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ABSTRACT

We set up a model for intermediate valence equivalent to the

"atomic" limit of the Anderson Hamiltonian. Detailed analysis of this model

shows that most of the essential characteristics of valence fluctuators are

already present in this crudely simplified Hamiltonian. We study the spin-

spin and the kt charge-charge correlation functions and shov that it is

possible to define a spin fluctuation frequency u . and a charge

fluctuation frequency a . . u and u can differ considerably
ch.f. a.f. ch.f.

for some values of the parameters of the model.

We calculate the magnetic susceptibility and the specific heat as

functions of temperature and shov how the results simulate the behaviour

found in valence fluctuators.
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I. INTRODUCTION

There has "been a considerable amount of theoretical effort in the

past few years devoted to the understanding of valence fluctuations. Most of

the theoretical models considered in the literature contain two more or

less realistic correlated ionic configurations hybridized to a set of un-

correlated conduction-like states (Hist 1979, Alascio 1977). The complexity

of the problem has forced researchers in this area to make simplifying

assumptions in order to keep the mathematics of the models tractable.

In order to gain insight into this problem ve have reduced it to that

of an aggregate of independent situs, where intra-atomic correlations and

hybridization can be treated exactly. This limitation prevents us from cal-

culating any transport properties. Hovever, it can be used to calculate

different thermodynamic properties related to the kt shell. These properties

are similar to those found in valence fluctuating systems and provide a

framework within which one can reach ft conceptual understanding of most of

the essential characteristics of those compounds vhere valence fluctuations

take place.

In Sec.II ve set up the model Hamiltonian.

In Sec.Ill ve analyse its eigenfunctions and eigenvalues.

In Sec.IV ve calculate different thermodynamical quantities and

discuss its physical implications with respect to experiment.

Sec.V contains discussion and conclusions.

II. THE MODEL

Our aim here is to set up the simplest model that still retains the

essential features of intermediate valence systems.

We adopt the point of view that, besides the coincidence of the

energies needed to add one electron to the kt shell or to the Fermi sea

of conduction electrons, it is the interplay of tvo energies that gives rise

to the properties of valence fluctuators: the Coulomb repulsion U between

kt electrons and the mixing energy V that hybridizes these states with those

of the conduction band. The Coulomb repulsion not only excludes the

possibility of more than tvo successive l*f shell configurations, but also

introduces a correlation in the mixing of states. It is this feature that

extremely complicates the mathematics of the problem.
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Oi,r model system consists of:

1) A set of uncorrelated states representing the conduction band of energies

£,_ and with creation and annihilation operators c , cfc , where <y

indicates the spin.

2) A set of localized states with a strong Coulomb repulsion between electrons

of opposite spin. These states have single-particle energy E , creation

and annihilation operators fT f. . They represent the more complex

highly correlated Itf states.

3) A mixing terra which hybridizes localized and band states by exchanging

electrons between these states.

With these considerations we are led to an Anderson-lattice

Hamiltonian (in similitude to the Kondo lattice (Jullien et al. 19T9))

H =
ir fcff*

(1)

where

fa
fT f

As was mentioned earlier, the highly simplified model Hamiltonian (l)

presents unsurmountable difficulties if one attempts to ofctain its eigen-

functions and eigenvalues.

Different approximations and techniques have been used and they have

had some success in providing a qualitative understanding for some range of

the values of the parameters involved-

However, many questions remain open. Conceptual points are not

always clear, and extensions of Hamiltonian (l) to include the effects of

phase transitions, coupling to lattice vibrations, magnetic ordering, etc.

must rely on approximations that destroy essential features of intermediate

valence.
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We want to present here a further simplification of (l) that allows

us to find quite easily i ts eigenfunctions and eigenvalues and that s t i l l

retains a good deal of the physics of intermediate valence systems.

The following arguments apply to metallic systems, but they can be

adapted to apply also to semiconductors.

