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P. Burt, ardt, K. A. Gschneidner, Jr., D. C. Koskenmaki, ~ D, K. Finnemore, J. Q. Moorman,
S. Legvold, C. Stassis, and T. A. Vyrostek~

Ames Laboratory- United States Energy Research and Development Administration and Departments of Physics and Materials Science and
Engineering, Iowa State University, Ames, Iowa 50011

(Received 14 April 1976)

The electrical resistivity and magnetic susceptibility of allotropically pure P-Ce and y-Ce and some two-phase

(a+P or P+ y} samples, which were predominantly P-Ce, were measured from 2 to 300 K. Because P-Ce
transforms to a-Ce between 15 and 50 K, several unusual experimental techniques were used to obtain reliable
data. Our results show that the electrical resistivity of P-Ce remains unusually large, & 50 ILLA cm down to 40
K and below this temperature it drops an order of magnitude. The magnetic-susceptibility data show that P-
Ce obeys the Curie-gneiss law down to near its Neel temperature, —12.5 K. Low-field susceptibility data,
& 800 Oe, show a Neel temperature at 12.5 K and that the magnetic susceptibility near the ordering
temperatures decreases with increasing field. X-ray metallographic data indicate that when P-Ce transforms to
a-Ce the initial growth occurs at the surface and grows inward. The unusual temperature dependence of the
electrical resistivity of P-Ce could not be explained by several existing models pand-spin fluctuation or
crystalline field) which have been used to explain large increases in the resistivity for other materials.
However, a recently developed model based on Kondo scattering which is quenched by magnetic ordering
appears to account for the observed results.

I. INTRODUCTION

Since the discovery of p-Ce by Trombe and Foex
in 1943' there have been numerous investigations
of the low-temperature properties of cerium, in-
cluding the electrical resistivity and magnetic sus-
ceptibility. Unfortunately, all of these studies
have been carried out on a mixture of two or three
phases (o-, g-, and y-Ce) depending upon the
temperature and thermal treatment. Further-
more, it has been impossible to sort out the in-
dividual contributions that each phase makes to
the total observed property. Thus little is known
about these three phases except for their crystal
structures and temperatures of transformation.

In the last few years substantial progress has
been made in the preparation of essentially single-
phase double hcp (dhcp) P-Ce, 'and this has opened
the way for a careful study of its properties —the
low-temperature heat capacity, ' and the electrical
resistivity and magnetic susceptibility {the sub-
jects of this paper). The heat-capacity measure-
ments showed a double-peak structure near 13 K
and the authors thought that there may be two or-
dering temperatures, similar to neodymium where
the ions having two different site symmetries in
the dhcp structure order at different temperatures.
By analogy, they predicted that the ions at the cu-
bic sites of p-Ce order at 12.45 K and those at the
hexagonal sites at 13.V K. In the work reported
her e we have measured the electrical resistivity
and magnetic susceptibility of p-Ce with special
emphasis on the region below 60 K.

Both the electrical resistivity and magnetic sus-

ceptibility are powerful tools for studying cerium
because they can be used to detect the presence of
small amounts (-0.5/p) of o or y-C-e in nearly
pure p-Ce. These experimental methods have the
advantage over metallographic and x-ray tech-
niques in that they are bulk property measure-
ments and not limited to the surface layers as
are the latter two. However, the most meaning-
ful results were obtained when all four techniques
were used together.

Allotropically pure p cerium is obtained by a
cooling-warming cycle (298-4.2-298 K) plus
annealing (348 K) process. ' The success of this
method depends on the fact that P-Ce is the ther-
modynamically stable phase below 353 + 5 K and
that no n phase forms if p-Ce is cooled rapidly
enough to 4.2 K. Our magnetic-susceptibility and
electrical-resistivity measurements made on slow-
cooled p-Ce specimens confirmed that the p- a
transformation occurs at -50 K, and upon warming
n-Ce transforms to a mixture of -207O p and -8Wo
y at -180 K.' It is noted that McHargue and co-
workers" also observed the formation of a-Ce
from p-Ce below 75 K. X-ray and metallographic
data also indicated that the initially pure p-Ce sam-
ple contained - 59' y —95 /o p at room temperature
upon completion of a resistivity or magnetic-sus-
ceptibility run. The apparent contradiction of be-
ing able to prepare pure p-Ce and then to find that
when slowly cooled it partially transforms to
n-C e, prompted us to examine the procedures
involved. We concluded that the cool-down time
was important. Since the transformation of p- a
involves not only an electronic change but also a
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shift of atoms from the dhcp crystalline lattice to
a fcc lattice, it was possible to cool the sample
rapidly enough to suppress this atomic shift and
thus inhibit the formation of n-Ce.

II. EXPERIMENTAL PROCEDURE

The three different cerium stocks used in our
study were prepared at the Ames Laboratory. The
purities of these samples are all greater than
99.8 at.% and are believed to be the highest-purity
cerium samples ever used in electrical resistivity
and magnetic-susceptibility investigations of any
cerium allotrope. The analyses of these cerium
stocks are given in Table I.

