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 LOW-TEMPERATURE HEAT CAPACITY OF o- AND B-CERIUM*

(g
. )‘ M. M.'Cdnway'and Norman E. Phillips :
\
Inorganic Materials Research Division
of the Lawrence Berkeley Laboratory -

~and Department of Chemistry, .
.- University of California, Berkeley, California 94720

Bofh the-B ;ﬁdfthe'd_pﬁases of Cé are present in samples of the métal
at low temperaﬁures; ,The'3'§hasevis essehtially t;ivalent, and has one
localized 4f>eiéthon; iThe o phase haé a'yalencé intérmediéte between
3 and 4. _Tﬁe foﬁfth elégtron is no loﬁger in'a well locélized 4f state,
nor is it fﬁlly promo;éd into the conduction band. The valence usually
assignedz,tO'the a_pbase is,3.6.

We have measurea ﬁhe heat capacities of mixed-phase sampleé»of differ-
enﬁ compositionsvénd hAVe estrapolated tﬁe data to the pure phases using
the ﬁagnetié orde;ing anomaly'in the B ﬁhase as a measure of the composi-
tion;' The étandard.techni4ue of thermél cycling was.ﬁsed to increase tﬁe
mole fraction of‘the S ph;sé, xB, and measuremen#s were obtained on sample$“

. . whose xsvranggd fr6¢:Q,3 to-0.8}_ The heat capaéity oﬁsexved in expérimgnt

i can be represénted by”Ci(T) = XBiCé tT) + (1 _;XB;) ca(i), ‘whereFCB and

-_Ca arerﬁhe'heat capacitigs of_the'p@re B and pure d‘phases. ,(ThjsAequatioﬁ’
neglects the small,vXB.independant peaks,in the héat;cgpacipy ﬁear 0.15? |

0.9, and 6 K. These peaks are sample dependent and probably are impdrity ’



related.. They'dO'noﬁ siénificantly'interfere with the determination of
xB.) Ca can betextfapolated from the mixed phase dataithrough a series
of g;ials in which différeﬁt ratios of XBi's‘are assigned to the observed
Ci's. The correét ratio gives a Ca which varies Smoothly through the
12.5 K region of the B phase's anti-ferromagnetic ordéring peak. This

Ca agrees with the Ca measufed by Panousis and :C;schrieidner3 at.low tem-
peratures. Above approximately 6 K, their sample has an anomalouély high
heat capacity'which'cannot be ascribed entirely to the approximately 3%

B phase present. Panousis and Gschneidner have also reported the heat

capacity of a sample for which XB was measured dilatometrically4 to be

_'s-of other experiments

0.91 * 0.05. From this C, and from C_ the X
i~ o Bi |

and C., can be determined.

B _
The value of ¥, 22AmJ/mole‘K2, - obtained for o Ce is appreciably
higher than expected for a metal with a purely s-d conduction band and

a valence of 3.6. The excegs is attributable to the presence of the 4f

electron in a state which overlaps the Fetmi surface, and is of the order

of magnitude predicted by the virtual bound state model.'5 By 10 kbar, /

Y has aecreased6 to 11.3 mJ/mole'Kz. This»decrease reflects the increase
in energ}.of the £ sta;e.relative to the Fermi surface.:

The eo of o Ce is approximately 125 K, lower thén the estimated 150 K
8, of B Ce,7 in spite‘of thé 17% greater_density8 and the higher valence
of a Ce. |

At low temperatures the heat capacity of B Ce can be represented by

CB =54 T+ 5.6 T3 mJ/mole-K and is field independent to at lcast 60 koe.

-
L
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The T3 term is anvordér of hagnitude higher<tﬁan exﬁected for the 1atticé.
heatlcapacity; It is consistent with a spin wavé heatVCapacity in the
absence of an anlsotropy field, but in that case it should be substantially
reduced by a 60 kOe external field. The 1inear term is unusually high and
is 5 times higher than would be expected for B Ce on the bésis of its
similarity to La. Lafge linear tefms occur for other magnetié rare eérths
at low températures_but'ét room temperature the.lineaf terms alllhave the
lower values found in nonﬁagnétic rare earths, as shown ih table 1._ These
facts suggest the importance of a temperature‘dependenﬁ magnetic enhance-
ment of tﬁe electronic’heétcapacity.