We knov that valence fluctuations occur when the one-particle energies

of the kf states (E or E+U in this model) l ie at a distance comparable to

V from the Fermi energy. I t is the mixing of these highly correlated states

with the band states that produces the phenomena found in intermediate

valence systems. In order to include this fact, together with the effect of

large U correctly in our model, we shall take the following 3teps:

1) We shall push together a set of 2N states |kcj]> from the band near the

Fermi energy (N being the total number of sites) and place them Just at

the Fermi energy. This allows us to define new creation and annihilation

operators through

2 el"*J (2)

J runs from 1 to N and

is satisfied.

2) Since the new operators create or annihilate electrons from more or less

localized si tes, we shall assume that the mixing Hamiltonian can now be

written as;

(3)j f

With these assumptions, Hamiltonian (1) separates into a sum of

disconnected Hamiltonians of the form

H = Z £ £
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where we have dropped the now Irrelevant subscript j and taken V rea l .

Note that i f there were more than 2H states in the bands, pulling more than 2H

states together would have no effect since they beoome degenerate at € X

we can then form a new set of 2B band states that will mix with the f

s ta tes , while the others remain unaffected.

Hamiltonian (1*) i s our model Hamiltonian. In the following we shall

find i t s eigenfunctions and eigenvalues and In Sec.Il l we shall study I ts

predictions for different physical quantities and show that they contain most

of the physics of intermediate valence systems.

To th is purpose, we must make a choice of parameters. F i r s t , we must

choose either E or- E+U to l i e close to the Fermi energy. In the following

we take E to be near €„. In this case the results are applicable to Ce

compounds. The case E+U near Cp is more appropriate to describe Sm or

Yb compounds (Alascio, Wio and Lopez 1979). To describe the case where

the two configurations are magnetic i t is necessary to generalize the

Hamiltonian. This will be the subject of a future publication. Furthermore,

we shall take U + •> , I . e . much larger than any of the energies Involved

in our calculations. We shall go back to this point when we discuss XFS

experiments.

Table I shows the eigenstates and eigenvalues of our model Hamiltonian.

They are l i s ted according to the to ta l number of electrons (third column).

The tota l spin is shown in the fourth column.

Three parameters enter into the definition of the eigenfunctions and

eigenvalues of Table I , L , E and V.

For further discussions, i t will tie convenient to choose rather
A « E - £ , £ and V as independent parameters.

Fig.la shows the energy levels as functions of E/V for £ = 0 . The

numbers near each curve indicate the corresponding states in Table I . When

<£p is varied,the energies corresponding to a different number of particles

shif t . For example, as €„ increases, the n-partiele states shift upwards
t

by ntp, thus favouring the vacuum state.

Baaed on similar considerations, Foglio and Falicov (1979); Balseiro,

Fogllo and Falleov (1979) have approached intermediate valence through

Hamiltonian {k), extending it (for some of the values of the parameters) to

include the kinetic energy of the conduction electrons. Alascio, Wlo and

Lopez (1979) have also used a Hamiltonian similar to (b) to discuss phase

transitions in intermediate valence compounds.
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At zero temperature the number of particles is given by the lowest

energy state. In Fig.2 the regions of values of ffp/V and E/V that make

the 0-, t, 2- or 3-partlcle states lowest are depicted. When the kinetic

energy of the hand electrons is included, states with a different number of

particles mix thus making the zone boundaries In Fig.2 less defined.

Going back to Table I, we can see that the trivial eigenstates

corresponding to 0 and 3 particles are irrelevant to valence fluctuations.

The same applies to the one-particle states where U plays no role. The

most interesting states in relation to valence fluctuations are the five two-

particle states |6> |7> |8> |9> and |lO> .

For this reason we shall restrict our study to region 2 in Fig,2 where

|9/> is the ground state.