The preparation of a p-cerium sample takes
about six weeks because of the involved cycling
and heat treating procedure used. Initially, sin-
gle-phase, strain-free y-cerium samples are
cycled between room temperature and 4.2 K 10
times, annealed for over a week at 348 K (75 C),
and then the process of thermal cycling and an-
nealing is repeated four more times. Details of
this method are described in a previous paper. '

A. Electrical-resistivity measurements

The electrical-resistivity measurements on
slowly cooled or slowly warmed samples were
made using a standard four-probe dc technique.
The sample size was approximately 1.1 && 1.1 && 30

mm', weighing -0.2 g. The sample current was
10 mA, and was stable to better than 1 part in 10'.
The voltage drop across the sample was deter-
mined by a dc potentiometric technique with a sen-
sitivity of 10 V. The relative precision of a re-
sistance measurement was + 0.02/o. The absolute
accuracy of the resistivity is limited by the geo-
metrical factor determination to about a 0.1 and
was obtained by 10 measurements of the sample
cross section and 10 measurements of the spacing
between the voltage probes. Temperatures from
2.7 to 300 K were obtained in a liquid-helium cryo-
stat. The temperatures were measured by a cali-
brated Cu vs Constantan thermocouple from 40 to
300 K and by an Au-0. 03-at.%-Fe vs Cu thermo-
couple from 2.7 to 40 K. Above 40 K the tempera-
tures are accurate to +0.2 K and below 40 K are
accurate to+ 0.04 K.

In order to determine the effects of cooling rates
on the p - n tranformation, an apparatus was con-
structed to measure the electrical resistivity of a
sample continuously while cooling the sample rap-
idly from room temperature to 4.2 K. This was
accomplished by means of a standard four-probe
dc apparatus where the sample voltage was dis-
played continuously on a XF plotter as a function
of sample temperature. Cooling times varying
from 5 to 90 min were obtained by adjusting the
amount of He exchange gas present in the sample
chamber, which was immersed in liquid He. De-

TABLE I. Chemical analyses of cerium stocks used. Impurity levels are in atomic ppm.
The presence of 82 elements were analyzed for. For those elements not listed the impurity
level was 1 ppm or less, except for Nb, Tc, and the rare gases which were not analyzed for.

Impurity Ce(1) Ce(2) Ce(3) Impurity Ce(l)

H

Li
C
N

0
F
Na

Cl
K
Ca
Cr
Mn
Fe
Co
Ni

Cu
Y

139
&20
152

90
639
ill
10

8
5

20
15
&1

7.5
&0 ~ 1

3
3
5

887
500
350
103

2
6
2

1
0.2

&0.1
7.5

&0.02
0.5
0.4

&5

278
&0.0007
47

100
385
192

0.04
0.7
0.03
0.2
3.4
0.75

&1.3
0.04
3
2

&10

Ba
La
Pr
Nd

Sm
Eu
Gd
Tb
Dy
Ho
Er
Tm
Yb
Lu
Ta
Pt

&10
34

5
8

&0.07
&0.05
&1.2
&0.2
&0.1
&0.3
1.6

&0.05
&0.05

9
7

&0.5

&0.4
&0.3
&0.08
&0.9
&0.5
&0.5
&0.3
&0.5
&0.06
&0,2

3
2

&0.5

&0.3
9

&0.4
&0.05

6
&1

1
&1

5
&0.06
&0.3
0.9
6.0
4.0

Total. magnetic rare earths (max. )

Total magnetic transition metal (max. )

Total impurity (max. )

Cerium purity (at. 70) (min. )

Ce(l)
16.6
26.6

1338
99.87

Ce(2)
7.7
8.3

2047
99.80

Ce(3)
19„8
8.5

1099
99.89
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partures from a uniform temperature throughout
the sample and thermal gradients in the measuring
circuits limit the accuracy of the measured data
to about +5%. The reproducibility, however, of
several runs on the same sample is within ~ 2%.
The sample was heated by removing the apparatus
from the liquid-He bath and allowing it to warm in

the laboratory with a warming time of about 25
mill.

B. Magnetic-susceptibility measurements

The magnetic susceptibilities of the slowly
cooled or slowly warmed cerium samples were
measured by using three different techniques—
Faraday, Foner, and an ac mutual induction meth-
od. Both the Faraday and Foner measurements
were made over a temperature range of 2-300 K,
and the ac measurements from 2 to 60 K. The
precision and accuracy in the measured suscepti-
bility were: +0.5% and +2%o, respectively, for the
Faraday magnetometer; + 0.1%and + 0.5%, respec-
tively, for the Foner magnetometer; + 0.1%and + 3%,
respectively, for the ac measurements. The temper-
atures were measured by using an Au-0. 03-at.% —Fe
vs copper thermocouple from 1.5 to 20 K and a
Cu vs Constantan thermocouple from 20 to 300 K
in the Faraday and Foner magnetometers, and a
germanium resistance thermometer in the mutual
inductance apparatus. The sample sizes were:
1.5X1.5X 5 mm', weighing -0.08 g for the Fara-
day magnetometer; 3 &&3 && 5 mm', weighing -0.3 g
for the Foner magnetometer, and 2 & 2 && 20 mm',
weighing -0.6 g for the ac measurements. The
Faraday measurements were made at fields vary-
ing from 4 to 19 kQe and the Foner measurements
at 10 kQe. The ac susceptibility measurements
were made at 33 Hz with a measuring field of about
0.1 Qe, but some data were obtained as a function
of magnetic fields from 0.1 up to 800 Qe.

