadhyay and
Gyorffy to be 0.V5 states eV" atom, which leads
to an exchange enhancement factor of 5.8. Alter-
nately if one assumes the s-d conducti. on-electron
density of states in o.-Ce is the same as that in
n-I a (fcc) but modified to take into account the
16' volume decrease, then one obtains from the
experimental density of states a value for n, ( z)E
of 2. OV states eV atom, which leads to an en-
hancement factor of 15.V. Grimberg and Schinkel3~
have estimated a value of S as high as 3V. The pos-
sibility of high exchange enhancements have led to
the search for a T3 term in the curve fitting the
low-temperature resistivity of e-cerium. "' '
Such a term should result from scattering of s elec-
trons by the spin fluctuations of the f electrons.
Katzman and Mydosh have found such a term in
the equation fitting their resistivity measurements
but others"' have failed to find a T term except
as would be expected from small amounts of P-ceri-

um and impurities present in their samples. If
the existence of a large exchange enhancement can
be accepted, then the model by Coqblin and Biandin~~
could provide one explanation for the increase in
susceptibility above 50 K. Coqblin has proposed
that the decrease in susceptibility with increasing
pressure is the result of the 4f peak moving up-
ward with pressure giving a decreasing nz(Ez).
The same argument could apply to changes in tem-
perature. The 4f peak would move downward with
increasing temperature giving an increasing n&(Ez)
and an increasing susceptibility.

Another model based on the promotion idea is
that of Ramirez and Falicov. 33 In their model the

f states in cerium lie in a very narrow, highly cor-
related band slightly above the Fermi level. They
include in their calculations an interaction energy
betweenf electrons and conduction electrons along
with the more familiar electron and hole thermal
excitation energies and various electronic entropy
terms. Their resultant free-energy expression is
minimized showing that the number off electrons
varies discontinuously as a function of temperature
and pressure. By assuming a linear relationship
between the energy of the 4f level and pressure,
they can also predict a critical point. However,
owing to some simplifying assumptions the model
predicts that a-cerium should become tetravalent
at low temperatures in disagreement with experi-
ment. By including the effect of hybridization of
the localized 4f states with the conduction band,
Alascio, Lopez, and Olmedo3'3' have refined the
theory to predict nonintegral valences for n-ceri-
um. They predict the susceptibility due to the 4f
electrons in n-cerium to be of the form

p~g J'(J+1)
Xf

where g J'(J'+ 1)=2. 54, the Curie moment expected
for a 4f' configuration, n is the occupancy of the
4f level, and To is the energy of the 4f level rela-
tive to the Fermi level. The occupancy n is ap-
proximately related to To by

2J+1 r
n

71 ~0

where I" is the width of the 4f states Using .values
of I' and To given by Alascio et a/. , Eq. (3) tends
to underestimate X& by about one-half. However,
since the f level is assumed to move downward with
increasing temperature the theory cou1d qualita-
tively predict our observed susceptibility increase
above 50 K. As in the theory by Coqblin and Blan-
din, the reason for the shift in the f level is not
given.

A third theory based on the promotional idea is
the interconfigurational-fluctuation (ICF) model of
Hirst. 36 According to Hirst, integral values of the
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4f occupation have a stability due to Hund's-rule
correlations. If mixing between the 4f electrons
and conduction electrons is sufficiently strong,
the Hund's-rule correlations can be overcome and
an ICF state is set up in which the valence on indi-
vidual ions in the crystal fluctuates between inte-
gral values with lifetimes on the order of 10 ~3 sec.
The susceptibility of the ICF state would be of the
form

(P,ef)
x( ) 3y (zr y )

i (5)

where (p, „,) is the weighted average of the effective
Curie moments of the pure configurational states
and T& is a temperature which reflects the strength
of the conduction-electron-f-electron mixing. For
n-cerium the 4f configuration has a Curie moment
2. 54p, s while the 4f configuration lacks a moment.
If the fraction of 4f configurations is assumed to be
0.3 then by our calculations T& would be about 540
K (0.046 eV) at 50 K. Insofar as Hirst did not cal-
culate a temperature dependence for the fraction
of 4f' configurations, Eq. (5) does not predict our
observed susceptibility increase above 50 K.
Again, one could visualize the increase in suscep-
tibility above 50 K as an increase in the fraction of
4f' configurations due to a downward shift in the f
level relative to the Fermi level.

A fourth model for the y- n transition is the pos-
sibility that the 4f shell delocalizes into a 4f band
similar to the delocalization which occurs in a
Mott transition. Johansson has recently written
a paper strongly arguing in favor of this idea. In
n-cerium the 4f band would overlap the Fermi
level such that a fractional number of electrons
(near 0.7) would occupy the band. To account for
the high susceptibility in n-cerium it is necessary
to invoke the exchange-enhancement idea. How-

ever, it is difficult to predict a mechanism leading

to the observed temperature dependence of the sus-
ceptibility.

None of the above models predicts the low-tem-
perature rise in the susceptibility below 20 K. As
previously mentioned, only about one-fifth of the
low-temperature rise could be due to paramagnetic
impurities. There are several other possible con-
tributions. The n-cerium sample, by nature of
the method used to prepare it, is highly deformed
and may contain y-like atoms at points of high local
deformation in the lattice or on grain boundaries.
The e-cerium atoms which are neighbors of mag-
netic impurity atoms (y-like atoms) may experi-
ence a susceptibility enhancement. Finally, there
may be some kind of an intrinsic effect in the &-
cerium itself. For example, Edelstein has pre-
dicted a T " dependence of the susceptibility of
~-cerium based on a possible similarity of o.-ceri-
um to spin-compensated systems exhibiting a Kon-
do effect. Although no Kondo effect has been seen
in pure n-cerium, one of the possible consequences
of the model proposed by Coqblin and Blandin ~ is
spin compensation of the conduction electrons with
the f electrons. However, if the T ~'2 dependence
exists it is masked by other contributions to the
susceptibility and cannot be shown explicitly in our
data.
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