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ABSTRACTSHEET

GROUNDSTATES ANDMAGNETICRESPONSES OF

MODELVALENCE-FLUCTUATIONSYSTEMS

B. H. Brandow
Theoretical D:.vision
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

ABSTRACT

Variational ground-state wavefunction6 are presented and
optimized for two model valence-fluctuation systems, based on
Anderson lattice Hamiltonians in the U + QJlimit. Although these
wavefunctions are approximate, they are treated in an essentially
exact manner. The {f”,fl; n = 1] system has an intuitively
reasonable ground-state susceptibility, while the {f1,f2; n = 2)
system is, found to exhibit an insulating gap.



GROUNDSTATES ANDHAGNETICRESPONSESOF

HODELVALENCE-FLUCTUATIONSYSTEMS

B. H. Brandow
Theoretical Division
Los Alamos Scientific Laboratory
Los Alamos, New Mexico 87545

INTRODUCTION

One of the main obstacles for the understanding of valence-
fluctuation ❑aterials has been the absence of a clear model to
illustrate the essential nature of the valence-fluctuation ground
state. Our goal here is to present such a model, or rather, tw~
closely related ❑odels , and to demonstrate that they have a number
of intuitively reasonable features.

For reasons discussed previously,l we describe the electrons
by means of the Anderson luttice Hamiltonian,

+ ‘u’
(1)

*
in connnon with ❑any previous investigators. The 5d conduction
electrons are represented here by “5s” Bloch orbitals, with a
total bandwidth W. The 4f electrons are represented by “4s”
Wannier orbitals, where j is a site index. Thus, orbital degen-

%
The Kondo analogy suggests that one might replace the Anderson
lattice Hamiltonian by a Koado lattice Hamiltonian. We reject
this suggestion, because the valen~e-fluctuation regime lies out-
side the region of validity for the Schrieffer-Wolff transfor-
mation. We note also that phonon effects can be transformed away,
as far as the electronic properties are concerned, at the cost of
introducing xenormali~ed (and somewhat temperature-dependent)
electronic pp.rameters .



eracy and any intrinsic 4f bandwidth are being neglected. The
f-electron level & is set equal to zero, to define the origin

ffor the energy sca e.

We consider two different ❑odels, ?s follows: The {f”,fl]
model has one electron per site , and its one-site Coulomb inter-
action term is

%1=u&iAii.
J J, J$ ‘

(2)

twhere ; = q q. The {f1,f2) ❑odel has two electronc per site, and

(3)

Although these models appear quite similar, we shall see that their
magnetic responses are strikingly different. Reasona~ e values

4for the parameters are U = 5-8eV, W = 2eV, and Vk = N >.vk.
exp(-ik*R.) - 0.07eV, where N is the number of sites. 1A p?actice
we take UJ+ -, so that the configurations f2 (for {f”,fl}) or f“
(for {f1,f2}) can be simply ignored.

VARIATIONALGROUNDSTATES

For the {f1,f2) model we assume a ground state trial wave-
function of the form

(4)

Note that each site involves a coherent superposition of fl and f2
configurations (zero-point fluctuation feature), and all sites are
physically equivalent. These features are consistent with X-ray
photoelectron and tlossbauer isomer shift spectra, with the lattice-
constant systematic, and with the absence of low-temperature
lattice distortions. Each site also displays a spin-singlet chdrac-
ter, implying a low-temperature quenching of the local moments.

This wavefunct~on is formally equivalent to one previously
proposed by Stevens , but his use of a !4annier rather than Bloch
representation for the conduction electrons led to unfortunate
complications. We have found that the expectation value <H> can
be o tained quite easily, by means of an elementary phy~ical argu-

