Journal of the Nigerian Association of Mathematical Physics
Volume 19 (November, 2011), pp 565 - 570
© J. of NAMP

Mott Transition of Cerium Compound CeCu,Si, in the Anderson Model.

*Omamoke O. E. ENAROSEHA, Benjamin E. I YORZOR, and John O. A. IDIODI

Department of Physics,
University of Benin, Benin City, Nigeria.

Abstract

The Exact-Diagonalization (ED) technique is applied to the Single Site Impurity
Anderson Modd (SIAM) and the Periodic Anderson Model (PAM) to eucidate the
nature of the ground-state energy and the phase diagram of the two models.

The results obtained show a smooth phase transition from an antiferromagnetic
(Metal) phase to a ferromagnetic (Insulator) phase at dightly away from half filling in
the two electrons on three site lattice system (1-D) as the value of hopping matrix
element, t increases in the SIAM and PAM. Experimental observation shows that
increasing the Ce content in CeCu,Si, leads to a phase transition from a Metallic to an
Insulating phase.
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1.0  Introduction
The Mott transition is a metal-insulator transiticeused by correlations between electrons. Masewihich are predicted to
be metals by band theory turn out to be insulatansi the cause is electrons blocking each othevsons. In a Mott

insulator, however, the repulsive interactldtetween electrons causes a gap of odder form in themiddle of a band, and
materials which should be metals turn out to balaters, for example NiO [1].
Although the Mott insulating state itself is weltderstood, its relationship to the phases surrawgndt remains
controversial: how might the transition from a nhétaan insulator take place, with changing dopiegels or changing
effective interaction strength?

The metal-insulator transition in strongly corteth materials remains a central problem of modenmdensed
matter physics [2].

The metal-insulator transition plays a centrakrol the study of quantum disordered systems. Asulator is
associated with localized states of the systemlevéhimetal generally displays diffusive transpegaxiated with delocalized
states. The Anderson model describes such a mmstalbior transition, due to quantum interferendecé$ driven by the
amount of disorder in the system. Starting from "tight-binding” description of an electron in aystal lattice, Anderson
postulated in 1961 that the dominant effect of intms in the lattice is to randomize the diagorai;site, term of the
Hamiltonian, and showed that this generally leada tocalization of the wavefunction, in sharp cast with the Bloch-
wave solution for a perfect crystal. This model pesgressively been extended from its originaldsetate physics scope to
a whole class of systems in which waves propagate disordered medium, as for example quantum-chagstems and
electromagnetic radiation [3]. Though the modelmathematically simple, the model predicts a wealthinteresting
phenomena. In 1-D, the wavefunction is always laedl as recently observed in experiments using iatamatter waves [4]
in a disordered optical potential; in 3D it prediet phase transition between a localized (insylatod a delocalized (metal)
phase at a well defined mobility edge, the densitimpurities or the energy being the control pagtan Despite the wide
interest on the Anderson transition, few experiraengsults are available. In a crystal, it is véifficult to obtain the
conditions for a clean observation of the Andersocalization. Firstly, one has no direct accesstte electronic
wavefunction and must rely on modifications of bylkoperties like conductivity. Secondly, it is difilt to reduce
decoherence sources to a low enough level [4].

In the present work we shall test the validityttod Anderson model as the effective low energy Htanmian of the
more realistic Single site Impurity Anderson Mo@®IAM) and Periodic Anderson model (PAM). We stdal this within a
well defined mathematical framework, namely, tha@&xDiagonalization technique (ED) that allows a®btain essentially
exact numerical (solutions). In particular we shadhcentrate on the nature of the (antiferromagngtimetal-insulator
(ferromagnetism) transitions that occur in the SIAMI PAM with parameters that set it in the Maggime. In addition, our
results should also be valuable for the interpietabf experimental spectroscopies of strongly eated transition metal
oxides, which experienced fantastic improvementiénlast decade. In fact, the analysis of expertelelata of systems
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which have a mixed orbital character is not alwsiygple when strong correlations are present. Binalir work addresses a
very relevant issue in regard of the intense effoat is currently dedicated to the implementatiérab initio methods for
strongly correlated materials which make heavyaigae ED methodology.

The material of this paper is structured as fofiovin the next section we briefly introduce thedgloHamiltonian,
and describe the novel ED approach [5] that isiagpb the SIAM and PAM and present our resultSét. 3. Discussion,
Concluding remark and comparison with experimergslilts and other theoretical techniques were edf@an Sec. 4.

