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~ yordt meegenomen is nogal boud gezien het feit, dat in hun formalisme

S het rooster niet beweegt.
i A.R. Williams, J. Kiibler en K. Tekura, Phys. Rev. Lett. 54, 2728 (1985).

2. Ten onrecht wijzen Veal en Paulikas de pieken in het Mn 3s XPS
spectrum van MnF2 toe aan een d° eindtoestandsconfiguratie.

B.W. Veal en A.P. Paulikas, Phys. Rev. Lett. 51, 1995 (1983).

3. De gap rond het Fermi niveau die Lavagna et al. vinden in hun
uitdrukking voor de indirecte exchange interacties is een artefact
veroorzaakt door het blindelings gebruiken van Brillouin-Wigner

storingstheorie.
M. Lavagna en M. Cyrot, Solid State Commun. 55, 555 (1985).

4. De bewering, dat dezelfde mechanismen die de Coulomb integraal
U afschermen tevens de intra atomaire exchange integralen afschermen,
is niet Jjuist.
P.W. Anderson, Phys. Rev. 124, p.44 (1961).

5. In hun analyze van de nikkel LVV Auger spectra verwaarlozen Fuggle
et al. de aanwezigheid van valentiegaten in de grondtoestand.
Dit leidt tot een verkeerde bepaling van de Coulomb interactie.
J.C. Fuggle, P. Bennet, F.U. Hillebrecht, A. Lenselink and

S G.A. Sawatzky, Phys. Rev. Lett. 49, 1787 (1982).

.Y ﬁf'; 6. Het feit, dat 4|w(0)|2>E gegeven wordt door de Knight shift (K)

'Eﬂﬁa ~ gedeeld door de Pauli sugcept1b111t91t (X ) en niet door de r1cht1ﬂ§ﬁ~@;i§
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- 8. Met betrekking tot chemisch en radioactief afval is het vanuit
f milieutechnisch oogpunt raadzaam om niet alleen actie te voeren
“f* tegen bepaalde stortingslocaties, maar ook ten gunste van goede
- alternatieve oplossingen.

3 9. De bewering, dat men een "deformatie dipool" naar keuze op het
» anion of het kation kan plaatsen in berekeningen aan elastische
eigenschappen van ionische kristallen is alleen juist als deze
ionen op een punt van gelijke symmetrie zitten.
John R. Hardy and A.M. Karo, "The Lattice Dynamics and Statics
of Alkali Halide Crystals", p.63 tot 98, Plenum 1979.
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fGENERAL INTROBUCTIGN

When transition metal atoms are brought together to form a solid or when they : ;
are embedded in a host material, something fascinating can happen. A magnetic (e
alloy may be formed even though the component elements are non-magnetic in their
elemental form. A tiny fraction of magnetic moments dissolved in a host may in-
Crease the residual resistivity to virtually infinite or destroy superconductivity,
but also superconducting compounds can be formed. Other examples of peculiar tran-
sition metal alloys and compounds are spin-glasses, Mott-Hubbard insulators.,
materials showing a temperature or pressure induced volume-collapse and "heavy -
fermion" systems.

Less than half of these properties are really understood and the usual way
in which new properties are established is: first the experimental discovery, then
the theoretical explanation. The experimental approach can be twofold: one can

subject the materials to all kinds of external conditions and measure their

response. One can also attempt to look directly into the machinery of electronic
structure with the various available spectroscopies thus obtaining direct infor-
mation on the electronic properties in terms of excited states of one or more
electrons and/or holes. These results can then be used as input-parameters of

a theory of the physical and chemical properties, or the theory can be improved,

so that it describes the electronic structure in agreement with experiment.

In this thesis, we follow the second experimental approach. The spectroscopies

IH&Eﬂ'hEre-are Photo-electron Spectroscopy using Ultraviolet radiation (UPS) and .
X (XPS) Auger Electron Spectroscopy (AES) and Bremsstrahlung Isochromat t

,_F’

‘T:f "umimguﬂeﬂectr@n Spectroscopy a sample is irradiated with m@nochromanﬁ“ Ii Nt
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.Wf?;}%gmaﬁgy as an extra variable.
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t m’r.‘ hhé‘ﬁ‘rc energy [11. In the smaller ‘Iabﬁratar‘i@_l}‘ii, one uses

4 @ t.ar X—aij sources which operate at a fixed photon energy. One G&ﬁ“&?ﬁ@.

1 ﬁynﬂhrOtroh.rad1at1on source which opens the possibility of employing the ﬁﬁ A
The observed intensity is, from Fermi's Golden RuTeﬂ :

I= I"..
*:;

2 §(E~E ; -fiw) (1.1)

where |I(N)> and [F(N)> are the N-electron initial- and final states (N is the

number of electrons in the solid) and

: N
It e AR
i 1 mc K.ﬁ (1.2

ﬁg is the momentum operator of electron 1 and'E is the photon vector field. In
the sudden approximation one neglects the post-collisional interactions of the
photoelectron with the system left behind, which is reasonable if the time spent
near the site where the photoelectron is created is much shorter than the post-
collisional interaction decay time. In this Timit the N particle final state can
be decoupled in an N-1 particle final state of the system left behind and an
independent photoelectron state of energy Ek' The photoelectron current 1s then
proportional to

W

o EHI(N)[E(Q my ) ks f(N—1)>\26(Ef+Ek-EI-'hm) (1.3)

vV

)

where o, annihilates an electron in state |k>, , Creates an electron in state |[v-

;&hd'mk_ is the matrix element. It is easy to show that this expression can be

wrﬂtten in the form

gt 1
H E +'F|LU- k"'H"-iU-l.

Jjﬂ%k ) {mkv-mkv Im <I(N) |y

v T(N)>)
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"?ﬁfﬂmsstrah1ung Isochr@mat Spectrosc0py is used if the photon-f]ux is man1ﬁ@:
~ at fixed wavelength by leading the 1light through a monochromator. A speciuumﬂiéﬂﬁf
taken as a function of incident electron energy [2]. The intensity is given by
the reverse expression of Eq. (1.4):

1 + |
W, = & {M_Mr Im<cI(N)|y ¥ T(N)>} (1% 5)
K3 LV b K 2 EI¥ﬁm-Ek-H+i0+ H |

This expression contains the one-electron Green's function, which is related to
the unoccupied density of states.

