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/ ABSTRACT 

The electronic structure of cerium ions in cerium metal has been 

investigated via time-differential perturbed angular distribution (TDPAD) 

measurements of the paramagnetic enhancement factor at several temperatures 

and zero pressure. A considerable reduction of the paramagnetic enhancement 

in ^-cerium was observed in comparison to systems where Ce is believed to be 

in the trivalent state, indicating the 4f electron to be partially 

delocalized. The results are discussed in the framework of a valence 

fluctuation model. 
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The element cerium has a unique variety of temperature and pressure 

dependent phases [1]. As the second member of the rare earths, cerium Tnetal has 

properties which are predominantly governed by the ftrst electron of the 4f 

shell and it is believed that the degree of its localization at the eerjum 

ion' affects the various crystal structures. In particular, the isomorphic 

Y-a-phase transition, the nature of which is still highly controversial, 

reflects the important role of the 4f electrons (see ro/.l for a 

comprehensive review). In promotional models a 4f electron is assumed to be 

bound to the cerium ion in the y-phase and to be partially promoted to the 3d 

conduction band in a-cerium. Such models require the tf level to be close to 

the Fermi level. Other models in which the phase transition has a different 

nature assume the tf level to be much below (»2eV) the Fermi level and the tf 

electron to be well localized. Conflicting experimental reports on the 

energy of the If level make evaluation of the different models difficult. 

A microscopic study of the tf electron wave function in the different cerium 

phases via the respective Integral or intermediate valences (IV) [2] is, 

therefore, strongly called for. 

We have measured the local magnetic field B f at the Ce nuclei sites in 

cerium metal in the presence of an external magnetic field 3 via the 

time-differential perturbed angular distribution (TDPAD) method. Excited 

isomeric cerium nuclei, having a known magnetic moment, precess about the 

magnetic field with the [.armor frequency 

<"L.(T) " - """ gtt "N S<T) B e x t 
(1) 
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. where S(T)B = B e f f % is the nuclear g-factor, and UM is the nuclear 

magneton. The temperature dependent paramagnetic enhancement factor B(T) 

reflects directly the influence of the local moment of the 4f electron on the 

cerium nucleus [33: (8(T)-1) is the time average of the hyperfine field at 

the nuclear site. In the case of tetravalent Ce, there is no local moment 

and B„(T)=1; for trivalent Ce ions, 6,(T) has been calculated [3], and • 

measured in several cases [4,5]. A determination of 6<T) can therefore serve 

to investigate the degree of localization of the tf electron. The present 

method has recently been applied to the dilute cerium in thorium system 

(CeTh). which is an IV system and 3trongly reduced 8(T) values were indeed 

found as compared to 6,(T) [6]. 

The 10* isomer in * Ce [7] (T1 ._=308(5) ns) was populated and recoil 

122 16 
Implanted into a Ce sample by the SnC 0,4n) reaction. Beam bursts at a 

repetition time of 2.1 us were provided by the. 14UD Pelletron accelerator at 

122 2 

Rehovot. The Sn target foil of 1.3 mg/cm thickness was attached to the 

pure (99.95S, as quoted by Goodfellow Metals) cerium sample which was mounted 

on the cold finger of a continuous flow cryostat suitable for in-beam 

measurements [8]. An appropriate target handling procedure ensured no 

oxidation of the sample before the cryostat was mounted on the beam line with 

a vacuum of 10" Torr. 

Gamma rays deexciting the isomeric nuclear state were detected by two 

Ge(Li) spectrometers positioned at +45° to the beam direction. An external 

magnetic field of 18.8(1) kG was applied, resulting in time dependent 

modulation of the gamma ray intensity, as is best seen by constructing the 

ratio function 

RCt) = [Yl(45
0)-I2(-45

0)]/CY1(lt5°)+Y2(-45
0)] (2) 
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where Y,(8) are the normalized and background subtracted time spectra of the 

respective counters. The ratio functions were fitted to the expression [9] 

3A -X t 

R<t) = 4^4 cos (2(8-uiLt)) e
 c (3) 

where to, is the Larmor frequency Ceq.1) and A, is proportional to the initial 

nuclear alignnent. ^, is a nuclear spin relaxation parameter, reflecting the 

loss of jmolear alignment mainly due to paramagnetic relaxation [10]. An 

example of such a spin rotation pattern (data eq.2 and fit eq.3) is shown in 

Fig.1. In Fig.2 the temperature dependence of g„ 6(T) (eq.1) is plotted. 