1.0 Model And Methodology
For decades the electronic and magnetic propestiggetallic Ce and heavy Fermion cerium compoundeeveonsidered in
the frameworks of the single impurity problem mginking Anderson impurity model [6,7]:

H=tX (C.Cu*HO*E 2N, *U nini+V XC.f +f C) @

(iho ic

Wherec * and C ., Create and annihilate conduction electrons with gp = + 1 atsite i, and f " and f create
io io 2 io io

and annihilate local f electrons. Here t is thepgiog matrix element for conduction electrons betweeighbouring sites and
(I]) denotes a pair of nearest neighbo#kds the energy of the localizefl orbital,U is the on-site coulomb repulsion of

thef electrons, and/ is the on-site hybridization matrix element betwestectrons in thé orbital and the conduction
electron C. In the limit of largd, the interaction term is the dominant term. isiassumed, as considered in this paper, that
the conduction band is infinitely wide and struetass; theny, is neither energy nor chemical dependent. Itsisful to
introduce a representation of thelectron operators in terms of auxiliary particledich serves to linearize the coulomb

interaction terms. Inequation(.' = f "f ., = f " f andn'= f " f .
! t 1 4 4 ‘ [ !

While Anderson impurity model (1) has allowed tgitaie main energy scale in heavy-Fermion physitsannot describe
coherence effects, hence generalizing the singgeisipurity Anderson model (1) to a lattice of Ibzad orbital, f, one
obtains the so-called Periodic Anderson Model (PAMje Hamiltonian, H, of the PAM is given by

H=-t X (C.C,*CuCI*E XN, *U Xnin;+

vi(c.f,~f.,C.) @

where all the symbols have their usual meaning.mimas sign in the first term means that the lovi@gtvel will have zero
wavevector. Both direct hopping and direct excharefeveerf electrons are neglected here.
Considering a system of two interacting electrongtoee sites (1-D) yield 15 basis electronic statee lattice structure
were generated within the limit of the following¢le assumptions. For a system of many electroasldctrons are paired
within energy levels, according to Pauli Excluskrinciple which states that no two electrons wiith $ame spin can occupy
the same site, this follows that for the two elect to occupy the same site, and then their spust e in opposite
directions. Thus there are three possibilitiesle¢teonic pairing.

0] The two electrons have opposite spin either aistrae site or at two different sites, and in botbesawve get a

singlet state, i.e. a state with zero unit of spin

(i)  Each of the two electrons has a spin pointing up

(i)  Each of the two electrons has a spin pointing down
In the second and third possibilities, the eledromust necessary be on different sites yieldingeristates i.e. one unit of
spin [8].
Generating the 15 relevant electronic states we lfae state$1> - ‘9> as the singlet states and the stqiq;} -|15) as

the triplet states, i.e.

D= [1r1e) [2)=[2120) [3)= [3134) [4)= [L1 21) [5)= |11 21) [6)=[1131)
7)=[1131) [8)=]2131)|9)=]21 31)[10)=|11 21) [11)=|11 21) [12)=]11 3 1)
13) = |11 31 )14y =21 31).15)=]21 31) @)

The expanded SIAM Hamiltonian (1) for site 1 andr given in equation (4), (5) and that of PAM ipiven in equation
(6)

HS|AM - t( CITC2T+C;TC1T+CILC21+C;J.Cll+C;TC3T+C;TC2T+C;LC3L+
CoCu) *E(f, f «f £ )+uUf £ f f -+

1t 11 11
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V(C, f +f.c,+C.f ~f C.) @

Hgum =t(CiC.*C.CL*C.C.*C;C*C:C,*CsC,*CCu ¥
CiC.) E(f.f +f f,)~Uf, f f ¢
V(C;fzff;CZT*C;fm*f;Czl) (5)

Hpw =t(C.C.*C.C.*C.C.*C.CL+C,C,*CsC,*CLCu
C3Co)*E (f f +f f o+ f f +f f +f f ~f f)~
U(f, f f f «f f f f +f f f f )+
V(C, f +f c.~Cc.f +f Cc.+C.f, +f,C.+C. f, +
f.c.,.,C.f,+f,co+C.f ~f,C.)

