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FOREWORD

The International Conference on Valence Fluctuations in Solids was held in Santa
Barbara, California, USA between January 27 and 30, 1981. It was the closing event
of a six-month workshop on the same subject which, coordinated by the three Confer-
ence Co-Chairmen, took place at the Institute for Theoretical Physics of the Univer-
sity of California, Santa Barbara, between July and December, 1980.

The Conference consisted of four morning and three evening sessions of oral
invited presentations and two afternoon meetings of poster contributed papers. The
present volume contains all these.

The state of the art in the rapidly developing field of Fluctuating Valence is
well represented by the contributions to the Conference. A strong interaction
between theory and experiment and a confluence of widely varying experimental and
theoretical techniques have been the landmarks of this area of research ever since
its inception in the early 1970s. This was clearly in evidence in the first and
groundbreaking conference which took place in Rochester, New York, USA in 1976 and
whose proceedings, Valence Instabilities and Related Narrow-Band Phenomena, edited by
R.D. Parks (Plenum, New York, 1977) are by now one of the standard references in the
field. The pattern established in Rochester was once again in evidence in Santa
Barbara, and the vigor and variety of the research presented in January 1981 augurs
well for continuing activity at the same level.

The Conference was made possible by the financial support of the U. S. National
Science Foundation and a generous grant from the IBM Corporation.

The organization of the Conference and the publication of these Proceedings
could not have been possible without the skillful and gracious help of the staff of
the Institute for Theoretical Physics in general, and of Ms. Lois Sellers in particu-
lar. Her patience, organization ability and sense of humor and opportunity are
gratefully acknowledged.

The presence and advice of Miss Nancy McLaughlin of the University of California,
San Diego, contributed in no small amount to the success of the meeting.

Special thanks are due to Professor Walter Kohn, who as Director of the Insti-
tute for Theoretical Physics, provided the warm hospitality and congenial environment
which made the Workshop and the Conference great successes.

L. M. Falicov

W. Hanke

M. B. Maple

Conference Co-Chairmen
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SYSTEMATICS OF VALENCE FLUCTUATION SYSTEMS

D. K. Wohlleben

II. Physikalisches Institut, Universitdt zu Koln, Ziilpicher Str. 77,

5000 K&ln 41,

West Germany

Knowledge of the fractional valence as function of ionic species, temperature, pressure
and other parameters is essential for a quantitative and often even a qualitative under-
standing of the anomalies associated with the fluctuating valence state. According to
available experimental data the valence in compounds as well as dilute alloys behaves in
a fashion much more characteristic of the individual rare earth species than of the ma-
trix. There is a high temperature limit of the valence of Ce, (Pr), Tm and Yb determined
solely by Hunds rules and a characteristic high temperature dependence in Eu associated
with intraionic multiplet structure of 4£6, The valence of dilute Eu can change by near-
ly 40% between O and 300 K. The valence transition of Ce (and Pr) remains fractional
(tetravalent Ce compounds seemingly do not exist). The temperature dependence of the
valence of Ce and Yb fluctuating valence compounds is characterized by a shift from the
nonmagnetic towards the trivalent, magnetic configuration with increasing temperature.
This causes an abnormal expansion in Ce and an abnormal contraction in Yb compounds.
Thermal expansion of the matrix accelerates the valence change in Ce and decelerates it
in Yb compounds. The pressure dependence of the excitation energy is discussed.

L INTRODUCTION

The subject of this introductory experimental talk
is of course too voluminous to be treated exhaus-
tively in the given time and space. I shall there-
fore discuss only stochiometric compounds and some
dilute alloys and will focus on the actual value
of the fractional valence. Why is that value so
important? For quantitative and, even at this
time, for qualitative reasons. For one thing, it
is by now well known that temperature, pressure
and other parameters can change the valence appre-
ciably. For transport this implies a change of
the number of conduction electrons and a shift

of the concentration of one type of scatterer

(say the 4fNtl jons) in favor of another (the 4fn
ions). Anybody interested e.g. in explaining
transport anomalies as function of temperature
even qualitatively must know the rate of valence
change with temperature. The same is true for
specific heat, susceptibility, neutron inelastic
magnetic line width etc. Secondly, while com-
pounds and concentrated alloys of Rare Earth (RE)
ions in the fluctuating valence state show mac-
roscopic anomalies in transport, specific heat,
susceptibility etc , which are very similar to
anomalies of the same physical properties due to
the same RE species in dilute alloys, the latter
are usually explained with Kondo type models,
which imply nearly integral valence. Kondo type
theories are also often applied to compounds by
one school of thought which may be put into the
fluctuating valence class by another. Clearly

one needs a microscopic measurement of the va-
lence to find out which procedure is justified.
Moreover, if it turns out that the valence of
dilute impurities can be strongly nonintegral