9
ment : Given the present H and W, the only possible interaction
betwl’:m the various sites j is via the exclusion principle, namely,
the t“act that two sites cannot simultaneously ❑ake use of the same
ku Bluch orbital. That is, if site j has made the (virtual)
transition j? + k?, then the corresponding transition j“? + k? is
momentarily forbidden for all other sites j“. It is therefore
rather obvious that the ku occupation number can be evaluated



as a sum of quasi-independent one-site contributions,

‘ka = <fik# =~( lakj12/D)[l -(N-llnko/N], (5)
J

where [1 -(N-l)n /N] represents the probability that ku is not
%already occupied y an electron from some other site j“. For

large N this simplifies to

(6)‘ku = (A~/D)(l - nko) = A~/(D + A;),

where Ak ❑ N-% Z a exp(-ik-R.), and the normalization denomin-
ator is now j kj J

D =l+N-l F Po-A~(]-nkJ=l+(D’N)“(D+A:)” (7)

Continuing with this quasi-independent-site philosophy, the energy
expectation value is found to have the very simple form

<H> = F(c A: + 2VkAk)(l - nko)/D
ok

=
F

(e A’ + 2VkAk)/(D+A~).
~kk

Minimization of this <H> leads to the condition

A: - AkD(&k - O/Vk - D= O.

(8)

(9)

Inserting the resulting Ak in (6), one finds that the momentum

‘+str;but:on “ku is very similar to a finite-temperature Fermi
dlstrlbutlon, and thus differs only slightly from an ordinary
Fermi sea. More specifically, n

kg
= * for &k

= c’ !k7V’1/D(&k -
Ivk 12/D(ck - c)’ for large positl e c , and n
for large neg tive &k.

4
E #1 ;T)isofc)’The “half-wid h“ (aria ogou~lto

order V (2/D) .
1!

One easily finds that D = (1 - ~) , wh~re C is
the fra tional fl character of the system (O < & < 1), and is
determined by

(lo)

The “pseudo Fermi level” is shifted downwards from the f-electron
level Cf(= O) by the amount

Fc= (D/N) VA/(D+ A;).
=kk

(11)



This c arises formally from the (WH>/aD)(aD/Mk) tem encountered
in the minimization of <H>.

Assuming a constant density of states (= W-l), and a constant
Vk(= V), the above sums for ~ and Cbecome elementary integrals,
giving two coupled equations which determine & and C. Numerical
results are plotted in Fig. l(a) as a fl”mction of D_, the distance
from the bottom of the band to the f-electron level & . (The
parameters used here are W = 2.OeV, V = O.ieV, and U $m,) As
expected, ~ varies linearly with & (i.e., withD ) when &f lies
between the bottom and the midpoin ~ of the conduc~ion band, and
C remains small (a few times T = nV2/W, the resonance width).

Fig, 1. (a) {f1,f2] model: ~ and X/(p2W/V2) on left-hand scale,
lC’lon right-hand scale; (b) {i”, fl] ❑odel: ton left-
hand scale, IcI and A on right-hand scale.



For D_ > ~W, however, where there might be a danger of ~ exceed-
ing unity, one finds that [Cl increases as -J2n(l-g). This has the
effect of keeping the pseudo Fermi level below the ❑iddle of the
band (i.e., D_ + c < #W), thereby ensuring that J$ < 1. For D_ > tW
(1-~) vanishes very rapidly in an exponential manner. In the oppo-
site
vary

regime where D-l+ - @, perturbation theory shows that ~ must
as [-D_(w-D_)] .

For the {f”,fl} ❑odel we use as trial wavefunction

’01=;vf(’~u‘?akJJJ’’vacum’‘
(12)

where, ill the absence of a ❑agnetic field, N = 1 and a . = a . .
The formal development is nearly identical tg the precek~~g ca~~~
the main difference being simply to replace ~ everywhere by 1 - ~,
where ~ still represents the fractional f] character. The normali-
zation denominator is also somewhst different,

(13)

Results for ~ and C are shown in Fig. l(b).

To study the reliability of these results, we have used
diagraosnatic analysis based on a4many-body perturbation theory
developed for open-shell systems . (This formalism has previously

::e;o:%!;o ::;;-;:;:ed
for studies of large-U magnetic ions

: (1) Given the above trial -yave~2)
functions, the <H> of (8) is exact to terms of order N .
The trial W’s are inexact, since there are perturbative contribu-
tions to many-electron amplitudes (such as for juj’u + kuk’u)
which do not simply factorize into a product of one-electron
amplitudes a . . Physical consequences of this non-factorizability
remain to bek~nvestigated.

