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Abstract

Photoemission spectroscopy has been used to study a number of aspects

of the mixed valent state (corresponding to non-integral 4f occupation) in

rare earth ^items. Deep core photoemission (e.g., from 3d or 4d levels)

allows the measurement of the 4f occupancy and surface valence shifts, and,

as well, the indirect measurement of the effect of solid state environment on

the energy of hybridization between 4f electrons and conduction electrons.

4f-Derived photoemission has been used to study surface valence and chemical

shifts and to infer the nature of the nixed valent ground state. A combina-

tion of 4f-derived photoemission and add-electron spectroscopy provides a

measurement of the 4f Coulomb correlation energy, an important parameter in

the mixed valent problem. A review of these approaches will be presented,

with emphasis on Ce-based systems, whose behavior falls outside the usual

description of 4f-unstable systems.

•Present address: Physics Department, Brookhaven National Laboratory,

Upton, NY 11973
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I. Introduction

The purpose of this contribution is twofold: (1) to present an over-

View of the intriguing phenomenon of mixed valence and (2) to demonstrate

through example that photoemission deserves a prominent place among those

techniques suited to the study of high energy excitations in solids. The

latter is attempted not by enumerating the large number of contexts in which
1 2photoemission has been successfully applied to condensed matter problems, '

but rather, by focussing in greater depth on one problem, yj[z. mixed valence

phenomena, for which the photoemission technique has proved exceedingly

useful. In so doing, both the power and limitations of the technique will

become apparent.

We shall restrict our discussion to metallic systems, to which applies

the rule that the hole produced in the photoemission process is always

locally screened. If the hole is a deep core hole, where by "deep" we refer

to the radial position of the hole, not its energy, this screening takes

place in the Wigner-Seit* cell containing the hole, which requires the

transfer of an electron from the conduction band to the cell. If the hole is

in the conduction band, the screening is by itinerant electrons, and the

resulting screened hole complex is similar to those occurring for thermally

excited holes in the kT tail of the Fermi distribution.

The energy measured in photoemission is the energy required to produce

the exciton-like object consisting of the excited hole together with its

screening electron. The formation of a deep core hole leads obviously to a

strong local disturbance in the system. In many instances this disturbance

might obscure the relevant physics of the problem under study. However, in

mixed valence systems, the exciton-like object produced in 4f-derived photo-

emission, viz., a localized 4f hole together with its screening electron, is
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similar to the types of objects expected in the mixed valent ground state as

discussed below.

II. The Mixed Valence Phenomenon

The instability of 4f electrons, which leads to non-integral 4f

occupancy in certain rare earth systems, results from the fact that the 4f

electrons, although they are deep core electrons in terms of their radial

position in the atom, have very small binding energies ranging from nil to

^ eV. 'For reviews of the mixed valence problem see Refs. 3-7.) Mixed

valence behavior has been observed only in systems containing Ce, Sm, Eu, Tm

or Yb atoms. The wide occurrence of 4f instabilities in Eu- and Yb-based

systems can be understood from Hund's rule correlation effects which strongly

favor a spherical 4f charge distribution, obtained, e.g., by either half-

filling the 4f shell, corresponding to f5 •+ f7 in Eu, or by filling it,

corresponding to f 1 3 -»• f11+ in Yb. The same argument, but with less force,

can be used to explain the affinity for an extra electron in Sm and Tm, where

the nominal f-occupancy is f5 and f12 respectively. Non-integral f-occupancy

(mixed valence) occurs when the atomic forces, which favor fn , and the

solid state forces, which favor fn (where the released electron is used to

increase the hybridization or binding energy), are relatively evenly matched.

Cerium-based systems are distinguished from systems based on the heavier rare

earths, because of the much wider spatial extent of the 4f wavefunctions in

the light rare earths, which leads to strong 4f-conduction electron hybrid-

ization.

