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Spin fluctuations and heavy fermion behavior 

U. Wyder* 
Van der Waals-Zeeman Laboratory, University of  Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands 

Abstract 

A heuristic approach to the relation of spin fluctuations (SF) and the heavy fermion (HF) state will be presented. The 
appearance of SF in the eigenstates of the periodic Anderson model is discussed in terms of relevant length scales, 
something already known for the Kondo problem but this time presented in a slightly more general framework. It will be 
shown that a specific form of SF can produce a HF-like state. The magnetic ordering, its small magnetic moment (using 
a Stoner-like criterion), charge transfer, and the magnetic field effect will be discussed. 

1. Introduction 

A heuristic approach to the relation of spin fluctu- 
ations (SF) and the heavy fermion (HF) state will be 
presented. The relevance of SFs to the HF state will be 
discussed in general terms, after which, more specifically, 
the appearance of SF in the eigenstates in the periodic 
Anderson model (PAM) is focused on [1]. The answer is 
already known for theories based on the Kondo problem 
[2-11] with its singlet ground state. However, we would 
like to analyze this in a more general framework, in terms 
of the relevant interaction length scales. It will be shown 
that a specific form of SF can produce a HF-like state 
with a magnetic ordering. Only the case of a ferromag- 
netic and an antiferromagnetic ordering will be discussed 
in this article. But other types of ordering can easily be 
treated on the same basis. The model used has close 
similarities with the well-known Stoner model [12-15-1. 
In the case of the Stoner model rigid bands are used while 
here a more flexible band model is used. The small 
magnetic moment [16,17] will be explained using 
a Stoner-like criterion. Since the ligand hybridization is 
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so small charge transfer considerations can be done sep- 
arately from any model considerations used to evaluate 
the Hamiltonian. We will show that charge transfer con- 
siderations lead to extra restrictions any used model 
consideration must satisfy. Also the effect of magnetic 
fields on such a state will be discussed. It has to be 
stressed that the treatment as presented in this article is 
not meant as some kind of ultimate and definitive truth. 
However, we believe that the argumentations presented 
in this article may lead to a better understanding of HF 
properties and can lead to suggestions for new experi- 
ments. 

2. Heavy fermions 

Heavy fermion (HF) behavior occurs in the group of 
intermetallics containing always an actinide (in most 
cases U) or a rare earth (in most cases Ce) element. 
Examples of such compounds are CeRu2Si2, CeNiSn, 
URu2Si2, UPta, UBe13, UPd2A13. They exhibit a 
strange combination of striking low-temperature proper- 
ties (for a general review see Refs. [18-25]) e.g. the very 
heavy "electron" mass as deduced from thermodynamic 
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experiments, an extremely high Griineisen parameter 
[20] (expressing a strong volume dependence of the en- 
ergy levels of the system) and an uncommon magnetic 
ordering. In very delicate neutron experiments the pres- 
ence of a small magnetic moment [16, 17] on the mag- 
netic ion sites can be observed. Most theories either 
predict no magnetic moment at all or an ordered state 
with too big a moment. It cannot be excluded that this 
small moment emerges from lattice imperfections. But 
even if so, it is very hard to explain how lattice imperfec- 
tions can produce such a small moment. We believe that 
these small magnetic moments, even if induced by lattice 
imperfections, reveal something essential about the HF 
state. The observation of an apparent heavy electron 
mass indicates a high density of states (DOS) at the Fermi 
level. Concurrently, the Fermi liquid temperature can be 
considered to be strongly renormalized TFL "~ 100K 
[18-21]. The observed apparent heavy mass, the ex- 
tremely high Griineisen parameter and the small mag- 
netic moment are only three of the many amazing prop- 
erties observed in HFs. In HF systems there usually 
exists one typical energy scale of the order of 
1.5kB T* ~ #oB*. B* and T* are, respectively, the char- 
acteristic field and temperature needed to destroy the H F  
state. The latter is always in the range of 10-100K, 
indicating that the width of the peak in the DOS at the 
Fermi level is very small. For the "physics of HFs" this 
width will be the relevant energy scale. Being much 
smaller than usual, doors are opened for the observation 
of phenomena usually unobservable. At high temper- 
atures these systems can be described in terms of localiz- 
ed moments [27-31]. If in the HF state any low-temper- 
ature magnetic ordering is observed, it usually is antifer- 
romagnetic. At present, it is not clear if this extra mag- 
netic ordering comes from the HF state as such or if it is 
an extra phenomenon which interacts with the HF state. 
Usually, HF systems have a complicated chemical struc- 
ture. They exhibit a high degree of anisotropy in most of 
their properties. Some of these systems, like, for example, 
UPt3, UPd2AI3, and CeCuSi2 will even exhibit unusual 
superconductivity at low temperatures [32-36,21] with 
a complicated phase diagram. In addition, HF systems 
exist which exhibit a gap very much like in semiconduc- 
tors, e.g. CeNiSn [31], and this list of interesting proper- 
ties is by no means complete. Each property in itself is 
already fascinating. However, it is rather difficult to ex- 
plain in one coherent model the combination of all these 
properties. It is usually easy to select a subset of experi- 
mental facts to support any given theory. On the other 
hand, a person is probably quickly driven schizophrenic 
in an attempt to explain all of these properties at once. In 
our theoretical analysis we therefore would like to focus 
on the understanding of the heavy electron mass, the high 
Griineisen parameter, and the small magnetic moment, 

in the hope that all the other interesting properties can be 
explained on the same basis 