(it does!), then the stability of the fluctuating
valence state cannot depend much on the Fermi
energy of the conduction electrons. The emphasis

of the search for astability criterion must then
shift to local properties like Hund's rule dege-
neracies, ionic volume, lattice pressure etc.
Thirdly, there are now theories being formulated
(1), which predict magnetization and charge re-
laxation rates from the valence as decisive in-
put parameter. They should be checked! Finally,
when shifting from gualitative to quantitative
experiments, one must expect surprizes. One of
them happened in the case of tetravelant Cerium
compounds .

In short, valence measurements seem very timely
at the present stage of maturity of the field.
The available evidence already shows clearly that
the valence and its rate of change with tempera-
ture, pressure and other parameters is characte-
ristic of the RE species rather than of the host
material, and that for a given species it is very
similar in compounds and dilute alloys.

Unfortunately to this day accurate numbers of the
valence are hard to come by. Nobody claims to
know any valence to better than *10% absolutely.
This is mainly due to uncertainty with respect

to systematic errors in the extraction of a num-
ber from experimental data. Some measurements
(e.g. thermal expansion) carry the promise of
several orders of magnitude better precision,

but to fully exploit their potential we need to
greatly improve our understanding of some aspects
of the physics of the fluctuating valence state,
especially of the effect of pressure.

From an experimentalist's point of view the para-
meters which control the valence are, in order

of decreasing energy scale

1. lattice pressure

2. Hund's rule degeneracies

3. intraionic multiplett splittings
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4. crystal field splittings

5. magnetization and charge relaxation rates.

Of these parameters only the relaxation rates and
maybe the size of the crystal field parameters
are intrinsically connected with the fluctuating
valence; the rest comes from general crystal
chemistry and atomic physics. The intrinsic para-
meters can be measured to some extend and/or
treated phenomenologically. It is encouraging to
see that the relaxation rates and their trends

as function of fractional valence can actually
again be classified theoretically with the aid

of Hund's rules (and hopefully in the future with
the aid of crystal field symmetries) by a rela-
tively straightforward but appropriate pertur-
bation theory (1). Given these parameters, the
valence can be obtained from thermodynamics.

- In the following we shall first critically exami-
ne the experimental methods to measure the valen-
ce. Then we shall lay down the thermodynamical
tools by which the valence can be predicted from
the above parameters. We shall then focus on the
thermodynamic predicition of the high temperatu-
re limit of the valence in comparison with expe-
riment. Next we shall demonstrate the importan-
ce of measurements of the valence on two exam-—
ples: the valence of impurities and of tetra-
valent Cerium compounds. After discussing the
behavior of the valence at lower temperature a
few words will finally be said about trends of
valence changes with intraionic and external
pressure and with thermal expansion of the matrix.

2. VALENCE MEASUREMENTS

Table I lists the experimental methods to measu-
re the valence which are in use at this time.

The first two lines show applicability to the six
potentially IV RE species and to distinguishing
dynamic from static mixture at T2O. The next two
lines give the limits of temperature and pressu-
re range achieved so far in at least one published
experiment. (These ranges are not necessarily

common or easy to cover.) Asterisks indicate

room for larger pressure and temperature

ranges. The fifth line gives the limit of
relative accuracy achieved so far, again in at
least one experiment. Relative accuracy is de-
fined here as the limit of detection of a va-
lence change driven e.g. by temperature or pres-
sure, under otherwise unchanged experimental con-
ditions, on the same sample of a compound. The
relative accuracy for dilute alloys can be
roughly estimated by dividing the listed values
through the RE concentration (except for
Moessbauer (ME) measurements where the relative
accuracy is a much slower function of concen-
tration). This shows why we know so little about
the valence of dilute alloys. The list also

