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We discuss the magnetic phases in the periodic Anderson model and determine the conditions under which
there appears a stable Fermi-liquid state with~i! small antiferromagnetic moment off electrons, largely
compensated by the conduction electrons,~ii ! high density of states at the Fermi level, and~iii ! almost integer
occupation of thef level. We use a modified version of the spin rotationally invariant slave-boson approach,
in which a strong nonlinear molecular field acting onf electrons appears already in the saddle-point approxi-
mation. For an even number of electrons an antiferromagnetic Kondo insulating state transforms with increas-
ing hybridization into a paramagnetic Kondo insulator.@S0163-1829~97!51346-4#

The heavy-electron Fermi-liquid state in the intermetallic
f -electron compounds is modelled with the help of the peri-
odic Anderson model or its derivatives for paramagnetic1–3

and magnetic4 cases. Recently, this approach has been ap-
plied to the Kondo insulators.5,6 We analyze the connection
between the two states by determining the phase diagram as
a function of fillingne . This also required the determination
of the phase boundary between the antiferromagnetic Kondo-
insulating state~AKI ! with almost compensated magnetic
moments~including the crucial negative contribution of con-
duction electrons! and the paramagnetic Kondo insulator
~PKI!. In the same manner, we havecomplementedthe pre-
vious discussion1–4 of the metallic Kondo-lattice state with
the detailed study of the stability of the small-magnetic-
moment state resulting from magnetic screening off elec-
trons both by themselves and by the conduction electrons. In
brief, we introduce the Kondo compensating cloud into the
heavy-quasiparticle picture.

The method we use is the rotationally invariant slave-
boson approach7 modified slightly8 to correctly obtain the
fermion quasiparticle energy in an applied magnetic field.
This correction leads in a natural manner to anonlinear mo-
lecular field, which appears already on the level of saddle-
point solution. The field is strong and is absent in any of the
one-boson approaches1–4 unless the effective quasiparticle
interactions are taken into account.9 Only in the limit of
weak hybridizationV can it be viewed as a molecular field
coming from the Schrieffer-Wolff type of interaction~the
correction to the atomic limit value is;V2). Thus, in the
limit of almost compensated moments it cannot be easily
resolved into the bare Kondo and the RKKY components,4

the latter being the higher-order contribution. The picture
obtained here is that with growing hybridization the antifer-
romagnetic kinetic exchange becomes important in the al-
most half-filled situation. A similar effective field arises in
the Hubbard model and its role was discussed separately.8

We start from the following representation of the atomic
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As noted before,8 the last constraint implies the equiva-
lence between the representation of the spin operator via
pseudofermionsSi5

1
2 f i

†tf i , and the representation via slave
bosons.7 Therefore, Eq.~1c! can be rewritten as

(
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where p̃i5(pi1 ,2pi2 ,pi3). We take~1c! in form ~2!, as it
provides correctly the Zeeman term for the emerging quasi-
particles.

The constraints~1a! and~1b! and~2! enter the Lagrangian
with the ~bosonic! Lagrange multipliers. The radial gauge
transformation eliminates the path integration over the
phases of the fieldsei , pi0 and pi , which are then trans-
formed into real quantitiesei , qi0 and qi . Explicitly, the
partition function for the Anderson lattice model reads
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with
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Here q̃i5(qi1 ,2qi2 ,qi3), a i , b i0, and bi are complex,
time-dependent fields. The fieldqi gives rise to a spin-
dependent renormalization of the hybridization term,
whereas nonzero fieldbi spin-splits the baref level. Note
that the latter entersLF as an applied magnetic field would
do. Therefore it can be regarded as a molecular field, which
acts only onf electrons.

In what follows we assumebi[(0,0,b i3), and qi

[(0,0,qi3). Introducing qis51/A2 (qi01sqi3) we obtain
the renormalized hybridization matrix element in the stan-
dard form7
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2
. ~4!

In the saddle-point approximation we first represent the
Fermi-liquid state as a homogenous broken-symmetry state
with nonzero real values for the fieldsei[e, di[d, qi0
[q0, qi3[q3, a i[a, andb i3[b3. Additionally, taking the
Fourier transform tok space, the Lagrangians~3b! and ~3c!
reduce to
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Assuming the featureless form of the density of states~DOS!
in the bare band, we obtain the free-energy functional in the
form
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where the quasiparticle energies in the hybridized subbands
(s561) are
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andne5Ne /N is the number of electrons per atom. From the
conditions] f /]xj50, with xj5q↑ ,q↓ ,d,e,a,b0 ,b3 , andm,
we determine theparamagneticandferromagneticstates. Of
special interest are the conduction-band and thef -level fill-
ings (nc and nf , respectively! and their magnetic moments
(mf5q↑