3. Relevance of spin fluctuations 

Our treatment falls into the class of models trying to 
explain the HF behavior in terms of bandstructures. Two 
bands arise from the small (ligand) hybridization of 
10meV [37,38] of a broad conduction band and a dis- 
persionless f-band. An enormous peak in the density of 
states (DOS), heavy mass, with a gap-like structure in the 
middle of it is formed. Its width is of the order of this 
ligand hybridization. The strong volume dependence of 
the hybridization is causing the high Griineisen para- 
meter. The bare f-level is found to be 2eV below the 
chemical potential, while the narrowness of an f-shell 
causes double occupancy of such a shell to correspond to 
an energy gain of 5 eV, the on-site repulsion. The average 
energy is in both cases too far separated from the chem- 
ical potential for the so-formed hybridization peaks to be 
close enough to the Fermi level to be observable in 
a thermodynamical experiment. Some new kind of renor- 
malization argument for the position of the effective 
f-level must be found. 

Already from theoretical studies of small solvable sys- 
tems containing only a finite number of magnetic ion 
sites [7] but also e.g. for Kondo systems with their singlet 
ground state [2-4] the importance of spin degrees of 
freedom for the ground state properties emerges. As from 
the experimental side, in the low-temperature entropy as 
determined from thermodynamical experiments the spin 
degrees of freedom turn up predominantly. Also the 
observed small magnetic moment [16, 17] seems to point 
in the direction of spin fluctuations. Intuitively, one can 
visualize electrons wandering around as delocalized 
states. These states want to sit down on an f-site because 
the energy related to this is lower than the Fermi energy. 
Double occupancy of a certain site will be avoided. Since, 
due to the on-site repulsion, the average energy per 
electron related to this will be higher than the Fermi 
level. If a certain site is occupied by an electron with 
a certain spin this original electron can be pushed out by 
an electron of opposite spin, causing the occurrence of 
on-site SFs. Of course processes involving identical spins 
will also appear. Such processes will only be noticed by 
the loss of coherence. This picture also applies for the 
singie-site Kondo problem. But as Nozieres pointed out 
in HF systems there are not enough conduction electrons 
present to compensate a full moment per magnetic ion if 
the interaction between these ions is neglected [42]. 
Therefore, we will be mainly interested in the (coherent) 
intersite SFs. 
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4. The model Hamiltonian 

Our description of the HF systems is based on the 
well-studied periodic Anderson model (PAM) [1]. Re- 
stricting ourselves to only one f-state per unit cell and 
site, the Hamiltonian reads 

Hv = ~k~ (T(k)ofk*~Ck,, + T(k)* c~,~fk~ ) 

~ (e,(k)c~,rCk~ ~ka gffkt~,fk,r) -+- ~. UniTni$, + + 
ka ia 

(1) 

where Ckt, and ck~ are the creation and anihilation oper- 
ators of the delocalized conduction electrons character- 
ized by wave number k and spin quantum number a. The 
energy related to such a bare state is the known disper- 
sion relation for conduction electrons e(k)= h2kE/2mc 
(m~ being the effective mass of the bare conduction elec- 
trons). The operator fkt~ is defined as 

fk t, = 1/Nk E, e-ikS'Ji~ 

where f~* is the creation operator of an f-state at site 
R~ with spin a. The energy belonging to such a state is er. 
The ligand hybridization between two neighboring f-like 
states in the case of HF systems is estimated to be 
negligible [37, 38]. We only have to consider the hybrid- 
ization between localized and conduction electron states, 
denoted as T(k,i)o. It can be straightforwardly shown 
that T (k, i)o = T (k)o e- ikRi, therefore, ~'ki, T (k, i)o fi~ck~ 
= )~k, T(k)o fk*,C k`. We assume the energy of the bare 

f-level ef to be lower than the Fermi level (FL) gF. 
A doubly occupied f-level has a total energy exceeding 
/~F by more than the Fermi energy, Edouble - -  Esingle = U ,  

ef + (½) U > eF, where U denotes the energy of on-site 
repulsion. This is the simplest represented in real space, 
~iUn~,ni-,, with n~, defined as ~tj~,.  The remaining 
terms are readily diagonalized in reciprocal space. 

5. Spin fluctuations in the periodic Anderson model 

We would like to investigate the appearance of SF in 
the eigenstates of the PAM. The answer is already known 
for theories based on the Kondo problem with its singlet 
ground state [2-6] and similar theories [7-11]. Here we 
would like to analyze such fluctuations in a more general 
framework (without actually solving the eigenvalue/ 
eigenvector problem of Hv) in terms of the relevant 
length scales. In our analysis we will argue that eigen- 
states must contain n~o which depend on time, i.e. they 
fluctuate. Some exclusions have to be made. The argu- 
ment here presented will only hold for pure eigenstates. 

We also exclude nlo = 0, but since we are usually interest- 
ed in the ground state properties this is of no concern 
here. 