shows how difficult it is to ascertain experimen-
tally homogeneous (dynamic) mixture. This can be
done directly (microscopically on the RE site)
only by ME measurements in IV Eu and Sm. The
next best methods are low temperature susceptibi-
lity or low temperature neutron diffraction (ab-
sence of magnetic order), of course only in the
vast majority of IV systems which do not order
magnetically. In questionable cases capacitive
thermal expansion could detect any phase tran-
sition and would prove homogeneous mixture by
their absence. In magnetically ordering IV com-
pounds, homogeneous mixture can so far only be assu-
med on the basis of circumstantial evidence (e.g.
TmSe) .

From the point of view of general- applicability,
relative accuracy (and last but not least, ease
of handling), x-ray lattice constant and -absorp-
tion measurements are the clear frontrunners. ME
is singular in its applicability only to Eu, but
at all temperatures, pressures and concentrations.
Capacitive thermal expansion is singular with re-
spect to relative accuracy. It can be generally
applied to all systems (even dilute alloys) over
a large temperature range (especially to very

low temperatures) but of course only at zero
pressure.

x-ra capacitive L ) XPS ;
Method . Vy . thermal Mcessbauer 1Ir X7 stat+c' "
diffraction . ; UPS susceptibility
expansion absorption
Ionic species all all Eu (Sm) all all all
dynamic or
static mixture? no possibly yes no possibly yes
pressure . s A% x X
range [kbar] 0-300 (¢] 0-50 (0] o 0-45
Temperature _ 5z X % x %
range [K] 1-10%0 1%-400 0.01-700 1-300 77¥-750 1-1200
Relative -2 -4 =2 1 -2 -1 -2 =1
I 10 <10 10 ) 10 10 "-10 10
a) bulk only useful
Broblems a) callbratl?n of an+1s an calibration final state valence? at T>>T¢ for
b) valence linear in of 52, 8 effects? b) final state) valence
(an+1-an)? effects measurement.

Table I: Experimental methods to measure the intermediate valence.
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All numbers given for the valence in the literatu-
re are afflicated by much larger absolute (syste-
matic) errors. Quite througout,the limits of abso-
lute uncertainity are *10% roughly,not much better
than 10 years ago. Therefore it is very difficult
to distinguish e.g.between integral valent Ce and
Yb compounds and the corresponding intermediate va-
lence compounds in the high temperature limit (3.07
for Ce, 2.89 for Yb; see Table II) on the basis of
direct valence measurements alone.The systematic
errors in the case of ME measurements are due to
uncertainity about the isomershifts of the ficti-
ous integral valent (4£ntl ang 4£n) compounds. In
the case of x-ray absorption (or XPS,UPS) the

shape of the edge (or of the XPS-UPS spectrum) may
be modified by the host (or the surface) and by
shakeup and shakedown (final state) effects. In
XPS/UPS the valence is measured on the surface,
where it can be different from the bulk.

The sources of absolute error of the valence me-
asurement through x-ray diffraction and capaci-
tive thermal expansion are the same. The first is
uncertainty about the lattice constant of the fic-
titious integral valent 4f%t! and 4f% compounds.
The error is small for the 3% partner (the 3%
lattice constant can be safely interpolated be-
tween 3% compounds with directly adjacent atomic
number) but serious for the di- or tetravalent
partner. The latter numbers usually come from an
educated guess, guided by lattice constants in
related series of compounds with actually exis-
ting divalent species or, lacking that type of
information, from an extrapolation of the depen-
dence of the trivalent lattice constants as func-
tion of ionic radius and the difference of the
4fn+l and 4fn ionic radii. For tetravalent Ce

and Pr there is another problem (see Section 6).
But even if one has reliable numbers for both
fictious integral valent compounds, one faces
another serious systematic error: the assumption
that valence and lattice constant are linearly re-
lated. There are good reasons and mounting evi-
dence for the conclusion that this assumption is
wrong and that the nonlinarity is severe. The
evidence is systematic deviations of the valence
from lattice constant compared with the valence
from other measurements,with growing tendency for
valencies from all other measurements to cluster
about some value and the lattice constant showing
a more than 10% larger value (e.g. for TmSe Lyyt
x-ray absorption (10), UPS (11), susceptibility
(12) and neutron diffraction (13) give values
around 2.58 while the lattice constant says 2.75
(12); for Yb compounds see (8); for SmBg see
Table II.) The reason for this problem is dis-
cussed in (39),