The simple promotional model of mixed valence specifies that the mixed

valence state consists of an admixture of ajfncm> and b|fn~ c >, where c

denotes a conduction electron and the ratio of the coefficients a and b
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specify the mixfd valence or (non-integral) f-count. That is to say, the

time the electron spends out of its deep f-orbital, it spends in the conduc-

tion band. The formal mathematical statement of the promotional model is

found in the (single ion) Anderson model Hamiltonian:

H * I Efnf,a + U r W + I £knka + I V<ck+f + h'c'> (1)

The first two terms, which are both atomic in nature, represent respectively

the binding energy of a single f-electron to the nucleus and the Coulomb

interaction between two f-electrons of opposite sign, where U is the Coulomb

correlation energy. The third term is the energy of the conduction electrons

and the last term the (spin conserving) hybridization between the f- and

conduction electrons (the first operation takes an electron from the f shell

and places it in the conduction band and the second operation represents the

reverse process). The generalization of the above Hamiltonian to a lattice

of 4f electrons (Anderson lattice) is obtained by placing site indices on the

f electrons and summing over all sites. The formidable mathematical problem

embodied in either Hamiltonian, which results mainly from the largeness of

the first three terms compared to the fourth, has allowed only approximate

solutions (see, e.g., Ref. 3).

III. Measurement of the Coulomb Correlation Energy U

A particularly straight-forward application of photoemission, in con-

junction with the technique of add-electron spectroscopy, which measures the

energies of unoccupied states above Ep, is the determination of the f-f

Coulomb correlation energy U, which appears in Eq. (1). 4f-derived photo-

emission measures the energy required to remove a 4f electron from the atomic

state 4fn and place it at Ep; whereas, add-electron spectroscopy measures the
/

eneirgy required to remove an electron from Ep and place it in the atomic
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state 4fn . The sum of the two energies represents the (hopping) energy

required to remove a 4f electron from one atom and place it on another, which

is precisely the f-f Coulomb correlation energy U (Hubbard U).

g
Lang et̂  ajL have measured U in the above manner for all of the rare

earth elements (except Pm). Their finding that U is fairly constant across

the rare earth series (U ^ 6 eV) is in excellent agreement with the calcula-

tions of Herbst et_al_., using the renormalized atom schemeswhich assumes that

the main correlation effects in the metal are the same as in the free atom

(see Ref. 9 and references cited therein). This would appear to settle the

question of the degree of localization of the 4f electrons in the rare earths.

They are highly localized as are other deep core electrons; and, f-f hopping

between atoms can be effectively ignored, as is commonly done in most treat-

ments of the Anderson model, which use for convenience the approximation

U - ».3

IV. 4f-Parentage Spectroscopies

The energy of a deep core hole, e.g., 3d or 4d, in rare earth systems

is sensitive to the 4f count in the atom. This results from the strong

Coulomb attraction between the core hole and the f electrons, which also

reside deep in the atom. Since the measuring time (̂  10~16 sec) in x-ray

photoemission (XPS) is extremely short compared to valence fluctuation times

(% 10" n-10~ 1 3 sec), this type of spectroscopy can discern the two compo-

nents of the mixed valence state via the spectral features m*4fn and m*4fn 1,

where m* refers to the excited core hole. For 3d holes the energy separation

of the two states is 11-12 eV, which is large compared to the observed width

of the 3d peaks. Hence, the ratio of the two peaks provides a direct measure

of the (mixed) valence.
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XPS is a highly surface sensitive technique, which probes to a depth of

only 5-10 A. This spoils the technique for valence determination in mixed

valent Sm-, Eu-, Tm- and Yb-based systems, since in all these systems

examined to date the valence of the surface atoms (e.g., the top monolayer)

is drastically different than that of the bulk, frequently being integral

valent when the bulk is strongly mixed valent (see also discussion in Section

V). On the other hand the surface sensitivity of XPS has been exploited to

exhibit surface valence shifts in these systems. Surface valence shifts

appear to be absent or negligibly small in Ce-based systems (see, e.g., Ref.

13); Fuggle et .a].. have determined the (mixed) valence for a number of Ce-

based intermetallics using 3d-XPS.

