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Intermediate valence, or romogeneous mixed valence. oc-
curs in certain rate-earth compounds such as CePd,. SmS.
EuPd»Si.. TmSe. and YbAl. where the rare-carth valence is
intermediate between two integral values, i.e.. fractional.
There are three key characteristics of these solids: the crystal

* density is unusually sensitive 1o changes in temperature and/
_ or pressure: the low-lemperature susceptibility is finite: and

the coefficient of the linear term in the iow-lempergture spe-
cific heat is enhanced (the heavy-fermion compounds are o
related class oi materialsi. .

. Rare-earth elements have an electronic confipuration con-
sisting of a filled xenon core, 2-4 bonding (valence| electrons
in 54 and 6s states. and 0=14 4f eiecirons. The configuration
can be expressed as (5d65)°4f”. where : is the valence and
# he 4f count. In the solid state the bonding electrons form
energy bands, The 4f orbital has a smali radius and does not
gontribute directly to the bonding. in ordinary rare-earth
dompounds the 4f behaves as a localized orbital. with a well-
defined magnetic moment. Qrdinarily the energy separa-
tion E=E,—E._, between configurations (5d6s)°4f" and
(Sd6s):* 4"~ is large (5-10 eV): for compoundsiof the ele-
ments Ce. Sm. Eu. Tm. and Yb the separation cap be much
smaller (0-2 «V). Under these circumstances an interaction
which hybridizes the two configurations via a process where
the conduction electrons hop on and off the rare-garth sites
can cause them to fluctuate between the 4f" and &f”'l con-
figurations. This leads to a quantum-mechanical ground state
which contains an admixture of both configuralions. The
strength of this mixing interaction is given by I' = VENL(E,),
where V is the matrix element of the interaction and N(E,)
s the number of conduction electron states per unit energy
interval. The degree of admixture depends on the ratio E/T
when this is small, both stales contribute equally and the
valence is nonintegral {near z + 1). In these compounds the
valence has the same fractional value al cach rarepearth site.
This is referred lo as homogeneous mixed valence 1o distin-
guish it from inhomogencous mixed valence whete the rare-
earth clement has different values of integral valénce at dif-
ferent lattice sites. This latter case oceurs in camppunds such
as Sm,S, and FeaO..

" The radius of the 4f ion in the 4" state is largér than that
of the 4f"*! state. The lattice constant of a given;compound
will thus be larger for the 4" case than for the 47" ' case.

_Al ambient pressure. SmS contains divalent Smj but at ele-

vated pressurc. SmS converts to an intermediate valence

.phase. The lattice constant is imermediate between that ex-

pected for divalent and trivalent SmS (Fig. ). Adllattice con-
stant deviation is a signature of mixed valence. The fruc-
lional valence can be estimated by assuming: the lattice
constant vares lincarly with vaience.

This ability of the 4F ion 10 change size lies: behind the
above-mentioned extreme sensitivity of the crvkial density

(or lattice constant) of many mixed valence coinpounds 10

changes in temperature and pressure. In two cases {SmS and

. elemental Ce metal) this ieads to an unusual kind of phase
\ransition. namely. an isomorphic transition where at the

transition pressure the lattice constant undergoes a large
(5%} discontinuous decrease without any changs in the crys-
tal symmetry: further at a critical temperature and pressure
the compressibility and thermal expansion codfficients di-
verge. These are valence transitions where the 4f count de-
creases causing the ions to shrink. In other matefiais no such

" phase transition is observed. but the thermal éxpansion is
* large and highlv temperature dependent.

The isomer shift measured in a Massbauer experiment
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Fig, 1. The lattice constants versus atomic number for the rare-

earth sulfides. [n B-SmS, EuS, and YbS the rare earth is divalent;
in M-SmS the Sm is in an intermediate valence state: for all other
cases the rare earth is irivalent.

measures the clectron density at the nuclens. This differs for
the two configurations 4" and 4"~ ' because the extra 4f
electron increases the screening of the nucleus seen by the
cuter valence eiectrons and hence decreases the probability
for finding them at the nucieus. For homogeneous mixed
valence Sm and Eu compounds, a single isomer shift is ob-
served intermediate between that observed for divalent and
trivalent compounds. For inhomogencous mixed valence
compounds two isomer shifts are observed. at the values
expected for the integral valence states.

The lattice constant and isomer shift measure properties
of the ground state and therefore yield one (intermediate)
value for homogencous mixed valence compounds. Other
experiments measure properties of highly excited states. and

the signatures of both integral valence states are observed.

An imporiant example is x-ray absorption. The Ly absorp-
tion edge occurs when the photon energy equals the value
necessary (o excite a 2p deep core electron to the valence
band. For a rare-earth ion in the 4"~ configuration about
8-10 ¢V more energy is required to unbind the 2p electron
than for the 41" case. Again. this is due to screening effects
by the exira 4f electron. In mixed valence compounds rwo
absorption edges are observed. at the values expected for
the two integral valence cases. This is because sach com-
ponent of the hybridized wave function couples to a different
integral-vaient excited state. The intensity of the two ab-
sorption peaks can be used to estimate the valence; indeed.
this is presently considered to be the best way 1o determine
valence. :
A very important property of these compounds is that the
thermodynamic behavior is a universal function of a scated