The Fourier-transform of the single-particle causal Green's function in many-
body theory is:

1

m-H-10+ E

A 1 '-1!+
+

> (1.6)
Hog-Heio™ ¥

Gﬁ(m) = <\?i

where the matrix elements are thermal averages. Comparison with the expressions
(1.4) and (1.5) for the photoemission spectrum and the BIS spectrum shows that
the combination of both spectroscopies is precisely the Lehman spectral repres-
entation of the single particle Green's function (in many-body field-theory)

convoluted with the optical matrix elements.
In Auger Electron Spectroscopy the interaction Hamiltonian is the Coulomb
interaction acting between electrons. The initial state is now a state containing
'.a core hole, which can be prepared with a photoemission process. Due to the
*éﬂiu%ﬁmb interaction this state couples to a continuum consisting of final states
- 1~ﬁg75aiﬁ;1es and one electron. One measures the flux of these e1ectrﬂnﬁ;ﬁ§ B
1f‘#:5*f f}jar k1net1¢ energy [3]. The intensity is proportional t@"“? '
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3 Using the sudden approximation and a decoupling of the Auger electron state =
{§ |k> and the final states [f(N-2)> similar to what we did in obtaining Eq. (1.4)

we have:

« 3 Z.v.{vkcuv Veeuryr I<I(N) [y — v v TN (1.8)

which is the two-hole Green's function multiplied with matrix elements. The one
core-hole 1nitial state energy EC is normally given by a distribution of energies
due to the finite lifetime of the core hole. The prepared state can also contain
more than one hole, if the Auger process has been preceded by another Auger process.
In that case, the final state will contain three or more holes.

The combination of these techniques gives us information about one-particle
properties, Coulomb interactions, exchange interactions and screening. We will
use this information to calculate elastic scattering cross-sections for resistivity
determinations, magnetic moments, coupling constants between local moments and
an expression for a hypothetical pairing mechanism between conduction electrons.

lis2s Scope

In Chapter II a survey is given of the d and f transition metal electronic
structure, using some new BIS data of the iron row elements dissolved in gold
and existing data collected from the literature. We discuss the importance of
screen1ng of Coulomb interactions and show that this can result in a negative a?i
Mg}ﬁ under certain conditions. i

In Chapter III a theory is presented for the UPS spectra and eLectﬂgﬂ-

;_uhwﬂ'_
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~embedded transition metal atoms having essentla]1y Fultﬁx

|r ||| Ly
A '
:rr o

.I:L“__ _ # ﬂl _[‘_ .q.'-
J 'l‘.._:. RS . ' ) |'-“|,:1
_1 =2

' w
' N . _ ATy




i .'-'-_- i . - s i"r ...i-LI “a .

- 1 l'-..l-l. "' - i i 1 . . F -

o = T ITH=S . - ‘l = J*

fetime. | vt |
T —al .

|

] In Chapter V we present UPS data of Pd and Pt embedded in Cu, Age&na.wﬁ-
?’aﬁﬂ give an extensive discussion of the electronic structure using the theaﬁ#fh, T

of Chapter III. We calculate values for the elastic d-scatter1ng_cross.S&gtmj;ﬁi:hff3
and discuss the influence of lattice relaxation on the local density of states. 7 T[#

In Chapter VI we present UPS, XPS, AES and BIS data of Mn diluted in Ag and

N
[,

Cu, demonstrating directly the exchange-split virtual bound state of the Mn atom.

Section VI.1 is a reprinted letter, and there we summarize the main ideas that
are worked out in detail in section VI.2. We show that the host-impurity s-d
coupling is quite strong, which is paradoxal in view of the low Kondo temperatures
found in these alloys. In section VI.3 we use some of the ideas of section VI.Z2
to show that, apart from the RKKY interaction, also indirect charge transfer
processes and particle pair production processes play an important role in the
indirect coupling of the Mn moments.

In Chapter VII we use the information of Chapter II and unitary transformation
techniques to show that triplet-pairing between conduction electrons can occur
in systems containing centers of localized states with strongly screened Coulomb
interactions.

Parts of this thesis have been published:

Chapter 1V . D. van der Marel, G.A. Sawatzky, R. Zeller, F.U. Hillebrecht
and J.C. Fuggle, Solid State Commun. 50, 47 (1984).
Chapter V . D. van der Marel, J.A. Julianus and G.A. Sawatzky, Phys.

Rev. B, scheduled for October 15th (1985).
Appendix of Chapter V : D. van der Marel, G.A. Sawatzky and J.A. Julianus, f
J. Phys. F 14, 28] (1984). 1
- Chapter VI, section 1 : D. van der Marel, G.A. Sawatzky and F.U. Hillebrecht, ;4%

SRR Phys. Rev. Lett. 53, 206 (1984).
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'_;:T;; TiiﬁééqUipmént'u$ed for the UPS experiments presented in this thesis is 'fli
~ described in detail in: A. Bosch, Ph.D. thesis, Laboratory of Physical
Chemistry, Groningen, the Netherlands (1982).
2. The BIS experiments presented in this thesis were performed on the instrument
described in: F.U. Hillebrecht, Ph.D. thesis, Universitdt zu Kéln, W. Germany
(1983).
3. A description of the ESCA spectrometer used for AES analysis is given in:
E. Antonides, Ph.D. thesis, Laboratory of Physical Chemistry, Groningen,
the Netherlands (1977).
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We discuss for the d and f transition metals the competition between atamlc ﬂlﬁfh
electrostatic coulomb- and exchange interactions and loss of atomic character1st1cs '
in the solid through screening of f and d charge fluctuations and hybridization. ”-ﬁ
We show that some of the light actinides can exhibit negative UEff behaviour j!

dependent on their valence in the solid. We argue that some d transition metals
may belong to the same group if properly alloyed.

P s Intrpduction

During the last two decennia it has become more and more customary among solid
State physicists to assume that the one particle band picture is the correct
starting point for studying the electronic structure of 3d, 4d and 5d transition
metals. The physics of the rare earth metals, on the other hand, i1s normally
started from the atomistic point of view, treating the f-shells as a partly filled
core shell. Rare earth compounds exhibiting physical properties corresponding to
non-integer occupation of the f-shell are considered as exceptions and indicated
as mixed valence compounds. The field of actinide intermetallic compounds 1is
rapidly growing and there is no consensus yet on how to treat the 5f shells of these

elements.
In this chapter we want to discuss and compare the d and f transition metals,

with special emphasis on the atomistic description of their electronic structure
in the solid. As the scope of this chapter is quite general, it is not realistic
~ﬂfﬁ}@ﬁhﬁmﬂt’to give a complete review of the literature in this field. Instead,

“'w-.

