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Effect of band filling on symmetric and asymmetric one-dimensional periodic Anderson model
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We have studied the ground-state properties of the symmetric and asymmetric one-dimensional periodic
Anderson model as a function of band filling and the model parametérdJ( and E;) using the local
mean-field(LMF) approach. We have constructed the phase diagram for both cases and have calculated the
energy, local moment, and occupation number offtleeel. The LMF approach can reveal the basic properties
of the system throughout the entire parameter space. For the symmetri€gase (J/2), close to quarter and
half filling the antiferromagnetic phase is the ground state. For intermediate band-filling there is a second-order
phase transition to a ferromagnetic state. At quarter filling there is a transition from a metallic paramagnetic
state to an insulating antiferromagnetic state as the on-site Coulomb interaction increases. The asymmetric case
is treated in the mixed-valence reginig; & 0). At half filling the ground state is antiferromagnetic while at or
close to quarter filling it is paramagnetic. Below half filling the ground state becomes ferromagnetic, suggest-
ing that doping destroys rapidly the antiferromagnétit spin correlations. For small values bfwe find a
paramagnetic state at all band fillings. Results for the average occupation numbef teEislecompare well
with density matrix renormalization group calculations.
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[. INTRODUCTION close to the Fermi level, charge fluctuations are important
and hence the average occupancy of the localized orbital is
The lanthanides and actinides, and their compounds, exess than 1. In fact, real materials are more likely to be in the
hibit a great variety of unusual and interesting properties. mixed-valence regime.
Some of the most diverse physical characteristics are found In the past, most studies of the one-dimensional PAM
in the heavy-fermion(HF) and intermediate valencdV)  have treated the symmetric cade; € —U/2) at half filling,
systemg. The magnetic phase diagrams of these materialsa=2 (when the number of electrons is twice the number of
are quite extraordinary in their large variety of different siteg. Monte Carlo(MC) simulations have shown that the
phases, ranging from simple paramagnetic or Kondo states tocal f-electron spins are compensated with othelectrons
various kinds of magnetic orderirtd. The wide variety of as well as band electrons leading to a nonmagnetic ground
ground states is associated with the partial delocalization oftate. However, the MC calculations suffer from the sign
the 4f or 5f states and the hybridization of tHeelectron  problem away from half filling. Steineet al® have applied
ions with the nonf-band electrons. the second-order perturbation theory in the fluctuations
The periodic Anderson modéPAM) is believed to con- around the mean-field result and found good agreement with
tain the essential physics of this class of strongly correlatethe Monte Carlo results. Uedet al.” have shown that the
electron systemsThe PAM describes a localizedband of  ground state of the symmetric PAM is a singlet at half filling.
strongly correlated electrons hybridized with a conductionUsing the Gutzwiller approach, Rice and UBdtudied the
(c) band of uncorrelated conduction electrons. As the temd =< case in which doubly occupied states of the localized
perature, band filling, and Hamiltonian parameters are varerbital are forbidden. They found that there is always a fer-
ied, there is an interplay between the Ruderman-Kittel+omagnetic instability (assuming no orbital degeneracy
Kasuya-YosidgRKKY)) interactions and the Kondo effet.  when the energy of the localized orbital is well below the
The RKKY interaction favors ordering the localizédnag-  Fermi surface. In contrast, the standard mean-field slave-
netic moments, while the Kondo effect screens the localizedboson treatment of the PANRef. 9 gives a paramagnetic
magnetic moments and quenches the magnetic interactisolution for any filling in theU =« case. Guerrero and ¥
through the formation of singlets between the two bandshave wused the density-matrix-renormalization-group
Therefore, it is important to understand the electronic andDMRG) method” to calculate the charge gap, the spin gap,
magnetic properties of the ground state of the simplest oneand the quasiparticle gap for the symmetric and asymmetric
dimensional Anderson lattice model as a function of thePAM at half filling.
model parameters, namely, the on-site Coulomb interaction Away from half filling, results are more limited. Using the
U, the hybridizationV, the position of the localizefllevel DMRG approach, Guerrero and Noatkmapped out the
E¢, and the band fillingn. phase diagram of the one-dimensional PAM for the symmet-
In the Anderson model, there are two distinct regimes. Irric case and the) =<« asymmetric case. At quarter filling
the Kondo regime V<U and the energy of the localized and in the strong coupling regime they find &0 ground
bandE; lies well below the Fermi energy, the occupation of state with short-range antiferromagnetic correlationsliéno
the localized level is close to one{—1), and hence charge and Wdfle!® used the Kotliar and Ruckenstein slave-boson
fluctuations are negligible. On the other hand, in thized-  treatment* to study the symmetric PAM. They found that in
valence regimethe energy of the localized band lies very the strong-coupling case there is a very narrow antiferromag-
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netic (AF) region near quarter filling and that there is athis paper we use a simple nearest-neighbor tight-binding
smooth crossover from AF to ferromagnetic order as themodel for the conduction band dispersiog,= — 2t cosk
band filling increases. When the number of electrons is equglt=0.5) and choos&_.=0.