2.0 Results

The results of the interaction on using the Heonikn (4), (5) and (6) to act on the 15 basistedaic states (3), the
results obtained are summarized in the Hamiltomatrix (7), (8) and (9) respectively. Sites 1 angr8vide the same result
due to side effects. Because of the complex naifitbe matrices, the eigenvalues, for a particalsse was considered.
These complex matrices were solved using Wolfranthetaatica 6.0 [9]. Considering a case whHgrel,u=1,v =2 andt
=1. The Hamiltonian matrix of equation (4) becomes

(6)

[2E, +u+4v 0 O t -t 0 0 0 0 0 0 0 0 00
0 0 0 t —t 0 0 t -t 0 0 0 0 00
0 0 0 0 0 0 0 t -t 0 0 0 0 00
t t 0 E, +2v 0 t 0 0 0 0 0 0 0 00
-t -t 0 0 E, +2v 0 -t 0 0 0 0 0 0 00
0 0 o0 t 0 E, +2v 0 t 0 0 0 0 0 00
0 0 0 0 -t 0 E,+2v 0 -t 0 0 0 0 00
H = 0 tot 0 0 t 0 0 0 0 0 0 0 0 0|
0 -t -t 0 0 0 -t 0 0 0 0 0 0 00
0 0 0 0 0 0 0 0 0 E +2v 0 t 0 00
0 0 0 0 0 0 0 0 0 0 E, +2v 0 t 00
0 0 0 0 0 0 0 0 0 t 0 E, +2v 0 t 0
0 0 0 0 0 0 0 0 0 0 t 0 E,+2v 0 t
0 0 0 0 0 0 0 0 0 0 0 t 0 00
| 0 0 0 0 0 0 0 0 0 0 0 0 t 0 0]
The ground state energies of the singlet st&igaid triple statesH) of equation (7) are given by
Es=-2.17087 andk; = -0.199705
Similarly equation (5) becomes
0 0 0 t -t 0 0 0 0 0 0 00 0 0
0 2E,+u+4v 0 t -t 0 0 t -t 0 0 00 0 0
0 0 0 0 0 0 0 t -t 0 0 00 0 0
t t 0 E,+2v 0 t o0 0 0 0 0 00 0 0
-t -t 0 0 E,+2v 0 -t 0 0 0 0 00 0 0
0 0 0 t 0 0 0 t 0 0 0 00 0 0
0 0 0 0 -t 0 0 0 -t 0 0 00 0 0
H=|0 t t 0 0 t 0 E, +2v 0 0 0 00 0 0 @)
0 -t -t 0 0 0 -t 0 E, +2v 0 0 00 0 0
0 0 0 0 0 0 0 0 0 E, +2v 0 t 0 0 0
0 0 0 0 0 0 0 0 0 0 E,+2v 0 t 0 0
0 0 0 0 0 0 0 0 0 t 0 00 t 0
0 0 0 0 0 0 0 0 0 0 t 00 0 t
0 0 0 0 0 0 0 0 0 0 0 t 0 E, +2v 0
0 0 0 0 0 0 0 0 0 0 0 0 t 0 E, +2v
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with E;= -1.00016 and, =.-0.372281
Finally equation (6) becomes

[2F, +u+4v 0
0 2E, +u+dv

0 0
-t -t
t t
0 0
0 0
0 -t
0 t
0 0
0 0
0 0
0 0
0 0
0 0

0 -t
0 -t
2E +u+dv 0
0 E +2v
0 0
0 -t
0 0
-t 0
t 0
0 0
0 0
0 0
0 0
0 0
0 0

with E, = 7.4921 and & 8.58579

A numerical analysis carried out, in order to defiee the magnetic phase diagram are given by Tdhl@sand 3 with the
corresponding graphs given by Fig. 1, 2 and 3 cspsdy.
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Table 1:Singlet (E) and Triplet () state energies as t varies and other paramet@aming constant.

Fig 1: Graph of Singlet (§ and Triplet (B

Ef:'u/z U Vv t ES Et
(Energy of the| (On-site Coulomb| (On-site hybridization| (Hopping matrix| (Singlet statel (Triplet state
localized  f | repulsion of thef | element between thé | element of thel energies) energies)
orbital) electrons) orbitals and the C | conduction electron
band)
-1.00 2.00 0.375 -20.00 -56.57 -28.47
-1.00 2.00 0.375 -15.00 -42.43 -21.4
-1.00 2.00 0.375 -10.00 -28.29 -14.33
-1.00 2.00 0.375 -5.00 -14.15 -7.26
-1.00 2.00 0.375 0.00 -0.01 -0.19
-1.00 2.00 0.375 5.00 14.13 6.88
-1.00 2.00 0.375 10.00 28.27 13.95
-1.00 2.00 0.375 15.00 42.41 21.02
-1.00 2.00 0.375 20.00 56.55 28.09
80 -
INSULATOR
60 -
40 —Es
—i—Et
t
-30 30

