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Introduction

In compounds containing Ce and U ions we often encounter an anomalous (hundredfold or

thousandfold) growth of the effective mass of electrons, while in other compounds numerous

valences of Ce ions can be found. In the former case we talk about heavy-fermion behavior and

in the latter case we talk about mixed-valence behavior. These effects cannot be explained

at all using the initially successful model of solid state physics, which neglects the electron-

electron interaction. The main reason is that the narrow f level of rare-earth elements may

lie inside or close to the wide conduction band consisting of d and s electrons. Because of

the mixing of delocalized and localized electrons, we cannot make a difference between core

electrons and electrons belonging to the band that allows a simple description of the solid

state. The periodic Anderson model was introduced to describe these systems, that is, the

system of strongly interacting f electrons and the noninteracting electrons belonging to the

band.

We talk about mixed-valence behavior if the f level is near the Fermi level and here the

number of electrons that occupy the f level is not an integer. Between the different valences

of the ion there is a very small energy difference, due to which the number of electrons on the

level are constantly fluctuating, so on the average – for example by applying the Mössbauer

spectroscopy – we see a noninteger valence.

In the case of heavy-fermion behavior the f level is deep below the Fermi level, its occupancy

is almost integer, and the ions have magnetic moments. In this case according to the low-

temperature measurements of the specific heat of electrons, the value of the Sommerfeld

coefficient is larger by three orders of magnitude than the mJ mol−1K−2 value of usual metals.

The same applies to the density of states on the Fermi surface and to the effective mass of

electrons. This growth cannot be explained simply by the effect of the band structure but the

important effect is the strong correlation between the electrons.

Lately it has become more and more obvious, that not all behavior of rare-earth metal

compounds are understandable based on the model mentioned previously. This is true in the

case of the Ce doped Nd2CuO4 compound, in which the f electrons mix with the strongly

correlated electrons that are on the Cu–O planes, so the Coulomb interaction between con-

duction electrons must be also taken into account. To prove the necessity to extend the model

we mention another example, the CeCu2(Si1−x
Ge

x
)2 compound. It was discovered that far

from the antiferromagnetic critical point of the temperature-pressure phase diagram, where

nonconventional superconductivity is observed, a new superconducting region emerges when

the pressure is increased. The occurrence of this phase is only explicable with the appearance

of a newer quantum critical point. According to the experimental results the appearance of

the quantum critical point can be attributed to the drastic change of the Ce valence. However,

we cannot find such a critical behavior in the ordinary periodic Anderson model. To overcome

this problem it was proposed to take the Coulomb interaction between the d and f electrons
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into account.

The calculations in the literature have been limited up to now to some special parameter

ranges of the periodic Anderson model. It was not clear that in the case of the ordinary periodic

Anderson model what kind of parameters result in Kondo or mixed valence behavior, and how

the interactions mentioned above change the behavior occurring in these regimes. My aim in

the dissertation was to systematically analyze the role of the interactions listed above using

different methods.

Applied methods

The periodic Anderson model can be solved exactly only in special cases and in specific dimen-

sions. Because of this we need to use approximation methods. Using perturbative calculations

only the weakly interacting case is treatable. From a physical point of view this is, however,

not interesting. Therefore numerous approximate methods were applied to the model in the

last decades. In the dissertation I study the periodic Anderson model and its extended vers-

ions using mean-field theory, variational method and exact diagonalization. The mean-field

theory offers a simplified view about the model, where we neglect important features like

the RKKY interaction or the Kondo effect. Therefore I applied a more reliable method, the

variational calculation that is based on the Gutzwiller wave function. This method allows to

analyze the model in the case of weak and strong couplings as well. I checked the reliability of

the variational calculation by comparing its results with that of exact diagonalization applied

to short chains.

Thesis points

1. I determined where the mixed-valence and Kondo behavior occur in the periodic Ander-

son model by solving numerically the variational equations in a wide parameter range,

which were already derived in the literature. It turned out that in contrast to the im-

purity model, the Kondo behavior is present in a much narrower range as a function of

the f-level energy. I proved numerically that in the case when the f-level occupancy is

exactly one, the periodic Anderson model can be mapped into the Kondo lattice model

with finite Kondo coupling.

2. I generalized the variational calculation by the proper expansion of the Gutzwiller wave

function so that it is applicable to treat simultaneously the interactions between the

localized electrons (f-f), between conduction electrons (d-d), and between the conduction

and localized electrons (d-f). The variational wave function is capable of describing

paramagnetic and ferromagnetic states.
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3. I examined with the variational method the effects that occur due to the local Coulomb

interaction between the conduction electrons. There appears a basically different beha-

vior in the half-filled (insulating) and in the less than half-filled (metallic) system. In the

case of a half-filled band switching on the new coupling shifts the Kondo region towards

higher f level energies. At a critical value of the interaction, a Brinkman–Rice transition

takes place in the whole Kondo region, the system turns from a Kondo insulator into a

Mott insulator. I determined the necessary and sufficient conditions of the transition in

the general case. In the case of a less than half-filled band the shift of the Kondo region

is much smaller, and Brinkman–Rice transition does not occur. However, above a cert-

ain value of the coupling a stable intermediate valence region appears. I proved that in

the almost half-filled case, because of the interaction between the conduction electrons,

the heavy-fermion character of the f electrons becomes remarkably much stronger. If

the band is more than half-filled, the Kondo region may appear even above the bare

conduction band.

4. I pointed out using mean field theory that the interaction between conduction and f

electrons results in a first-order transition above a critical value of the interaction, but

a quantum critical point does not emerge.

5. I showed applying variational calculation to this model that a quantum critical point

occurs at a critical value of the interaction, where critical valence fluctutations are

present. I studied in detail the dependence of the critical point from the parameters

of the model, and it turned out that the Kondo behavior does not play an important

role in the quantum critical behavior. In the case of a strong d-f interaction a first-order

transition appears between the Kondo and integer-valence regions. By further increasing

the coupling, the Kondo region disappears at a newer critical value and a triple point

emerges in the system. If the coupling is larger than this critical value a direct first-order

transition occurs between the doubly occupied and the empty f levels. In this case we can

talk about valence skipping. This provides a new way to explain the valence skipping

mechanism that up to this time was ascribed to the attractive interaction between f

electrons.

6. I studied the models above with exact diagonalization as well. Comparing these results

to those coming from the variatonal method, I found a surprisingly good agreement

between them concerning the f level occupancy. An exception from this is the case

where there is also an interaction between the conduction electrons and the f electrons.

Naturally, there does not occur a critical behavior, however, we get the same results con-

cerning the narrowing of Kondo region and the sharpening of the mixed-valence region.

I studied the dependence of the density of doubly occupied f sites as a function of the

hybridization when the f level occupancy is exactly one, and I found that the variational
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calculation gives an exponential dependence, while in the case of exact diagonalization

we get a power–law-like dependence. The difference is due to the very tiny size of the

chain which does not allow to see the exponential behavior. The Brinkman–Rice tran-

sition does not occur in the half-filled model in a chain. I argued that the discrepancy

is due to the different behaviors of the one- and infinite-dimensional Hubbard models.
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