To study SF involves a study ofnio - ni-o and not just 
nio. Since ef is 2 eV below the chemical potential and the 
on-site repulsion is 5 eV, fluctuations containing charge 
degrees of freedom will be strongly suppressed. This 
makes it reasonable to refer to fluctuations in nio as SF. 
We will start by studying the time evolution of the 
relevant operators: 

l d  , 
ih dt f'° = If '* ' / - /v]  = - r 0 c d  - ( t in,_,  + ~,)fd,  (2) 

1 d c~ ° [c~ , ,nv]  --Tofi~ ' ' ' = = - ~ Tcona(l,J)Cj,, (3) 
ih dt j 

1 
Tc°nd(i'J) -- ~k ~k e(k) eikt1~'-RJ)" 

Here c[, and Ckt are related in the same way as f/~ and fk~. 
Obviously, this could also be formulated in terms of 
Green's functions. 

In the tight-binding scheme [43], Tcond(i,j) is related 
to the hybridization between atomic orbitals which make 
up the conduction electron states. The only way an 
occupied f-state on a given site (i) can get to another 
f-state at site (j) is via the conduction electron states. The 
precise nature of T¢ond (i, j)  (or e(k)) determines the link- 
ing between different sites. We can distinguish two ex- 
treme limiting cases, i.e. T¢ona(i,j) = ~(i,j) (e(k) = e), and 
Tcona(i,j) = Tcond(e(k) = 6(k)). In the first case, the con- 
duction electrons are localized. The wave functions will 
no longer have any overlap. The sites are decoupled, and 
we are back to a oversimplified version of a free "atom" 
at each site. Such an "atom" is composed out of an f-state 
at a certain site and the Wannier state of the conduction 
electrons at the same site (see Ref. [7]). In the other case 
the overlap between wave functions stemming from any 
two sites i and j  and with it the exchange between them is 
independent of the particular choice of i andj.  By varying 
the dispersion relation e(k), the behavior of the system 
will continuously transform from a collection of un- 
coupled free "atoms" at each site into a PAM in which 
more and more different magnetic ions are strongly 
coupled. For  e(k)= h2ke/2m *, Tcoad(i,j ) can be cal- 
culated in a straightforward manner. Different band indi- 
ces relate to different sets of sites coupling in real space. 
For a cubic lattice, disregarding electron--electron inter- 
action among conduction electrons, the lowest band in- 
dex will lead to Tcond(i,j ) OC (R/ARi.j) 2 COS(~AR~JR)(an 
oscillating term times a damping term). AR~,j = Rj - R~ 
is along the three main crystallographic directions and 
R is the lattice constant in the corresponding direction. 
Analogous results can be reduced for the other band 
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indices. A length scale A1 can be defined as the distance at 
which ~jaR,.i=at I T~o,d(i,j)l is smaller than say 10% of 
I T¢ood(i,j)l. We define Ai~ as 

A~ ~ T~o,d(i,j).t  = cj~. (4) 
j , j ~ ' i  

The change in the density of conduction electrons at site 
i (c~,) in an infinitely small time element ~St is due to the 
exchange of electrons to the f-state at the same site (f~) 
and the exchange to the conduction electron states of the 
other sites (c~ j # i), which is governed by both T¢o,a(i,j) 
and the respective occupation densities. Primarily, only 
sites within the volume defined by Al have to be con- 
sidered. Note that thanks to the intermediating role of 
the other sites, coherence is maintained throughout the 
lattice, even for Tco,d(i, j )  having a limited range (AI). We 
found AI to be something like 8 times the lattice spacing. 
It is interesting to compare this analysis with the well- 
known Ruderman-Ki t te l -Kasuya-Yoshida  (RKKY) 
theory [44, 7]. 

As the spin direction is still arbitrary, it implies that if 
n~ is a constant, n~_ ~ must also be a constant. So for pure 
eigenstates, ni-~ must be a good quan tum number  and 
can be treated as a regular constant on the right-hand 
side of Eq. (3). In this case, Eqs. (3) and (4) cannot  have 
a solution for which ni~ is a constant  in time. Therefore, 
no eigenstates of Hv can be found for which n~ is a con- 
stant. We are not  able to do this without making any 
extra assumptions. From the following argumentat ion 
the approximation A~ ~ c x loperator, with c being small 
compared to Tcond(i, i), seems to be reasonable. This is 
even exact for the case e(k) - ~. The influence of the other 
sites on the central site is constant in time. Any state I q~> 
of the system can be seen as [d?) = Y~i ~tili) where each 
state Ii) is connected to a specific combinat ion of occu- 
pied and non-occupied conduction electron sites (c~,) 
within the volume defined by Al. If the volume is small 
enough, the occupation densities of c~, for i within this 
volume will be, on the average, mainly influenced by sites 
outside the volume. The expectation value for the total 
number  of conduction electrons within the volume will 
also be fixed by this outside world. The [ ~tl's belonging to 
states having the same number  of conduction electrons 
within the volume will be of almost equal size. This 
restricts the sub-Hilbert space of It h). On the other hand, 
the volume must be big enough for T¢o,d(i,j) to contain 
enough oscillations, sign reversals. If so the restriction 
A~IO) ~ C×Iop¢~to~lq~), Icl '~ IToo,a(i,i)l is almost al- 
ways satisfied for I~b) from this already restricted sub- 
Hilbert space. For  a typical conductor such as alumi- 
nium these approximations are found to be reasonable. 
From both theoretical and experimental studies of all 
kinds of small molecules it is known that 83= 512 

"atoms" is already enough for the "molecule" to have 
bulk-like properties. Eqs. (3) and (4) reduce to a simple set 
of coupled inhomogeneous differential equations for 
fi~ and c~, which can be solved straightforwardly. No 
solutions for which ni~ is a constant in time is found. This 
proves that under the used assumptions systems like this 
cannot have eigenstates which do not have fluctuations 
in ni~. 