The validity of the method of 4f-parentage spectroscopies for (mixed)

valence determination rests upon the assumption that final state effects

which alter the 4f count are either absent, or, if present, can be adequately

analyzed. Such final state effects are actually present in 3d-XPS in Ce-

based systems, as well as systems based on the other early rare earths.

These appear as "shake-down satellites" which correspond to final state

screening of the core hole by a 4f rather than conduction electron. Because

of the greater Coulomb efficiency provided by the 4f screening channel, the

shake-down satellite appears at lower binding energy than the primary

feature, the energy separation being about 4 eV. The determination of the

valence in the presence of such final state effects is model-dependent, but
14 15

varies unappreciably whether a rather simple * or a more esoteric calcula-

tion based on the Anderson model is employed.

Although the final state effects discussed above can complicate some-

what the valence determination, they can be used to study the hybridization

between the 4f electrons and conduction electrons. It is the latter quantity
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which determines the probability ':hat a conduction electron will find its way

into an empty 4f level (whose energy is lowered by the presence of the 3d

hole); and, hence, determines the ratio of the intensity of the shakedown

14satellite to that of the primary feature. Making contact with the Anderson

model, we note that the above hybridization, if we ignore geometrical struc-

ture in the 4f-conduction electron interaction, is given by A = p(er)V2,

where pUr) is the density of conduction electrons at Er and V is the

hybridization matrix element appearing in Eq. (1). However, the caveat here

is that in 3d-XPS the presence of the 3d hole may alter the quantity A from

its value in the ground state.

13
From the data of Fuggle et_ aj_. it is clear that the hybridization is

strongly dependent on the nature of the nearest neighbors to Ce in the solid

state matrix. Transition metal nearest neighbors which have unfilled d-

shells appear always to produce large valt-es of A. We show in Fig. 1 our 3d-

XPS data, taken with a conventional spectrometer using MgKa radiation, for

two Ce-based transition metal intermetallics: CePt~, which is trivalent, and

CePd~, which is moderately strongly mixed valent. The portion of the

9 1
spectrum shown embraces the major feature 3dg-24f [c] and i t s shakedown

9 1
satellite 3dr/o4f [4f], where the brackets denote the screening electron.

9 1

Removing the brackets, we may write the final states simply as 3d5,-4f c and

3 d 4 f . The size of the f2 shakedown in both cases is large. It should benoted that the degree of the 4f instability is expected to depend on both the

hybridization and the energy separation e, of the 4f level from e-. The

latter quantity is difficult to determine experimentally; however, the meas-

urement of A and n^ (the f-count) is sufficient to fully determine the

energetics via model solutions of the Anderson Hamiltonian, which connect the

quantities A, n- and E f (see, e.g., Refs. 16 and 17).
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Fig. 1. XPS spectra for CePt2 and CePd_

showing primary 3d,-,,, emission

feature and shake-down

(4f-screened) satellite at lower

binding energy. The solid

curves are Lorentzian fits to

the two features and their sum.

The background due to secondary

electrons has been subtracted.

The nominal binding energy of

the main feature is 884 eV.

20 10 0
BINDING ENERGY (ARBITRARY ZERO)

Returning to the problem of the determination of valence (f-count), we

note that x-ray absorption has been the most widely used technique, in

18 20
particular, the study of 2p (LJJJ) edges. The LJJJ method has the

advantages that (1) it is strictly a bulk technique, because of the high
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energy of the edge 5,000-10,000 eV, (2) it is trivially simple experimentally

if one uses synchrotron radiation and (3) final state effects are extremely

small. It has the disadvantage that the overlap of the two edges 2p 4fn

and 2p 4f limit the accuracy with which they can be deconvoluted.

