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Thermoelectric power of cerium at high pressures
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Abstract, The electronic phase transition in cerium occurring near 7 kbar pressure
at room temperature which is attributed to the 4f-5d electron promotion has been
studied using thermoelectric pcwer as a tool. The important results that have
emerged out of this work are: (a) the relatively large variation in the absolute
thermoelectric power of y-cerium (normal fcc phase) with pressure prior to the phase
transition (in contrast to the rather small resistivity change with pressure in this region);
(b) a sharp decrease in the thermoelectric power accompanying the iso-structural
y-a phase transition; and (c) the continuous decrease in the thermoelectric power
of a-cerium (collapsed fcc phase) with pressure, ultimately changing sign at higher
pressures. An explanation based on the “ virtual bound state ” model is proposed
to account for these results.
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1. Introduction

The phase diagram of cerium is presented in figure 1 (Jayaraman 1965). At room
temperature and atmospheric pressure, a well-annealed sample of cerium has the
fec structure (y-phase) whereas a cold worked specimen is a mixture of the
y-phase and the S-phase which has a double hexagonal close packed structure. How-
ever, in this work we will be mainly interested in the pressure behaviour of the
y-phase. Lawson and Tang (1949) from their high pressure x-ray diffraction work
established that the phase transformation near 7 kbar pressure at room tempera-
ture involves only a decrease in the lattice parameter without any change in sym-
metry. That the iso-structural y-o transition is associated with the 4f-5d electron
promotion was suggested by Zachariasen (quoted by Lawson and Tang 1949)
and independently by Pauling (quoted by Schuch and Sturdivant 1950).

The y-phase is paramagnetic with the Ce®t ion cores carrying a magnetic moment
corresponding to a total angular momentum of J = 5/2. The a-phase is assumed
to comprise of Ce** ion cores with four conduction electrons per atom. Hall
effect measurements on the ¥ and o phases (Gschneidner and Smoluchowski 1963)
support the view that there is a definite chan'ge in the valency accompanying the
transition. The a-phase is non-magnetic as the delocalisation of 4f electrons
destroys the magnetic moment of the ion cores. This has been confirmed
from neutron diffraction studies by Wilkinson ez al (1961).

An extremely interesting feature of the cerium phase diagram (figure 1) is the
termination of the y-a phase boundary at a critical poirt. Beecroft and Swenson
(1960) from their measurements on the lattice parameter decrease al various tempe-
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On the theoretical side Blandin et al (1965) have di.&;f;‘uss'cd Lhc. Pr;)ahlc;“it nf ::t
stability of the magnetic moments at high pressurcs. lhgxr theory nned ol t‘-’
wyirtual bound state ** model of Friedel (1956) or the equivilent * lzuu;z}lmc}i FIR RS
netic states > description of Anderson (1961) could account lor the autnt tmtmc:
of the phase transition. Ramilez and Falicov (1971) have proposed an alternatine
mechanism wherein the Coulomb repulsion between the localised 4t clectron. wexid
the conduction electrons derived from the 6s-5d band is taken to be the drivine
force for the phase transition. Recently Alascio efal (1973) have cxtcnd.cd _t!sa:
Ramirez-Falicov theory to include the effects associated with the hybridizution
of the localized 4f states with the conduction band. Their model could account
for the Curie behaviour observed in the y-phase and also for the magnitudes 1

the electronic specific heat, magnetic susceptibility and fractional valency ot the
a-phase.

The object of this paper is to report some new data on the variation of the abso-
lute thermoelectric power of cerium with pressure. We present here our experi-
mental results up to 20 kbar pressure in the temperature range 20 100° . 1t

is shown that these results can be accounted on the basis of the * virtual bound
state” model of Friedel (1956).

2. Experimental

A teflon cell technique for the measurement of the

) absolute thermoclectric  power
of solid

and liquid metals in the temperature range 0-250° C and up to 40 kbar

pressure has been developed by Reshamwala and Ramesh (1974).
features of this technique are ‘

sample, (b) creation of a stea
sample, and (c) easy adapta

The main
(@) generation of truly hydrostatic pressurc on the
dy temperature gradient along the length of the
bility to solid or liquid metals.

Efigz:ure 2 presents the geomets
experiment. The specimen in ba
4nd the assembly is inserted int
The teflon cell container, when

y of the thermo-power cell used in the present
t form was pierced into the centre of a teflon disc
0a t'eﬁon cell container filled with silicone fluid.
used in conjunction with a piston cylinder device,
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Figure 2. High pressure thermo-powecr cell (Resham-
wala and Ramesh 1974).

acts as a pressure chamber where pressure is generated in sitrz by the advancing
piston. The teflon disc effectively partitions the pressure chamber for the purpose
of establishing a steady temperature gradient along thesample length by mini-
mising convection mixing of the silicone fluid. The two compartments of the
teflor cell container were heated differentially by two heaters of different recis-
tances connected in parallel. It is also possible to operate the two heaters indepen-
dently if required. This design cf the thermo-power cell allows one to maintain
temperature gradients from 0-5° to 10° C along the length of the specimen. Two
sets of thermocouple probes, namely chromel-alumel and molybdenum-tungsten
wires, were used in the preseant experiment. The thermocouple wires were either
spot welded or ctimpled on to the sample. These wires are taken out from the
high pressure to the atmospheric pressure region using a procedure described by
Jayaraman et al (1967).

