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Evidence for localized 4f states in a-Ce
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Paramagnetic spectra of y and a-Ce measured at the same temperature using high-energy neutrons
(-2 eV) yield a 4f occupancy of -0.8 in a-Ce. This phase of Ce also shows single-ion magnetic
response but with a high Kondo energy of —1800 K. In y-Ce we observe the F5/2~ F7/2 spin-orbit
(SO) excitation at -260 meV. Remarkably, u-Ce also reveals a broad SO excitation shifted to a higher
energy ( -450 meV). These observations reinforce the idea of localized 4f states in a-Ce and k fhybrid--
ization as the driving mechanism for the @~cd transition.

The y~a phase transition in cerium metal has been
the subject of a large number of investigations. Fcc y-Ce
stable at room temperature shows the normal Curie-
Weiss magnetic susceptibility. On application of pressure
(~ 6 kbar) or on cooling (below 110 K), it undergoes an
abrupt —14% volume change maintaining the same fcc
structure (a-Ce). ' The phase transition is accompanied
by a marked drop in the magnetic susceptibility which
shows enhanced Pauli paramagnetism. '

The first theories of the transition associated it with
transfer of the localized 4f electron to the conduction
bands. Certain experiments, however, showed that the
valence did not alter significantly at the transition, and
triggered new ideas based on the Mott transition model
(localized f electron in y-Ce~ delocalized f band in a-
Ce). Other theories, based on the Kondo-lattice and
Anderson impurity models have put forward the idea of
the Kondo volume collapse due to increased Kondo ener-
gy, or k fhybridization, in th-e a phase.

We report results of a neutron inelastic-scattering
study of the temperature-induced @~a phase transition
in Ce, which we believe could aid our choice of the most
appropriate model to describe the phase transition. We
have performed measurements on Ce alloyed with 7 at. %
Sc to stabilize the fcc phase against (dhcp) P-Ce forma-
tion. Gschneidner, Elliott, and McDonald' have report-
ed that addition of about 7 at. % Sc suppresses the forma-
tion of P-Ce almost completely ( (1%), and (unlike Th
or other additives) additions of up to 10 at. % Sc has
negligible effect on the volume change 6V/V at the tran-
sition compared with pure Ce. '

Previous neutron-scattering work on Ce includes the
measurements in the thermal energy range by Rainford,

Buras, and Lebech, induced magnetic form-factor mea-
surements on single-crystal Ce 26 at. % Th by Moon and
Koehler and a neutron inelastic-scattering study by
Loong et al. ' on a polycrystalline alloy of the same
nominal composition. Polarized neutron inelastic-
scattering measurements on n-Ce performed by Fillion
et al. " show a marked increase in the cross section
around -200 meV, consistent with the present results,
but in (resolvable) disagreement with the observed max-
imum at 138+6 meV by Loong et al. ' for their alloy
containing 26 at. % Th, a relatively high concentration
where the character of the transition changes from a
first-order to a second-order type. '

We begin with the data for S ( g, to) obtained using neu-
trons of the highest optimal incident energy (2100 meV)
currently practicable on a time-of-Aight spectrometer.
The y~a transition occurs at —110 K on cooling and
the reverse transition at —170 K on warming. ' We
therefore chose to work at 125 K, first performing mea-
surements in the y phase then cooling the sample to 20 K
(a phase), and finally warming up again to 125 K (a
phase) where measurements were repeated under identi-
cal conditions. A one to one subtraction between the two
eliminates all nonmagnetic contributions due to phonons,
multiphonons as well as traces of hydrogen. The resul-
tant difference signal measured with two different resolu-
tions is shown in Fig. 1 where the positive intensity struc-
ture is predominantly the y-phase response, while the ex-
tended "negative intensity" tail is mainly the a-phase sig-
nal. In the diagram the continuous curve represents the
higher statistical accuracy (poorer resolution) data
corrected for the Ce + form-factor variation (see below).

For a normal, meII behaved isotropic paramagnet
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FIG. 1. Spectral intensity difference between y and a-Ce at
125 K measured using neutrons of incident energy 2100 meV
with two different energy resolutions. The continuous curve
shows the low resolution (higher statistical accuracy) data
corrected for variation of intensity with co (hence Q) for fixed
scattering angle (28), assuming the Ce'+ form-factor depen-
dence.

f S(Q, ro)dro ~ (MgM g ) ~tug,

where

S(Q, ro) ~ 1 —exp T
x"(Q ~)

with y"(Q, ro) representing the imaginary part of the
magnetic susceptibility and co and T in units of energy.
Although not strictly justified, we assume in the following
that for a valence fiuctuation system with 4f occupancy
(nI) the integral of S(Q, ro) can be represented by
Itt&=IMDF (Q)(n&), where F (Q) is the form factor. If
the integration was limited to the energy region of the
ground multiplet ( F~&z) then pII=gJ J(J+ 1)IMD with
J=—,'. We are, however, performing an energy integra-
tion well beyond the energy range of the upper spin-orbit
state ( F7/z), so that po should be proportional to the
cross section of all excitations from the ground multiplet,
which we assume to remain constant between the two
phases. Under these assumptions the change in the 4f
occupancy b, ( nI ) relative to y-Ce can be expressed as

h(n~) = f [S(Q,ro)]r —[S(Q,ro)]

Xdro f [S(Q,ro)]rdco .