3. THERMODYNAMICS OF FLUCTUATING VALENCE SYSTEMS

The symbol of this conference
(1)  4fM*l — 4fn 4 ¢

can be thought to describe a chemical reaction in
a gas or liquid. Neglecting interactions, the
free energy of a system with N = Np+y + N rare
earth (RE) intermediate valence (IV) 1ons is

(2) F = “kgT 1n 2 = —kBT{N 1n (g /N

n+t n+1 )+

n+1

+ Nn ln(cn/Nn)-+ NeBsF +

+ 2 1In (l+exp
r

(SF—Er)B )}

Here rj are the partition functions of the ionic
configurations, €p(Ng) is the Fermi energy, €,
are the energy eigenstates of the conduction
electrons and Np,1, N and Ny the numbers of ions
in the 4£n*l ang 4£D conflguratlons and of the
conduction electrons. The condition for chemical
equilibrium is

3 b. 9F/3N, = O
()Z]/J

With bpty = -bp = -bg = 1 and for epB<<1 this
becomes

(4)  In (Lp41/Npyq1) - 1n (2y/N)) - epB =

We name the lowest energy states of the configu-
rational intraionic multiplett and crystal field
spectra Ept1,0 and En,o (Fig. 1) and rewrite (4):

(5) [E (E +e] - kT (ln(z!

n,0 1/Cn)

n+1,0

- ln(Nn+1/Nn)) =0

Here ! are the configurational partition functi-
ons with energies €41 counted from Ej,0. We define
the excitation energy by

6 E_ = - +

(6) b 4 En+1,0 (En,O EF)

and the probability V for the ion to be in the
4f1 configuration in the thermal average by

=1

(7) V = (14N /N ) .
n

n+l
From (5)-(7) and with the charae of the lower
valence, Zp+1, we obtain the valence

(8) v(T) = ZtV=2 ¢+ [1+(g$+

' exp (—EXS)J =1

1/;;)-

Other thermal averages of ionic properties follow
in the usual fashion from

@ < = )
j=n+1,n

exp(-E S) g (1—\:'lgJl

exp (- & B))/(Cn+1 )

The only input parameters in equ. (8) are Ex,
which is determined by chemical binding energies
and depends on pressure and temperature and in-
traionic multiplet as well as ionic crystal field
spectra. The value of the valence calculated from
this equation cannot be affected much by the va-
lence fluctuation as long as the associated
shifts and broadenings of the configurational

and conduction electron energies are small com-
pared to kgT. Thus equ. (8) gives a good appro-
ximation of the valence in the high temperature
limit, without any need to consider complicated
many body effects between ions and conduction
electrons.
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Fig. 1: a) The two configurational multiplet and
CEF spectra, schematically.For chemi-
cal equilibrium
<Ens1> = Ens1,0(V)+<€ns1> = En,0(V)+

+ ep + <ep>

Note: Ex=Ep41,0- (Ep,otep) # O
for T # O

b) Same as a) but for specific example of
intermediate valent Europium.

There is every indication that the valence fluctu-
ation does not effect the intraionic functions Ej
very much even at lower temperatures. For a large
class of IV compounds (those which do not order
magnetically) the main effect of valence fluc-
tuations seems to be a lifetime broadening of

all configurational levels. This lifetime broa-
dening is synonymous with finite occupation of
excited intraionic levels at T=0. (Of course, in-
traionic energy levels should then no longer be
confused with energy eigenstates of the entire
systems.) Finite occupation at T=0O can formally
be achieved by introduction of an effective tem-
perature defined By

(10) T* = (12 + 12 (1))1/2

which replaces the actual temperature T in all
preceding equations. T¢(T) approaches a constant,
finite value as T*O and is closely related to the
magnetic relaxation rates (guasielastic line-
widths) measured directly by neutron spectroscopy
(kgTg(T) = T(T)/2).