Only recently, studies have been made of the 3d (M.v or M..) edges, by
21Kaindl ejt a]_. Since the 3d binding energies are relatively small, ranging

from 800 to 1500 eV across the rare earth series,a method other than conven-

tional x-ray absorption must be employed. The method used by Kaindl et ai.

is to excite the sample by synchrotron radiation and observe the relative

intensities of the Fano resonances 3dlo4fn + 3d94fn+1 and 3d l o4f n + 1 +

3d 4fn , by measuring the total electron yield. Hence, it is a photoemis-

sion experiment. The ratio of the intensities of the two resonances,

corrected for the difference in number of available 4f final states, is a

direct measure of the (mixed) valence. There is no multiplicity of final

states for a given initial state, the spectral features are more sharply

defined than in L,JJ absorption, and the technique is only slightly surface

sensitive, in contrast to 3d-XPS.

V. 4f-Derived Photoemission

While the spectroscopies discussed above are useful for determining the

quantities nf and A, which are important parameters in the mixed valence

problem, 4f-derived photoemission studies permit inferences to be made about

the specific nature of the mixed valent groundstate. The promotional model,

which specifies that the groundstate is an admixture of the states 4fncm and

4f n" 1c m + 1, requires that photoemission from the 4fn state should cost no

energy, and, hence, should produce a feature at Ep. This follows because of

the formal identity between the screened photo-excited hole state, 4fn~ cm[c]

= 4f n" 1c m + 1, and the isoenergetic partner of 4fncm in the mixed valent
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ground state. This predicted behavior has been observed in every Sm-, Eu-,

Tm- and Yb-based system studied to date (see, e.g., Refs. 3, 22 and 23). In

these systems the 4fn, as well as the 4fn" , emission exhibits multiplet

structure reflecting the plural occupancy of the 4f level; however, in every

instance, the lowest binding energy feature of the multiplet structure occurs

precisely at Ep, implying that the screening geometry of the photoexcited

hole is the same as that of the holes (4fn*1) in the mixed valent ground-

state. An ancillary feature of these experiments is the exhibition of

surface valence shifts and the measurement of the surface-to-bulk chemical
22 23shift for a given valence state. '

As we shall see below, 4f-derived photoemission in Ce-based systems is

quite anomalous. In numerous respects Ce is an odd actor among the valence-

fluctuating rare earth atoms. Early in the history of the active study of
24

mixed valence phenomena, Johannson, on the basis of cohesive energy argu-

ments, estimated the energy difference between the 4fx5d26s2 and 4f°5d26s2

configurations in metallic cerium to be quite large (2-3 eV), which implies

that at thermal energies there can be negligible occupancy of the 4f°-state.
95

Similar conclusions based on cohesive energy arguments by de Boer et al.
apply to a wide class of Ce-based intermetal'lics. More recently, 3d-XPS

18-20

and Ljjj-absorption edge studies on a large number of Ce-based inter-

metallic compounds, which were formally thought to be tetravalent or nearly

tetravalent on the basis of lattice constant ^a-urements, indicate these

materials have a formal valence in the range of only ^ 3.15-3.25. Recall

that tetravalency in Ce implies the configuration 4f°cl* in the Anderson model

picture.

The results of 4f-derived photoemission in Ce-based systems is no less

anomalous than the above findings. We report below data for a number of Ce-

based, as well as Pr- and Nd-based intermetallics. The experiments were
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performed on Station U14 of the 750 MeV VUV ring at the National Synchrotron

Light Source (NSLS). A plane grating monochromator, together with a double

pass cylindrical mirror analyzer, gave a combined resolution (electrons plus

photons) of 0.4-0.5 eV at 100 eV and 0.5-0,6 eV at 120 eV. Clean sample

surfaces were prepared by fracturing the samples in situ in the measuring

chamber, where the nominal pressure was 1 x 10'10 Torr. In Fig. 2 are shown

the valence band spectra of six Ce-based intermetallic compounds taken at the

giant 4d-4f (Fano) resonance (122 eV), which enhances the 4f emission via the

8 4 0 8
ENERGY BELOW Ep (eV)

Fig. 2. Valence photoemission spectra for six Ce-based intermetallics.