A special ac susceptibility apparatus was de-
signed for measuring the magnetic susceptibility
of a sample continuously while rapidly cooling the
sample from room temperature to 4.2 K. Sample
cooling times from 8 to 90 min were obtained by
adjusting the amount of helium exchange gas in the
sample chamber which was immersed in liquid
helium. The sample temperature was determined
by an Au-0. 03-at.%-Fe vs Cu thermocouple in con-
tact with the sample. Susceptibilities were ob-
tained by a mutual induction technique operating
at 87 Hz with a measuring field of about 1 Qe. The
sample susceptibility was displayed on an XY plot-
ter as a function of sample temperature. The
temperatures were determined with an accuracy
of about + 1% and the susceptibility was accurate
to about + 5%.

III. RESULTS: ELECTRICAL RESISTIVITY

A. Equilibrium data —slow cooling
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FIG. 1. Electrical resistivities of P -Ce, Ce(2), and
p-Ce, Ce(3), cooled down over a two-day period and
warmed up over a 12-day period.

The electrical resistivity of initially allotropi-
cally pure p- and y-Ce samples are shown in Fig.
1 when measurements are taken by slowly cooling
down to liquid helium. It is seen that the room-
temperature resistivity of p-Ce is -15 p. Q cm
larger than that of y-Ce; that both allotropic forms
have nearly similar temperature dependences from
300 to 100 K upon cooling; that both P-Ce and y-Ce
transform to n-Ce at -50 and -100 K, respective-
ly; that both samples exhibit a large hysteresis
when n-Ce transforms back to (y+ p)-Ce at -180
K; and that the P-Ce, which has not transformed
to a-Ce, orders at -13 K. Furthermore it is evi-
dent that upon completion of the resistivity mea-
surements after one cycle the room-temperature
resistivity is slightly less than the initial value for
p-Ce and slightly more for y-Ce. This is because
of the fact that n-Ce transforms to a mixture of
-80% y-Ce and 20% p-Ce upon warming. "One,
however, cannot use this change in resistivity to
estimate the amount of p- or y-Ce in a sample be-
cause the electrical resistivity of J3-Ce is probably
anisotropic as are the other noncubic rare-earth
metals. ' Indeed, the resistivity of another P-Ce
sample made from the Ce(3) stock had a room-
temperature resistivity of 82.8 p, Q cm, which
compares with 89.0 p, Acm for the sample shown
in Fig. 1. It is possible that part of this difference
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could be due to impurities, which vaxy by a factor
of two, see Table 1, in the two cerium stocks and/

t li ht differences in the y-Ce concentrations
in the samples [a (1-2) /g variation is possib e wx

in the precision of the x-ray method used for de-
termining the a,mounts of the two phasesj.

Cycling experiments show that the temperature
at which the transformation starts, M„for the

p —n transformation shifts to higher tempex'atures
as the number of cycles increases until M, x'caches
the transformation temperature of the initially
pure y-Ce sample (see Fig. 2). Furthermore, the
sharp p —a transformation (-12 K wide) becomes
increasingly broad with cycling (~ 50 K wide on the
fifth cycle), which is due to y-Ce beginning to
transform at -100 K followed by the simultaneous
transformation of y- and p-Ce. It would appear
that the M, temperature is a good indicator of the
phase purity of the initial p-Ce sample, however,
we have made no attempt to establish a quantita-
tive relationship.

The electrical resistivity near the Neel temper-
ature of p-Ce was carefully examined to see if the
ordering on the cubic and hexagonal sites could be

l00

80

observed to confirm the heat-capacity results. '
A single kink in the resistivity is clearly evident
at 14.0+0.1 K (Figs. 1 and 2). The significance of
this kink will be discussed later.

B. Rapid cooling and heating data

Continuous electrical-resistivity measurements
on p-Ce samples which were quenched from room
temperature to 4.2 K were obtained to see 8 the

P - n transformations could be prevented. The
results are shown in Fig. 3 along with that of a
y-Ce sample which was cooled in the same man-
ner as the P-Ce sample. The large drop in re-
sistivity of p-Ce (about one order of magnitude)
below 20 K is surprising and completely unexpect-
ed. One might believe that this drop is due to the

P —n transformation, but as we will show this is
not the case. First of all the heating curve shows
only a small hysteresis, which is probably due to
thermal gradients set up in the sample and mea-
suring equipment during rapid cooling and heating.
If o.-Ce had formed, we would have expected to
see the reverse transformation (n —p) occurring
at about 180 K as occurs for y-Ce (see Fig. 2).
Second, the measurements were repeated seven
times and at various cooling rates (up to 60 min
for cooling from 298 to 4.2 K) and the results
were reproducible within + 2/0 and no evidence
was oun 0f d f r the p - n transformation at 45 K.

to 90But when the cool-down time was increased to
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FIG. 2. Electrical resistivity of P-Ce, Ce(2), as a
function of cycling. All data were taken on slowly cool.ed
samples. On the second and succeeding cycles the re-
sistivity was only measured down to 50 K and then the
sample was warmed to room temperature, but no data
were taken during the warming part of the cycle. The
resistivity curve for the first cycl.e is the same as that
shown in Fig. 1 for P-Ce.
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FIG. 3. Electrical resistivities of P-Ce, Ce(2), and
p-Ce, Ce(3), which were measured whil, e rapidly cooling
the sample from 298 to 4.2 K in 4—5 min. Solid line—
cooling and dashed l.ine —warming,
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min, there was evidence for some of the p-Ce
(-1$) transforming to a-Ce at 45K. As noted
above if n-Ce had formed the p —n transforma-
tion temperature would have increased to -100 K
(Fig. 2) due to the presence of y-Ce which formed
when the sample was warmed up in the previous
cycle(s). Third, x-ray measurements taken on
the sample before the first cycle and after the
seventh cycle showed that the p-Ce concentration,
if anything, increased by about 2%%d. Fourt h, neu-
tron diffraction measurements at 4.2 K on a rap-
idly cooled p-Ce sample confirmed that the sam-
ple was pure p-Ce within the limits of detection
(-2'}. Fifth, as will be shown shortly, the re-
sistivity measurements themselves are most sen-
sitive detectors for the presence or for the forma-
tion of a-Ce.