‘rfi: the reader to some review articles [4-91, ' bl .
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0 ?nh“ﬂ rth ﬂaika11'mﬁtais is mainly due to the decreased radius of Eﬁé S orb
-ﬂ&lffﬂJ*fE]d of the larger core potentials. The trend of increasing s1zei*?ffﬁfwe_.
to the 3A group elements and beyond is caused by the gradual filling of the pﬁ&; ds.
The fourth row is intersected by the filling of the 3d band. One might expect the fhfl
same thing to happen as with the filling of the sp states. A decrease in size U
at the left side of the row due to a decreasing d orbital radius as a function of
atomic number Z, followed by an increase due to the filling of the antibonding bands.
From Fig. 2.1 1t is clear that there is an additional effect: the atomic size stays
constant between Cr and Ni. This reflects a crucial feature of the 3d wave functions,
namely that their size is small compared to the interatomic distances, so that the
hybridization energy of the d states becomes relatively unimportant. What happens
1S that on increasing the core charge, the d levels are gradually filled, which
screenes the core charge very efficiently from the s and p states. A different
way of saying this is: the charge fluctuations in the open d shells are very small
in comparison to those of the s and p shells. This implies, that the corresponding

hybridization energies are small and the d bands are narrow. We note from Fig. 2.1

that a similar trend occurs in the 4d and 5d series, except that the flat part is

missing and the sizes are bigger. The latter is a consequence of the larger (gas
phase) valence s and p radii.
A similar screening effect as we mentioned in connection with the iron row
also occurs in the lanthanides, with irreqularities for Eu and Yb. In the rare
earths, the f electrons are even more strongly localized and are usually considered
as open shell core states. In their elemental metallic state the lanthanides are
trivalent, with exceptions for Eu and Yb which are divalent. As a consequence,
the valence electrons of Eu and Yb move in a core potential that has one positive
elementary charge less than the other lanthanides, causing the larger radius of
the s and d shells. B
The situation in the actinide series is very intriguing. First there is a |
- drop in size between Th and Pa, similar to what we see happen at the beginning of

-
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€ ;e$ﬁq Iry ﬁ, ¢ and y phases which reminds of the vo]ume c@11a;;ﬁ$ %ﬁ:‘ﬁﬁﬁig{ anc
’“;Sm campﬂunds [14,15]. The heavy actinides Am, Cm, Bk and Cf are all friﬁaié”“’ r
u" LI

~ The valence of the lighter actinides is of more mixed character and some autﬁﬁ#ﬁg -

"||.-.i'|

fii”:‘ believe that the volume change between o-Pu and y-Pu, and between a-Pu and Am is

a Mott-Hubbard transition involving localization of the f electrons [ 165175181

A similar argument has been used for Ce [19]. On the other hand, Allen and Martin

[20] argued that the collapsed phase of Ce is in fact a Kondo state with e = 766(K),

whereas the room temperature y phase has a Kondo temperature of 55 (K).  This

mechanism could very well be responsible for the actinide volume collapses as well.
To illustrate the size effect further, we plot in Fig. 2 the f and d "volume"

to Wigner-Seitz volume ratio (rl/rm5)3, where the r (1 = d or f) values were

tabulated v/<r?> Hartree-Fock values for the elements except the actinides [21].

For uranium we used published relativistic Dirac-Slater values for Hiriﬁ [122].

For the other actinides we used published <r> expectation values [23,18] scaled

with a factor 1.04 in order to fit the uranium <r> expectation value to the Dirac-

Pl

Slater result of Ref. 22. The Wigner-Seitz radii are obtained from Fig. 2.1.
We see 1in Fig. 2.2 that all values are smaller than one, indicating that on the
average the d and f clouds lie inside the Wigner-Seitz cell. Although this is no
direct measure of the hybridization, it is clear that elements with similar
(r.l/rms)3 values have comparable bandwidths. Quite clearly, Am, Cm, Bk and Cf are
more confined than the 3d elements up to nickel and more or less comparable to the
lanthanides. From the spatial point of view, the lighter actinides belong to the
same class as Mn, Fe, Co and Ni. The Tighter 3d-transition metals are in the same
way comparable to Au, Pd, Rh and Pt. |
.- 50 far we have been discussing the pure elements only. Fig. 2.2 gives a rough
%ﬁ; indication of the size effect on hybridization of d and f states at neighboring ”
- sites and of the valence band-f(ord) hybridization. Alloying strongly reduces the
g direct f-f or d-d hybridization and influences the s-d or s-f hybri d:i.z-.aatilm:. RS
"%-553532J¢WH?’dﬁp€ﬁﬁﬁng on the structural detai]s of the lattice. s
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mutual interactions are extremely important for the understanding of the phygfggj U=
properties of these elements, and their compounds. The important question to be ﬁ"}iﬂ
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the one electron potentials may be t

gas phase and also the intra- -shell coul

~ the Jocalized states, bearing in mind fﬁ&ﬁ

conduction electrons.
of a state having n d(f) electrons and total o) plolg RED

numbers L, S and A is given by [24]

spin and seniority quantum

E(nSL.S,») = nl = %n(n—1)Uav + U(n,L,S,A) G2zl

where I is the one electron potential, UaU is the multiplet averaged Coulomb-
exchange interaction energy and U(n,L,S,1) is the multiplet splitting. For d

electrons (1=2):

ldd) = F- = =—(F"+F") = F~ - J(dd (2.2)

For f electrons (1=3):

R (56 £ 95 FY + 250 FB) = £0 - 2]

u,  (ff) =
av'ff) 27885 41 +1

J(ff) (2.3)

For later use it is convenient to introduce the exchange interactions J(dd) and

J(ff) here, describing the intrashell exchange attraction between parallel spins:

J(dd) = l—(F2+F4> (2.4)

2 4 6 I BT

ff (286 F© + 195 F 25 D2 BN

-*: 45 ) = 5_4,35 +.250,F°) (2.5)
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_ (f ) EE]UB]S 6E3, where E; is a Racah parameter [253, ‘Thé’ and C's
'Eﬁﬁéma11y useful when describing the lowest state of an 1" mu1tﬂ_1!?‘1:y:

LN .
A e

ﬂtcard1ng to Hund's Rules this is always the state with the highest possmﬁ1é %ﬁﬁuﬁ
quantum number. The energy expressions in terms of J and C instead of F2 F4 Qa ﬂ
F6) are very transparent, and we will see that J has simply to be multiplied with
the number of pairs with paralle] spin in the same shell. In Tables 2.1 and 2.2

we give the prefactors 1 Ongs Oy and a. of the Hund's Rule ground state expres-
sions (neglecting spin orb1t coupling):

Emm£J=aﬁMI+%me+mJMJ+%mm (2.8)

Also given in these tables are the energy expressions for the Hubbard gap:

UETT = E(n+1,H.R.) + E(n-1,H.R.) - 2E(n.H.R.) (2.9)

which is the energy involved in the reaction 2 f"(H.R.) - fn+1(H.R.) + f"-1(H.R.)

and corresponds to the gap between the valence photo emission and BIS spectra of

the d or f states. For d and f states the C's are about half the J's and the latter
vary from 0.8 eV to 1.4 eV for Sc to Cu and from 0.9 eV to 1.4 eV for La to Yb.