In the present experiment, despite the use of a high in-
cident energy (2100 meV), the magnetic signal becomes
indistinguishable from noise beyond —1500 meV as Q be-
comes progressively very large with ro (for fixed scatter-
ing angle (20)). We have applied corrections to the data
for intensity variation with Q using the Ce + form-factor
dependence, which appears quite justified. Numerical
integration of the form-factor corrected data (shown in
Fig. 1) up to 1500 meV yields b, (n&) =0.2+0. 1, from

which, assuming ( n& ) = 1 for y-Ce, we obtain
(n&) =0.8+0. 1 for a-Ce, consistent with positron an-
nihilation and Compton scattering' measurements,
which indicate close to integral occupancy. The latter
measurements, however, did not distinguish between lo-
calized and bandlike 4f states, while the present neutron
data, which span the Q range 3~15 A ' and, as dis-
cussed below, show a single-ion-like magnetic response
for the F5&& ground state as well as the F»z~ F7/p
spin-orbit (SO) excitation, suggest that -0.8 electrons
remain localized in a-Ce.

In Fig. 2 we show the observed scattering S(Q, ro)
(magnetic + phonons) for both Ix and y phases at 125 K
using neutrons of incident energy 450 meV. The inelastic
peak at -260 meV in y-Ce represents the spin-orbit exci-
tation F»z ~ F7&z, while the "structure" around —160
meV in o.-Ce forms part of the broad maximum in the
magnetic response, which is more clearly seen in the
difference signal. As discussed below, the centroid of the
broad inelastic response yields a measure of the Kondo
temperature Tz so the shift of the magnetic intensity
from low to high energies between y and O.-Ce signals a
large change in Tz.

Low-temperature (20 K) magnetic scattering in a-Ce
(extracted with La as the nonmagnetic reference) using
neutrons of E, =600 meV are presented in Fig. 3 in the
form y"(ro)/ro, where the continuous and the dashed
curves show the best fits to a Lorentzian and the
Kuramoto-Miiller-Hartmann (KMH) spectral function
for an Anderson impurity, ' yielding coo- 170 and 156
meV, respectively. The other parameter of the KMH fit
a( =mnI /N ), found to be 0.43+0.03, yields n&

=0.83
(assuming N =6), in good accord with the result obtained
from the integrated spectral intensity. We remark that
the Kondo energy obtained from the neutron data —170
meV (or —156 meV from the KMH fit) is about twice the
value of Tz —82 meV obtained from a reanalysis of the
photoemission data for e-Ce, ' which reevaluates up-
wards by a factor ) 3 the T~ determined by the original
authors. ' This convergence of the photoemission and
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FICx. 2. (a) Observed scattering (magnetic+phonons) from y
and o.-Ce at 125 K using neutrons of incident energy 4SO meV.
The circles represent the difference signal (magnetic) plotted on
two different vertical scales.
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FIG. 3. Low-temperature (20 K) dynamic susceptibility
e continuousresponse of e-Ce represented as y"(co)/co. The

curve represents the Lorentzian spectral fit and the dashed
curve shows the fit to the Kurarnoto-Miille -H
(Ref. 14). Form-e ~ . Form-factor variation has been included in the fits.

the neutron results is of course, encouraging and may
improve as new experimental data allowing better evalua-
tion of surface contributions become available '

It is interesting that the Kondo temperature To (Tr, )

for o.- e obtained from our neutro d t ' f '
1n a a is air y close to

t at predicted from the linear specific-heat coefficient
via the Fermi-liquid relation'8 y' =~ k & n
ror&= r&. Finite U (-6 eV) corrections to thes 1

are of the ord
o ese re ations

e order of -2—3%%uo (cf. the estimated f occu-
pancy for Ce in Ref. 15, for example) and dwarfed by un-
certainties in roo (170+10meV) and (n ) (0.8+
obtain y =10.5+1.5 mJ rnol ' K h' hrno, which compares
reasonably well with 12.8 mJ mol 'K ob
speci c- eat measurements, allowing for some (s,p,d)
conduction-electron contribution A '1

or t e susceptibility via the relation y(0)=&M (nf ) 3roo,

er than the bulk susceptibility of 5.32X10 emu mol
at 50 IC (its minimum Value) Th d'.e iscrepancy could in

b
~ ~ ~ ~

part be due to an enhancement of tho e moment p via hy-
ri ization induced admixture between the Fe 5 /2 aild