to the number of sites plus orfquarter filling with one ad- We employ a Hartree-Fock type local mean-field approxi-
ditional electron, the ground state was shown to be ferro-mation, described in detail in Ref. 16, in which the diagonal
magnetic for sufficiently largé).*® matrix elements of the Green’s functions are calculated using

In this paper we study the ground-state properties of thehe Anderson’s renormalized perturbation expansion
symmetric and asymmetric one-dimensional PAM as a funcmethod!® Here, we briefly describe the method. The many-
tion of the band filling and the model parameteys U, and  body term in Eq(1) is approximated as
E¢) using the local mean-fieldLMF) approach. We have ¢ ¢ ¢ .
previously employed the LMF approach to study the ground- uninj =€ nj; + € nj — (L) €€ - 2
state properties of the symmetric one-dimensional PAM 4o
model at half filling*® The results for the total energy, the '
f-magnetic moment, the effective hybridization, and the eifT=U<nifi>' Eif1=U<nifI>! (3)
andc-projected density of states are in very good agreement s ’ o '
with Monte Carlo (Ref. 5 results and results using the are the local effective potentials of tfistate energy level to
second-order perturbation theory in the fluctuatibrghe  be determined self-consistently,
good agreement of our results with MC and DMRG results £
puts the LMF approach on a firmer basis in two and three <”ifa>:f FpifU(E)dE, %)
dimensions, where only a few results are available and other ’ ‘

approaches may be limitétbr example, there is a sign prob- is the average number dfelectrons with spins at sitei,

lemin the MC calculations away from.half fiIIir)gAI.though of ,(E) is the localf partial density of states, arf is the
fluctuation effects are expected to yield corrections to thg-g ;i energy.

mean-field results, we expect that the qualitative nature of "o 40k magnetically-ordered state the self-consistency
the mean-field state to be mamt.alned and_that the mean-fielgh iive scheme starts with plausible initial values for the
treatment can reveal the basic properties of the syste
throughout the entire parameter spéceluding band filling
and temperatujan contrast to other approaches, such as th
Gutzwiller approximatioff,the large orbital I expansiort;

Real potentialsa%, efi, and then calculatingg for a given
E\E/alue of the number of electrons per diband filling n from

Er

and various perturbative approaches, each making a different n= f p(E)dE, (5
set of approximations, and thereby limiting their applicabil-
ity to small regions of the parameter space. where the total density of states is

The paper is organized as follows. In Sec. Il we briefly
describe the one-dimensional PAM and discuss the main fea- f c

) E)= E)+p(E)].

tures of the local mean-field.MF) approach. In Secs. Il A p(E) 2 [po(B)+po(B)] ©

and Il B we present numerical results and the phase diagram

f [ H ;
for the symmetric and asymmetric cases, respectively. OUi€re Po(E) and p,(E) are thef- and c-partial density of
conclusions are given in Sec. IV. states calculated from the diagonal matrix elements off the

andc Green’s functions, respectively. The average number of
f electrons withc=1 or | is determined from Eq(5), and
Il. MODEL AND METHOD new values for thee|, €| are obtained from Eq(3). This
procedure is repeated until it converges to the self-consistent
values of{e] ,e[}. We have considered the cases of ferro-
magnetic state| =, ;= uo((n ;) —(n{ |)), antiferromag-
netic stateu/=— u, , and paramagnetic stajel = u°=0.

The Hamiltonian for the one-dimensional periodic Ander-
son model is

H=—t> (c] cii1otH.C)+EY NS +E; > nf)

o I3 o IIl. RESULTS AND DISCUSSION

+UD, nianifleVE (fiTUci(,+ H.c). (1) A. Symmetric case
[ io In Figs. Xa) and 1b) we show theJ-V phase diagram for