We can see from Tables 1 and 2 that the Hubbard gap for the half filled shell is
always 1-J larger than for the other occupation numbers, apart from contributions

from the C's. This amounts to six to eight eV for the 3d and 4f elements. Now

the parameters in Tables 2.1 and 2.2 describe the situation in an atom with an open

d or f shell without any other charges in the system. Even in the case of gas phas&%-
atoms there are valence electrons that interact among themselves and with the-opﬁmwifm
d or f shell. This leads to further multiplet splitting of the states and to emtlulfﬁ
;;ﬂ$ﬁgurat1an interactions. In the solid this situation is extremely cmmp11caﬁidﬁ]
%‘ tﬁ th& vmrtually infinite number of particles involved. A patent1aﬂhy staw |

";ﬁ:“ﬂfﬁw”xr“ this problem is to make a formal separation between't@~~“?ﬂbP‘H”.
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0 _ 0_

d*(°D) 4 6 -6 0 0 35¢
d(s) 5 10 10 0 F0.49
d%(°p) 6 15 10 0 F_go¢
d’ (*F) 7 21 11 " FO-J+C
d83F) 8 28 ' -13 - sy
d9(%p) 9 36 16 0 FUge
a'0(1s) 10 45 ~20 0

correlated f and d states and the valence electrons (which include the 5d and 6d
states in case of the lanthanides and the actinides) that fall into wide bands due
to strong hybridization. The latter can then be treated in terms of local density

theory, whereas the former are treated as a quasi-atomic open shell system, always
allowing the conduction states to relax to each new polarity state of the d or f
{f "cores". Herbst et al. have done such calculations for the lanthanides and the
.:¥;¢1ﬂmdes [26,27,28,29]. Dederichs et al. used a very promising and potentially

;fuerfu1 ab initio formalism to treat Ce [30]

‘..r'rff::;;-mf. S i& ﬁﬁrr the f SheH systems. The ph ﬂ 0S0 phy 1S that
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;;j;ra1ity 1s maintained [31].

2 1 L3/2 FY-J-1/2¢
F3(4 3 3 7/ FO-g+2¢
F4 (5, 4 6 _7/2 FO-de2e
A0 5 10 -3/2 FU-9-1/2¢
Fo( 6 15 0 FO_g-3/2¢
F/(8 7 21 0 F0469
ELF) 8 28 0 FOLss loe
(P 9 36 32 O g-1/2¢
£10.51) 10 45 TR F0_u+2c
4 11 55 -7/2 FO_g+2c
12,3, o c -3/2 FO-3-1/2¢
F132 13 78 0 Fhdea/ec
(1s) 14 91 0
system the screening of a localized electron or hole is always such, that charge ;%;,

The assumption is, that this happens at the 1mpurm%;'<
-;mhqch is not exact, but quite reasonable for many cases (see, for example, o
Ihﬁ;ﬂnﬁrgﬂes involved in the fully screened reaction can r L
~phas %Ft£ﬁ¥1.data 1mva1v1ng the transItlans d"{f‘
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The most clear cut examples to discuss are certainly the lanthanide elements.
From Mann's tables [32] we obtained the following values for FU F2 F4 and F6 as

a function of atomic number:

F(z) = 23.8 + 0.93 (Z-57) (eV)
F4(Z) = 11.2 + 0.44 (Z-57) (eV)
F4(2)

Fo(2)

(2.10)
7.0 + 0.29 (Z-57) (eV)

Il

5.0 + 0.20 (Z-57) (eV)
Using Eqs. (2.6) and (2.7)

J=10.90 + 0.0362 (Z-57) (eV)

_ (2.5%)
C = 0.45 + 0.0178 (Z-57) (eV)

From Ref. 9 we quote the empirical (optical) values for the trivalent configurations
(Again using Eqs. (2.6) and (2.7)):

J = 0.69 + 0.0299 (Z-57) (eV)

“ 3 | (212
C = 0.31 +0.0135 (Z-57) (eV) |
e o F__
qtrrmqga?e about 25% reduced from the calculated values. We want to interpolate
”@Tﬂ.? fgr the Jowest Hund's Rule states relative to the ground state of theaawwe -*ﬁ
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In Fig. 2.3 we plotted the energies of the monovalent, divalent, tr1va1ent'”'ﬁ E}
and tetravalent Hund's Rule ground states of the lanthanides using Eqs. (2.12) and 3
(2.13) and Table 2.2. Curve II has precisely the same trend as the calculated eﬁﬁfgy;
differences between fnd1 c and fn+1 2 gas phase states of Nugent and van der Sluis .
[35]. Several trends are quite clear in Fig. 2.3: Eu and Tb are divalent, Sm is
close to becoming divalent and is therefore a I1kely candidate for mixed valence

behaviour. If anything, Ce will become tetravalent. Good candidates to do mixed
valent chemistry on are therefore Sm, Eu, Tm, Yb and Ce. This is in good agreement

with experimental observation [6].

In Fig. 2.4 we give the energy positions of the BIS and XPS Hund's Rule levels
of Lang et al. [33] together with the interpolation values using Eq. (2.12) and
(2.13), taking the ground states from F1g. 2.3. We see that the 25 experimental
peak positions are surprisingly well reproduced in the 4 parameter fit.

In cerium Lang et al. observed a state very close to EF. This feature has been
explained convincingly by Giinnarsson and Schonhammer [36] using a %—-EXpansicn.
They showed that hybridization of the f shell with the valence bandg results in
a self-energy shift of the photoemission features. The input parameter for the
fU £l separation e and the f2 f1 separation e + UEff that they used in fitting

their theory to the experimental spectra (this is different from the ca’ culated

peak positions) are also indicated in Fig. 2.3 and close to our interpolation values.
Finally we compare in Table 2.3 the yerf from Lang et al. with the values from

our interpolation and with the values obtained from optical data [37], using the

method outlined in the introduction as far as the necessary data were ava1]ab1ﬁ. |

"?Frﬂm the table we see, that both the interpolation method and the optical datgxampkt
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Fig. 2.3. Energies of the Hund's Rule ground states relative to
the trivalent state (III) of the monovalent (I),
divalent (II) and tetravalent (IV) configurations
of the rare earths.
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Open circles: Experimental work of Lang et al. [33].
Triangles: Our interpolation values.
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more complicated, due to the fact that the 3d states (I) are more extended than
k ﬁ f states (II) have smaller Coulomb interactions. Consequently the inter- ._- e

*lzm:mn of the XPS and BIS spectra is expectedly complicated by the occur‘renoe‘
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Cpr 2(f2ds?)»£3s%4r1d%s? 5.3 5.5 5.8 |.
Nd 2(f3d52)+f452+f2d252 6.0 6.4 6.7 g ?1
Sm 2(£652) >/ s+°d%s 6.5 5.5 4.7 I
m 2(£13s2)>£ 1454512452 5.4 5.7 5.8

eV wide, it is advantageous to investigate impurities of 3d elements in a metallic

host. The best host materials having an sp band at the Fermi level with a density
of states comparable to the pure transition metal sp densities of states are Cu,
Ag and Au. Solid solutions of 3d elements in noble metals are substitutional 1f
existing. However, some alloys that are potentially very interesting are thermo-
dynamically unstable at impurity concentrations of a few percent, like AgNi.