temperature. For several compounds the magnetic suscep-
tibility x( T} (Fig. 2) has the same shape: a maximum at a
temperature 7,: a low-temperature value proportional to
CiT,. where C is the Curie constant (the upturn at jow tem-
perature is not an inlrinsic property but is an impurity effect):
and a high temperature law CAT + 2T7,). For all cases the
product Ty{TVC has exactly the same dependence on 7/T,;
this property is called scaling. Simultaneously the specific
eat at low temperatures has a linear temperature depen-
dence with coefficient y proportional to 1/T,. The thermal
expansion coefficient typically shows a maximum near the
characteristic temperature. The ineiastic neutron-scartering
spectrumn (which measures the energy required to flip a 4f
spin} has a maximum at anr energy 4pT,. The chasacteristic
temperature 7, has values between 10 and 2000 K for dif-
ferent compounds and can be varied in a given compound
by pressure or alloying. There is a correlation between T,
and valence: e.g.. in cerium compounds, large T, corre-
sponds (¢ smaller f count,

For a conventional rare earth with a well-defined local
moment the susceptibility should diverge as T —+ 0. For in-
termediate valence materials the susceptibility is finite as T
— 0: for Ce. Sm. and Yb. x(7) is intermediate between the
values expected for the integral valence cases {Figi 2b). The
local moment is guenched: finite susceptibility (Phuli para-
magnetism) is characteristic of nonmagnetic metals; This and
the fact that the low-temperature specific heat has a linear
témperature dependence impiies that the low-tetaperature
behavior is that of a Fermi liguid. That is, despite the ex-
tiemely complicated interactions between the conduction
clectrons and the 4f jons, in the ground state the canduction
electrons behave as though they are noninteracting.

The theory which describes mixed valence compounds is
based on the Anderson model. This describes a single 4f
impurity embedded in a nonmagnetic host. The enprgy sep-
aration £ = E, - E,_,, the hybridization V', and the density
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Fig. 2. (a) Susceptibility for three concentrations x of Celn. _, Sn,.
ib) Susceptibility of CeN. The line indicates the susceptibility for u
trivalent Ce ion;: the susceptibility of a tetravalent ceriuni ion is es-
semtially zero.
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of states N(E,). as well as the energy separation U = E,.,
- E,. are taken as model parameters. For the rare earths

. is typicaily 6 eV: V is of order 0.1 eV and E varies from
[;

ose to zero for Sm, Eu. Tm. and Yb mixed vaience com-
pounds to 2 eV for certum. The modet predicts the above-
mentioned universality: the characteristic temperature T, is
proportional to the so-called Kondo temperature 7y which is
computed in the model. This is the energy scale for fluctua-
lions of the 4f spin. The local moment is quenched by these
spin fluctuations whose ultimate origin lies in the fluctuatioas
between the 1wo integral-valent configurations. The ground
stale is thus a singlet and the cnhanced specific heat coef-
ficient anises from thermal excitation of spin fluctuations.
The predictions of the model depend on the orbital degen-
eracy of the rare-earth integral valence states (e.g.. 6 for the
Ce J = 5/2 state and 8 for the Yb J = 7/2 state). The sus-
ceptibilities shown in Fig. 2 are computed precisely in the
model, as are the inelastic neutron-scatteriag spectra. the
lincar coefficients of specific heat. and the dependence of
the valence tand hence iattice constant. or thermal expan-
sion) on temperature. Confidence in the application of the
Anderson model to these materinls has been significantly
increased by recent photoemission and inverse photocmis-
sion experiments. These essentially measure the model pa-
rameters £, U/. and V. eliminating unknown parametess and
allowing direct calcyiation of the thermodynamic quantities.

The Anderson model describes an impurity, whercas
mixed valence compounds consist of a periodic lattice of 4f
sites. For iemperatures of order Tk or larger the mode! ad-

uately describes the data. implying that the 4f ions behave

. set of noninteracting impurities. At jower temperatures
is is not the case, and interactions among the 41 ions affect
the behavior. Properties such as susceptibility. specific heat,
and neutron spectra show deviations from the single-impur-
ity predictions at low temperatures, For Ce, Yb, and Eu
compounds the resistivity (which is large and finite for an
Anderson tmpurity) vanishes as T — 0. This buildup of in-
teractions. the vanishing of the resistivity, and the onset of
Fermi liquid behavior is referred to as cokerence. Such co-
herence is observed most convincingly in de Haas—van Al-
phen experiments, which show that the wave functions in
the ground state are not random (as they would be for im-
purity scattcring} but fuily periodic. The description of co-
herence on the theoretical leved requires an Anderson lasrice
model. This is an extremely difficult probiem at the present
time. Future work on the mixed vaience problem will stress
the development of coherence, which is as yet poorly under-
stood.

The ground states of Sm and Tm compounds are not al-
ways metallic. In the intermediate valence state, SmB,, ap-
pears to be an insulator with an extremely small energy gap.
of order 0.01 eV as compared to |-10 &V in ordinary sem-
iconductors. One expectation is that the Anderson lattice
model can lead to the development of a hvbridization-in-
duced energy gap at low temperatures: hence the model
should prove capabie of describing these unusual semicon-
ductors as well as the Fermi liquid compounds.

q‘xo FERRIMAGNETISM; HEAVY-FERMION MATERI-

ALy PHASE TRANSITIONS: RARE EARTHS.
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