The other important observation is that above
50 K the resistivity of the rapidly cooled samples
and that of the slow cooled samples have the same
and unusual temperature dependence. Normally
the resistivity of a metal at 50 K is —,', --,' of the
room temperature resistivity, ' but as is evident
in Figs. 1-3 p„is not even —,

' of p,«(it is -
—,', of

p„,}. This point will be discussed later, since it
is essential in understanding the nature of p-Ce.
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FIG. 4. Electrical resistivity data of P-Ce, Ce(3), taken
by establishing thermal equilibrium for each data point
(solid squares and circles), The open circles are
pseudoequilibrium data points (see text for details).

C. Equilibrium and pseudoequilibrium data below 50 K

Because of the small hystersis for p-Ce be-
tween 4 and 50 K (Fig. 3) and the lack of precision
in the rapid cooling and heating experiments, we
proceeded to obtain more reliable "equilibrium"
data on P-Ce below 50 K. This was accomplished
by quenching the p-Ce sample, which was mounted
in the resistivity rig, down to 4.2 K and then fur-
ther cooled to 2.8 K by pumping on the liquid-He
bath. Resistivity data were then taken in the nor-
mal manner by establishing thermal equilibrium
for each data point. The results are shown in Fig.
4 as the square points from 2.8 K to the point la-
beled B. At point B the sample began to transform
(p —o.) and followed the path shown in the insert of
Fig. 4. As shown in our earlier note' the equili-
brium data taken between 2.8 and 15 K, lie ap-
proximately midway between the rapid cooling and
rapid heating data shown in Fig. 3. As a result of
several similar experiments it was found that at
14.0 K P-Ce does not transform to o.-Ce over a 5
h period, but that at 14.8 K the transformation be-
gins to occur within a few minutes. The most in-
teresting feature of the low-temperature data is
the anomalous rise in resistivity occurring be-
tween 2.8 and -15 K (point B). This anomalous
rise probably accounts for the kink observed in
the resistivity of the the p-Ce samples which con-
tain some o-Ce, Figs. 1 and 2. As shown in Fig.

4, upon slow cooling p-Ce begins to transform to
a-Ce at 50 K, point A.

There is a narrow temperature range (-15-50 K)
over which it is impossible to obtain equilibrium
resistivity data due to the P —e transformation.
Since it is desirable to have some electrical-re-
sistivity results in this temperature range, apro-
cedure was developed to obtain data under condi-
tions as near to equilibrium as possible. In this
case a p-Ce sample was quenched to 4.2 K to re-
tain the dhcp structure and then was slowly warmed
to 12 K. At this point the sample voltage probes
were connected to a strip-chart recorder and the
voltage was displayed as a function of time. The
temperature was then raised abruptly in steps of
5 K and was maintained at each temperature for
about 15 sec. By examining the sample voltage, at
a set temperature, as a function of time it was ob-
served that the sample resistivity decreased slowly
(-0.5% in 15 sec) in a linear fashion as the p-Ce
transformed. By extrapolating the linear rela-
tionship to the time at which the sample passed
through 15 K, resistivity values for pure p-Ce
were inferred. It is believed that up to about 40 K
the resistivity data thus obtained represent the
true values for p-Ce to about 1% ' above 40 K the
sample began to transform too rapidly to make the
procedure valid. The data obtained in this way are
shown as open points in Fig. 4. It may be seen that
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these data points provide a smooth link between
the equilibrium data taken below 14 K and above
50 K, and lie between the cooling and heating curves
shown for p-Ce in Fig. 3.

In Table Q we have summarized the electrical-
resistivity data for several cerium samples. Al-
though the room-temperature resistivities for the
two different p-Ce stocks differ by about 7%, their
resistance ratios, p,«/p„and M, temperature
are essentially the same. The resistance ratio
for the p-Ce sample which does not undergo any
transformation is slightly less than that for the
sample which exhibits a partial transformation to
e-Ce. This is consistent with the fact that the
resistivity of a-Ce is about 2 p. A cm at 2 K,'o "
and thus any o, -Ce is expected to lower the re-
sistivity of a Ce sample containing a mixture of

p and o. phases. This fact also explains why the
resistivity ratio of the initially pure y-Ce is high-
er than all the other samples —it contains much
more a-Ce than any of the other specimens be-
cause all of the y-Ce present in the sample trans-
forms to a-Ce.4'

TABLE II. Summary of electrical res istivities of
some cerium samples.

Afs
Cerium p 300 ~ ~XO

Polymorph stock {p ~ cm) (p& cm) (I) p2

Ce(2)
Ce(3)
Ce(3)
Ce(3)

89.2
82.8
82.8
74.4

4.1
3.8
4.1 '
2.6

45 21.7
45 21.8

0002{)
100 28.6

Low-temperature data obtained by quenching to 4.2 K
to prevent P & transformation.