We began measurements at room temperature and decreased the temperature 

consecutively with each measurement down to 10 K. Then the temperature was 

raised to 340 K and decreased again. The measurements for the first and 

second cycles appear separately in Fig.2 and no differences were found in 

amplitude, relaxation or frequency. Both amplitudes (Aj^O.10(2)) and 

relaxation times (A~ =1.2(3)x10 s) were nearly constant ?from 340 K to 105 K, 

but were reduced at 95 K and further at 77 K. A vanishing amplitude was 

found at 40 K and at 10 K, at which temperatures the transition to the 

a-phase was complete , and after heating to 123 K, where the sample was still 

in the a-phase due to hysteresis. The absence of observed nuclear alignment 

in the collapsed a-phase might be due to strong perturbations from radiation 

damage or to a non-substitutlonal lattice site. We were able to pursue the 

measurements below the y-a transition temperature, 100 K, due to the y-phase 

(and small B-phase, see below) remainders at 95 X. and at 77 K. 

For the first two temperature cycles the fraction of g-cerium i3 known 

to be small [1]. In order to investigate the effect of that fraction on our 
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results we cycled the temperature between 300 K and 70 K 11 additional times 

after which about 50% of the y-phase should have been converted to 

8-cerium [1] and we measured again at 123 K. No deviation in frequency and 

hence in paramagnetic enhancement was found but a slight decrease in 

amplitude and increase in damping were observed, explainable by electric 

quadrupole interaction originating from the dhcp structure of 6-cerium. We 

conclude that the magnetic properties of the B-phase are similar to those of 

the Y-phase (in agreement with susceptibility measurements [1]). Thus, the 

fact that at lower temperature our sample contained some S-cerium does not 

affect our conclusions for Y-ceriun. 

In order to extract improved g(T) values <eq.1) we measured the 

gH-factor of Ce(10+) with higher accuracy than previously [7] by TDPAD of 

13J*Ce in Pb; using B(300)s1.40(2) from ref.5, we obtain a value of 

gN=-0.179(5) (see Fig.2) in agreement with ref.7 but with a smaller error. 

The paramagnetic enhancement factor is deduced as C3] 

S(T) = UgJyB(J+1)B(o)/3kBT («) 

where g, is the g-factor of the ionic J-state; B(o) denotes the hyperfine 

field at the nuclear site at 0 K; p„ is Bohr's magneton. For Ce : 61,(T) = 1; 

for Ce3+ J=5/2, gj=6/7 and eq.(4) becomes B,(T)=1+uBB,(o)/kBT. Both case3 

4+ 
are indicated by dashed lines in Fig.2. Mo case of Ce is known experimentally 

but several systems where the experimental values closely follow the Curie 

law for 8j(T) have been studied [5]. 

The most important result of our measurements for Y-cerium i3 the 

substantial deviation of the measured values from the 6, line. A fit of the 
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data to a simple T~ Curie law (eq..H) obviously fails. JV fit to a Curie-Weiss 

law, g(T) = 1+UgB(o)/kB(T-9), yields the solid line in Fig.2. The value 

B(o)=1.8 MG [4] is well reproduced, but a value of 9=-107(25) K found from 

the fit indicates a substantial deviation from bulk susceptibility 

measurements, where 9=-9 and -50 K were reported for y-cerium [1]. It is 

interesting to note that our value for 9 coincides with the y-a-transition 

temperature; a similar observation was made by the authors of ref.11 for a 

Ca0.7U Th0.26 alloy-

The introduction of the paramagnetic temperature 9 accounts for 

deviations from the Curie law arising from crystal field effects and 

interactions between 4f electrons and the electrons in the (5d6s) band. 