III. PHYSICAL PROPERTIES

1. Zero temperature properties

Here we shall discuss the quantities that can be calculated starting

from the ground state (state |9^ ).

a) f-level occupation; According to the model, the occupation of the

f-level at T « 0 Is given by

A is defined in terms of A and V in Table I. Fig.3a shows the behaviour

of < n f > as a function of 4/V. Clearly < n f> takes values Intermediate

between 0 and 1 and decreases as the f-level energy increases crossing the

Fermi level.

b) Zero temperature susceptibility: In order to evaluate the magnetic

susceptibility we add to Hamiltonian (It) a term of the form

This term couples state

susceptibility given by

to state |T]> thus inducing a Van Vleck
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(5)

thHere E is the energy of the n u" state in Table I. In Pig.3b we plot

x(0) V/v2 as a function of A/V. It is seen that as E crosses the Fermi

level the zero temperature susceptibility decreases, corresponding to a lowering

of the Uf level occupation and to ad increase of the energy separation between

the two states involved.

c) Spin correlation function: The magnetic neutron scattering cross-

section is directly related to the spin correlation function

(6)

where

I t s Fourier transform F{<u) measures the capacity of the system to absorb

energy u by flipping i t s spin. (In the following we take IS = 1.) I t can

easily be shown that at zero temperature

(7)

There are two contributions to F(u>), one coming from the promotion from

to | 6 ^ and another from |9)> to |6^> . They appear together in (7)

because E,-6 E Q .

Since F(u) consists of a single peak.it can be characterized by two

quantities: intensity and position. The first is shown in Fig.3a as

a function of A/V,and the position of the peak is shown in Fig.3c. This

implies that the correlation function oscillates harmonically with a frequency

equal to Eg - E . We identify this frequency with the spin fluctuation

frequency.
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I t can be seen that ,as A increases from neg&tive values, the position

of the absorption peak shifts towards higher values while i t s intensity decreases. ")

d) f-Ievel occupation correlation function: If the rare earth atom

response to a certain external perturbation is characterized by a certain

frequency uiQ when the ht shell is empty and by another frequency a^ when

I t i s singly occupied, we can ask ourselves what the response would be in an

intermediate valence si tuation. The answer to th is question is intimately

related to the f-level occupation correlation function

(8)

Here again we shall calculate the Fourier transform of (8): G(«). At zero

temperature It can easily be calculated from the model H&miltonian (k) and

Is given by

(9)

The position and intensity of the peak of G(tu) are plotted as functions of 4/V

in Figs.3d and 3e.

Here we see that as A increases from negative values, the "charge

fluctuation frequency" tuch f = E1Q - E s tar t s from a high value, decreases

to a minimum at A = 0 (E - £„) and then increases again, while i t s intensity

is low for |A/V| large and has a maximum at A = 0.

Again, for the same reasons pointed out with respect to F(<D), there

should be a large width associated to the charge fluctuation peak.

*' While the i tenaity of the peak is a rea l i s t ic feature of the

model, the position of the peak should be interpreted only as an

indication of the width of the quasi-elastic peak found in real systems.

This interpretation stems from the fact that in real systems the large

spread of band energies makes the effect of hybridization much less effective

for states far from the Fermi level.
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2. Thernodynamic properties

While it is not difficult to calculate spin or charge dynamics at

-finite temperatures, most of the physics contained in them is already present

in the zero temperature results we have already worked out. For this reason

we shall restrict ourselves to the calculation of the most "popular" thermo-

dynamic quantities: magnetic susceptibility and specific heat. (We take

a) The magnetic susceptibility: It is again a very simple exercise

in statistical mechanics to calculate the magnetic susceptibility from the

model Hamiltonian. It can be calculated from the two-particle states or

from all states adjusting the Fermi energy in such a vay that the mean total

number of particles is always two. There is little numerical difference between

these alternative approaches. The conditions of adjusting the Fermi energy

clearly applies only for intermediate valence compounds. In the case of

diluted impurities, the Fermi energy ia fixed by the matrix and consequently

it is temperature independent for our purposes. The two-particles inverse

magnetic susceptibility is shown in FigA as a function of temperature for

A—0.95 and different values of V. The full line corresponds to V = 0.1.