Solid curves: spectra taken at the giant 4d-4f resonance (nw =

122 eV); dashed curves: spectra taken off-resonance (hw = 112 eV).
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Super-Coster-Kronig decay channel 4dlo4f° + 4d94f2 + 4dlo4f°[c],26'27 The

off-resonance (112 eV) spectra, in which the 4f-emission is negligible,

provides a view of the underlying band structure. This resonance can be

observed in the CIS (constant initial states) spectrum in Fig. 3 for the

conduction electrons in LaPd3 via the excitation 4d
104f0 •+ 4d94fx -»• 4dlo4f°c*s
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Fig. 3 Constant initial state (CIS)

spectra exhibiting (4d-4f)

resonant emission of 4f elec-

trons (at 122 eV) in CePd3 and

conduction electrons (at 117 eV)

in LaPd,. The spectrum for CePd-

was taken at the binding energy

E.= 1.5 eV and that for LaPd, at
O 3

E.= 4 eV, a position within the

Pd 4d-band.

115

PHOTON ENERGY (eV)

135

370



where c* refers to a hole in the conduction band, and for the 4f electrons in

CePd3 via the excitation 4d
104f1 •* 4d94f2 •* 4dlo4f0, where the screening

electron for final state is not included in formulae. The steep photon

energy dependence in the range 95-110 eV reflects the photon energy depen-

dence of the Pd 4d-photo-cross-section. The use of the 4d-4f resonance to

isolate the 4f-derived photoemission from other features in the spectrum is

dramatically illustrated for the case of CeCUgSig. The difference (122-112)

spectrum, shown in Fig. 4, gives a view of the 4f-derived emission, the

latter being completely camouflaged by the 3d-emission from Cu in the 112 eV

spectrum and nearly obscured in the 122 eV spectrum.

To recall the initial discussion in this section, we expect on the

basis of the promotional model a single 4f-derived feature located at Ep in

on

CO

ENERGY BELOW Ep (eV)
0

Fig. 4. 4f-derived photoemission spectrum for CeCupSij. obtained by

subtracting the 112 eV spectrum from the 122 eV spectrum (see Fig.

2) and subtracting the background due to secondary electrons.
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Ce-based systems, if the ground state is an admixture of 4fJ and 4f°c.

However, in Fig. 2, we see that two features are present, one at 2-3 eV

binding energy and one close to Ep (the higher binding energy feature being

barely discernible in PrPtp). Moreover, the spectra in Fig. 2 do not

correlate in any obvious way with the degree of the 4f instability in the six

compounds: CePt2 (trivalent), CeAU and CeCi^Sip (nearly trivalent), CeSip

(slightly mixed valent), CePd, (moderately strongly mixed valent) and CeRu-

13(strongly mixed valent). The spectra for CeAlp, CeSi^, CePdg and CeRu-

28-31appear very much the same as those obtained by other investigators. " The

32spectrum for CeCu2Si2 differs appreciably from that reported earlier, which

we attribute to oxide contamination in the earlier study.

The apparent lack of systematics in the 4f-derived photoemission in Ce-

based systems, and the fact that the bimodal structure is observed even in

integral or nearly integral valent compounds, led us to look at compounds

based on the other early rare earths, viz. Pr- and Nd-based systems. The

results for the REPd3 series are shown in Fig. 5, where it is seen that the

two feature signature persists for the Pr- and Nd-isomorphs. As the f-level

is pulled further from Ep in going from Ce to Pr to Nd, the two features move

together, maintaining a separation of about 2.5 eV, to lower binding

energies. Similar behavior is observed in the RERu2 series, except the

smaller binding energy feature is less articulated, being spread over a much

larger energy range.

33 17

In Kondo and Anderson model approaches to 4f-derived photoemission

in Ce-based systems, it is found that a Kondo-like resonance can produce

intensity at or near Ep. However, these approaches lead to the prediction

that, as the 4f level is moved away from Ep, the feature at Ep remains there

but is weakened in intensity. An approach which appears more reconcilable
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Fig. 5. 4f-derived photoemission

spectra (122-112 eV) for CePd3>

PrPd, and NdPd-, with background

due to secondary electrons

subtracted.