Crystal field excitations are not present in y-cerium [11] and were found to 

be absent in many Ce based systems other than CeLaTh [12]. It is likely that 

the reduction in paramagnetic enhancement in y-cerium i3 due to thermally 

driven population of nonmagnetic levels. We therefore discuss our results in 

the light of a valence fluctuation model which has been developed during 

recent years [13,1*] and has been applied to susceptibility 

measurements [131, isomer shifts [15], and most recently to paramagnetic 

enhancement in the CeTh-system [5]. Following the procedure of ref.6 the 

paramagnetic enhancement factor is given by (g' = g-1) 

6'(T) = P3(T«) g^(T») (5) 

with Pj(T«) s 6[S+exp(Ex/T»)]"
1 and T*= /T^vrJ. The model uses the 

parameters E , the excitation energy between the magnetic and nonmagnetic 

level, and Tf, the charge fluctuation temperature. Fitting equation (55 to 
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the data yields the dotted line in Fig.2 with E^s-ISCS) meV and Tf=120(40)K. 

Our present analysis had to he made with constant E and T. since their 

possible temperature dependence [16] is unknown; including a temperature 

dependence could improve the fit in Fig.2. 

With the present model the valence is given by V(T)=4-P,(T»), the 

negative excitation energy E leading to a valence between 4 and 3.14 in the 

temperature range of Q-°°K. He deduce the valence for Y-Ce as 3.34 and 3.22 

at T=100 and 300 K, respectively. For comparison, from lattice constant 

measurements the valence is deduced to be V(300)=3.13 [17]. 

The value T.=120(40)K corresponds to a charge fluctuation energy of 

2.5(8)THz. From inelastic neutron scattering experiments a 3pin relaxation 

energy V of 4.0(5)THz is found for Y-Ce [11]. A higher value for T} is 

derived from the nuclear spin relaxation rata (eq.5), assuming the nuclear 

relaxation to result mainly from the hyperfine coupling to the fluctuating 

local moment [10], 

Tj = 2(J+1)J-1CuNgNB(o)/h)
2X^1 (6) 

With a typical A, value of 1,2(31x10 s, which we observed for Ce ions in 

Y-cerium,we obtain r,=8(2)THz. For a valence fluctuation system, eq.(6) 

is not strictly correct since the ion spends some time in the 4f° state with 

no local moment, nevertheless, we point out that spin fluctuations seem to 

be faster than charge fluctuations in Y-cerium. 

Conflicting reports have been published concerning the location of the 

4f electron level. Some authors place the 4f level about 2 eV below the 

Fermi level Ef [18], others place it near Ef [19]. An alternative 
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description of Y-Ce is due to Martin [20]. He has suggested reoently, based 

on the Luttinger sum rule, that an f-llke narrow resonance Is formed at the 

Fermi level in addition to the Uf state. The significant reduction in 

paramagnetic enhancement in Y-cerium is evidence for a partial derealization 

of the 4f electrons, in opposition to the assignment of a strongly bound 4f 

level, .'n particular, the interpretation within a valence fluctuation 

picture requires the magnetic level to be in the proximity of the Fermi 

level. In the model of ref. 20, the reduction in paramagnetism could arise, 

even assuming that the resonance preserves the If local moment, from valence 

fluctuations between the resonance and the 3d conduction band. 
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Figure Captions 

Fig. 1: Spin rotation pattern for 13,CeCe at 260 X. 

134 Fig. 2: Temperature dependent paramagnetic.enhancement for Ce-ions in 

cerium metal at zero pressure. The various phases are indicated for 

decreasing temperatures. The daahed lines are for tetravalent and for 

trivalent Ce ions. The full circles and full squares correspond to 

the first and second sequences of decreasing temperature, 

respectively. The open circles correspond to the measurement in Pb 

host with extrapolation to T=*°. The solid line is a fit to the 

Curie-Weiss law, the dotted one to the valence fluctuation model (see 

text). 
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