The magnetic susceptibility deviates appreciably from the Curie law (straight

line through zero) only at low temperatures T « to f • The dashed line

corresponds to V = 0.3 and the dotted-dashed line to V » 0•U. In the high

temperature region of these curves the apparent Curie-Weiss behaviour is

found. They show a minimum at temperatures corresponding approximately to

their respective spin fluctuation frequencies.

b) The specific.heat: The model specific heat can also be calculated

in a straightforward way. Fig.5 shovs the model specific heat as a function

of temperature for A = -0.5 and V = 0.11, 0.13 and 0.15. For higher values

of V the two Schottky-like peaks merge into one. Analysing the energy-

levels one can recognize the origin of the two peaks: the first peak stems

from excitations of energy a , while the second corresponds to excitations

of energy uch_f_

Here again, according to our interpretation of the spin-spin correlation

function, the first peak in the specific heat is an indication of the magnitude

of the Y term in real systems: a superposition of Schottky anomalies

corresponding to a distribution of excitation energies leads to a linear

term in the specific heat.
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3. The linear response

In order to answer the question posed in Subsection l.d) above regarding

the f-level occupation correlation function,we follow Ooncalves da Silva and

Falicov (1976): assume that there is a certain new degree of freedom,

described by Fermi on operators a and a, which has excitation

energies UQ or t^, when the f level is empty or singly occupied,

respectively. Then we add to the Hamiltonian a term

- n f ) a a nf a + a (10)

At zero temperature, the correlation function ^a(t) a (

describes the response of the system at intermediate valence. The total

Hamiltonian 1 ^ ^ = H ( m o d e l ) + Hexcita1.ioll> can again be solved exactly,

its eigenstates and eigenfunctions being characterized by the eigenvalues

of the operator a a (0 or 1) and by the electronic eigenstates n or n 1.

Thus we label the complete eigenfunctions and eigenvalues J O , I O or

The J0,n^ eigenfunctions are the same as shown in Table I, the

vacuum now means electron and excitation vacuum. The |l,n'^ eigenfunctions

are also obtained from Table I by replacing the zero of energies by ai , i by

A + u - u and the vacuum by a jo)> . We call the corresponding angles

•' and A'.

Evaluation of M(u>), the Fourier transform of ^a(t) a+(0)^> , in

terms of the complete Kamiltonian eigenfunctions giveB

M(m) - cos (X'-X) «(m - E , -

+ sin '5 (X'-X) 6<a> - E1 Q , - E1Q)

Two extreme regimes can be analysed:

a) [U)Q - nijj » 0) . f then M(u) reduces t o

(11)

(12)
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b) |u>0 - d i j « inch f , i n t h i s ca se

M(cn) - <n f> ) co0 + < n f > OJJ (13)

These results being identical to those obtained by Goncalves da Silva and

Falicov (1976). The point here is that the characterization of the two

regimes is given ty ID , thus giving a a physical meaning. We should

point out that while McSssbauer experiments can "be cast in this picture , as

well as some optical experiments, th is is not the case vith the response

function corresponding to XPS experiments, because an analysis of the coupling

between X-rays and Uf electrons reveals that i t is given directly by the one-

electron correlation function < f
a^

 f
o ' 0 ' ^ • However, from a conceptual

point of view, the former calculation can also be applied sat isfactori ly to

XPS experiments.

IV. DISCUSSION AHD CONCLUSIONS

We have shown that many of the most characteristic features of

intermediate valence systems are already present in the very simplified

model described by Hamiltonian (It). The approach leading to Hamiltonian C O ,

which amounts to neglecting the role of the conduction electrons' kinetic

energy in valence fluctuations, clearly overestimates the effect of the mixing

energy V.