The experimental method of measuring the thermo-power at high pressures
has been discussed earlier (Reshamwala and Ramesh 1974). Briefly, the method
consists in measuring the Seebeck e.m.f. AE developed in a thermocouple circuit
consisting of the specimen and one of the thermocouple probes, say chromel, when
a temperatute gradient A 7 is maintained between the ends of the specimen. The



————ER

174 7 G Ramesh, A S Reshamwala and S Ramaseshan
absolute thermo-power of cerium, O, is given by the relation

Qchromel - chrium = AE/AT (1)
The temperature difference A 7 can be measured accurately using the relation

AT — AEchromel—cerium - AEAlumol—cerium

Qchrom el QA] umel

(2)

The pressure effect on the chromel-alumel thermocouple is small (Bundy 1961)
and hence is not corrected fcr in this work. However the effect of pressure on
molybdenum-tungsten couple is considerable and has been taken into account
using the data of Reshamwala and Ramesh (1974).

The thermoelectric veltages given in equations (1) and (2) were measured using
a dc nanovoltmeter (Keithley Instruments Model 140). The measurements were
taken under iscbaric conditions at various temperatures of the specimen. The
cerium metal used in these experiments was of high purity obtained from Research
Chemicals, Inc (USA). In view of the possibility of both the y (foc) and £ (dhcp)
phases being present, the structure of the starting material was checked.

X-ray diffractometer record confirmed that the starting material was completely
y-phase (fco).

3. Results

Figure 3 presents the therme-power variation with temperature at various pres-
sures. The data points on these graphs were obtained using two different thermo-
couple probes, namely, chromel-alumel and molybdenum-tungsten wires. The
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experimental results in the a-phase region and at high pressures were derived mostly
using the Mo — W thermocouple. This was necessitated by the much smaller
magnitude of Qg (~ 0-5uV/°C) as compared with either Qyome (~ + 22 pV/°C)
or Quumea (~ — 18 uV/°C). In the y-phase region, (dQ/dT), is negative and its
magnitude becomes larger at higher pressures. It is interesting that in the a-phase,
(dQ/dT)p changes sign. Further Q., also changes sign from positive to negative
values at lower temperatures.

Figure 4 shows the behaviour of the thermoelectric power of cerium as a func-
tion of pressure at constant mean temperature of 30°C. The salient features of
the experimental curve are briefly summarised below:

(i) In the y-phase region, the pressure variation of the thermoelectric power
is rather large leading to a cusp-like behaviour prior to the phase transition. This
remarkable variation in the thermoelectric power from nearly 7 pV/°C at atmospheric
pressure to about 20 xV/° C neat the phase transition is in sharp contrast with the
resistivity variation in the same region (Jayaraman 1965).

(i) The first order y-a phase transition associated with the delocalisation of 4f
electrons manifests as a sharp decrease in the magnitude of the thermoelectric
power of cerium.

(iii) In the a-phase region, there is a continuous decrease in the magnitude of
the thermoelectric power with pressure leading to a change of sign at higher pres-
sures. The pressure coefficient of thermoelectric power in this region is of the order
of — (0-27)wV/° C kbar. The inset in figure 4 containing the pressure behaviour
in the a-phase suggests that near 40 kbar pressure the value for @, would be of
the order of —1pV/°C at 30°C,
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4. Discussion

The electron diffusion thermoeclectric power is given, quite peneiaiic, Tt
expression (McDonald 1962)

w227 d - d . d , ]J A

Q=—--———~3e [aﬁlog;z (E) -+ dElug,v (F)Y | d!-.’h"l“'” - . 1}y

Here e is the absolute magnitude of the clementury charge. #0487} and 2l 1 sopre ony
the relaxation time and the density of states eviduated ot enerys [0orogws T

The pressure behaviour of the thermoelestric power of cerium metal v fa b
stood on the basis of the Friedel-Anderson model (Fricdel 1956, Amder. o il
for localised magnetic states in metals. According to the mosdel denctioad e
y-cerium, the six-fold degenerate 4f level (/' §/2) is plit by the b ey
Coulomb interaction and exchange such that one state fies boelow aond 0ot
five are above the Fermi level. The cffect of pressure is to mone the hwvr sl
4f level towards the Fermi level and at the y-« phase transition, thoo bewes
abruptly to a position above the Fermi level. Thus in the a-phueae all the o
levels of the J = 5/2 state are above the Fermi level.

