VOLUME 46, NUMBER 16

PHYSICAL REVIEW

LETTERS 20 ApriL 1981

Fundamental Parameters and Mechanisms in the Ce Problem: Photoemission
Results on CeAl, and CeAl, Alloys

M. Croft
Sevin Physics Labovatory, Rutgers University, Piscataway, New Jersey 08854

and

J. H. Weaver, D. J. Peterman, and A. Franciosi
Synchrotvon Radiation Centev, University of Wisconsin—Madison, Stoughton, Wisconsin 53589

(Received 18 December 1980)

Photoelectron-spectroscopy studies of CeAl,, LaAl,, and the “chemically compressed”
alloys Ceq Yy 4Al, and Ceg ¢Scq 4Al, were performed with use of synchrotron radiation.
For all compounds the 4f binding energy is 2.55+0.1 eV. These results, combined with
previous bulk-property results, motivate a reevaluation of Anderson-model parameters

and mechanisms as applied to CeAl, .

PACS numbers: 79.60.Cn

Elemental Ce has two fcc phases, the high-
volume, local-magnetic-moment y phase and the
low-volume, Pauli-paramagnetic o phase.! In
general, the effective volume and magnetic char-
acter of Ce in intermetallic compounds can be
characterized as being y-Ce-like or a-Ce-like.?
Indeed, this partitioning of Ce systems (at least
in terms of magnetic properties) can be extended
to numerous dilute Ce systems.?:3

Over a number of years a large body of theo-
retical work, rooted in the Friedel-Anderson
virtual-bound-state model, has been applied to
both dilute and concentrated Ce systems.?™® Cen-
tral to most of these discussions were the ideas
that the Ce 4f level (a) is within 0.1 eV of the
Fermi energy (E ), (b) has a hybridization width
(A) of about 0.02 eV, and (c¢) moves to and through
Ef with decreasing volume.?™® These treatments
have been used in analyses of magnetic, volumet-
ric, and transport properties.

Objections to these models and/or their choice
of parameters, in the case of elemental Ce, have
been made on such diverse grounds as photoemis-
sion,”"® positron annihilation, and Compton-
scattering experiments,!! melting-point argu-
ments,'? and cohesive-energy arguments.® Of
particular importance, then, is a direct measure
of the 4f binding energy in a-like or y-like Ce
compounds and an identification of its volume de-
pendence and degree of hybridization.

In this paper we report photoelectron-spectros-
copy experiments on CeAl,, LaAl,, and “chem-
ically compressed” alloys of CeAl, using synchro-
tron radiation. Our results address several prob-
lems in the previous Anderson-model treatments
in a much more direct way than has been done
previously.”” " Specifically, we find that our re-
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sults are incompatible with previous notions of
the 4f -level position and movement with volume
[(a) and (c), above]. Moreover, combining our
photoemission results with extensive transport da-
ta yields a drastically different Anderson-model
estimate of the 4f-level width than previously
postulated {(b), above]. Finally, as we will show,
if one wishes to retain Anderson-model ideas to
explain the volume-dependent magnetic proper-
ties of CeAl,, one must rely on 4f-level broaden-
ing rather than on a shift in 4f binding energy
with volume.

The cubic Laves-phase compound CeAl, is one
of the most thoroughly studied Ce compounds.**
For our purposes, its most important properties
are (i) it has a well-established ‘“y-like” phase at
ambient pressure,' (ii) it transforms to a volume-
collapsed “a-like” phase above 7% volume com-
pression,’ ' and (iii) the role of the Kondo effect
in its “y-like” phase has been well character-
ized. 14, 17,18

In order to determine the position of the Ce-4f
level in this fascinating system, we have per-
formed photoemission studies as a function of
photon energy.' Studies of CeAl, and LaAl, under
identical experimental conditions have made it
possible to identify unambiguously the 4f con-
tribution in CeAl,. Furthermore, the zv depen-
dence of this 4f feature is dramatic and can be
used to isolate the 4f contribution from the va-
lence-band features.