ENERGY BELOW E p ( e V )

with the experimental results in Fig. 5 is based on the idea proposed by Liu

and Ho, that the two features in the 4f spectra differ only in the nature

of the final state screening. They propose that the lower binding energy

feature (i.e., closer to Ep) is a "shake-down" feature resulting from the

screening of the final state 4f hole by a localized rather than itinerant
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electron, whereas the feature at deeper binding energy corresponds to conven-

tional screening. It is the strong Coulomb attraction generated by the 4f

hole which is responsible for the localization of a conduction electron

required for the auxiliary screening channel.

Riseborough* has approached this problem by starting with the Anderson

Hamiltonian (Eq. 1), but modifying it by adding a term which represents the

Coulomb interaction between the 4f and conduction electrons. The resulting

equation is solved in the low density (of conduction electrons) approximation

to obtain the f-spectral weight expected in photoemission. Two spectral

features are obtained as in the Liu-Ho approach; however, the new physics

emerging from the calculation is the finding that hybridization is required

for the 4f-induced localization of a conduction electron. Since this hybrid-

ization is known to decrease rapidly in going from Ce to Pr to Nd, it

explains the similar trend in the spectra of Fig. 5, i.e.,the shrinking of

intensity in the locally screened feature; and the fact that bimodal spectra

are never obtained for the heavier rare earths. Moreover, this approach

predicts a relatively constant energy separation of the two spectral features

as the 4f level is moved with respect to Ep. The next step for the theory is

to realistically model the band structure in these materials and fold this

into the calculation.

The above results and discussion allow us to speculate about the mixed

valent ground state in Ce-based systems. The arguments of Johansson dis-

cussed above can be reconciled with the fact that Ce-based systems can be

mixed valent if we assume that every 4f hole is screwed by a localized

electron in the ground state. The 2 or 3 eV Coulomb energy gained by the

*R. S. Riseborough, private communication.
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localization is sufficient to overcome the energy barrier in the Johansson

argument.

VI- Summary

Through photoemission studies it has been possible to measure two key

parameters, A and n^, which are required in any theory of mixed valence.

Both surface valence and surface chemical shifts have been quantitatively

measured in a large number of systems based on Sm, Eu, Tm and Yb. The mixed

valence ground state in these heavier rare earths appears to be well

described by the promotional (or Anderson) model, on the basis of a variety

of experimental studies, including photoemission. Finally, 4f-derived photo-

emission studies are bringing us very close to understanding the 4f instabil-

ity in Ce-based systems, the major enigma in the mixed valence problem.

We are indebted to Peter Riseborough for communicating his results

prior to communication. The work at Polytechnic was supported in part by the

Department of Energy under Contract No. DE-AC02-81ER10862 and at NSLS

(Brookhaven) by the Department of Energy under Contract No. DE-AC02-76CH00016.

References

1. Photoemission in Solids, Vol. 1, edited by M. Cardona and L. Ley

(Springer-Verlag, Berlin, 1978).

2. Photoemission in Solids, Vol. 2, edited by L. Ley and M. Cardona

(Springer-Verlag, Berlin, 1979).

3. J. M. Lawrence, P. S. Riseborough and R. D. Parks, Rep. Prog. Phys. 44,

1 (1981).

4. C. M. Varma, Rev. Mod. Phys. 48, 219 (1976).

5. Valence Instabilities and Related Narrow Band Phenomena, edited by R. D.

Parks (Plenum, New York, 1977).

375



6. Valence Fluctuations in Solids, edited by L. M. Falicov, W. Hanke and

, M. P. Maple (North-Holland, Amsterdam, 1981).

7. Valence Instabilities, edited by P. Wachter and H. Boppart (North-

Holland, Amsterdam, 1982).