6. Treating a specific form of spin fluctuations 

Two types of fluctuations containing spin degrees of 
freedom are imaginable; fluctuations between f-states on 
different sites, and fluctuations between an f-state on 
a certain site and delocalized states. Of course, combina- 
tions of these two are also possible. We concentrated on 
the type in which an f-state with a certain spin on a cer- 
tain site is anihilated and an f-state on a different site but 
with an opposite spin is created (intersite SF). The "sea" 
of delocalized states is just treated as an intermediary 
between the sites. To treat these SF we rewrite Hv in the 
form 

/ 

+ ~ [ S ( - k , k ' ) f ~ T f k , t  + S ( - k , k ' ) ' f ~ j ,  fkT],  (5) 
kk '  

with 

U t 
S( - k, k ' ) = ~ k  ~ fk + koT f k' + go1 being an operator, 

~o  

(6) 

where N k stands for the number  of k-vectors in one 
Brillouin zone. Note that as long as S( - k, k') is a oper- 
ator Hs - Hr .  The Fourier c.q Wannier  representation 
of the last term in Hs can be rewritten as 

Z [ S (  ' , -- k, k )fkTfk,$ + S( -- k, k')' f~;fkT] 
kk' 

= ~, [S(RI, Rj)fi~fjl  + S(RI R j ) t f ~ f ~ ] .  (7) 
i . j  

Disregarding the fact that S is an operator, the SF we set 
out to study can be recognized on the right-hand side of 
Eq. (7). Eventually, we will treat S( - k, k') in Eqs. (6) and 
(7) in a (special) self-consistent mean field approximation 
(SCMFA), so that the type of intersite SF in which an 
f-state on a certain site with a certain spin is anihilated 
and an f-state on a different site but with an opposite spin 
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is created are explicitly accounted for. The U-term in the 
original Hv could as well have been represented as 
"S(i , i ) f i~fa +Hermi t ian  conjugate". But thanks to 
adding and subtracting of extra terms (like (I) UJ~fko), 
a relatively simple representation in reciprocal space for 
Hu is found (Eqs. (6) and (7)). In this expression the 
intersite coupling we set out to study can be easily recog- 
nized (Eq. (7)). Using K = (k + k')/2 and Ak = (k - k')/2, 
S can be rewritten as 

U 
S( - k, k') = ~ -  ~ fak+koTf-Ak+ko~ 

~'~ "t l~ k o  

= S(Ak) 

as long as the symmetry of the lattice is conserved. The 
solution S(Ak) = Sob(Ak) for the SCMFA-scheme satis- 
fies both this lattice translation symmetry and mo- 
mentum conservation. Magnetic structures can break the 
lattice symmetry. The eventual magnetic structure of the 
HF state is expected to be very much dependent on e.g. 
the (indirect) exchange effects, the anisotropy energy, the 
relative positions and orientations of the magnetic ions 
and their f-shells, and the presence of a magnetic struc- 
ture of another origin. In what follows, we shall only 
consider ferromagnetic and antiferromagnetic ordering. 
This is introduced in our model Hamiltonian by assuming 

S( - k, k') = S06~.k' +O = ISol e~*6~,~,+o, (8) 

where So is allowed to be a complex number. The chosen 
Q-vector will determine the eventually found magnetic 
structure. The absolute value of So will still be deter- 
mined in the SCMFA-sceme as described before, while its 
complex phase ~b will determine the direction of the local 
moment (which is also taken as a given thing). In this 
article we will only discuss the ferromagnetic Q = 0 and 
the antiferromagnetic case Q = ½KBz. Where Kez is the 
Brillouin zone lattice vector defined by the crystal lattice 
structure. Other magnetic structures could be easily dis- 
cussed on the same footing. 

7. The ferromagnetic case 

In the case of ferromagnetic ordering Q = 0. The 
important term concerning magnetism in Hs as 
defined in Eq. (7) is n~=~,k[ISoleiC's°f~fk~ +lSol 
e- i~s° f~fkr]  in which So is no longer an operator but 
just an expectation value. Introducing the spin vector 
operator on the J~-state S, H~ can be rewritten as 
Y~k So(k)S(k) .  So(k) is a spin vector having a x-compon- 
ent equal to So cos ~ a y-component equal to So sin 4~ and 
a z-component equal to 0. An interaction like this will 
lead to a ferromagnetic ground state with each k-state 
having a A-component with its spin aligned along the 

direction - So (k) (energy loss of - b Sol) and an excited 
state with its fk spin component aligned parallel to So (k) 
(energy gain of ISol). Both states have their ordered 
moment perpendicular to the z-direction in which the SF 
occur. Treating I Sol as an expectation value, the eigen- 
values and eigenvectors of Hs can be calculated in terms 
of ISol: 

A ( ( k )  = ½ [~f + ½U + e(k) - ISol 

___ x/(~f + ½ U - e(k) - 15ol) 2 + 4(Z(k)o)2], (9) 

a 2 (k) = ½ [e s + ½U + e(k) + ISol 

+ x/(~s + ½U - ~(k) + 18ol) 2 + 4(T(k)o)2]. (10) 