IV. RESULTS: MAGNETIC SUSCEPTIBILITY

A. High-field studies

The first magnetic-susceptibility measurements
on p-Ce using the Faraday magnetometer were
performed about six months before the electrical-
resistivity experiments were started. Because of
the design of this apparatus data could not be taken
during cooling between liquid-nitrogen and liquid-
helium temperatures, and this was unfortunate
since the P -0, transformation could not be ob-
served. On heating, however, it was obvious that
a-Ce had formed because (i) the magnetic suscep-
tibility was displaced by a constant factor from
the cooling data over the range 90-180 K, and (ii)
at -190 K the susceptibility showed an observable
change indicating n-Ce was transforming to y+ p,
such that above 200 K the cooling and heating data
lie on top of each other. Later measurements

using the Foner magnetometer showed that p-Ce
begins to transform to at-Ce at -50 K. In all other
respects the Foner and Faraday results are iden-
tical.

To obtain correct low-temperature data without
interfering fcc phases we used the same cooling
procedures as described above for the electrical-
resistivity measurements. The first experiments
were to measure the magnetic susceptibility con-
tinuously while rapidly cooling both p- and y-Ce
samples using an ac magnetic-susceptibility tech-
nique. For the y-Ce sample these results show:
the y- n transformation upon cooling at 90-100 K;
the antiferromagnetic ordering of the p-Ce frac-
tion which forms when y-Ce is cooled below"
273 K; the reverse transformation ot, p+ y at
180 K; and the large hysteresis associated with
the formation of O. -Ce. In contrast, for the p-Ce
sample no evidence is found for the formation of
n-Ce and the susceptibility associated with anti-
ferromagnetic ordering of p-Ce is -3 times as
large as that observed for the originally pure y-Ce
sample.

In the next experiment a sample of p-Ce was
quenched to 4.2 K and then measurements were
made on the Foner magnetometer by allowing the
sample to reach thermal equilibrium as each data
point was taken upon warming. These measure-
ments show a sharp peak at 12.6 K in the suscepti-
bility which indicates antiferromagnetic ordering.
The results of all of these experiments are sum-
marized in Fig. 5 and the derived constants are
given in Table III. Within experimental error the
results obtained on Ce(l) with the Faraday mag-
netometer are the same a,s those obtained on Ce(3)
with the Foner magnetometer. As can be seen, the

60 -9.C

8.5

50 -8.o
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E~ 40—
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~30—
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ac SUSCEPTIBILITY

I I I I I I

50 IOO l50 200 250 300 350
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FIG. 5. Heciprocal of the magnetic susceptibility of
P-Ce [combined results obtained from sampl. es Ce(l), (2)
and (3)] taken by establishing thermal. equilibrium for
each data point (Foner and Faraday results). The ac
susceptibility data shown here are values averaged from
the rapidly cooled and warmed results. The insert shows
the details near the Neel. temperature.
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TABLE III. Summary of the magnetic-susceptibility measurements.

Polymorph

Effective Paramagnetic
Cerium moment Curie temp.
stock (pg) ('K) Remarks

Ce(1)
Ce(3)

2.62
2.60
2,57
2.49
2.52
2.41

44
—3S
-42
-38
—50

9

Faraday magnetometer
Foner magnetometer
Bates et &. (Bef. 12)
After 102 cycles —Lock (Bef. 13)
Colvin et aE. (Bef. 14)
Burr and Ehara (Bef. 15)

high-temperature (&50 K) data follow a linear re-
lationship on the X '-vs-T plot which shows that
p-Ce obeys Curie-Weiss law. The slope of the
Curie-Weiss relation indicates that p-Ce has an
effective moment, p, of 2.61',~ per atom which
compares favorably with the expected value of
g[J(8+1)j'~'=2.54'~ for the 'E, l~ level. The
theoretical value of p does not represent the true
value, however, since effects of the 'E,&, level
and temperature- independent paramagnetic con-
tributions are neglected, and these would all tend
to give a lower slope and a higher experimental
value of p.

These high-field and neutron-diffraction data
confirmed the magnetic ordering in p-Ce at 12.7
K in agreement with the earliex neutron diffrac-
tion' and susceptibility" measurements. In the
region between 12 and 15 K the measurements
were closely spaced in an effort to resolve the
two ordering temperatures observed in the heat-
capacity data for p-Ce. Two ordering tempera-
tures were not detectable. However, these order-
ing temperatures may be too close together to be
easily detected by Faraday or Foner measure-
ments. For example, if the two ordering temper-
atures of Nd were less than 3 K apart, they could
not be resolved by susceptibility measurements. "
Furthermore, the heat-capacity data which showed
the double peak character of the antiferromagnetic
transition differ from the Faraday and Foner mea-
surements in that the heat-capacity data were taken
in zero applied field. Hence a more thorough study
was undertaken at low applied magnetic fields and
these are described below.

