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The magnetic and nonmagnetic ground states of the periodic Anderson model with Coulomb interaction
betweenf electrons on the nearest-neighkdN) sites are investigated using a variational method, which
gives an exact calculation of the expectation values in the limit of infinite dimensions. It is shown that for a
critical value of NN Coulomb interactions the magnetic ground state of the periodic Anderson model in the
Kondo regime is unstable. Factors in terms of the physical processes responsible for instability of the magnetic
ground state are also discussed. Our study indicates the importance of the NN Coulomb interactions for
correlated two-band modelgS0163-182608)03910-1

Over the past decade much effort has been devoted to thmn band. This would lead to further enhancement of the
theoretical understanding of the ground-state properties ahagnetic ordering of the ground state of the periodic Ander-
the heavy-fermion systems. One of the intriguing experimenson model. Consequently, the ground state of the periodic
tally observed phenomena in the heavy-fermion materials is\nderson model with the on-site Coulomb interaction in the
the variety of magnetic and nonmagnetic ground states okzonduction band would be magnetic in the entire Kondo re-
served in these materials® Most of the theoretical investi- gime. In the presence of the NN Coulomb interaction in the
gations of the magnetic properties are done on the basis df band, all the configurations having electrons on the NN
the periodic Anderson modelPAM) assuming that this sites are energetically unfavorable and the following physical
model contains the essential physics of these materials. Th@rocesses would be operating: f electrons can avoid NN
oretical approaches based on the slave-boson techfAiquesCoulomb repulsion by occupying next-to-nearest-neighbor
are biased towards a paramagnetic ground state, while varigites. This process is expected to be important only when a
tional approaches based on the Gutzwiller method are biaseqifficient number of vacant sites are availaljie. Electrons
towards a magnetic state. These two approaches are equifeem the f band may go to the Fermi level, whereby they
lent in the limit of large orbital degeneracy. Recently, Rey-take advantage of the hybridization interaction to delocalize.
noldset al,*° studied the magnetic properties of the orbitally (i) The spin-flip process in thé band through the hybrid-
nondegenerate periodic Anderson model using a Kotliar anization interaction would also lead to energy gain. All these
Ruckenstein slave-bosonKRSB) formulation of the processes would affect the magnetic ordering of the ground
Gutzwiller method. In this approach the Gutzwiller approxi- state of the PAM. The purpose of this paper is to investigate
mation is reproduced at the saddle point fo=0. They the influence of the NN Coulomb interaction in theband,
found that a magnetic instability exists in the entire Kondoon the magnetic instability of the ground state of the PAM in
regime and therefore, the Gutzwiller approximation is toothe Kondo regime. To the best of our knowledge, this is the
biased towards the magnetic ground state. The experimentfitst study of the influence of the NN Coulomb interaction on
evidence points to the gross inadequacy of the existing apthe ground-state properties of the PAM.
proaches to describe the magnetic behavior of heavy fermi- We consider the extended periodic Anderson model given
ons. by

In addition to the on-site Coulomb interaction in tle
band, the other most important interactions which may affect B + ~ +
the stability of the magnetic ground state of the PAM are the H= kzz; € o+ ,2; Efn“"+vi2:; (di fig+H.c)
on-site Coulomb interaction in the conduction band and the

nearest-neighbofNN) Coulomb interaction in thé band. u

The influence of the on-site Coulomb interaction in the con- * ZEU NiigNti—o+ G E , NieNtjor s @
duction band was recently considered by Itai and FaZékas ' oo

using the Gutzwiller variational method. They found that thiswhere nfi(,:f;rafig, i andj are site indices anét are the

interaction reduces the Kondo scale. The reduced Kondwave vectors. The first four terms constitute the standard
scale implies that the transitions of electrons fromftieand  PAM and the last term in the Hamiltonian corresponds to the
to the conduction band and vice versa, are further restricte@oulomb interaction betweeh electrons on the NN sites.

by the presence of the Coulomb interactions in the conducz j;, in the last term denotes that the sum is taken over NN
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sites only. The total density of electrons

n=(2;,Ni,+ Ngis)/N, whereN is the total number of lat- \
tice sites, is taken to be<dn<2, so that there are enough R, /T\Rj omeatie
electrons to fill at least thé levels, and theal-band filling is w approximation i

variable up to half filling.