To simplify the expressions we made use of the fact that 
T(k)o ,~ ef + ½U - e(k = 0). The found bandstructure 
consists of two parts one on top of the other; both shaped 
like a broad condution band e(k) hybridized (via T(k)o) 
with a dispersionless band ef + ½ U - I Sol, respectively, 
~f + ½U + ISol. This relates to j~-states with their mo- 
ments in the + So- and the - So-direction, respectively 
(see Fig. 1). Using the found eigenvectors and the defini- 
tion of S(Ak) we can calculate So: 

So = ( IS(Ak) I >expectation 

U / \ 

I~kn~- ' ( k ) - -n~- ) (k )~ th  . . . .  I . . . . .  g e  2Nk 

U 
- 2NR ANt-)(T) '  (11) 

AN(T) -  = Ntl-~(T) -- N~-~(T). (12) 

In these equations n~-~(k) and n~-~(k) are the occupation 
densities of, respectively, A~l-I(k) and A~-~(k), and 
Ntl-~ (T) and N~2-~(T) the total density of occupied states, 
in respectively Art -~ and A~ -~. Note that, since AN(T)  I-~ 
is temperature dependent so will So(T). 

/~ and I Sol are connected by the fact that the total 
number of particles n =Nt l  -~ + N~2 -~ is fixed combined 
with I Sol = ½U/Nk x AN. Using the typical numbers 
(tt ~ 5.6 eV; U ,,~ 5eV; # - ef ~ 2eV; To ~ 2-10meV; 
n ~ 1036m-3), it is possible to show that ISol ~ 0.5eV. 
Defining A-= er + ½ U - S o - / ~  we can show that 
A ~ 3.13 x 10-6eV. Since [el + ½U - ISoI] - AIl-~(Kaz) 
< d < To (To = 2meV),/~ will be in the fiat part of the 

Atl-Lband (and not in the gap between the Atx -~ and 
A~ +~ band). So is approximately 0.5 eV. The precise values 
of the chosen typical numbers is not essential for finding 
a solution in which/~ is positioned in the fiat part of the 
A~-~(k) band. There is a whole area in parameter space 
(caused by the big contrast in k-dependence of the e(k) 
and the ef band in combination with the smallness of 
hybridization between them). Using an argumentation 
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conduction band I i 
t I ferr°mgnetic state 

~, A(~ ) ~ / ]  I local moment 
To[, " . . . . . . . . .  -~"- - ] 7_.L- . . . . .  }_ parallel to S o  

V 
_ e_f+l/2 U . . . .  ~ ' -  ---" 1[_~ !S0 [ ?(J'_ _ 'L _ 

.(+, I ~ ' 

T01 -?-~ . . . .  - - ~ -  - - ~  !~'! . . . .  'L _ ferromagnetic state 
, ~t f A(i ) local moment 

~ /  anti-parallel S 0 

/ ¢  bare f-level E f 

T / Briliouin zone 

k 

Fig. 1. Bandstructure in the case of ferromagnetic ordering. 
Two hybridization-like bands on top of each other, A~- and 
A ~-bands, formed by hybridizing the conduction states with 
two different (by having opposite moments, and different ener- 
gies) ferromagnetic f-like states. For symbols, refer to the text. 

analogous to, for example, the one used in the slave 
boson approximat ion or any other theory based on a hy- 
bridization like bandstructure,  we are able to calculate 
the mass enhancement m*/m* to be approximately be- 
tween 100 and 500 depending on the precise value taken 
for the hybridization. In our  case a characteristic temper- 
ature T* of 15K is found. Realize not only heavy par-  
ticles stemming from the A(1-)-band but  also light par-  
ticles from the A~-Lband with m* ~ m* will be present at 
the Fermi level. The precise volume depedence of the 
hybridization determines the eventually found Griineisen 
parameter.  It is straightforward to calculate the average 
occupation number per f-state ni to be approximately 
0.95, which is very close to one. 

8. The antiferromagnetic case 

Now Q = 1/2Kaz. The impor tant  term in Hamil tonian 
Hs (Eq. (7)), concerning magnetic ordering, is 

H ;  = Ek[Sof/T fl, +Q~ + S ,  ak +Q,t jkT 1 

Defining 

y;_+ /,.) f4 g l..t e -  i(1/2~b)£i" 1 = 1t'%/ "~ x,eitl/2~')Jk I -Jr-- Jk+QJ.! 

it  can  be  s h o w n  tha t  

H "  s = L [ I S o l ( f f + A +  +A*- A - ) ] .  

We introduce fj~_+ as the f-state at  site j with its spin 
making an angle 0 = ½n with the z-axis (the original 
spin-up/down direction) and an angle ~ with the x-axis. 

The + denotes to either being parallel ( + ) or opposite 
( - ) to this direction. We find 

if_+ = 21 X ~ N N  j even~ [e-ik{1/2)(Rj+Ro, ,i) 

i kRo  * "~ e -ikR° f~" ) ] ,  (13) x (e fJ ,  + ~(j + l)(~ 

where an antiferromagnetic ordering is easiy recognized. 
Note  that the fkt+-state and the fk*--state have their 
moments pointing precisely in the opposite directions. 
~b not only determines the axis along which the moments  
are pointing but also a preferential direction, fk-  has 
a lower energy than fk+. We introduce the term "un- 
reduced Brillouin zone" (UBZ) for the Brillouin zone as 
dictated by the crystal lattice, and the term "reduced 
Brillouin zone" (RBZ) for the Brillouin zone which is 
dictated by the antiferromagnetic structure. 