In Fig. 1, we show photoelectron-energy dis-
tribution curves (EDC’s) for CeAl, and LaAl,
measured at several photon energies between 10
and 50 eV. As shown, at 10 eV, where the 4f
cross section is small, the EDC’s are effectively
identical for the two compounds. By Av =30 eV,
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FIG. 1. Photoemission-energy distribution curves

for CeAl, (dashed lines) and LaAl, (solid lines) at

various photon energies. The identification of Al s,

Al p, Lad, and Ce d emission is on the basis of the

band calculations of Ref. 20 and the density of states

shown at the bottom. We ascribe the enhanced intensity

of CeAl,, relative to LaAl, (Ref. 20), centered at — 2.55

eV to Ce 4f emission.

the EDC’s clearly show a new structure in CeAl,
at -2.55 eV relative to E ;. This structure be-
comes increasingly prominent at higher photon
energies. We identify this structurve as the Ce
4f level by comparison to LaAl, and by the en-
evgy dependence of its cvoss section. The other
features in the emission spectra can be corre-
lated to features in the density of states, e.g.,
that calculated by Hasegawa and Yanase® shown
in Fig. 1. The overall agreement is excellent.
In y-like Ce systems, including CeAl,, a strong
antiferromagnetic 4f-electron-conduction-elec-
tron exchange (the Kondo effect) dominates the
magnetic properties of the system.? This inter-

action can be related, through the Anderson
model,*2! to the position of the 4f level in the
conduction bands and 4 f —conduction-band coup-
ling. Within this model, the Kondo temperature
Tk (the characteristic energy of this exchange
interaction) can be written as (see Ref. 21)

Ty =T gexp(—|E|n/24). (1)

Here T is the conduction-electron bandwidth, E
is the energy of the 4f level relative to Ef, and
A is the hybridization width.?""22 Applying these
ideas to CeAl,, where it is estimated that Ty
=5 K (Ref. 14) and T 5;~5x10* K, one finds that
E/A=-5,9, In the past it was assumed that a
typical value for A would be? +0,02 eV, thereby
leading to the estimate? of E~-0.1 eV. If, on
the other hand, we use our spectvoscopic valite
of E==2.55+0.1 eV we must have A~0,43 eV

to explain the observed magnetic properties in
terms of the Anderson model. While we do not
claim that the photoemission width is this hybrid-
ization width we shall see below that they are
numerically very close.

The change in the binding energy of the 4f level
upon approaching an a-like state is as important
as its absolute value. Motivated by the known
transition of CeAl, to an «-like state for volume
compressions in excess of 7% (reduced volumes
below 0,93),!5:6:2¢ we have extended our measure-
ments to include the “chemically compressed”
compounds Ce, Y, ,Al, and Ce, ,Sc, ,Al,. The
effective unit-cell volumes (relative to CeAl,) of
these compounds are respectively 0.968 and 0.942.
The more compressed compound (Ce,_,Sc, ,Al),
it should be noted, is very close to the low-vol-
ume stability limit of the y-like phase in this sys-
tem.15,16,24

The kv dependence in the experimental emission
spectra of these compounds was similar to that
of CeAl,. Accordingly, we show in Fig. 2 only
the spectra for kv =40 eV for CeAl,, Ce, Y, ,Al,
and Ce, ¢Sc,. ,Al, superimposed in each case on
the corresponding LaAl, curve. The Ce-4f emis-
sion is still observed at —2.55 eV in both of these
ternary compounds. In order to show it more
clearly we have subtracted the normalized LaAl,
EDC at 40 eV from that for CeAl,, for Ce, Y, ,AL,
and for Ce, Sc, ,Al,. The difference curves,
which reveal 4f -derived emission, are shown in
the inset of Fig. 2. In all three compounds the
4f level is centered at E =-2.55 eV with a full
width at half maximum of about 1,10 eV. There-
forve, within our resolution, we find that the Ce
4f binding enevgy vemains constant even up to
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FIG. 2. The kv =40 eV EDC for CeAl,, Cey Y, AL,
Ceg ¢Scy, 4Aly, and LaAl, (dashed lines). Difference
‘curves for EDC’s of CeAl,, Ce( (Y, sAl,, and
Ceg ¢Scq, 4 Al, with respect to LaAl, for hv =40 eV
are shown in the inset and reveal the 4f emission.