P-Ce QUENCHED

E

I.2—

Cl

I.O-
LU

M

V)

H= 0 Oe
H= 67 Oe
H= 20l Oe—FONER, IOkOe

sitivity to small applied magnetic fields. As shown
in Fig. 6 a field as small as 201 Qe will depress
the susceptibility at the peak by several percent,
almost down to the Foner susceptibility values
measured at 10 kQe. This same behavior occurs
in all the samples we have measured and the re-
sults axe independent of magnetic field history.
If there are two different transformation temper-
atures as suggested by the specific-heat results,
then the effect of the higher temperature trans-

B. Low-field studies

The low-field differential susceptibility of p-Ce
near the magnetic ordering temperature is shown
in Fig. 6. The data, which were obtained on a
sample which was quenched to 4.2 K, are consis-
tent with the high-field results and also show only
one peak. Probably the most startling feature of
these ac susceptibility measuxements is the sen-

8

FIG. 6. ac susceptibility of p- Ce, Ce(3), near the mag-
netic ordering temperature as a function of field. Also
shown are the Foner susceptibility data measured at 10
koe.
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formation does not change the magnetic suscepti-
bility enough to be seen in these differential sus-
ceptibility measurements.

When the p-Ce sample was warmed above 20 K
the transformation to n-Ce is apparent in that the
susceptibility bridge becomes very noisy and the
magnitude of the susceptibility decreases. After
the p-Ce sample was annealed for three hours at
40 K the susceptibility had diminished by about
8%%up as shown by the open circles in Fig. 7. Fur
ther thermal treatments —annealing at 78 K for
5 h and at 300 K for 36 h—did not change the mag-
nitude of the peak, but did change its general
shape. In all three runs in which the sample was
annealed, the sample consisted of a mixture of m-

and p-Ce [probably (90-95}%%up p-Ce].

V. RESULTS: METALLOGRAPHIC STUDIES

The microstructure of one of the p-Ce samples
which had undergone a partial transformation to
a-Ce during a magnetic-susceptibility run was
examined. The sample was polished, anodized,
and observed under polarized light using the pro-
cedure of McHargue and Yakel' (Fig. 8). As is

FIG. 7. Effect of various annealing treatments on the
susceptibility of P-Ce, Ce(3). Only the "quenched"
sample was pure P-Ce, the other curves are for a sample
consisting of a mixture of n- and P-Ce phases (see text).

FIG. 8. Micrographs of a p-Ce sample which had

partly transformed to n-Ce between 15 and 50 K. The
arrows indicate two y-Ce regions which transformed
from e-Ce at-180 K and which under three different
orientations of polarized light remain constantly dark,
while the predominant P-Ce area exhibits varying light
intensity. The sample was anodized with KOH.

seen in Fig. 8 whole martensite plates of one par-
ticular orientation have transformed to e-Ce at
low temperature (15-50 K) and they transformed
to y-Ce upon warming (180-200 K}. In contrast,
the y-Ce phase in samples which have been ther-
mally cycled between room temperature and liquid-
helium temperature a few times exists as small
pockets between the p martensite plate —giving a
much different appearing microstructure (for ex
ample, see the photomicrographs given in Rashid
and Altstetter" or Koch and McHargue"). This
clearly indicates that in our earliest p-Ce mag-
netic susceptibility studies the e-Ce detected by
the e —y transformation during warming at 180-
200 K was not due to the presence of y-Ce, in our
initial specimen, but rather to the p -e transfor-
mation occurring below 90 K upon cooling.

Another experiment was carried out because of
the inconsistency between our earlier heat-capac-
ity results, which suggested that the heat-capacity
sample consisted of 99k P-Ce or better, and the
resistivity and magnetic-susceptibility data which
suggested that (5-10)%%up n-Ce forms in these sam-
ples. The heat-capacity sample was quite massive
(39.4 g) compared to the samples used in this
study (~0.6 g}. This suggested that n-Ce forms
near the surface of the sample and does not pene-
trate into the interior because of strains set up in
the material as P-Ce transforms to a-Ce. To
verify this hypothesis, a flat P-Ce plate (1.27 x 5
x 15 mm') was cooled down slowly in the same
manner as for a resistivity or susceptibility run.
After warming to room temperature the sample
was examined by x rays and determined to have
formed 8% n-Ce between 15 and 50 K. The sur-
face was slowly etched away in -0.1-mm steps and
x-ray patterns were taken after each reduction in
thickness. These results showed that the n-Ce
content, (8 +1)%, remained constant down to a



ELECTRICAL RESISTIVITY AND MAGNETIC. . 3003

depth of 0.2-0.3 mm. At depths below 0.3 mm no

detectable evidence was found for the formation
of n-Ce. Using these values (i.e. , 8' n-Ce is
formed in the outer 0.3-mm skin of a sample) we

calculated that 68 jo of the total volume of the P-Ce
sample used fox the Faraday study contained S%

o.-Ce while the remainder contained no a-Ce,
giving an overall composition of 5.5%%up n-Ce in this
sample. This agrees quite well with the bulk
magnetic-susceptibility data which indicated 6%
a-Ce was present in the sample used for a Fara-
day measurements.