the half-filled case and the quarter-filled case. For both cases
Here,t is the nearest-neighbor hopping matrix element forthe phase diagram consists of the antiferromagnetic and the
the conduction eIectronsif(,(ci,(,) andff +(fi ;) create(an-  paramagnetic phase. As expected with any mean-field treat-
nihilate) Wannier electrons ir- andf-like orbitals on site ment, we find a critical value ofJ, U;, below which the
with spin o, respectivelyE; andE, are the energy levels of state is paramagnetic. In the strong coupling regire (
the bare localized orbital and the center of the conductior>V) the phase is antiferrromagnetic. For the case offthe
band, respectivelyy is the on-site hybridization matrix ele- level well below the conduction band and the Coulomb in-
ment between the locdl orbitals and the conduction band teractionU large and in the absence of hybridizatiod (
andU is the on-site Coulomb repulsion of tielectrons. In  =0), the ground state at quarter filling has one electron at
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FIG. 2. Thef-electron andc-electron occupation number at
quarter filling as a function df) for V=0.375(solid curve and 1.0
(dotted curve

FIG. 1. TheU-V phase diagram for the symmetric periodic
Anderson mode(a) at half filling (n=2) and(b) at quarter filling
(n=1).

. . . . i ing, the additional electrons go into the conduction orbitals
eachf site and there is a degeneracy in the spin configurapecayse of the strong Coulomb repulsidrin the f orbitals.

tions. It can be shown using perturbation theory that whefl, this case, there is an on-site antiferromagnetic correlation
V>0, exchange interactions remove the degeneracy, and tgyeen the electron in the conduction orbital and the one in
effective nearest-neighbor interaction favors antiferromagine f orbital namely, for both the ferromagnetic and antifer-
netic alignment® The induced conduction-electron local romagnetic phases, the localelectron moment is aligned
momenty is small (~0.1) and is aligned antiferromagneti- aptiferromagnetically with thd-electron moment. To opti-
cally with the localf moment. For a given value &f, thef- ~ ize the kinetic energy of the conduction electrons, it is
andc-local moments decrease with increasing hybridizationayorable for the electrons to have their spins aligned in the
until they vanish in the paramagnetic phase. Note, that fokame direction. As expected, for small values of the on-site
V>1, the critical value ol is smaller for the quarter-filed cqy1omb interaction U<U,, the ground state is paramag-
case, indicating larger AF correlations than those in the halfpetic for all band filling. Increasing the hybridization, stabi-

filled case. Our results for both the half-filled and quarter-i;es the ferromagnetic nearest-neighbbif correlations
filled cases are in agreement with those of DMRG calculayyer 5 wider range of) and band filling. The calculated

tions which show a zero total spi with short-range  magnetic phase diagram of the symmetric one-dimensional
antiferromagnetic correlations that increase with increasingam is in good agreement with that calculated by INp

U. Thus, the DMRG results are in agreement with the LMF4nq Wafle®2 for the largeU case, and that of Guerrero and
results in Fig. b), which show an AF phase ground state for jg5ck12

a wider range of hybridization provided that is large
enough for local moment formation.

In Fig. 2 we present thé and thec-electron occupation
number as a function of the on-site Coulomb interactibat
quarter-filling for two values hybridizatiol=0.375 (solid
curve and 1.0(dotted curve For largeU, the n;—1 and 8
n.—0. In view of the transition from the paramagnetic to the
antiferromagnetic phase with increasibgin Fig. 1(b), the
results in Fig. 2 indicate a transition from a metallic para- .. 2
magnetic ground state to an insulating antiferromagnetic or-U
dered ground state &$ increases.

In Fig. 3, we show the&J versus band filling phase dia-
gram of one-dimensional symmetric PAM for hybridization
V values of 0.375solid curvg and 1.0(dotted curve re-
spectively. Close to half filling we find an antiferromagnetic
phase forU>U.. As the band filling decreases there is %, 12 4 18 18 20
a second-order transition from an antiferromagnetic to a
ferromagnetic phaséhe f moment changes continuously
Closely above quarter filling we find a narrow antiferromag-  FIG. 3. TheU versus band filling phase diagram for the sym-
netic region, in agreement with the results of DMRG metric (E;=—U/2) one-dimensional periodic Anderson model for
calculations-? When the filling is increased from quarter fill- V=0.375(solid curvé andV=1.0 (dotted curvi
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FIG. 5. Occupatiom; of thef level versudJ at half filling with
FIG. 4. TheU versus band filing phase diagram of the asym-V=1 for the symmetric cas&¢=—U/2 (dotted curvgé and the
metric periodic Anderson model with;=0 andV=0.375. asymmetric casd&;=0 (solid curve. The closed circles are the
DMRG results for the asymmetric case, wigh=0 andV=1 (Ref.
B. Asymmetric case 10.
_ Although the symmetric case is the most heavily studiedyation number of thé level is 1 in the ground state for any
limit of the Anderson model, most real systems have neithegqylomb interactior due to particle-hole symmetry. How-
particle-hole symmetry nofn;)=1. For the asymmetric eyer, in the asymmetric case théevel occupation number
case at half filling, previous results include the DMRR®ef. s |ess that 1 in the mixed-valence regime, due to the
10) and the second-order perturbation theory in the aroundparge fluctuations between thandf! configurations. We
the mean-field studie’,and aélvgly from half filling the  geq than, decrease from 1 towards a value close to 0.75 as
DMRG results for theJ =cc case.” In this section we study | jncreases. Overall there is a good agreement of the LMF
the behavior of the asymmetric case, i.e., by examiningits  regylts with those of DMRG, even though the DMRG calcu-
V, and band filling dependence. We place therbital (B |ations give(n)—0.7 asU— . This difference is due to the
=0) at the Fermi energy so trl1at. states with no electréPs ( fact that the LMF approach neglects quantum fluctuations.
and states with one electroffi+] in the f level are equal in The average of the square of the local momépu%) at