A serious problem is the presence of a host d band starting at 2 eV (Cu and Ag)

and 4 eV (Ag) binding energy, that mixes with the impurity levels. This mixing
in itself and is treated in Chapter 3 of this thesis, but it also

is interesting
It seems to be a manifes-

masks the many-body effects that we are interested 1n.
tation of Murphey's Laws that AgNi, where the host d band lies deepest, does not

The peaks observed in BIS fall in the region of unoccupied sp bands and are

for that reason expected to be clearly visible. Nevertheless, even in the sp bands

'T&ﬁgé~§t9ps occur in the density of states whenever a band crosses the Brillouin
fﬁheAEaunder1es (Chapter 4 of this thesis [42]). This also partly masks the impurity
f;.H%L s End one has to rely on subtraction methods in order to get clear impurity

» -

"'pvmiueﬁtﬁrn1ng to the BIS spectra we will draw a plot of what we expect to
1::1-*5. _ 2 .~';-
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n * 3 \" in LS coupling. In Table 2.4 we give the mtens‘l@m"i;_ﬁﬁ" ,;

-n: ﬁﬁ ;'S f1ma1states resulting from one electron removal out of the d" Hund's

l.l_l_ni—' "- -_' i 'IJ

,_;;;ﬂﬂ-states.{zﬂl. The intensities include the final state degenerac1es._  “*Q;!fﬁg'
The states dﬁ(sP-) mixes with d6(3P2) and d7(20 ) with d7(20 ) so that one must 5¢ij£

add up the 1ntens1t1es of Table 2.4 according to the amount of 3P1 and 3P2 character
in order to get the eigenstate intensities. The BIS spectra follow immediately
from particle-hole symmetry. In Fig. 2.5 we have plotted combined XPS and BIS

'
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Table 2.4. Intensities of the indicated final state multiplets
using the coefficients of fractional parentage.

Initial state Final states Relative intensities

d'(°p) g

d%(3F) 4

d3(%F) SE Sp 28:3

d4(°D) i 9p 49:9

d5(°s) >p

d°(°p) B e 4F %n. " 6:9:7:5:3

¢’ (*F) ,%H,%6,%F . F,,%D, %P, %, 175:110:90:56:14:15:14:16
f}if_ ¢(3F) 4F;4P,2H,ZG,2F,2D1=202a2P 224:56:110:90:14:35:15:16
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Fig. 2.6. Plot of the valence XPS

and BIS peak positions

of an open d shell for
various occupations. We

used FO:E.O (eV),

F°=9.8 (eV) and.F4:6.I(eV).
The hatehed blocks
correspond to the Hartree
Fock one particle energies,
assuming the same parameters

and a rectangular band.
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ﬁen51ty aFPrBX1mat1mn [44] In the Hartree Fock aPPrﬂach one assﬁm-.fgzﬁffﬁﬁ%

- l:lru |

:ﬂzw%dth of the majority and minority spin states and takes for the exchange s@ﬂwffiﬁﬁﬁs

'II.I
= m—z' ¥
L _—\.. I

of both bands (n -n )J where n  and n, are the number of up and down d e]ect?ﬁnsl-ﬁaa
per atom. The energy distributions of majority and minority spin states are then E;J

wr1tten as B(e- Eom)’ where B T n A ;zm(U—J) , and B(x) is the band F%
shape (often Lorentzian). The ground state 1S found by 501v1ng the two coupled

self-consistent equations

EF
| B(x-EU)dx = (2.14)

and looking for the state of lowest energy if more than one solution exists. This
leads to the Anderson criterion of magnetic moment formation

(U+4J)Qd(EF) S 1 (2.15)
Although this model does not tell you much about the UPS and XPS spectra,

people quite often seem to believe, that a plot of these one particle states may
provide the electron removal or addition spectra. To point out the differences

with the atomistic point of view we have also plotted the majority (left) and
minority (right) bands in Hartree Fock theory, taking rectangular bands of

1 eV wide and E+"E¢ ;(U+4J)(n -n¢) We see that there are significant differences
between both approaches, except for the dU d° and d10 configurations where both
give exactly the same result. Fig. 2.5 also tells us, that do, d> and d10-ar3‘
stable against charge fluctuations, d2, d3, d’ and d® are much less stable and
ﬂi-eﬂﬂa-dﬁ.and dg-are unstable if FU is smaller than J+C.

, V, Cr, Mn and Fe diluted in g@%@ﬂ,

'“?rﬁﬁ;jg”l det&1]s are the same as in Chapter 6. 1In Fig. 2.7 we show the
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trinsic effects from anomalies due to improper alignment of the spectrﬁ:b ﬂj ok

‘i';ifbtract1ng them. We optimized the alignment of the spectra at the Fermi edge :'
Any malalignments will result in a positive or negative dip near E
avoid this to occur in the MnAu difference spectrum, which we consider as un-

reliable for that reason. In all difference spectra there is a fairly high inelastic

background, probably due to the extra energy loss paths introduced by the impurity
atoms. We also schematically indicated the AuFe, AuCr and AuV UPS results from
Andrews et al. [45]. The hatched area is the region where the gold 5d band masks
the possible structures in that particular energy region. This problem has been
overcome recently with synchrotron radiation, giving nice results on the whole 3d
series in gold, but the results were not analyzed when writing this chapter [46].

Without looking at the details of the structures in Fig. 2.7, we can already
see that there is a 4 a 5 (eV) gap for CrAu, whereas there is a pile up of states
near k. for FeAu, VAu and TiAu. ScAu exhibits a clear split off state some 3 eV
above EF' The MnAu spectrum is a bit ambiguous. However there is certainly no
peak near EF in the UPS spectrum [45,46] although a dilution induced narrowing of
the Au 5d band is quite clear. It is very likely that the situation is similar
to CuMn, where the Mn majority peak is absorbed in the Cu 3d band (Chapter 6 of
this thesis [47]).