VI. MSCUSSION

A. Electrical resistivity

The electrical resistivity of P-Ce is quite un-
usual in that it has a weak temperature dependence
at high temperatures and drops by an order of
magnitude below about 40 K. Furthermore, P-Ce
orders antiferromagnetically at -13 K, and this
ordering appears to have no large effect on the
resistivity near 13 K. For a simple ordinary anti-
ferromagnet one would expect the measured resis-
tivity p~ to be given by

pr = po+ pyh+ pm~~

where p, is the residual resistivity, p, „

the nor-
mal phonon contribution, and p the ordinary spin
disorder contribution. The latter term is propor-
tional to

recently been measured by Spedding and co-work-
ers." The resultant anomalous resistivity of
P-Ce (p„,= ps~, —p „,) is shown in Fig. 9 as the
curve labeled "dhcp La". The curves for p
which were obtained by using the observed p,„con-
tributions of hcp Y,"and hcp Lu,"are virtually
identical; the p, for either is labeled "Y" in
Fig. 9. Also shown in Fig. 9 are curves derived
from the p,„contributions of dhcp La as published
by Krizek" (labeled "Krizek La") and from the
Spedding et af." results for a La. sample (labeled
"Mixed La") containing 90%%uo P (fcc) and 10%%uq n
(dhcp). There are several important observations
to be made: (i) the low-temperature side of the
resistivity peak is relatively insensitive to the
choice of p,„;(ii) the resistivity peak shifts from
37 K to about 55 K depending on the choice of p,„;
and (iii) the high-temperature slope of p, is
approximately the same for dhcp La and Y, and it
is about the same for mixed La. and Krizek's La,
results. The curve labeled Y shown in Fig. 9 to
depict the Y and Lu cases is not the pxoper curve
for p„, since no correction was applied to ac-
count for their higher Debye temperature,
276 K,"and 196 K,"respectively, as compared
to 152 K for P-Ce. When this correction is made
the curve labeled "Y" shifts towards the "dhcp La"
curve.

The paper of Krizek" presented La data that
were presumed to be for the dhcp phase but de-
tails concerning the nature of the sample were
not included, and on the basis of the results of

or

p ~ S(S+1),
60

I I

depending on the form of the interaction Hamilto-
nian. From a plot of the known spin disorder val-
ues for the light lanthanide metals versus either
J(J+1) or S(S+1)we obtain a value of p, = 2 pQ
cm for P -Ce. Thus, the resistivity of P -Ce should
be similar to that of a nonmagnetic dhcp materia, l
such as n-La with the addition of a small 2-pQ
cm anomaly at the ordexing temperatures. Clear-
ly, the precipitous 60- p, Q cm anomaly observed
in P-Ce is unusual and requixes further considera-
tion.

40—
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8feI'tWN~l~Olt Of Panom

Since the resistivity anomaly in P-Ce is not a
simple spin disordex phenomenon, we must ex-
amine the anomalous xesistivity p, . In order
to determine p, the normal-resistivity contri-
butions, p, + p,„,must be removed from the total
resistivity. Kith some confidence we assume that

p
„

is the same as that of dhcp o. -La, which has

I I I I l l I

40 80 !20 I60 200 240 280 320
T(K)

FIG. 9. Anomalous part of the resistivity of P-Ce as
determined by subtracting the phonon and residual re-
sistivity from the measured P-Ce electrical resistivity.
The various curves are obtained by assuming different
values for the phonon contribution to the r esistivity, see
text for further discussion.
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Spedding and co-workers' it appears that the
Krizek La may have consisted of a mixture of P
and n phases. %'e conclude that the best curve of
p for P-Ce is derived from the dhcp La data
because they are isostructural and have the same
number of valence electrons (3), and they have
very similar properties except for those associ-
ated with the 4f electron of P-Ce.

A more serious problem in deriving p,~ is the
question of preferred orientation in these dhcp
metals, which undoubtedly have significantly dif-
ferent resistivities parallel and perpendicular to
the basal plane. An x-ray texture analysis was
made to determine whether or not preferred orien-
tation existed in these samples. Unfortunately the
large grain size of the samples does not permit
us to unequivocally state that there is no preferred
orientation in our samples. The x-ray pat-
terns suggest that if there is any preferred orien-
tation it is probably less than 10'. Neutron-dif-
fraction examination of several different P-Ce
samples also confirmed the absence of any gross
preferred orientation (& 10%).

2. Existing models

A resistance anomaly similar to that shown in
Fig. 9 for P-Ce has been found to occur in Np and
Pu,""'"and is generally attributed to the scatter-
ing of conduction electrons by spin fluctuations in
a narrow but delocalized 5f band. '"" In particu-
lar the band-spin-fluctuation model of Jullien
et a/. "has been shown to account rather nicely for
the resistivity behavior of these actinide metals
and some of their compounds. However, their
model requires a constant band susceptibility.
This term is not observed in the case of P-Ce,
which obeys the Curie-Weiss law, and thus, their
model is not applicable to P-Ce.

Several crystalline field (CF) theories have been
proposed to explain large changes of resistivity
in CeA1 "'"Cejl, "'"and" "Ce,~„AI,(M
= La, Y,Th). Fortunately, our inelastic-neutron-
scattering experiments at 77 and 298 K have per-
mitted us to determine the crystalline field split-
tings in P-Ce to be 98 and 113 K for the Ce ions
at the hexagonal sites and 206 K for the Ce ions at
the cubic sites. Furthermore our heat-capacity
results on P-Ce are consistent with these mea-
sured levels. "" Using these values for the CF
levels we have calculated CF resistivity as a func-
tion of temperature using the various CF theories
to see if they can explain the p curve shown in
Fig. 10. The calculation of Rao and Wallace" is
based on a first-order Born approximation and the
resultant CF resistivity versus temperature de-
pendence is similar to curve A shown in Fig. 10

60—
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FIG. 10. Calculated crystalline field resistivities
using the Kondo sideband model (Hefs. 28-30). Curve A
is calculated from the known crystall. ine field energy
levels assuming that J = 2 is the lowest doublet, J, =

~&

is the first excited doublet and J, =-2 is the highest dou-
blet. Similar curves are obtained for J, =)& z &~ and