the low-volume stability limit of the y-like phase
in CeAl,.

In the Ce,_,Sc, Al, system, a nonlinear but con-
tinuous volume collapse, with increasing x for
x >0.5, has been observed.? Since our measure-
ments indicate that there is no 4f binding-energy
shift precursive to this continuous volume col-
lapse, the 4f binding energy should still be 2.55
eV when the collapse first starts. Consequently
ouy vesults strvongly avgue against a model in
which the volume collapse in the Ce compound is
explained by the 4f level simply moving to and
thvough E.

The volume dependence of the 4f binding ener-
gy (E) has been used previously, along with Eq.
(1), to explain the volume dependence of Ty in
a number of y-like Ce systems.?*® With T held
constant in Eq. (1), a change in volume leads to

8[InTyl=(3m 6(E/A). (2)

For CeAl, the volume dependence of the Kondo
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temperature has been extensively studied in
“chemically compressed” alloys of the form
Ce,., R, Al,, with R=La,*® Y,"?* Sc,?® and La,_,-
Y,."™2* From these studies it is known that 7'y
increases by a factor of about 6 on going from
CeAl, to Ce, ¢Sc, ,Al, and hence, by Eq. (2), 6(E/
A) ~1,1, Assuming A remains constant with the
value 0.5 eV (the value which we proposed ear-
lier) implies 6E =0.55 eV upon 40% ScAl, substitu-
tion. Our photoemission results, on the other
hand, show no measurable change in E. There-
fore the Kondo-tempervature change cannot be ex-
plained by a change in 4f binding energy.

Let us now inquire what change in the 4f hybrid-
ization width, A, would be required to explain
the observed behavior of Tx. Holding E constant,
in Eq. (2), as motivated by our photoemission re-
sults, yields

61In(T ) =—1m(E/A) oA/ A. (3)

For Ce,,¢Sc,.,Al, and Ce, Y, ,Al,, Eq. (3) requires
that 6A =0.08 eV to explain the sixfold increase
in Tk. A width increase of this magnitude is con-
sistent with our photoemission results. Theve-
fore, if one wishes to vetain Anderson-model
ideas to explain the volume dependence of Ty,
our results favov a mechanism wheve decveasing
volume incveases the 4f hybvidization width ov,
in geneval, A incrveases as the a-like state is
approached.

Our study is, to the authors’ knowledge, the
first attempt to quantitatively correlate photo-
emission results with the bulk magnetic and trans-
port properties of a Ce system.*® In so doing we
have been lead to critically reevaluate the key
parameters in the Anderson model, as applied
to CeAl,. Our observation that the 4f binding en-
ergy is volume insensitive in “chemically com-
pressed” alloys of CeAl, has forced us also to
question the mechanisms traditionally used in
Anderson model descriptions of the evolution
from “y-like” to “w«-like” behavior in Ce sys-
tems. We are presently pursuing photoemission
studies of other Ce systems to determine sys-
tematic variations in 4f binding energy, 4f bind-
ing width, and relaxation effects.

Note added.—Our results on CeAl, are in good
agreement with those of Allen et al.,?” despite
their use of higher photon energies and of a
dramatically different background-subtraction
technique. Moreover, for a number of other Ce
compounds, Allen et al. have independently
reached general conclusions very similar to our
own.
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