Ty

The thermoelectric power of p-cerium cven at atmospheric presconre v re 4oeh
large and positive of the order of - 7 uV/° C as compared with the sodue ®oa the
other rare earth metals which is of the order of - 2uV/ ' ut MHIK {Han .
1961): This, we believe, is related to the proximity of the Jf state relate b tie
Fermi energy. The existence of a resonant state overlapping with the vord g
banq and lying just below the Fermi level has the eficct of contributinny an g
dens1ty‘ of states at the Fermi level in addition to the regular band stroctore o e e
ted with the 6s-5d band. This extra density of states [actor in piven b the
expression (Blandin et al 1965) '

1 A

E) ==
:Vnk;?;:e fe;zﬁfese?t; the width of the virtual level and F, corresponds to the s onaot-
(3) and (4) thgﬂ}; ghet §4f'state lying below the Fermi level. 1tis clear from Gy Ly

e a virtual 4f level malces a contribution to the thermoclectric o vl
which is proportional to [Q_&(_@ J
dE g,
where
[S‘ﬁz@} __ 2 A(E—E,
dE g - mmijg £t

The level width A 1s extremel

around 10~ eV (Euber o y small and is estimated from v

d Maple 1970). artous studied o e
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We note here that Q' is very sensitive to the position of the 4f state relative to the
Fermi level and can even change sign. For E, — E; ~0:2eV and n(E)~2
states/eV per atom, one gets Q' ~ +4uV/°C. When E, — E, ~0-1 eV, the
magnitude of Q' is large of the order of 4 20 uV/° C.

The pressure variation of the thermoelectric power of y-cerium with regard to
both magpitude and sign finds an explanation on the basis of the relation (7). In
the entire y-phase region of the phase diagram (figure 1), (E, — £;) is positive so
that Q' is positive and its magnitude becomes large with increasing pressure. The
contribution to the thermoelectric power from the regular band structure of the
6s-3d band can be either positive or negative depending on the energy dependence
of the electron relaxation time and the normal density of states at the Fermi level.
We assume that as far as the pressure variation is concerned, the major contri-
bution to the thermoelectric power comes {rom the Q' term. Due to lack of ex-
perimental data on the variation of the parameter (E, — E;) with pressure, it is
not possible to makea quantitative prediction of the thermoelectric behaviour
of cerium under pressure. However, the large variation observed in the thermo-
power of y-cerium especially as the transition pressure is approached can be under-
stood as arising due to the increasing contribution of Q' towards the thermo-

electric power.

The drastic decrease in the thermo-power accompanying the phase transition
at 7 kbar pressure is mainly due to the delocalisation of the 4f electrons resulting
in an enhancement of the conduction electron concentration. According to Thom-
son’s point of view (McDonald 1962), the thermoelectric power can be thought of,
crudely, as the electronic specific heal per conduction electron. Although the
electronic specific heat constant in the a-phase is large due to the enhanced density
of states at the Fermi level (Gschneidner 1965) this effect is masked by the additional
contribution of nearly an electron per Ce atom to the conduction band.

The progressive decrease in the magnitude of Q., with pressure in the a-phase
region can be explained by assuming that all the six sublevels of thedf state,
although they are located above the Fermi level, can still influence the transport
properties. Based on a considerable amount of experimental evidence like the Hall
effect measurements on y and a-cerium (Gschneidner 1965) and the magnetic sus-
ceptibility measurements at high pressures (MacPherson ez al 1971), a view that o-
cerium is not really a four-valent metal has emerged. It is estimated that, on the
ayerage, about 0-3 electrons per Ce atom retain f characterin the a-phase close to
the phase transition. The effect of increasing pressureis to reduce this f character so
that only near 40-50 kbar region cerium can be considered to be a true four-valent
metal. We propose that the progressive decrease in the thermcelectric power of
a~cetium leading to a change of sign near 20 kbar pressure as additional evidence
in support of the fractional valency model for a-cerium described above. It
may also be noted that in the entire a-phase region the contribution Q' is negative
and accounts, qualitatively, for the change of sign in the thermo-power observed
near 20 kbar pressure.

5. Conclusions

The thermoelectric behaviour of cerium metal has been studied in the temperature
range 20-100°C and up to 25 kbar pressure, The main features of the experi-
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mental thermoelectric power versus pressure graph have been qualitatively

explained on the basis of the Friedel-Anderson model developed for cerium. The
experimental results presented in this paper correspond to the first order y-o phase
transition. On the basis of the theoretical model, it appears that above the cri-
tical point where the position of the 4f level can be varied continuously as a func-

tion of lattice parameter, measurement of the thermoelectric power would be of
great interest.
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