METAL

E,, E,

site 1 and 3 using the SIAM (1-D).
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Table 2:Singlet (E) and Triplet () state energies as t varies and other paramet@aming constant.
Ef:-ulz U \Y t ES E1
(Energy of the| (On-site Coulomb| (On-site hybridization| (Hopping matrix | (Singlet state| (Triplet state
localized f | repulsion of thef | element between thef | element of the| energies) energies)
orbital) electrons) orbitals and th€ band) conduction electron)
-1.00 2.00 0.375 -20.00 -56.33 -28.41
-1.00 2.00 0.375 -10.00 -42.19 -21.34
-1.00 2.00 0.375 0.00 -28.05 -14.27
-1.00 2.00 0.375 10.00 -13.91 -7.20
-1.00 2.00 0.375 20.00 0.23 -0.13
-1.00 2.00 0.375 30.00 14.37 6.94
-1.00 2.00 0.375 40.00 28.51 14.01

E, E,

INSULATOR

e

Bl METAL

Fig 2: Graph of Singlet (§ and Triplet (E) state energies plotted against t for a syste @lfctrons on 3 lattice sites at
site 2 using the SIAM(1-D).

Table 3:Singlet (E) and Triplet (E) state energies as t varies and other parameteia@ming constant.

E=-"1> U \ t Es =
(Energy of the| (On-site Coulomb| (On-site hybridization| (Hopping matrix | (Singlet state| (Triplet state
localized f | repulsion of thef | element between the f | element of the| energies) energies)
orbital) electrons) orbitals and th€ band) conduction electron)
-1.00 2.00 0.375 -20.00 -56.33 -28.78
-1.00 2.00 0.375 -10.00 -28.06 -14.64
-1.00 2.00 0.375 0.00 0.21 -0.50
-1.00 2.00 0.375 10.00 28.48 13.64
-1.00 2.00 0.375 20.00 56.75 27.78
-1.00 2.00 0.375 30.00 85.02 41.92
-1.00 2.00 0.375 40.00 113.29 56.06
150 -
INSULATOR
100 -
——Et
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e E g
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Fig. 3: Grapii ur omyier (g and Triplet (B state energies plotted against t while keepitgroparameters constant of the
2 electrons on 3-sites, using PAM.
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3.0 DISCUSSION AND CONCLUSION

Observation from Table 1, 2 of SIAM and 3 of PAMiaheir corresponding graphs Fig. 1, 2 and 3 shaw &is the
value of the hopping matrix element of the conducttlectronst increases, the ground-state continues to increaskit
reaches a transition point, wheéte=E; and as the valuesof the hopping matrix elemeraye further increased, whelfg >E;
the system becomes Ferromagnetic (FM).isfincreasing, it will be costly to provide enougergy for the hopping, hence
the hopping is suppressed. Relatively, increasiadike increasing the band gap which is relatethe insulating state of the
system. The physical implication is that the elamic correlations favouring antiferromagnetism (AFdkts weaker while
that of FM gets stronger as the values of the happnatrix elementt increases. This continues until the electronic
correlation favouring FM begins to dominate (iteere is cross-over to ferromagnetism) and this datign is enhanced &s
is increased. The experimental implication is thatelectronic correlations favouring Metallic stgets weaker while those
favoring Insulators get stronger as the contenCefium (Ce) in the Heavy Fermion compound Ceriuapg2r Silicate
(CeCuySi,) is increased [4]. Hence, this direct exchangerattion provides a natural way for stabilizingdenagnetic states
[2,10,11,12,13] rather than a sudden jump [14].

In conclusion Finite sized lattices with open bdary condition and periodic or cyclic boundary citiods were
specifically considered in the SIAM and PAM respesly, and the dynamics of the interacting electrarere described by
the two Hamiltonians used. The results obtaine@akthat the ground state energy is a spin siragidtthe ED technique
represents a suited approach for a deeper undeirsgaof the rich phase diagram @eCu,Si,. Therefore, the results
obtained in this paper with the application of E€chnique to the SIAM and PAM confirm the rich phatiagram
experimentally observed in Cef8ib The results obtained here should also be of ralmvdor actual HF systems like
CeCuw,Si; or related compounds.
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