The system consists of a conduction electron part  
formed by C~T and Ck+ m states (with respective energies 
e(k) T and g(k + Q),), a localized electron part  formed 
by fk*+ and i f_  states (with respective energies 
gr + ½ U _ [Sol), and a hybridization-like interaction be- 
tween them formed by terms like T(k  + Q)o and T(k)o. 

Dealing with sets of fourth-order equations, eigen- 
values and eigenvectors can be calculated straightfor- 
wardly. Using the fact that To "~ U and To ,~ So it can he 
shown that  

A ( ( k )  = ½ [~,f ~- ½ U -~ e(k) - I S o l  

+ x/(~f + ½U - ~(k) - 1 5 o l )  2 + 4(T(k)o) 2 ] 

for 0 < IklalongQdirection < IQI, (14a) 

5 1  (k)=½[~f  + ½U + e(k + Q) -15o l  

+ x/(ef + ½U - e(k + Q) -15ol)  2 + 4(T(k)o) 2 ] 

for '[Q[ < ]klalo,gq directio, < [guaz[, (14b) 

5 2 (k) = ½De + ½U + ~(k) - 1 5 o l  

+ x/(~f + ½U -- e(k) - tSo[) 2 + 4(T(k)o) 2] 

for 0 < [klalons edirection < IOl (15a) 

A2 + (k) = ½[el + ½U + e(k + Q) - ISol 

+ x/(~e + ½ U - ~(k + O ) -  IS01) 2 + 4(T(k)0)2] 

for ]QI < Iklalo-*Odi,ection < Iguszl .  (15b) 

These so-found bands have strong similarities with the 
bands as found in the ferromagnetic case. The shape (see 
Upper part  in Fig. 2) of the bands can therefore be 
understood in an analogous fashion. It was checked that 
for the set of typical numbers mentioned earlier the cross 
point for which e(k) = e(k + Q) corresponds to an energy 
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C k + Q ]  C k ~  E ,  Ck~ Ck+Q~ 

I I 

" "  I I k  
.1/2 I ~ n  z .1/2 l ~ z  1/2 Kgnz 1/2 Kun z 

A M cond ~ M j + l  

,~---" ' - ' -  ~ p lane  of  an t i f e r romagne t i c  o rde r ing  
M j  

Fig. 2. (upper part) Bandstructure in the case of antiferromag- 
netic ordering in the UBZ-scheme (see text), shaped similarly to 
the case of ferromagnetic ordering (see Fig. l). (lower part) 
Development of the components of magnetic moments of the 
A i--band. The ellipsoid expressing the plane in which the antifer- 
romagnetic f-like moments of site j and j + 1 are pointing, and 
"cond" stands for conduction electron part of the moment. 

the eigenstates was negligible with respect to the Ckl.-con- 
tribution. At k = + ½Q the contributions from Ckr and 
Ck+Q, to the eigenstates are equal and therefore the 
magnertic moment of the conduction electrons is precise- 
ly zero. Going even further towards k = + ½gtJBz the 
Ck+Q:contribution starts to increase while the fk--COn- 
tribution starts to diminish. Now the Ckr-contribution is 
negligible causing the moment of the conduction elec- 
trons to grow, in the opposite direction, and the moment 
related to the local moment antiferromagnetism to di- 
minish accordingly. At k2 defined by e(k2 + Q) = ef + 

½U - ISoJ the moments are equal, while at k = ½KuRz the 
eigenstates will be almost conduction electron like hav- 
ing a moment pointing downwards. In the RBZ scheme 
only the (a) solutions of the eigenvalues (Eqs. (14a) and 
(15a)) are left but with a double degeneracy. Since the 
bandstructures are so similar to the ferromagnetic case it 
is not surprising that in determining ISol in the SCMFA 
scheme the same expressions as Eqs. (13)-(16) are found. 
Using the same set of typical numbers we find similar 
results, [/~f + (1/2)U - ISol] - AI(KRBz) t-~ < A < To 
(So ~ 0.5eV), and/~ is in the fiat part of the Al -band .  
The average occupation density per site was determined 
to be 0.90, while a mass enhancement between 80 and 400 
is found depending on the precise value taken for To. The 
critical temperature is approximately 15 K. 

being well above •f "t- ½ U --~ I So[ and need not be con- 
sidered in our calculations. 

The observed magnetic moment of an eigenstate will 
have two origins: one stemming from its conduction 

t t electron parts ckr and c k + ~1 and the other stemming from 
its antiferromagnetic fk'_+-like part. Note, the spin- 
up/down direction of the conduction elecrtrons is per- 
pendicular to the direction of antiferromagnetic ordering 
stemming from the fkt± part. At Ikl = 0, a~- (k) is almost 
purely CktT like and therefore a magnetic moment in the 
spin-up direction is observed for these states. Going 
towards k = + 1/2Q the contribution of the CkT compon- 
ent will slowly diminish and with it the contribution of 
the fk- part will slowly increase. Concurrently, the mag- 
netic moment of the conduction electrons slowly de- 
creases while the size of the moment involved in the 
antiferromagnertic ordering slowly increases (see lower 
part in Fig. 2). For  the kl-vector for which e(kl) = ef + 
1/2U - I S o l ,  the contribution from both parts (Ck~ and 
fk- ) are equal. After this the f_-contribution will rapidly 
grow, and the eigenstates will only contain a small com- 
ponent of ck~. The antiferromagnetic structure will get 
rapidly dominant. Up to now the Ck + Q :contr ibut ion to 