To study the magnetic ground state we generalize the F!G. 1 The collapse of intersite diagrams in the one-site ap-
variational method previously used to investigate the paraProximation.
magnetic regime of the PAM."1* The generalizations are _ _ o
carried out by distinguishing the up and down spin electron§Pace(see Fig. 1 The one-site approximation is expected to
in the variational wave function. In the previous treatmentdive an exact calculation of the expectation values in the
for the paramagnetic regime of the PAM only the lower two limit Qf |n.f|n|te dlmgnsmn_s, since as dimension increases the
spin-degenerate hybridized quasiparticle bands were Consigontnbunor_l of the_ intersite _dl_agra_ms de_creases and vanishes
ered, however, for the more general case of magnetism, it i@/together in the limit of infinite dimensioris.
required to take into consideration all four hybridized quasi- USing the one-site approximation described above to cal-

particle bands in the variational wave function. culate the expectation values appearing in the ground-state
To investigate the magnetic ground state, we choose th@nergy of|¢c) and minimizing the energy functional with
variational wave function as respect to the variational functiong , ay;, Bk, Bk by

imposing the constraintZ,+ 82,=1, the minimum of the
ground-state energy per site is given by

|ve)=11 Pilguc), 2
E, 1
g_ -t + /0.1
— = I ko) T+ U, u + n:;,+UD
where|wuc):HLk,yma,lEoul,a,|0> is the uncorrelated wave N N% €l lko) T Sl Uil Z Hollte
function. [T’ denotes the product over all occupied states.
ula andIIU create quasiparticles in the upper and lower hy- +GE (|§+ I, (5

bridized bands, respectivelyl}, = ay,d},— Bk, ft, and
t_ T t it . . . -
Uy = oty t Brodis - @ks @Nd By, are variational func-  where g, describes four hybridized quasiparticle bands

tions, which denote the probability amplitude for conduction

(d) andf electrons in the various quasiparticle bands. The . 1 ~ = o a1
guasiparticle creation operatdys, andu,. obey the fermion fkv_i[(‘kar Efo) T[(ek—Eto)“+4V5] ]
commutation rule ifeZ,+ B2,=1. The variational functions : :
., and By, differ from the choice which diagonalizes the @"d{UksUka)uc ad{l,ko)uc COMrespond to the average oc-
Hamiltonian [Eq. (1)] in the absence of Coulomb interac- cupation of the upper&,) and lower §,,) quasiparticle
tions. Because the Coulomb interactions betwketectrons ~ bandsE¢,=E;— u, is the renormalized-level energy with
can renormalize the hybridization interaction betweeand  the f-electron self-energy,, given by

f electrons and thereby can also change the probability am-

) ; L = t t
plitudes. The correlation operat®; is introduced to sup- 2 V| (U UieDue— g ko uc
press those configurations in the uncorrelated state which are us=— —2 Vi

not energetically favorable in the presence of Coulomb inter- Nior Mty \/( ek_Efa’)2+4\7if

actions. The correlation operatér*is given by
oD 0 (12+1,1_,)
—U—-G . 6)
NiiNgip . (3 Nty Nt

Pi:1+2 SeNtic™ (1_d)+2 So

_ _ . V,=VR, is the renormalized hybridization interaction and
The ground-state energy per site of the trial wave functiorr s the renormalization factoR, and the average double