8. J. K. Lang, Y. Baer and P. A. Cox, J. Phys. F Ut 121 (1981).

9. J. F. Herbst, R. E. Watson and J. W. Wilkins, Phys. Rev. B 17., 3089-98

(1978); Phys. Rev. B 1,3, 1439 (1976).

10. G. K. Wertheim and M. Campagna, Solid State Commun. 26_, 553 (1978).

11. G. Creh'us, G. K. Wertheim and D. N. Buchanan , Phys. Rev. B Jj5, 6519

(1978).

12. S. Raaen and R. D. Parks, Phys. Rev. B 27, 6469 (1983).

13. J. C. Fuggle, F. U. Hillebrecht, Z. Zolnierek, R. Lasser, Ch, Freiburg,

0. Gunnarsson and K. Schbnhammer, Phys. Rev. B 27, 7330 (1983) and

references cited therein.

14. S.-J. Oh and S. Doniach, Phys. Rev. B 26, 2085 (1982).

15. S. Raaen, M. L. denBoer, V. Murgai and R. D. Parks, Phys. Rev. B 27_,

5139 (1983).

16. T. V. Ramakrishnan and K. Sur, Phys. Rev. B 26, 1998 (1982).

17. 0. Gunnarsson and K. Schonhammer, Phys. Rev. Lett. 50, 604 (1983).

18. K. R. Bauchspiess, W. Boksch, E. Holland-Moritz, H. Launois, R. Pott and

D. Wohlleben, in Valence Instabilities, edited by P. Wachter and H.

Boppart (North-Holland, Amsterdam, 1982), p. 417.

19. R. D. Parks, S. Raaen, M. L. denBoer, V. Murgai and T. W. Mihalisin,

Phys. Rev. B 28, 3556 (1983).

20. S. Raaen and R. D. Parks, Solid State Commun. 48, 199 (1983).

21. G. Kaindl, W. D. Brewer, G. Kalkowski and F. Holtzberg, Phys. Rev. Lett.

51, 2056 (1983).

376



22. N. Martensson, B. Reihi, W.-D. Schneider, V. Murgai, L. C. Gupta and

R. D. Parks, Phys. Rev. B 25., 1446 (1982).

23. 6. Kaindl, B. Reihl, D. E. Eastman, R. A. Pollak, N. MaYtensson, B.

Barbara, T. Penney and T. S. Plaskett, Solid State Commun. 4_1, 157

(1982).

24. B. Johannson, Phil. Mag. 30, 469 (1974).

25. F. R. de Boer, W. H. Dijkman, W. C. M. Mattens and A. R. Miedema, J.

Less Common Metals 6£, 241 (1979).

26. L. I. Johansson, J. W. Allen, T. Gustafsson, I. Lindau and S. B.

Hagstrbm, Solid State Commun. 28, 53 (1978).

27. W. Lenth, F. Lutz, J. Barth, G. Kalkoffen and C. Kunz, Phys. Rev. Lett.

4J_, 1185 (1978).

28. J. W. Allen, S.-J. Oh, I. Lindau, J. M. Lawrence, L. I. Johansson and

S. B. Hagstrbm, Phys. Rev. Lett. 46, 1100 (1981).

29. J. W. Allen, S.-J. Oh, I. Lindau, M. B. Maple, J. F. Suassuna and S. B.

Hagstrbm, Phys. Rev. B 2ji, 445 (1982).

30. J. M. Lawrence, J. W. Allen, S.-J. Oh and I. Lindau, Phys. Rev. B 2(3,

2362 (1982).

31. D. J. Peter-man, J. H. Weaver, M. Croft and D. T. Peterson, Phys. Rev.

B 2]_, 808 (1983).

32. R. D. Parks, B. Reihl. N. MaYtensson and F. Steglich, Phys. Rev. B J7,

6052 (1983).

33. C, Lacroix, J. Phys. F U, 2389 (1981).

34. S. H. Liu and K.-M. Ho, Phys. Rev. B 26, 7052 (1982).

35. F. U. Hillebrecht and J. C. Fuggle, Phys. Rev. B 25s 3550 (1982).

377