9. The small magnetic moment 

Time reversal symmetry requires that a sign reversal of 
the quasi-momentum vector k accompanied with a sign 
reversal of the magnetic moments must leave systems 
which satisfy this symmetry unchanged. In the theory as 
presented in this article this corresponds to ~ and ~b + n, 
both equally legitimate solutions of the problem. A way 
to break time reversal symmetry is e.g. by the presence of 
a magnetic ordering of another origin or a magnetic field. 
Suppose for some reason we end up with a twofold 
degenerate hybridization like sharp peak in the DOS at 
the Fermi level, distinguishable by having identical types 
of magnetic ordering but the sign of the local moments 
reversed. As e.g. for the model presented here for the case 
in which time reversal symmetry must be conserved (no 
magnetic field and no magnetic ordering of another ori- 
gin). An argumentation much like the Stoner theory 
[12-15] could be used. As in our theory the Fermi energy 
is very close to the sharp edge so typical for hybridization 
like peaks. The introduction of an exchange interaction 
I between these two sets causes the two peaks to shift 
with respect to one another as long as I x AN > 1, where 
AN is the difference in occupation densities at the Fermi 
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level between the two peaks. Due to the closeness of the 
Fermi level to the sharp edge only a very small shift is 
already sufficient to cause AN = 0, regardless of I. The 
shape of the bands is such that the number of uncompen- 
sated local moments per site is extremely small. Note that 
this argument not only holds for antiferromagnetic 
ordering but also for ferromagnetic ordering. 

10. Charge transfer effects 

The problem of charge transfer between a bare f-level 
(in this section addressed as A) and the conduction elec- 
tron states (in this section addressed as B) will be dis- 
cussed in a fashion similar to the "Miedema approach" 
[46]. Since the ligand hybridization To is so small we can 
discuss the effects of charge transfer separately from the 
model used to evaluate the Hamiltonian. The outcome of 
the charge transfer considerations must be treated as an 
extra restriction for the used model. To satisfy photon 
emission experiments [30,40], we do not start with an 
empty f-level but with a single occupied f-level having 
a contact potential (without charge transfer and without 
hybridization) ¢o = / t A - / t a  of 2eV. Charge transfer 
causes the effective contact potential to change into (still 
without hybridization) 4) = ¢o - PAnn. P has to be de- 
termined experimentally, being of the order of 25 eV and 
AnB is the electron transfer from A to B. P contains an 
electronic charge squared divided by something like 
a capacitance. We introduce D(E)i as the respective den- 
sity of states (i = {A, B}) and start with two electrons per 
unit cell: 

f u 5E(D(E)A + D(E -- d~)a) = 2, (16) 

and the charge transfer is given by 

Ana = fiE D(E -- ¢)a - 1. (17) 

From this set of two equations the chemical potential 
and the charge transfer can be calculated. This is inde- 
pendent of the used model to evaluate the Hamiltonian. 
Since D(E)A is much narrower than D(E)s in a HF 
compound it is a good approximation to set q9 = 0, 
dictating the charge transfer to be 

¢o An = --~ ~ 0.08, (18) 

setting the occupation density per f-shell to be approxim- 
ately 0.92 independent of the used model treatment. 

Of course, charge transfer will also affect the hybridiza- 
tion but since there are many causes affecting it, like the 

presence of a kind of polaron effect in HFs, it is not fair to 
single one out. 

11. Spin fluctuations in magnetic fields 

A magnetic field along the z-axis has in principle two 
major ways of affecting the system described by the 
Hamiltonian Hs, a Zeeman contribution to efefT~ = 
~f +/t0B, and conduction electron states getting more 
and more Landau level like. The slope of the Landau 
levels as a function of field is inversely proportional to the 
effective mass. In HFs an enormous mass enhancement is 
present only in a small region around the Fermi level. 
Thanks to the complicated spatial distribution of 
Landau levels, also a field effect is expected for the 
hybridization strength. 

For our considerations we only take into account the 
effect of the Zeeman energy. The whole calculation has to 
be done anew, but the results can also be understood on 
a more informal basis. All the formulas presented in this 
section, however, stem from the exact calculations. 

If two pure f-like levels with an energy ef + ½ U +/ toB 
and ef + ½U- / to (B)  would experience a hybridization 
like interaction via S(Ak, B)o, two new energy levels will 
be formed: for x = ½(/toB/S(B)) 2 ,~ 1 at approximately 
ef + X2U + So(B)(1 + x). The effect of the magnetic 

field on Atl+-)2(k) bands can be introduced by replacing 
So into So(B)(1 + x), leading to the results as found in the 
exact calculation: 

A(I ÷ ) (k, So(B), B) 

1/2 /toB, = A(1 ± '(k, S o ( B ) , B = O ) -  ,So(B)I (6ott~))2 

~f + ½U - S(B) - e(k) 

x l I T -  %/,~f + 1 U - _ - ~ o ( - ~ _ ~ ( k ~ _  4T(k)o2 ] ,  

(19) 