It is now clear that there can be no Kondo-like divergences
-- these are eliminated by the destructive interference which
resulta from the exclusion principle, as manifested in (5). On
the other hand, studies of a low-density system (Tm Y Se) have
revealed a distinctive Kondo feature (res~stivity ‘l~~xT for T
below a resistivity minimum) for x ~0.25 . Although we would
expect automatic cutoffs of divergences for all nonvanishing densi-
ties of magnetic ions , it does seem quite re~nable that Kondo
phenomenological features should ●merge in a continuous ❑ anner
as the concentration of valenrz-fluctuating ions is decreased.
The nonfactorizable amplitudes just mentioned appear to represent
dense-system precursors of such Kondo features.



tlAGNETIC SUSCEPTIBILITY AND INSULATING GAP

The response of the {f”,fl} ground state to a ❑agnetic field
may be studied by relaxing the previous synmetry restrictions
(a

= a+’ ak”? = a “+) ‘n ‘he above ’01” ‘he ‘agnetic ‘suscept-ibility 1s fodnd to%e

Xo1
= (1#/~)[(2#/v2g) + (g+s)z], (14)

where

R=-#
F

‘kAku
~ m~o ‘ku(l - ‘kcr)’

s=~
P o ku (1 - nkc)(l - 2nko) .

(15)

(16)

The resulting Xol is presented in Fig. l(a).

For a qualitative understanding of this result, we note that
s can be ne lected (S/~ < 0.035 for all ~), and that R ‘V2~/W

Twhen D_ ~ 2 Vi, whereby

The
for
for

‘or ‘2[~+‘ $1 (17)

calculated x is seen to follow this estimate ~~ite closely
D > 21VI. 8Athe other hand, one would expect that Xgie+m
c: far below the bottom of the conduction band, since

vanishing of the hybridization energy should leave-the moments
free to align with the external field. The calculated x
indeed increase very rapidly for D_ <0, and asymptotica?~yd~~s
grows as lD_13.

A difficulty is encountered when we attempt to follow the same
approach for the (fl,f2) model , since there is no cc:responding
minor generalization of W

q
by means of which this system can

respond to an external fie d. A more drastic alteration is
required, and the reliability of the results may be sensitive to
the choice adfi?ted. We use the form

(18)

which is suggested by the approximate theory of quasi-particle
excitations presented in Ref. 1. The d here is fixed by electron
conservation, leaving A ~ Ak4~ and B as the free parameters.
optimizing theAk= ‘a as%efore, we fi!!d that 6<H>/6(B~) cannot



vanish for small applied magnetic Fields. This implies an insula-
ting gap, as well as the vanishing of x ~ at T = O. The resulting
gap is the ❑inimum value possible for I* /A ], which occurs for
k’s at the bottom of -tIie” conduction band ! His gap, A, is shown
in Fig. l(b). The a approaches lD_l for &f far below the bottom

!7of the band (D << -V ), as expected. For D_ >> lVl, the gap
become:~ V2(1 - ~)/(D+ C), and it therefore vanishes rapidly for
D_> 4W.

Th~ {fl,f2] model should be relevant for SmB6 and SmS.
Although the present finding of an insulating gap contradicts our
previous studyA, recent specific heat data for SmB6 now provides
strong evidence for an insulating gap of order 70°K (our estimate).
This does not $~ly a vanishing of the x’s at T = O, however,
because the S (4f6,J = 0)8ion has a large Van Vleck suscepti-
bility. The %ailable data shows evidence of impurity tails which
may well be obscuring ❑oderate dips in the x’s below 40°K. TC
establish contact with the large number of intermetallic valence-
fluctuation compounds, this study must be extended to lower densi-
ties, i.e., to systems having “intrinsic” conduction electrons.
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