In order to be able to compare the spectra with quasi-atomic theory we have
to know the Slater integrals F2 and F4, or J and C. In Table 2.5 we give the multi-
plet splittings of the doubly ionized and neutral 3d elements in the gas phase,
from Moore's tables [48], together with the values of these splittings based on
Mann's tables [32]. The F2 to F* ratio was kept at Mann's values and £ and F*
or J and C were fitted to the experimental values using Eqs. (2.4) and (2.6).

;;ﬂﬂésgﬁﬁ from Table 2.5 that the multiplet splitting is reduced with 6 to 8% due
,f:g*ﬁﬁﬁﬁéﬁte of the 4s electrons in Cr to Cu and ~ 20% for Sc to V. The.ngytra?
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o splitting using neutral exp exp d®UET? ool
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tables [48] value [48] b . i?i35*3 
_ 21 e
L 3p=f 1.55 1.03 0.59 0.3 1.29 0.74 0,39 U
v e 1.7 .16 - 067 1035 1.40 0.81 0.42
PSR 5 03 1.98  0.92 0.48 2,42 0.98 0.51
Me. 9s-*c . 3.80 3.13  0.94 0.50 3.33 1.00 0.53
e Sp  2.68 2.3 1.07 0.55 2.46 1.14  0.59
6o p=F 2.28 1.63  0.95 0.49 .81 1.05 0.54
i CPF . 2.40 1.82. ¢ . 1.05::0.55 1.96 1.13 0.59

and TiAu difference spectra in Fig. 2.7.
Although the doubly peaked structure in the FeAu spectrum seems to be repro-

duced quite well, we have to be careful with concluding that this settles that Fe
is 1in a d6 state: In the first place, a d’ configuration would also result in a
final state doublet; secondly, the peak at 3.5 eV has too much intensity relative
to the main 1ine. An alternative explanation might be, that the ground state is
of mixed d5, cl6 and d/ character, resulting in a spectrum consisting of a mixture
of main and satellite lines. The same could be true for vanadium, where neither
of the three initial state configurations d2, d3 and d4 reproduces the observed

n__f1na1 state structure. Titanium seems to fit quite well assuming a q ground

L fﬁ&ie. On the other hand, the BIS spectrum could again be a main line near EF

’:hfwﬂ a & satellite at higher energies (symmetrical to Ni). s
i 'T% is hard to determine FO from the combined UPS and BIS spectra, althﬂuqﬁE’-LL ,?f
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copper metal F- = L Auge«?‘ ana]yms [493 --1“11 mckeim-f ‘meta uu}‘a‘lt*
,WJaﬁfﬁﬁéffjﬁfﬂ?ﬁﬁ” 2 8 eV from Auger analysis. The s1tuatﬂ&ﬂ“ﬂﬁ mfaig;,

B ﬁfﬁﬁhawer, ﬁﬁmp11cated due to the interconfigurational mixing of d!0 andrﬂaf;Jﬁf’n
~ in initial and final states. Fuggle et al. did their analysis assuming the dﬁg“h ‘
E%Tﬁund state configuration and interpreted the nickel d band as d2 final states.
Fﬁ was derived from the reaction 2(3d94s) > 3d10 + 3d8452, using 1.4 eV (the d band )
centroid) for the one particle binding energy. Suppose now that d? and d10 _ j

in fact exactly degenerate [40]. The d band observed in photoemission is now a
mixture of d10 and dgs states, the lowest state of which coincides with the ground
state of the metal. The d° states observed in Auger spectroscopy are at an energy
2¢ 6 * UEff - 6g above the ground state of the system, where Edq = E(d K ) E(d10)*- 0
(k is a conduction state at EF) and 69 1S the hybridization energy ga1n of the
ground state minus the d8 hybridization energy (approximately half the d band
centroid = 0.7 eV). Fuggle et al. assumed 69 = 0 and £, = 1.4 eV, and they sub-
tracted two times 1.4 eV = 2.8 eV from the experimental two hole binding energies
in order to obtain Ueff’ hence FO. We assume 69’3 0.7 eV and 4= 0 eV, so that
we have to subtract 0.7 eV from the experimentaé two hole binding energies in order

to obtain U off Consequently we arrive at an F~ that is 2.1 eV larger, 1i.e.
5L 4.9 eV. This value is too high as we will see; there seems to be a discrepancy

between the two hole binding energies used in Ref. 50 and those of Haak et al. [51].

For the dﬂ, d7 and dS lowest states we would find with these parameters and Tables
2.5 and 2.1

e o) - L P 2 5y = 4.0 el
el ey %, + L I 5y = 11.7 eV
EXﬂE 50) = 3Ed + 6F0 - b6d + ﬁg =23 -Raal .;f

:fiﬁg%;%%fgﬁj;;”taT peak positions are [51,52] 3.0 (eV), 9.8 (eV) and ca. 22 5‘§Ev)
' ii:‘vh&w mnﬁmﬁgftﬂﬁ-ﬂh averest1mat1an of Fﬂ of ca. 1eV. So F0 '
oot '.-:1;.;: | ..I Tﬂ'—lﬂ"ﬂ" =l B _ |
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4 Another way of determining FO is by using optical data of the gas phase neutral
&
- atoms as outlined in the introduction. In Table 2.6 we collect the values of UEff

Fﬁ The corresponding values of FO were found by subtracting the J's and C's using
Table 2.1. We also give the gas phase Hartree Fock values of O from Mann's tables
[32] and the FD values of Cr in gold, Mn in silver, Ni in nickel metal and Cu 1in
coppper metal from the discussion. We see that the agreement for Mn is quite bad,
but note that the valency in the optical process is different from the valency that
Table 2.6. VP17 using optical data for the indicated reactions and
the resulting 0 value, the FU values in the solid as
discussed in the text and the unscreened Hartree Fock
value from Mann's tables.
element reaction UEff[48] FU FD n FD
atomic solid unscreened
_ HE [ 32
SC 2(d25)+d52+d3 1.05 ez - 15.10
Ti 2(d3s)+d%s2+d® 1.93 2.21 L 170
v 2(d%s)>d3s2+d" .34 2.36 L 18.7
. Cr 2(d%s)>d*s%+dd 4.62 0.94 0.3 18.4
g Mn 2(d%s)+ds%+d’ 1.31 2.75 1.0 21.9
B T 2(d”s)+d%%+q8 1.83 2.35 A 22 4
B e Bl 2. 49 N
it Gf’ 2(d”s)»d"s“+d 220 2.68 - 248 e

2(d%s)»d8s%+d'0 1.6 3.2 3.9 26.3

S el D= 3
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jf]ﬁht Cr, so that the screened FU value is probably between zero and one eV.

If S0, “this will lead to negative values for UEff as has been mentioned earlier
by de Boer et al. in connection with their Auger analysis [54].