The entropy associated with the 12.5 K antifertomaguetic ordering peak
of B Ce is approximately 1/2 R lné; indicating that only half of the |
localized 4f electréng.order’at that temperature. . Beté Cé has a double
hexagonal cioée.packéd sfructure, with half of the atoms in a cubic and
half in a hexagonal environment, and it is not sufpriéing that atoms on
different siteé‘do not_qrde: at the saﬁe_temperature. The neighboring
rare earths Pr and Nd_aléovhaVe this strpgturé.‘ Tﬁe.hexagonal sites of
Ndlo order at 19 K aud_the cubié,ones.at 7.5 K. Only fhe hekagdnal sifes
- of Pr order*l at 25 K. Judging_from the trend in-transition temperatﬁres,

it is the cubic sites which order in B Ce at 12.5 K.



REFERENCES

. _ . | |
Work supported by U. S. Atomic Energy Commission.

1.

10.

11,

12.

M. R, MacPheisoh, G. E. Everett, D. Wohlleben, and M. B. Maple,
ths. Rév. Letters gg, 20 (1971).

K. A.‘Cschneidner, Jr., and R. Smoluckowski, J. Less-Common Métals
5, 374 (1963). |

N. T. Panousis énd’K. A. Gshhneidner, Jr.;'Soiid State Comm. 8, 1779

(1970).

'N. T. Panousis and K. A. Gschneidner,ﬂJr., Phys. Rev. B 5, 4767

(1972).

B. Cogblin and A. Blandin, Advan. Phys. 17, 281 (1968).

'N. E. Phillips, J. C. Ho, and T. F. Smith, Phys. Letters A27, 49

(1968).

D. H. Parkinson;‘F. E. %}mon, And F. H. Spedding, Proc. Roy. Soc.

(London) A 207, 137 (1951).

K. A. Gschneidner, Jr., R. O. Elliott, and R. R. McDonald, J. Phys.

Chem. Solids 23, 1191 (1962).

0. V.rLounasmaa, Phys. Rev. 133, A 502 (1964).

0. V. Lounasmaa and L. J. Sundstrom, Phys. Rev;'158; 591 (1967).
T. Johansson, B. Zebech, M. Nielsen, H. B. Mfller, and A. R. Mackin-
tosh, Phys. Rev. Letters 25, 524 (1970).

K. A. Gschneidner, Jr., Rare Earth Research III, L. Eyring, ed.

(Gordon and-Breach, N. Y., 1965), p. 153.



¢

13.

14,

15.

16.

17.

J. A..Mdrriébn and D. M. T.vNewéham, J. Phys. C 1, 370 (1968).
D. i; Johhsonvaﬁd D. K. Finnemore, Phys. Rev..;§§; 376 (1967).
B. Dreyfus, J.-C. Michei, and D. Théulouze, Phys. Letters 24A, 457
(1967). - |

-«

R. D. Parks, Proc. IInd Conf. Rare Earth Research, J. F. Nachman

‘and C. E. Lundin, eds., (Gordon and Breach, N. J., 1962), p. 225.

W. C. Koehler, J. Appl. Phys. 36, 1078 (1965).



Figure 1

Figure 2

Figure 3

FIGURE CAPTIONS

‘The low temperature heat capacity of Ce.

- The high temperature heat capacity of Ce.

The effect of a 60 kOe field on the 1owvtemperature heat
capacity of Ce. The LU and RC samples are from diffefent .

supplifers.
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La
Ce
Pr
Nd

Sm .

Eu
Gd
Tb

~ Ho

Er
Tm
Yb
Lu

TABLE 1

Earths

Properties of the Rare

. .apparent

Y00 'Yod INi
(mJ/mole K) (mJ/mole,K) (xX)
9.4° —
7.5% s4f 7, 12.5
7.3 26.2 25, ——
8.6 58 20, 7.5
1.5 12.4 14.8
2 37 121 90
9.2 . (11)8 292
12.2 10.4 229
9.1 °  17.9 178.5
7.9 . 50 132
1.8 .1 85
7.2 - 22.3 51-60
a 2.9 | e—-
' ' 11.3 ¢ —

divalent; the rest are trivalent

reference 12

fec Y phasé

reference 13 excepf as noted
reference 14, dhcp pﬁase :
present'work, dhcp B phasé
reference 15, not recalculated.
rcferencev16, not.fecalculated.

reference.l7

low temperature

‘magnetic structure

" none

complex antiferromagnetic
complex antiferromagnetic

complex antiferromagnetic

complex antiferromagnetic

complex antiferromagnetic
simple ferromagnetic
simple ferromagnetic
simple ferromagnetic

conical ferromagnetic

conical ferromagnetic

" complex ferrimagnetic

‘none

none
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