In order to scale the results obtained from the model to those

expected from Hamiltonian (l) the mixing energy V could be replaced by

the mixing strength pV « v /W (where p is the density of band states and

W is the band width). This seems to be a resonable assumption for A/V $ 1.

For 4/V large and negative, it is shown in Fig.l that the energy

levels separate into two groups: those corresponding to states |2^>, |3^> >

|6")> , \iy , |B)> , ]ll)> and |lS^> lie near the ground state |9> ,

while the others lie at a large distance from it, of the order of » c h f •

The energy structure of the lower states can be approximately simulated by a

narrow band version of the Kondo Hamiltonian by choosing J «/ V /E, Their

energy spread corresponds approximately to the Kondo temperature « J. On

the other hand, we know that the Kondo temperature shows an exponential

behaviour on J for the impurity problem with wide bands. Thus if the

-11-

scaling V -* V /W were used in the "Kondo regime" (A/V negative and large)

we would have an energy spread /v V /W A , which does not seem quite convincing.

In Sec.Ill we have calculated different properties, mainly the low

temperature ones, as functions of the distance between the Uf-level and the

Fermi energy. Experimentally this parameter can be varied with pressure or

with chemical composition and it is found that E increases with pressure

(Jayaraman and Maines, 1979). The trends predicted by thn model Hamiltonian

are indeed found in all Ce systems: decrease of f-shell occupancy and of

magnetic susceptibility due to pressure are common phenomena in these materials.

Increase of the f-level energy with respect to the Fermi level can also take

place in some of the compounds where a transition similar to the 7L- y

transition in pure Ce is found. Unfortunately, in pure Ce the transition is

too abrupt at reasonable temperatures to be indicative. The case of Ce Th

(Shapiro et al.. 1977) alloys seems to be more suited. Here again, we find

that the trend predicted by the model for inelastic neutron scattering is

found: as the f-level crosses the Fermi level, the total intensity of the

quasi-elastic peak decreases, while its width increases in energy.

In view of the above facts we can conclude that:

- Correlation and mixing are essential to describe valence fluctuations,

while the detailed character of the band states is not of primary

importance to valence fluctuations;

- Kondo behaviour is to be expected for Ce syateos when the f-level

lies well below the Fermi level;

- Charge and spin fluctuations correspond to different physical

processes. The difference being more Important In the above-

mentioned "Kondo regime", where
s.f. en.f.

Even if the model presented here cannot be used for a quantitative

comparison with experiment (a feature shared with a l l other models based on

non-degenerate Uf orbitals) i t provides a conceptual framework within vhich

many questions concerning valence fluctuations can be answered in a simple

way.

The model can be extended to more rea l i s t ic Uf-shell configurations

and one can think of many possible schemes to include the conduction electrons'

kinetic energy effects. The perturbative approach valid for very narrow bands

(Alascio, Allub and Aligia, 1979) i s already illuminating.
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JTGUEE CAPTIOUS

Fig.l Energy levels of H as functions of A/V. Numbers indicate the
L

corresponding elgenstates in Table I.

Fi^.2 Eegions of values of £p/V and A/V , vhere the ground state corresponds

to 0, 1, 2 or 3 particles.

Fig. 3 Different properties of the system at zero temperature as functions

of A/V:

a) f-level occupation,

b) magnetic susceptibility,

c) spin fluctuation frequency,

d) charge fluctuation frequency,

e) intensity of charge fluctuations.

Tig.lt Inverse magnetic susceptibility as a function of temperature for

a = 0.95. Full line V - 0.1, dashed line V = 0.3, dot-dashed line

Fifl.5

V = O.lt. Upper part contains a plot of

temperature).

{units of

Model specific heat as a function of temperature for A = -0.5.

Curve a is for V = 0.11, b for V = 0.13 and c for V = 0.15. Hote

the logarithmic scale of temperatures.
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