The definition of the effective temperature by
the square root of the sum of squares is a signi-
ficant improvement over an older expression (2)
in this type of phenomenological thermodynamics
(T* = Tg(T) + T) because Nernst's law is no lon-
ger violated and because the new form of T* mi-
mics nicely all kinds of Fermiliquid effects in

the limit T<<T¢ (e.g. the specific heat goes to
zero there linearly with T, the valence changes
proportional to T2 etc.).

Ex and Tf depend on volume: the volume of the IV
ion is about 20 - 30% larger in the 4fPN*l than

in the 4fP configuration. This is due to the
different amount of screening of the nuclear
charge experienced by the outer valence elec-
trons when the 4f occupation number changes by
one unit. This purely ionic effect is commu-
nicated to the solid and produces two volumes

of the primitive cell of a compound, Vp4+1 and

Vy,, with difference AV=Vpiq1-V . AV is usually
larger than the difference of ionic volumes and
very large compared to the slight volume changes
associated with intra configurational transition
from one crystal field or multiplet state to ano-
ther. Therefore the volume dependence of the intra-
configurational partition functions Cj can be ne-
glected and the volume dependence of the valence
is entirely due to Ex(V) and Tg(V).

The effect on Ey of pressure applied from the
outside can be obtained from the work done by
transferring ions from the configuration 4f0+] o
4fN, with volume difference AV (3)

Ex

a
(11) =——=V

3 n_‘_1(p,T) = Vn(p,T) = AV(p,T)

Another way of changing Ey (V) is the ordinary ther-
mal expansion of the matrix. The associated chan-
ge of volume of the ionic cell produces a change
of pressure on the ion, which can be obtained via

dpqy a(T)

i = = el
(12) FFl, = &V 35 = &V

Here a(T) is the volume coefficient of thermal
expansion and K (T) an effective compressibility.

Finally, upon heating, the ion changes its mean
volume because of the temperature driven valence
change. Equ. (5) contains the difference of the
configurational entropies

-  } 1
(13) AS(T) = kBT 1n (;n+1/§n)
which is a function of temperature and produces
a volume change through the valence change accor-
ding to dv,,/dT=-Avdv/dT and a change of the ex-
citation energy via a pressure p,, analogous to
equ. (12)

dpy,

=0V —

X
(14) dar l\) daT

Altogether, the temperature dependence of Eyx is
complicated but should be traceable. Note that
Ex(T) must be found selfconsistently, since v(T)
is a function of E4(T) but also determines it
through equ. (14).

4. THE HIGH TEMPERATURE LIMIT OF THE VALENCE

The intraionic multiplet structure with its Hund's
rule ground states seems to survive the valence
fluctuation, just as in integral valence it sur-
vives thermal motion and crystal field motion

(van Vleck anomalies of susceptibility). The rea-
son is obvious: The fluctuation temperatures
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range from a few Kelvin to a few 100 K, i.e. they
are orders of magnitude smaller than the overall
multiplet splittings. Given intermediate valence
near T=0, there is every reason to also expect
intermediate valence at higher temperatures:
First, for intermediate valence at T=0, Ey must
be of order Tg, since otherwise v+1 or v>O. Then
for T>T¢ there seems no reason to expect Ey to
shift with T by more than the available thermal
energy kpT, or kTR Ex always for T>>Tg. In other
words: no system with intermediate valence at T=0
can possibly go into an integral, stable valence
state by simple heating (e.g. Ce; the y phase is
in an intermediate valence state!). One can then
predict the valence for Ey, kTg<<kT from equ.

(8) with Hund's rules, most easily for Pr, Tm
and Yb, which have no thermally accessible mul-
tiplet states. For EX/kT<<1, we have simply (with
the total angular momentum of the Hund's rule
ground state Jj)