To show what will happen in such cases, we have drawn energy level diagrams
in Fig. 2.8 of the Hund's Rule ground statesand first excited states as a function
of occupation for some values of FU and I. We used J = 0.6 (eV) and C = 0.31 (eV)
everywhere. Fig. 2.8a corresponds roughly to Cr impurities. The d4 state 1s close
to the d5 state, so that the ground state is of mixed d5d4 character. In view

of this fact, it is surprising that no clear features are observed claose to the
Fermi level, as one would expect if the ground state were purely d (see Fig. 2.5)
or if a many-body resonance would build up at the Fermi level [2]. This paradox
strongly resembles the paradox in AgMn (Chapter 6 of this thesis [47]), where we
found a minority peak at 2.1 eV from EF having a half-width of 1.2 eV. Andrews

et al. [44] found the majority peak of Cr in Au at 0.87 eV binding energy having

a halfwidth of 0.28 eV. In both cases, the ratio halfwidth to peak position 1is

in the range of % indicating strong fluctuations between d5

and d® in the case
of AgMn and between d* and d° in the case of AuCr. Nevertheless the spectral

features are those of a pure d5 state.

Fig. 2.8b corresponds to Ti. Note that, although the one particle potential I
1S repulsive, a d2 state can sti1l] be favoured due to the multiplet splitting.
If F'B gets smaller than J we get a situation like in Fig. 2.8f, where charge
fluctuations take place involving more than two electrons. We must not forget,
hﬂmever that the screening mechanism, though apparently more or less linear for
h1cke] becomes very nonlinear if an atom has already lost all its screening
Miiﬁﬁtr@n@.. Addition of an extra negative charge can no longer be compensated w1thmn“_
:fﬂgﬁ%@wf};unﬁt cell and the corresponding polarity state will be several eV h1gher TE

in ene y than ~what is to be expected from linear response theory. F@r ik thws“ L
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From Mann's tables [32] we have for the 4d series ' 5 ';Efﬂ%fl

C = 0.50 J j%j

3(Z) = 0.59 + 0.056 (Z-39) (eV) (2.16) :
and for the 5d elements

C=0.524J

gz =060 + 0.053 (Z-71) (eV) 2. FF)

The FY integrals are about 65% of the values in the chemically equivalent 3d ele-

ments. In Table 2.7 we collect the UETT values from the optical data [48]. We

also indicated gatl estimates, using J's and C's that were taken 80% of the values

of Egs. (2.16) and (2.17), however without incorporating spin orbit coupling. We

see that, although the Hartree Fock values of FU are several eV lower than in the

3d series, the screened FD values remain at a lower limit of 1 & 2 eV, with the

exception of Ta, which has a negative Hubbard gap. Nevertheless, the F0 values

could be still smaller in a metallic host due to the higher density of the con-

duction electrons. With the exception of Mo, Tc, Re and W we expect small Hubbard

gaps. The possibility of a negative UEff is intriguing and we expect this to occur
- for elements having a d!, d4, 4® or d9 configuration, as we already discussed for ”

7

- the 3d elements.
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reaction

2d%sd] 5;25+'d_3:'

2d°s>d%s%+d? E
Nb 2d%s>d35244° 1.5 2.3 14,961
Mo 2d°s>d*s2+dP 4.6 22 13.14 a
Ru 2d’s+d%5244® 2.0 2.4 15.26 °_f7
Rh 2d%s>d”s%+4? 2.0 2.4 16.26 )
Pd 2d7s>d852+4 10 5 2.6 16.36
Ta 2d*s>d3s%+d” = R0 0.2 12.10
Iy 2d8s>d’ 52449 1.6 2.0 15.22
Pt 2d7s+d8s2+410 0.9 2.0 15.36

e — ———— = - e e e | -— — e

2.5. The actinides

In the compounds of U, Np, Pu and Am the actinide atoms possess magnetic
moments of 1 to 3 Bohr magnetons [55]. These moments are of mixed spin-orbital
nature, the orbitular part not being quenched completely in the crystal fields.
Well developed moments exist especially in systems having inter actinidic spacings
uﬁf more than 3.5 A [56]. Pure U, Np and Pu form rather wide f bands and do not

: shﬁw'magnet1c ordering. Their effective intra- -atomic interactions are known to

q_

:i: be small due to screening [16,17,19,29], although the exchange splittings of the
'“-Tmﬁqg are comparable to those of the 3d metals. The f bands become very narrow,
I ever, 1n cﬂmpounds With large interactinidic distances [57]. | M;}r:- j

I h'g_ -_:

ind C values translated from the Racah paramat9rs E1, Eg and:ES fiid ;Fw .

e

opt” :h 58,59] and photoemission of the act ﬁ# ﬁ&*mcyﬁi s (6 |
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_a' 0.66 + 0.035 (Z-89) (eV)

The empirical C and J values of the actinides 1ie some 30% below those of thé Tah;;fﬂf
thanides. The spin orbit parameter ranges from 0.23 to 0.40 eV from uranium to
berkelium [60], which is some 65% larger than the corresponding parameter in the

Table 2.8. Energies in (eV) of the indicated configurations
using optical data [37].

element U £l £ £ £4 £2 £6 £/
Th 0.00 0.97 3.47 ? L . ! .
(d%s2) (ds?)  (f4s9)
Pa 2,73 0.25 0.00 1.42 . = s 4
(d¥s)  (fd%s2) (f%ds®) (f3s2)
U 3T . 2.73 1.43 0.00 0.87
(d®s)  (fd%s)  (f2d%s2) (£3ds2) (§%s2) - _ o
Np : - 4.34 2.4 0.00 0.12
: (F2d%s) (£3d%s2) (f%4s2)  (£9s?) - i
' Bl s _ . 2 4.47 0.78 0.00 S
- (fadzsz) (f5dsz) (£852) .
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ut371 'Fr@m th1s table we can derive Hubbard QBPS as in the ”‘*‘“‘ e
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‘;ﬁgg%ﬁiﬁﬁ“ Very significant are the many different crossing levels in U, Pa aﬁﬁr e
erent UEff values for uranium
eff of 2.3 eV for uranium, which

- Np. As a consequence we can define three diff

[. dependent on its valence. Johansson arrived at a U
was based on the trivalent configuration [17], but he did not mention the other

valencies. As uranium metal has two f electrons the tetra valent Ueff 1S probably
more important. In Table 2.9 we list the UEff values derived from Table 2.8 for

the various valencies that are possible.
As the one electron potentials in the solid may differ significantly from
those in the gas phase the valency of the atoms can be different as well.