J, =-,'&2&/. Curve B is obtained when J, =$«-,'&. The
curve labeled p», ~ is the same as that labeled "dhcp La"
in Fig. 9. The calculated curves were scaled such that
the calculated maxima are the same as that of p»,~.

with a plateau being reached at approximately the
temperature equivalent to the separation between
the ground level and the first excited state (i.e. ,
-100 K). Cornut and Coqblin" performed a third-
order perturbation calculation and the resultant
CF resistivity-versus-temperature curve shows a
rise from a nonzero value at 0 K to a peak at
-100 K (the separation between the ground and
first excited level). Maranzana and co-workers" "
carried out a second-order s fexchange calc-ula-
tion known as the "Kondo sideband" model. The
results of these calculations are shown in Fig. 10.
Thus it is seen that three CF models are not ca-
pable of explaining p for P-Ce for the known
CF level splitting because the calculated CF resis-
tivities show a maximum or the start of a plateau
region at about 100 K, which is more than twice
as high as the temperature of the observed peak.

3. Kondo mode1

Since the above mentioned models cannot account
for the large change in the resistivity of P-Ce, we
have analyzed p and found that the high-tem-
perature portion, above 40 K, could be fit to the
theory of Matho and Heal-Monod" for Kondo scat-
tering. It then occurred to us that this scattering
might be suppressed by the internal field associ-
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ated with magnetic ordering thus giving rise to the
observed resistivity drop. This problem has re-
cently been analyzed in more detail by Liu and co-
workers" who developed a model to explain the
observed temperature dependence of p, . They
concluded that P-Ce shows a Kondo resistivity
anomaly at T& 80 K. Below 80 K the resistivity
has a temperature dependence that is accounted
for by use of a mean-field calculation of the in-
ternal field in an antiferromagnet, and for T just
above T„-12.5 K by use of a two-spin cluster
model.

As a check on this interpretation, we performed
magnetoresistivity measurements" on P-Ce and a
negative magnetoresistivity typical of field sup-
pression of Kondo scattering was observed as ex-
pected.

In Fig. 11 we summarize the results of using the
model of Liu et al."to fit the four p curves
given in Fig. 9. The fit to the "dhcp La" curve is
very good and yielded reasonable fitting param-
eters as they have shown. Attempts to fit the
other curves of Fig. 9 have not been as convincing.
Fitting parameters required for the "Y" curve are
similar to those of "dhcp La" with a somewhat
larger overall resistivity and with a d fadmixin-g
interaction of 2I= 0.070 eV, which is twice as
large as that required for "dhcp La." The fit to
the curve labeled "Krizek La" also yields fitting
parameters which are reasonable (a smaller over-
all resistivity and 2I= 0.055 eV). All of the curves
are fit by the Liu et al. model with parameters that
vary within a factor of 2. Apparently the overall con-
clusions of this paper are relatively independent
of the specific choice of phonon resistivity. We
feel, however, that the use of dhcp La for p, „

is
the most appropriate choice.

As seen in Fig. 1, the electrical resistivity of
y-Ce above -100 K is still rather large and its
temperature variation is essentially parallel to
that of P-Ce. This suggests that y-Ce also exhibits
Kondo scattering which is destroyed when y-Ce
transforms to n-Ce.
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FIG. 11. Various curves for pggogg as fit by the model
of Liu et al. (Ref. 33). The values of the fitting param-
eters pp(1+alnTz), poa, and 2I are: for the dhcp La
curve —132.0pQ cm, 20.2p, Qcm, 0.034 eV; for the Y
curve —191pQ cm, 0.070 eV; and for the Krizek La
curve —105pQ cm, 12pQ cm, 0.055 eV. The solid or
dashed lines are the theoretical fits and the dots, crosses
and triangles are the experimental data taken from Fig.
9. The curve labeled "dhcp La" is felt to be the correct
choice for panom

B. Magnetic susceptibility

The high-f ield magnetic susceptibility behavior of
p- Ce is simple and completely expected. The low-
field studies, however, are interesting andunusual
in that the susceptibility near the Neel temperature
is very sensitive to the applied field (see Fig. 6).
Similar behaviors are observed in o-Nd, "and
O. -Sm,"except these effects are seen at much
higher fields. In the absence of single crystal
measurements, especially neutron scattering ex-
periments, there is little one can say about the
field dependence of the magnetic moments on the

TABLE IV. Summary of some magnetic properties of P —Ce, &- Nd, and n- Sm.

Metal Structure

Neel temperatures (K)
Lower Upper
(cubic) (hex)

Spin-fl ip
field of

cubic s i tes
(kOe) Ref.

P —Ce
u- Nd

a —Sm
u- Sm

dhcp
dhcp
n- Sm
e —Sm a

12.45
7.5

14
15

13.7
19.2

109
106

1.25
11.7
95
91

35
265

3
35
36
37

A nine layer hexagonal structure (66.7' hcp-33. 3@ fcc).



3006 P. BURGARDT et al.

various sites in P-Ce. One would expect these
behaviors to be complex, similar to that observed
in Nd, "and Sm. '6 The order of magnitude change
in the difference between the ordering tempera-
tures of the cubic and hexagonal sites, Table IV,

as one proceeds from Ce to Nd to Sm suggests
that the difference in the exchange field and in the
magnetocrystalline anisotropy associated with two
sites decreases with decreasing atomic number
and that it is almost zero in P-ce.
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