1

(15 V(T)-}Zn+1+[1+§;1+1/t’r'1] T Ve T Znggt

-1
[1+gn+1/gn] B Zn+1+[1+(2Jn+1+1)/

Table II shows v_;, the high temperature limit of
the valence predicted from the entropy limit due
to Hund's rules. For Pr there is no measurement
of the valence yet (4). For Tm and Yb the valence
from Lyyy x-ray absorption at 300 K is at the ex-
pected value within the (considerable) experimen-
tal uncertainty. For Ce we have to be careful
when analysing high T data: the multiplet split-
ting between the J=5/2 and J=7/2 states is only
3000 K and might be reduced in the mixed valence
state, because the Ce (and Pr) 4f wave functions
are capable of considerable delocalization (5,6),
which will bring down the spin orbit coupling and
can therefore increase the thermally accessible
degeneracy of the 4fl configuration from 6 to 14.
This tends to decrease v_ from 3.14 to 3.067, as
indicated in the second row for Ce. Note that the
valence from lattice constant analysis listed in
Table II for Ce is shifted from the literature
values by 50% towards 3% (e.g. from 3.45 (7) to
3.23 for CePd3). For the reason see (8) and la-
ter in this paper. Note also that while at 300 K
in the examples given for Tm and Yb, kpT is large
compared to kTf (and presumably to Eyx) this is
not true for most Ce examples, i.e. the numbers
for Ce are not really taken in the high tempera-

-1
/(2Jn+1)] ture limit (except for CePd3 at 1200 K and may be
&5 n+l Zn+1 Jn+1 gn+1 High
n - e 5 temper.| Example T[X] e [k] |measured| Method | Ref.
n n n limit of valence
valence '
+
2 3 4 9
P
4 1 4+ 2.5 6 3.40
+ TmSe 300 70 2.58" .97 Lt 1o
i 13 2+ 3.5 8 2.62 2.75 a x 12
12 3 6 13
.95Tm.055e 300 2.55¢.1 LIII 14
14 2" o 1 :
b . .89 YbCuAl 300 ~50 2.95 LIII
13 3 3.5 8
YbCu2812 300 ~ 80 2.9 LIII
1 +
3 2::5 6 yCe 300 ~100 3.:05 a 9
Ce + 3.14
o] 4 o] il aCe 300 ~400 3.3 a 9
CeSn3 300 260 % | a 16
____________________ | 3.3 a 17
1200 220 3.14 X 18
+
1 3 5/2:T/2 6,8 CePd3 300 220 3.23 a,Lr11 7,8
. 3.067 23 220 3.29 a,Lyrr 7,8
o 4
0 1 Th,_Ce_ 300 3.13 a 19
6 P o 1 sms 300 1 50 2.77
sm . 2.67 S ) :
see
| 5 {3 [T 2 )] BBy O-geg | =30 2.77 a e.qg.
+
6 2 0,1 53|, 2.65 | Lyyp 20
5 3+ 5/2 6 2.65 ME

Table II: Comparison of expected high temperature valence with available data.
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Fig. 2: The valence of some Ce and Eu compounds
and dilute alloys (all numbers have ab-
solute uncertainty *0.1 but much better
relative accuracy). For Ce the limit of
the valence is at 3.067 for very high
temperatures and at 3.14 at high tempe-
ratures. For Eu the high temperature
variation of the valence is caused by
the multiplet structure of 4f£6.

for ThCe). The observed small deviations from the
high temperature limit provide insight into the
trend of valence change towards lower temperatu-
res. While yCe (and many compounds like CeAlp,
CeAl3) tend towards 3% with decreasing temperatu-
re, oCe (and many compounds, e.g. CePd3, CeBej3,
CeSn3) go towards 4%. This is expected if
EyxZE3+- (E4t+ep) is smaller than zero for the YCe
class and larger- for the aCe class. The trend is
symbolically indicated in Fig. 2. At the pressu-
re driven y-a phase transition of Ce, Ex seems
to make a sudden jump from negative to positive,
while this motion occurs gradually at pressures
larger than 25 kbar with decreasing temperature.
The two values for CeSn3 indicate the spread be-
tween earlier. (16) and later (17) evaluations
of the valence.

3+ 2+ 3+ ,
Eu , Sm and Sm are RE ions with thermally
accessible excited intraionic multiplet levels.
In 4£6 (8u3t, sm?t) the first excited state is
at E(J=1)-E(J=0)=480 K(Fig. 1b) and in 4£5 (sm3+)
at E(J=7/2)-E(J=5/2) 800 K. This multiplet struc-
ture gives rise to very specific behaviour

of the high temperature valence, which is best
illustrated for intermediate valent Eu ions.
First note (Fig. 1b) that the mean thermal ener-
gy of Eult is always at <Ey>=E7,0 , because the
next multiplet state is thermally inaccessible.
For Eu3t, on the other hand, the mean enexgy