energy, while states with two electrons are suppressed due o, ¢ filing (n=2) is plotted versusJ in Fig. 6 for the sym-

the strong Coulomb interaction. In this mixed-valence casey,qtric (solid curve and the asymmetric cageotted case

charge fluctuations are allowed and the occupation offthe i, /=0 375. For the symmetric cage = —U/2, while

level ng<1. _ ;
f - . E;=0 for the asymmetric case. In both cases the ground
In Fig. 4 we show theJ versus band filling phase diagram gya1e ' is antiferromagnetic. In one dimension there is of

for the asym_metrig PAM WithE.fzo' At half _fiIIing, the course no long-range order. There the LMF description
ground state is antiferromagnetic for>U., as in the sym-

metric case. However, for intermediate band filling and for 10
largeU we find that the ground state becomes ferromagnetic,
suggesting that doping away from half filling destroys rap-
idly the antiferromagnetid-f spin correlations. For small
values ofU (i.e., smaller than the critical value for the onset
of magnetic ordering the ground state is paramagnetic, as osl /.
expected. We find a paramagnetic ground state at and inghtI‘<u 2> | S R asymmetric
above quarter filling if=1) for all values ofU. Note, that f 3
we find a boundary between the paramagnetic and ferromag
netic ground state for large but finité and small band fill- f
ing, in agreement with the slave boson restilbjt in con- o6l [
tradiction with the DMRG resulté which predict that for '
small values ofE; and U= the ground state is paramag- H
netic at all fillings. R
In Fig. 5 we show the average occupation of thevel in
the ground state at half fillingn=2) as a function ofJ for
the symmetric(dashed curyeand asymmetric casésolid FIG. 6. Square of the locdlmagnetic moment as a function of
curve) with Ef=0. We have seV=1 for both cases. The U at half filling with V=0.375. The solid curve denotes the sym-
solid circles denote the DMRG results for the asymmetricmetric case E;=—U/2) and the dotted curve the asymmetric case
case forE;=0 andV=1. In the symmetric case, the occu- (E;=0.0).

09 |

symmetric

0.7 |
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FIG. 7. Localf momentu; and conduction-electron momemnt
versusU at half filling for the asymmetric casg;=0, for V=1.0
(dotted curve andV=0.375(solid curve, respectively.

FIG. 8. Occupatiom; of the f level versusU at quarter filling
andV=0.375 for the symmetricE;= —U/2) and the asymmetric
case E;=0), respectively.

should be taken as simulating short-range magnetic ordef; —U/2, of the localized state moves away from the Fermi
which apparently contributes to the ground-state energy in agnergy(ns)— 1, and{n.)—0. On the other hand, the Fermi
important way. The square of the local moment in the asymenergy slightly increases witl in the asymmetric case. This
metric case is obviously suppressed due to the charge flués due to the fact thain;) in Fig. 8 decreases slightly witt
tuations. The local momentu; and the conduction-electron and hencen.)=n—(n;) increases slightly witiJ.
momentu at half filling are plotted versud for the asym-
metric case E;=0) for V=0.375 and 1.0 in Figs.(@ and
7(b), respectively. FoJ<U., the localf moment vanishes
(paramagnetic stateand u;—1 for largeU. Naturally, the
value of U, increases as the hybridization increases. Th
induced conduction-electron momept, is small and is
aligned antiferromagnetically with the lodanoment. As the
hybridization decreases the lodahoment is enhanced for a
given U, due to the enhancement of the RKKY exchang
interactions responsible for the antiferromagnetic ordering.