[Eq. (2)] is given byEy/N=(i|H/N[sc)/(c|ic). The ex-  occupancyD of the ground statéy) are given by

act calculation of the ground state energy of the correlated

wave function is not possible since the expectation values (1—ng)

involve an infinite product of operators and one needs to Re= A L(17Ni-o)(1+S,)+dni_y(1+s_,)],
adopt some approximate scheme. In this paper we use the

one-site approximatidA~**for calculation of various matrix D=d?(1—ny)ngny, /A,

elements appearing in the ground-state energy per site of 5 ) ) .
le). The expectation values appearing in the ground statbs— Mol (1+S5+ rz‘f—o(d —(1+5,)91(1—n)/A with A
energy per site ofy.), typically involve expectation values = (1= N+ (1—d)ngng . The density off electronsny,
of the type(...Nfi,Nfjpr..)yc. In the one-site approxima- 'S 9IVen by

tion, such expectation values are approximated by

1
nfU:_z [Bﬁo—<|lalka> +aﬁo—<ulauko’> ] (7)
(- NNt - Due=(- - Dud N ucd Njo Duck - - ucs N v "
The weight factorgsZ, and a?, for f electrons with spinr
where (... )uc=(thud - . .|¥c). Such an approximation in the lower and upper quasiparticle bands, respectively, are
implies the collapse of all intersite diagrams in the positiongiven by
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N __(6k+Ef0)+[(€k_Efa')2+4\7§]1/2 [hgi) =95 bo). (11)
ko™ ~ ~
2[(e—E;,)2+4V, 214 : : . :
\/—[(ek fo) o] where | ¢,) is an arbitrary normalized one-particle product
~ = 2, a2 wave function anck =D -3, ui,Nsi,, Wherepu,, are the
ka=(€k+ Eto) HL(ex—Ero) ™+ 4Vo] (8  explicit functions ofg and the local occupation dforbitals,

V2l(e—Er)2+4V,21% Nig=(olNi | do). o) and [go) are connected by

The minimization of th g " | o) = gZiotio"io| ). For the magnetic case the correlator

e minimization of the ground-state ene.rgy with respect togK can be written asI,Q, with Q-=1+xn Ny,

d yield the following implicit equation fod: < .
—-2.Y.Niis» X andy, are variational parameters which de-

pend on the average occupation of therbitals. With the

=~ T t

D 2, _ Ng | (U Ukoue™ (i o uc redefinition of the parametessandy,,, the correlation op-

EZ—N Vo o = 5 =2 eratorsQ; and P; [Eq. (3)] are the same. Therefore, the
ko \/( ek~ Eio) 4V, Gutzwiller-Gebhard correlatay® in the Gutzwiller approxi-

oS (12411 matio_n and our correlatquPi i.n pne-sitg approximation,
oo Toima ©) describe the same physics. It is interesting to note that the
ad ’ Gutzwiller approximation gives the exact calculation of the
matrix elements in the limit of infinite dimensions and gives
At zero temperatures, we can replace the distributioridentical results as obtained by the one-site approximation.

function for the lower and upper quasiparticle bands by unifOPviously, one-site approximation is much more physically
step functions(lﬁ leodue=0(— &, +v) and (UI Uk uc transparent and operationally simpler than the Gutzwiller ap-

—@(— & +v). Here® is the unit step function, and is  Proximation.

the Fermi level.v is determined by fixing the density of the i Althqugh ogra{arlathnal f(f)rtr;]wahsm clis Vt"."“d fcl)r ?rbnrzry q
total number of electrons per site=>n,. At zero tem- imension and dispersion of the conduction-electron band,