<Eg> is larger than Eg, o as soon as ™>0. If we
have intermediate valence at T=0, Tf must be lar-
ger than O, say Tg#® 200 K. Therefore we expect
Ex>0 from purely thermal arguments (see egs. (4)
and (13) and Fig. 1b). The valence should then
be near 3%. Increasing temperature will shift the
valence towards 2% for a while, because of the
initially larger degeneracy of the gt configura -
tion (Fig. 1b). Both features are indeed obser-
ved through the temperature dependent Moessbauer
isomershift in all known IV cases with Eu
(EuCupSi, (22), EuRhjy (22), EuPdSij)(23) and di-
lute Eu in ScAlp (24)), Fig. 2. However, at suf-
ficently large temperature, the valence must
shift towards 3% again (dashed line for Eu in
ScAl, in Fig. 2) because while the entropy of
Eu?t saturates at kgln8, that of Eu3*+, initially
near zero, keeps increasing by thermal population
of the excited multiplet states and is e.g. near
kgln 14 at 2600 K.

A discussion of IV Sm at high temperature is

very complicated, because both configurations
have thermally excitable multiplet structure. In
Table II Sm is only included to demonstrate this.
One may for instance argue that with Tg® 50 K all
excited multiplet levels may be ignorable. If one
also assumes a large CEF splitting of the J=5/2
state of Sm3t with a doublet ground state, one
can explain the valence of SmS at 10 kbar and of
SmBg at 300 K (v(300) % 2.7; see Table I). Or al-
ternatively (and better), with T=300 K and Tf=

50 K one may ignore all excited states in 4f

but keep the J=1 level in 4£6 to find <E2*>=% E,
and v=2.67 once more.

5. INTERMEDIATE VALENCE ON DILUTE IONS

If it is hard to obtain good numbers for the va-
lence of IV compounds, it is nearly impossible

to find them for dilute alloys. This is a severe
handicap for progress in the fluctuating valence
field. There are many indications from concentra-
tion series or pressure experiments that the phe-
nomenology of the IV ions does not change very
much when changing concentration, or when apply-
ing pressure to a dilute alloy (e.g. in
¥Ybi_x¥xCuAl (25) or Ybj_,YyCusSipy (26) the cha-
racteristic temperature remains essentially in-
dependent of concentration, and the critical pres-
sure of Ce and Pr in La (27,4) as seen via the de-
pression of superconductivity of La, is very

near the pressure for the valence transition of
Ce (9) and Pr (4). But somehow, in spite of
nearly identical phenomenology, a valence fluc-
tuation temperature in a compound usually ends up
to be called a Kondo temperature in a dilute
alloy.

As long as there is no microscopic proof posi-
tive for intermediate valence on a sufficiently
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large number of such dilute alloys with macros-
copic anomalies very similar to IV compounds, it
will probably be impossible to effectively dispel
the historical notion that these alloys are Kondo
alloys ( with the implication of nearly integral
valence carried by this term).

In Table II and Fig. 2 I have included the only
three cases of sufficiently dilute alloys, where
the valence could be determined, to my knowledge.
In ThCey the x=0 Ce valence is obtained by extra-
polation of the lattice constant as function of
x (19). All three clearly show intermediate va-
lence; Ce in Th and Tm in YSe at the respective
high temperature limits, and Eu in ScAlp with
qualitatively the same temperature dependence as
in EuCu2Si2, EuRhj and EuPd;Sip (including a
valence change by nearly 40% between 4 and 300 K)
All three cases indicate remarkably low fluctu-
ation temperatures. One may conclude from this
very limited ensemble of three successful mic-
roscopic valence measurements on dilute alloys
with macroscopic anomalies that the score is

3:0 for intermediate valence and against the
Kondo effect on essentially integral valent dilu-
te ions.