~ ~
7/p states. However, we suspect thp e main source to

e impurity contamination evident in thee susceptibility
data in the form of a Curie-Weiss tail at 1

ures. t 50 K the P-phase contribution to the bulk sus-
ceptibility, given by y- C/(T+12) ld
that of a-Ce

, cou be -30 times
a o a- e, y- C/2000. Hence, presence of (2% P-Ce

could account for most of the discrepancy
The y minus a difference signals shown in Fi s. 1 and

2 have been
igs. an

ana yzed assuming a narrow '
Iw quast. e astic

ponse or y-Ce, or broadened crystal-field states, I 7
and I 8, giving rise to quasielastic and inelastic com-
ponents. For tp . r t e o, phase we have assumed b de a roa in-

ic orentzian spectral response (cf. Fig. 3). We have
included form-factor variation f to in ensity with energy
transfer ro (and hence Q) with the fitted functions. For
y-Ce t e simple quasielastic fit yields a width of 7.5+0.5
meV, while the crystal-field fit yields a quasielastic width

eV (at 125 K), consistent with T~O K
characteristic (Kondo) energy f —5 V. 'o — me . In Fig. 4

FIG. 4. Tw. Two component least-squares fit to the -a diff
si nal (E =450

o e y-a i erence
'g (;= 50 meV) in the energy range —100&co&200 meV.

The continuous an sshort dashed curves represent the Ce +

form-factor corrected overall fit. Th 'de resi ue is plotted on an
expanded vertical scale in the inset whe th l d here e ong ashed curve
pararnetrizes the SO excitation t k'
2F

'
n, a ing into account the

5/2 —+ F7/2 structure factor (Ref. 19) as well as the SO
tion in a-Ce.

we as e excita-
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FIG. 5. Mo. Model fit to the y-a difference intensity for E; =2100
meV (for the same parameters as the 450-meV data, see text).
T e two components of the fit are shown by the dashed (y-Ce)
and the dash-dotted (a-Ce) curves Th de resi ue is s own on an
expanded vertical scale in the inset, together with a fit assuming
0 excitations in both phases, shown by the dashed curves

the thick continuous curve (and the short dashed curve

or it excitation. This is shown in the inset together with
a curve (dashed) which parametrizes the spin-orbit exci-
tation (width 40+5 meV, position 260+10 meV), taking
into account the SO excitation in a-Ce (see below and
the appropriate form factor for the I' I'
tion. 19

e 5/2 ~ 7/2 transi-

Results for E,-=2100 meV are reproduced in Fi . 5
where the continuous curve represent th 11s e overa fit.

e na ts are obtained for the same parameters for
both the 450- and 2100-meV data. Only the vertical scale
is adjusted by the factor 1.12 between the two data sets 7
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which can be accounted for by possible systematic errors
in the vanadium calibration and uncertainty in the
scattering angle, (+0.5' at 4. 5 ). The dashed and dash-
dotted curves represent the ground ( F5&2) state com-
ponents for the y and a phases. The residual intensity is
shown on an expanded vertical scale in the inset together
with the curve obtained for the same parameters (com-
ponents are shown dashed) as used to fit the SO region in
the lower-energy data, Fig. 4. We believe the peak at
-450 meV represents the SO excitation in the e phase.
Although its relatively high energy as well as broad width
( —100 meV) may appear rather unusual, they are not en-
tirely unexpected in view of theoretical considerations for
x-ray photoemission spectroscopy and bremsstrahlung
isochromat spectroscopy spectra. ' ' We emphasize that
the SO excitation evidenced in a-Ce is not an artifact of
the fit or the fitted spectral forms, although its exact posi-
tion, shape and width may depend on the spectral func-
tions (Lorentzian or KMH) chosen to represent the
ground-state response. In fact, the SO excitation is clear-
ly observable in the as-measured difference signal in Fig.
1, particularly in the form-factor corrected data (continu-
ous curve). Its relatively small intensity compared with
the main response is in good quantitative accord with

theory, taking into account the respective form factors. '

In conclusion, we have identified a single-ion spectral
response in a-Ce, well described by the KMH spectral
function (Tz —1800 K) or an inelastic Lorentzian
(Tx-2000 K). Numerical integration of the diff'erence

signal between the y and a-Ce measured with high-
energy neutrons at the same temperature and over the
same Q range thus suggests that the 4f electron remains
localized in a-Ce to the extent of around 8 parts in 10.
Further evidence for localized 4f states in a-Ce is provid-
ed by the observation of broad, higher-lying, but well-
defined spin-orbit excitation at finite Q s. These results
together with the observed magnitudes of the characteris-
tic (Kondo) energies of a and y-Ce (Tx -60 K) provide
strong support to the "Kondo volume collapse" theories
of the y —+e transition.
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sions with B. R. Coles, B. Coqblin, S. W. Lovesey, C. La-
croix, M. Lavagna, K. Matho, and D. Nunez-Regueiro
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