C . I for simplicity we assume a conduction band with a constant
peratures,, is given by the following expression: density of statep(e)=1/2W lying in the energy interval
1 — W= ¢, <W. 2W is the conduction-electron bandwidth. We
nU:_z [O(— &+ V)+®(—§;0+ v)]. (10) have also taken the infinitd- limit, since at U= the
Nk ground state of the PAM is strongly magnetic with a maxi-
. ) ) ] mum value of total magnetizatidfi.This is an ideal limit to
Before embarking on the numerical calculations it wouldjnyestigate the instability of the magnetic ground state in the
be instructive to compare our approach for the periodigyresence of the nearest-neighbor Coulomb interactions. In
Anderson model with the KRSB reformulation of the oyr formalism this limit is affected by putting=0 through-
Gutzwiller method® We note that the ground-state energy oy j.e., by projecting out all the doubly occupied sites. The
of our variational wave function in the one-site approxima-gig] magnetization,m=3 ,on, for different values of
tion and the ground-state energy derived from the KRSByearest-neighbor interactid®, the bare hybridizatioV, and
approach have different expressions for the effective hybridi,e total electron density, is calculated numerically by
ization interaction and the average double occupancy of thgolving Egs.(6), (7), and(10) self-consistently fop , u
ground state. The average double occupancy in the one-sife n and’ v ’The numerical solution of tTh'e éé”_
approximation and the Gutzwiller approximation are givenconsistent equations have more than one solution corre-
by D andd, (say, respectively. If we scal®—dg in the  gonding to strong magnetism, weak magnetism, and para-
expression for the effective hybridizatioV{) in our ap-  magnetism. The relevant solution is the one with the lowest
proach, we find that it reduces to the corresponding expregground-state energy. In the numerical calculations we took
sion for the effective hybridization in the KRSB method. the conduction-electron bandwidth\2=20 eV and thef
This further implies that thé-electron self-energyi,,), and  level, E;=—1.5 eV below the middle of the conduction
the average occupation of thie orbitals in both the ap- band. We have taken this particular choice of parameter val-
proaches also become the same; thereby the KRSB groundes for reasons of comparison with the earlier work of Rey-
state energy functional and the one-site ground-state energiolds et al!° in the absence of nearest-neighbor Coulomb
functional are the same under the scaling of average doubl@teraction between the electrons.
occupancy of the ground state. Furthermore, since both the In Fig. 2, we have plotted the total magnetization as a
approaches search for the minimum of the ground-state effunction of the NN Coulomb interactio®, for the total den-
ergy in the same physical parameter space, they must givgity of electrons,n=1.95 andn=1.9. For G/|E|=0, the
the same results at the point of minimum. The equivalence ofround state is strongly ferromagnetic with total magnetiza-
the two seemingly different variational methods is surpris-tion, m=0.96 for n=1.95 andm=0.94 for n=1.9. With

ing. To understand this equivalence, we reanalyze thgncreasing value of5 the magnetization decreases up to a
Gutzwiller variational wave function. The Gutzwiller wave critical value of G, where we see a crossover from strong

function has a long history, dating back to the work of ferromagnetism to weak ferromagnetism with total magneti-
Gutzwiller in the 1960’3 The Gutzwiller wave fUnCtinsriw zation m=2—n and then from weak ferromagnetism to

is given by|¢g>=gD|¢o> . Recently, Gebhat8!® showed paramagnetism. Figure 3 shows the magnetic phase diagram
that it is more convenient to work with the following form of the extended periodic Anderson model.

for the Gutzwiller wave function: In Fig. 4 we have plotted the hybridized quasiparticle

-G
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FIG. 2. The total magnetization as a function of the Coulomb
repulsion betweeri electrons on the nearest-neighbor sites. Here
we have taken the on-site Coulomb interaction to be infinitely large
and bare hybridizationy = 1.

bandsé,, for strongly ferromagnetic /|E¢|=0), weakly 5k -
ferromagnetic G/|E¢|=2), and paramagnetic3/|E;|=5.6)
ground states. We find that due to the renormalization of the 0.8 '5 (') ") 10
hybridization interaction and thielectron energy there is a €k

redistribution of the density of states and to accommodate
the redistribution of density of states the Fermi level also p— L
moves to keep the total density of electrons fixed. For the :
strongly magnetic ground state the Fermi level lies in the E ) | — .
lower down-spin hybridized bang) and the upper up-spin
hybridized bandgy;). The lower up-spin hybridized band S 7
(éx;) is completely full. At a critical value 06/|E4| all the i
electrons in the upper hybridized up-spin band are trans- -10 -5 0 5 10
ferred to the lower hybridized down-spin band. Then we see
a crossover from a strongly ferromagnetic to a weakly ferro- . N N .
magnetic ground state. Ignythe Weakglly ferromagneticyground FIG. 4. Hybridized quasiparticle bands;() as a function of
state, the lower hybridized up-spin band is completely fu”conductlon band energyef) for the total density of electrons,