In Fig. 8 we plot the average occupatigm) of thef level
at quarter filling as a function df (V=0.375) for the sym-
metric case and for the asymmetric case in the mixed valen
regime E;=0). At half filling, the LMF ground state is
antiferromagnetic for the symmetric case torU., where
it is paramagnetic for alU values in the asymmetric case. In
contrast to the case at half fillingrig. 5, the f-level occu-
pation at quarter filling f=1) increases in the symmetric
case from about 0.1 at)=0 approaching the saturation
value of 1 for largeU, while in the asymmetric case tte
occupation is small for all values &f. Thus, the average
occupation of the conduction orbitalsin,)=n—{n;),
changes, which will in turn change the position of the Fermi
energy. The local momentm is plotted versud) at quarter
filling in Fig. 9 for the symmetric and asymmetri&€(=0)
cases folV=0.375. The locaf moment vanishes for all val-
ues ofU for the asymmetric casgparamagnetic statewhile
for the symmetric case the sublattice magnetization increase
with U, since the energy of thielevel E;= —U/2 shifts well
below the Fermi energy and the;)— 1.

In Fig. 10 we show the Fermi energy verdusat quarter

IV. CONCLUSION

We have studied the one-dimensional periodic Anderson
énodel away from half filling using the LMF method. We
considered the symmetric Anderson model vith=—U/2,
as well as the asymmetric case in which we Bet0 in
order to study the mixed-valence regime. We have con-
structed the phase diagram for both cases. In the latter case
e >
there are more limited results. In contrast to the slave-boson
approach applicable only in the limit of larde, the LMF
approach can reveal the basic properties of the system
throughout the entire parameter space.
ce . -

For the symmetric case, near quarter and half filling we
find an antiferromagnetic state in the largelimit. For in-

0.0

-0.2

asymmetric
symmetric

0.4

<u> |
-0.6

-1.0

filling with V= 0.375 for the symmetric and asymmetric case
(Ef=0). The Fermi energy decreases with increagihn
the symmetric case, because ldsncreases the energ;

FIG. 9. Localf moment versudJ at quarter filling andV
=0.375, for the symmetricH; U/2) and the asymmetric case
(E;=0), respectively.

195115-5



YAN LUO AND NICHOLAS KIOUSSIS PHYSICAL REVIEW B65 195115

suggests that even though quantum fluctuations are not taken
o into account, the LMF approach provides a qualitatively cor-
""""""""""""""""""""""""""""""""""" rect picture of magnetic ordering in the PAM.

For the asymmetric case in the mixed-valence regime, the
ground state is antiferromagnetic at half filling. However,
slightly below half filling the ground state becomes ferro-
magnetic, suggesting that doping away from half filling de-
stroys rapidly the antiferromagneticf spin correlations.

For small values ol in the asymmetric case we find, as
expected, a paramagnetic state at all fillings. We find a para-
magnetic ground state at and slightly above quarter filling
A4r (n=1), in agreement with the slave boson restltst in
contradiction with the DMRG resufté for the U= case.

. . . . . . The square of the local moment in the asymmetric case is

0 1 2 3 4 5 6 suppressed compared to its value in the symmetric case due

U to charge fluctuations. We have studied the average occupa-
tion of thef level and the average of the square of the local

FIG. 10. Fermi energy as a function bfat quarter filing and moment as a function df and band filling. At half filling the
V=0.375, for the symmetricH;= — U/2) and the asymmetric case LMF results are in good agreement with those of DMRG
(E¢=0), respectively. calculations.

Even though the LMF approach is not an exact one, it has
(lehe advantage that the method becomes simple enough to
ferromagnetic state, in contrast to the the sharp transitiorqenerallze Its appl_lcatlpn to bthe caICllj_Iatg)n Or]: finite- f
found by Mdler and Wdfle.!®> We find a paramagnetic state temperature properties, it can be generalized to the case o

I~ - . higher-dimensional lattices, where only a few results are
at all band fillings forU<U,. At quarter filling, there is a ; X . .

- . . available, and it allows for the study of all regions in the
transition from a metallic paramagnetic ground state to an
insulating antiferromagnetic ordered ground state. IncreasinB"’lr"’ImGter space.
the hybridization stabilizes the ferromagnetic nearest- The work was supported through the National Science
neighborf-f correlations over a wider range ofand band-  Foundation under Grant No. DMR-0097187 and the Office
filling values. Overall, the good agreement of our resultsof Research and Sponsored Projects in California State Uni-
with the DMRG calculation$ and the slave-bosdhstudies  versity Northridge.
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termediate band filling, there is a second-order transition to
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