A(2+ I (k, S( B), B) 

1/2 = A~±)(k,S(B),B = O) - ISo(B) l  \~o(t~) 

ef + ½U + S(B) -- e(k) 

(20) 

Note the presence of both terms like S(B) and S(B = 0). 
The chemical potential #(B) as well as So(B) will be field 
dependent. From the exact calculations it turns out that 
the field effect on #(B) will be such AN-  and with it So(B) 
are as constant as possible. The A]-'(k, B)-band will have 
a decreasing field dependence. 
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Without doing the actual calculations these trends can 
also be understood. Take for a moment the field effect on 
/~(B) less negative than on the A~-Lband. For  B not too 
close to B* the distorting effect on the shape of the band 
can be disrespected. A small increase in field would cause 
the A~-Lband to shift downwards more rapidly than 
#(B). With respect to A~l-),kt(B) shifts upwards. Due to 
the shape of the bands this would cause AN-  and with it 
So(B) to even further increase pushing the At~-Lband 
below the chemical potential, etc. A runaway situation is 
created which will not stop until the complete At1 -)-band 
is below/~(B). Analogously, if the field effect of/~(B) is 
more negative than the A t~-)(k, B)-band, a runaway situ- 
ation is created, but now in the opposite direction. At 
least as long as distorting effects on the A~-Lband can be 
disrespected, tt(B) will adjust itself in such a manner as to 
keep A N -  (and with it So(B)) as constant as possible. The 
relation between #(B) and So(B) as found in the actual 
SCMFA scheme, incorporating also the distortion effect, is 

1 f#oB'~  2 
~(B) = ~(B = O) - So(B) + -~ \ sCB)) / 

l ( l*oB~2So(B ) 
2\g(-£/ 

F + s B)- 1 X 
L1 x/(~ + ½ u - So(B) - e(k)) 2 + 4To(k)2f 

(21) 

The chemical potential must also keep the number of 
particles fixed at all times, determining /~(B). A field 
region exist for which/~(B) is within the flat part of the 
A~l-)(B)-band (peak-like structure). For  low fields/~(B) is 
fixed with respect to its original position relative to the 
A~l-)-band. So(B) is found to be a constant (So(B = 0)) 
and a constant mass is observed. For  fields close to B* 
the shift of the A~-)(k,B)-band with respect to 
A~-)(k,B = 0) is big enough for the dispersion relation of 
e(k) to cause a distorting effect on the shape of the band. 
#(B) starts to shift upwards with respect to Ala -). This will 
cause the mass to be even further enhanced close to B*. 
To calculate the precise enhancement is a very delicate 
matter and still needs closer examination. 

Increasing the field even further will shift the peak in 
the A]-)(k)-band downwards with respect to /~(B) until 
#(B) reaches the edges of the band; /~(B*)= 
ef + ½U - So(B*)(1 + x). So(B*) can be found by calcu- 
lating the maximum value of AN-(B) possible. This is 
when the A]-)(k, B)- band is filled up to its Brillouin zone 
boundaries. Since/~(B*) and So(B*) are related through 
Eqs. (11) and (12) and the fact that n is fixed, B* can be 
calculated. Since we are using some kind of mean field 
approximation it is not surprising that B* can be 

expressed in terms of T*: 

1 

2 x/(e r + ½ U - S(B = O) -- e(k)) 2 + 4To(k) 2 

(22) 

For the typical numbers mentioned earlier, this will lead 
to #0B* ~ 142kaT*. The width of the peak-like struc- 
ture in the Atl-)-band at the Fermi level is almost not 
affected by the magnetic field except for a field close to 
B*. The field effect on the critical temperature is mostly 
negligible except for a region close to B*. For  B >/B* the 
peak in the DOS is just below ~t(B*) but it still exists. No 
HF behavior is observed at zero temperature. A small 
increase in temperature causes a temperature window to 
open around/~, which, if big enough (high enough tem- 
perature) can partly incorporate the still present peak in 
the DOS. This could cause the HF state to be seen again 
in experiments. Of course, further increase in temperature 
will kill the HF state (B** ~ 35-40 T). 

12. Summary 

After discussing what we wanted to explain, the rel- 
evance of SF to the HF problem was discussed. The 
model system used in this article is based on the PAM 
with only one f-state per unit cell and site. In our point of 
view, the most simple system we could think of which still 
contains all the basic ingredients. The ocurrence of SF in 
the eigenstates of this version of the PAM was discussed 
in terms of relevant length scales, something already 
known for the specific case of the Kondo problem but 
this time presented in a more general framework. After 
this a specific from of SF was focused on. Using 
a SCMFA scheme we were able to show that these SF 
can produce a HF like state. To not get side tracked from 
the HF problem the preference for a certain type of 
magnetic ordering of the HF-state is taken as a given 
thing. A method was developed to introduce this in the 
framework of our model. Two specific cases of ordering, 
ferromagnetic and antiferromagnetic, were treated. But 
other types of ordering could easily be treated on the 
same footing. The occurrence of a small magnetic mo- 
ment was explained in general terms using a Stoner-like 
criterion. Also charge transfer effects were discussed, be- 
ing an extra restriction the model must satisfy. It has to 
be stressed that this article is meant as a heuristic ap- 
proach and not as some ultimate and definite truth. 
Hopefully, it will lead to a deeper insight and new sugges- 
tions for experiments. 
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