A word seems in place here concerning intermedi-
ate valence in concentrated alloys. Such alloys
are often used to obtain information on the
effects of pressure on intermediate valence by
varying the concentration of some component be-
tween similar compounds with different lattice
constants. Unfortunately in such alloys transla-
tional symmetry is lost. This results in practice
in a number of distinctly inequivalent sites for
the fluctuating valence ions. Clearly the para-
meters Ex and T¢ and the crystal field will then
depend on the site. Yet almost all measurements
(e.g. transport, susceptibility, specific heat,
lattice constant, neutron inelastic spectrosco-
py etc.) will see an average IV anomaly. Anybody
interested in a case where the components of
such an average could be resolved microscopi- |
cally should look at the Moessbauer spectra of
the system Laj-xEuyRhp and Laj-yxEuyPtp (22). For
a given concentration there are several sites
with valence ranging all the way from 2+ to 3%.
Changing concentration (or temperature) changes
the distribution over sites and in some cases the
valence of a given site. This feature of several
sites with distincly different physical pro-
perties is also well known from concentrated
transition metal alloys (28). There is no proof
(and, in my opinion, little hope) that concen-
trated alloys with other RE IV ions than Eu are
microscopically more homogeneous. For this rea-
son concentrated IV alloys can only serve to
study some qualitative, average trends. Single
site systems are definitely required for quanti-
tative analysis of the fluctuating valence pheno-
menon. Such systems can only be certain well pre-
pared stochiometric compounds or sufficiently
dilute alloys. On the long run there seems to be
no way around hydrostatic pressure experiments
(in spite of their difficulty) if one wants to
gain control over the pressure dependence of the
IV phenomenon quantitatively (4).

6. THE VALENCE OF CERIUM

As mentioned in section 2,Lyry X-ray absorption
seems a generally applicable tool to measure the
valence of compounds with good relative accuracy
over a wide range of temperature (and hopefully
soon pressure). This technique has been known
from SmBg for a long time (29), but it was again
applied in a systematic fashion to the IV pro-
blem only since 1978 (10, 14, 30, 31). We have
had the data presented elsewhere at this confe-
rence (8) since more than two years now, but did
not know how to interpret the Cerium spectra. The
interpretation presented in (8) took a long time
to grow together. Briefly the story is this: Lrrr
edges of all integral valent compounds of poten-
tially unstable RE ions (Ce3* , pr3*, sm2*, Eu2*,
Eu3t, Tm2+, Tm3+, vb2+, vb3t) show a strong, sin-
gle and simply shaped peak except Ce4*t (pPr4+ and
IV Pr has not yet been measured). The peak posi-
tion scatters by about *1 eV from one metallic
compound to the next due to chemical shift, but
within experimental resolution (the peak is se-
veral eV wide, the experimental resolution is

t2 eV and is also subject to change) there is no
hint of any double peaked structure yet. Thus one
may safely say that in none of the above inte-
gral valent cases bandstructure or final state
effects have so far been detected in several
hundred such measurements. On this background
the "Ce4t" spectrum is utterly abnormal: all
compounds which are traditionally classified as
tetravalent (from lattice constant and magnetic
data) show a double peaked edge, with the stron-
ger leading peak at the position of the peak in
trivalent Ce compounds, and the trailing peak
shifted by nearly 10 eV to higher energy. Bona
fide Ce IV compounds (e.g. CePd3) show similar
spectra and the traditional valence can be ex-
tracted by superposition of a normal spectrum
from a trivalent case and one of the abnormal
double edged "tetravalent" spectra. If one, how-
ever, naively interprets a "tetravelant" spec-
trum as one due to intermediate valence itself,
as one can do successfully in all double peaked
IV classes of Sm (29), Eu (30), Tm (10) and Yb
(8), one is forced to conclude that the valence
of the socalled tetravalent Ce compounds is ac-
tually near 3.3 . This was very hard to accept
and we tried explanations via bandstructure and
final state effects for a long time. But finally
we realized that the "tetravalent" lattice con-
stants of Ce and Pr are also abnormal: the ionic
volume change from the ce3* to "ced*" is less
than half of the value extrapolated from those
of Eu, Sm, Tm and Yb (8). Therefore the Ly1rT
anomaly seems actually to be mainly due to an
initial state anomaly. Final state effects

(shakeup and shakedown) cannot definitely be ex-

cluded altogether at this time in the analysis

of the "cedtn anomaly. However, if they exist,
their effect will be secondary as far as extrac-
tion of the valence of "tetravalent" Ce from

L1y spectra is concerned. Primarily Cerium seems
to have two intermediate valence states, one like

in aCe, the other like in a'Ce, and nobody has so
far identified a truely tetravalent Ce compound