Table 2.8. vets in (eV) for the actinides for several valencies
and corresponding reactions using optical data [37].

element valency reaction UEff W)
Th 11 2fds®  »f2s? 4+ dls? 1.53
Pa 111 2F%ds® »£3s2 4+ £d%s? 1.67
Pa IV 2fd?s? > f2ds? 4+ dis 2.23
! I11 2£3ds? > %52 4 §24242 2.30
U IV 2F°d%s? 5 13452 4 £dls Q18
U v 2fd*s - £2425% 4 g5 -0.56
Np 11 2f%ds® »£2s2 4 34242 2.64
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Fig. 2.9. Energy positions of lowest states as a function

of f ocecupancy of U, Pa and Np, using Table 2.8
and adding an extra one-particle potential.

To make clear what this implies in the 1ight actinides, we have plotted in

Fi1g. 2.9 the values of Table 2.8 for the different f occupations, but added a one-
electron potential to them, i.e. an energy that depends linearly on the f occupation.
This potential was chosen such, that uranium ends up with having ~ 2 electrons

on the average, Np ~ 3 and Pa ~ 1.5. Of course, such choices are arbitrary and

the value of the one electron potential will depend on the electronegativity of

the element(s) the actinide atom is alloyed with. Fig. 2.9 and Table 2.9 show

a feature that is probably crucial in the physics and chemistry of the 1ight
actinides: the negative ™" causes non- statistical charge fluctuations of two or

- even three electrons in the f shell. Especially if the f bands are narrow, this
must give rise to peculiar and new phenomena. It might even be the basis of heavy

- fermion properties in some actinide compounds discovered in the last few years [64].
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Fig. 2.10. Plot af'U'leagalnsf (r /T{q g Jor the d and f transition

metals in their elemental form, assuming valencies as
discussed in the text.

ment: the (r,/r ) values of Fig. 2.2.

1

We could have chosen the reciprocal band-
fmﬁ$S'parametEP U- = %r

2 .
m53|¢1(rms)| 'nstead, where ¢ 1is the radial d or f wave
| » but both parameters happen to be

other for the materials that we discuss here.

In F1g 2 ;2 we display the positions of the pure metallic elements in such
__;L%aﬁgﬁg The U® values are the gas phase spectroscopy values of Tables 2.3, Zlﬁa T
"%EEi@EQM%@ﬁg The valencies for which U€Tf was determined are also 1nd1cated |

..H_f;ﬁﬁﬁimﬁ]e”t Cm, Bk and Cf were extrapolated from the vaTUe for Amf
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3 few 5& m. ﬁts and SO‘ ‘we had to ql %‘ 5+ @-. L ues for mono

. =

; | The p01nts:@br Cm, Bk, Cf, Tc, Re, W, Hf and lshéﬁw indicated
i ”w@p:ﬁa star t@ mark the difference with the true experimental points. ':}“'“-*'
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We divided the plane into three major regions. Regions I and II are hﬁthirﬁf

sides of the Mott-Hubbard transition separating the very localized (I) from the '% g

I L
"

itinerant elements [54]. Region III contains the elements having a negative UEff
that is large enough to cause the considered element to have two valencies differing

by two or more in one compound. As we can see from Fig. 2.10, no pure elements
fall in this region.

In region I polarity fluctuations are strongly suppressed and magnetic moments

are formed according to Hund's Rule. Although the large U orf Prohibits reactions

of the type 2fn(sd)m il 1(sd)m Iy £N- 1(sd)m+1, the reactions f"s™ - fn+1 m-1

Shaph= 1sm 3t are still possible dependent on the one particle

potential, i.e. on the compound the atom is built in. Al] lanthanides and the
heavy actinides belong to class I.

exclusive oOr f tH

The shaded area between regions I and II contains the heavy 3d elements and
some of the light actinides. Whether a material containing such an element belongs
to class I or class II depends strongly on the type of alloy or compound it 1is
built in. For example, alloying with aluminium, which has a high density of states
that couples to the d(f) orbitals increases s-d hyrbidization and effectively moves
the element to the right, i.e. to region II. Alloying with a noble metal will
reduce the direct d-d or f-f hybridization of the transition metal. On the other
hand, the impurity-host d-d or f-d hybridization may still be significant. This
will mainly affect states that fall in the host d band region, but has little
influence on states above the Fermi level. The net result will be an effective
shift to the left side of the shaded area. Pu is a nice example of element that
can be moved from left to right just by changing the temperature. Uranium, on

, th& other hand, is an element that can be moved up and down in the diagram, by

..i.

:h,p.,u amgmg the one particle potential of the f electrons. Its average number of

% rons will depend on the electronegativity of the element(s) it is allayq{.f.
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| tes; aﬁﬂlmay carry a local moment 1ﬁ some cases. In view o :ii—ﬂh i
"g'i“mr*ﬂwely high UEff, one might expect Re and Tc (if d1va1eﬂt} and ﬁﬁ éﬁﬂrw‘ _=E:-

e _‘I pA " It S ”::.F.' ‘
. Hmﬁﬂ@maTent) to have suppressed charge fluctuations. If alloyed with an appP¢,r - S

host material, we expect a local moment for those elements, possibly coupled to 'fw é
As far as we know, this

B
™ sl

BRI
-'."'.---'."---.r i

the conduction electrons with a high Kondo temperature.
has not been investigated yet, apart from indications for a magnetic moment of
Re and Tc in Gd [66].

The values of USTT could of course differ from the atomic values, especially
if the valency is different than for the gas phase atom. We have already discussed
this for V and Ti, where we expect low or negative values in some cases, hence
some of their compounds could belong to class III orat least be in the transition

region separating class II and III.
Tantalum has a negative U in the gas phase. On the other hand, i1ts 5d orbital

1S quite diffuse and it is questionable whether a negative U centre would still
exist if the d electrons are strongly itinerant. Tetravalent uranium and neptunium

and pentavalent uranium are in an area of narrow f bands and negative UEff. In
chapter / [67], we discuss the possibility of triplet pairing of conduction elec-

trons induced by the negative UEff of the localized f electrons of the uranium
atoms in alloys. Quite interesting is, that the charge fluctuation propagator
Co(q,m) 1S enhanced with a factor (1 + UEff CU(q,m)) , Tor negative UEff materials
in region II. If the condition e -((Zo(t::|._.m))'1 1s satisfied a transition takes

place to a new state where valence fluctuations with two or more electrons occur.

Although we do not know where to draw this transition region precisely, we have
tentatively drawn an area that contains Np and U. It is interesting in this context,
that two independent types of atoms have recently been claimed in a-uranium [68].

L‘ If compounds would exist in the far left of region 111, they would show quite
4ﬁﬁxraﬂrd1nary behaviour, as the hybridization with the conduction states becomes

tiu 14there. ﬂne~wauld expect thermal, or pressure induced, valence f]uctuatlan$ﬁql':if
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