ith | d . f in el —1_ theref h n=1.95 andV=1.0. TheT and | correspond to the hybridized
with tota e_nS|t_y Of up-spin electrons,; =1, therefore the up-spin band and hybridized down-spin band, respectively. For
total magnetizatiorm=n, —(n—n;)=2-—n. The total mag-

AT ! ) : G/|E;¢|=5.6, the hybridized band is spin degenerate.
netization remains unchanged in the entire weak ferromag-

netic regime till the Fermi level also lies in th‘? lower h_ybrid-. bridized bands aw. The crossover from strong to weak fer-
ized up-spin band. To understand the magnitude of jump i,y a4netism is due to shift of the Fermi level from the upper
the magnetization at the point of crossover from strong fery pyigized up-spin band with larger density of states to the
romagnetism to weak ferromagn_etlsm and then a.nOthQE)wer hybridized down-spin band with smaller density of
crossover from weak ferromagnetism to paramagnetism, iates resulting in a large decrease in the number of up-spin
would be instructive to calculate the density of staig¢w)  electrons. In the crossover from weak ferromagnetism to the
of hybridized bandsgy, . It is given by paramagnetism, the change of the Fermi level in the lower
hybridized up-spin band to the lower degenerate up- and
down-spin bands accompanies a relatively weaker change of
' the density of states.
KX 12 Figures 5 shows how the NN Coulomb interaction renor-
(12 malizes the average occupation of therbitals. In the ab-
wherex;’s are the roots ofs— £;,=0. At a given energyy, sence of the NN Coulomb interaction the total magnetiza-

the density of states is proportional to the slope of the hyfion, m=n¢ . In the strongly ferromagnetic regime

*

-1

d ko
&Ek

p§<w>=2k 5<w—§kﬁ,>=2i Sw—x;)

G/E;l |-

Weak Ferromagnetic

. Strong Ferrom aginetlc

0 2
1.6 1.7 n1.8 1.9 G/|E|

(8]

FIG. 3. Magnetic phase diagram of extended periodic Anderson FIG. 5. The average occupation of therbitalsn;,, is plotted as
model. a function of G/|E;| for n=1.95.
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(G/|E¢|<2.0), for small values o6, up-spin electrons from proximation. We have shown through the calculation of the
the f band are transferred to the conduction band through thenagnetic phase diagram that far=c, the nonmagnetic
hybridization interaction. With increasing values®f more  ground state is stabilized above a critical value of nearest-
and more vacant sites are available and spin flip processegighbor Coulomb repulsion between theelectrons. The
through hybridization interaction becomes energetically fapne-site approximation used in this paper gives an exact cal-
vorable. Therefore, we see an increase in the number Qfulation of the matrix elements in the limit of infinite dimen-
down-spin electrons and a decrease in the total magnetizajons. It will be very interesting to investigate the magnetic
tion. The weak ferromagnetic regime is stabilized by energyrgperties of the periodic Anderson model by including the
gain through the transfer of electrons from theand to the  (gimension~! contributions  through  the  two-site
conduction band and by occupying next-to-nearest-neighbojpnroximationt® Certainly, it is desirable to extend our cal-

f-electron sites, since there are sufficiently large numbers ofyations to study antiferromagnetic ground states also.
vacant sites available in this regime.

In this paper we have investigated the magnetic and non- S.L. thanks Conselho Nacional de Desenvolvimento Ci-
magnetic ground states of the extended periodic Andersoentifico e Technologicd CNPg), Brazil for financial assis-
model, using a variational method based on the one-site apance.
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