22q↓
2 , andmc51/N(k,ss^cks

† cks&).
We consider also anantiferromagnetic~AF! saddle-point

solution with two interpenetrating sublattices, which is mod-
elled byqis5qu1sqscos(Q•Ri), with the uniform and stag-
gered partsqu and qs, respectively; the latter appears
together with the molecular field of the formb3i

s

5b3
scos(Q•Ri), where Q5(p/a,p/a,p/a). Leaving all

other fields spatially uniform, we disregard charge-density-
wave effects. In this picture the renormalized hybridization
~4! can be cast in the formṼis5Ṽu1sṼscos(Q•Ri), the
f -electron magnetic moment ismf i54quqscos(Q•Ri), and
the f -level filling is nf i52@(qu)21(qs)21d2#. In effect, the
bosonic part of Lagrangian takes the form

LB5N$22b0@~qu!21~qs!21d2#24b3
squqs1Ud2%,

~8a!

and the fermionic part can be written in a compact form as
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where the primed summation runs over the reduced~halved!
Brillouin zone, Xks

† [@ f ks
† ,cks

† , f k1Qs
† ,ck1Qs

† # is a four-
component vector, andEks is a 434 matrix, the explicit
form of which is not provided here. We have also assumed a
perfect nesting, i.e.,ek1Q52ek and a rectangular DOS in
the halved conduction band. Finally, the free energy func-
tional in this case is essentially of the form~6!. The only
differences are that the integration runs from2W/2 to 0, and
that E(s) denotes four (s51,2,3,4) spin-independent eigen-
values of matrixEks for a given value ofek5e. The func-
tional f is optimized with respect toqu, qs, d, e, a, b0, b3

s ,
andm. As in the previous case, the quantities of interest are
the f -electron~staggered! momentmf

s54quqs, the~uniform!
f -level occupancynf , the conduction-band occupancync ,
and its staggered momentmc

s[1/N(k,s8 s@^ck1Qs
† cks&

1^cks
† ck1Qs&#. The global quantities~per atom! arene5nf

1nc and the staggered magnetizationms5 1
2 gfmf

s1 1
2 gcmc

s ,
wheregf andgc are the corresponding Lande´ factors.

The detailed numerical analysis of stable solutions en-
compasses:~a! paramagnetic~P! phaseq↑5q↓ , b350 and
the total momentm5mf1mc50; ~b! weak ferromagnetic
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~WF! stateq↑Þq↓ andumu522ne ; ~c! strong ferromagnetic
~SF! stateq↑Þq↓ and umu&22ne ; and~d! antiferromagnetic
states AF1 and AF2, specified below. Also, we attach an
additional label, I or M, to the phase label, depending on
whether the state is insulating or metallic, respectively. In
Fig. 1 we display a representative phase diagram of the sys-
tem in the filling range 0<ne<2. This diagram comprises
the antiferromagnetic-insulator~AFI! line for the total filling
per sitene51 and the line forne52, along which the anti-
ferromagnetic Kondo insulator~AKI ! transforms with in-
creasing hybridization into a paramagnetic Kondo insulator
~PKI!.10 There are two antiferromagnetic metallic~AFM!
phases, with the band structure inverted with respect to each
other~in AFM2 the peak in the density of states dispalyed in
Fig. 2 is at the bottom of the second-lowest band!. The

boundary lines involving AFM phases are of the first order,
except on the line forne52, where transitions are continu-
ous. The critical point separating SFM and WFM phases has
also been marked. All energies are given in the units ofW.

To characterize the nature of the phases we have plotted
in Fig. 2 the DOS enhancement of the quasiparticle states
relative to the bare-band density of states (2/W), for ne
51.99, as a function of bare hybridizationV. Only in the
limit ne522d, with d!1, do we obtain a stable AFM phase
with high density of states. Thef -level occupancy is equal to
unity for the symmetric Anderson model (2« f1U50) and
for d50.5 For 0,d!1, however,nf is still very close to
unity, as displayed in the inset of Fig. 2. At the same time,
the magnetic moment is strongly reduced, as illustrated in
Fig. 3, where both the componentsmf

s and mc
s are drawn,

together with the total magnetizations~solid lines!. Note that
mf

s is almost totally compensated close to the AFM1-AFM2

FIG. 4. Magnetic moments~per site! of f and conduction elec-
trons for the Kondo insulator.

FIG. 1. Phase diagram for the periodic Anderson model. For
explanation of the various phases, see main text.

FIG. 2. The density of quasiparticle states at Fermi energy~rela-
tive to the value in the bare band, and reduced by a factor 1022).
The inset displays thef -level occupancy for variousU. All quanti-
ties are a function of bare hybridizationV.

FIG. 3. Sublattice magnetic moments forf and conduction elec-
trons and the total magnetization for the Lande´ factorsgf52 and
gf56/7, respectively.
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boundary, particularly if we takegf56/7, as is the case for
the Ce31 ion. Moreover, the negative polarizationmc

s grows
strongly with increasing hybridization, whilemf

s decreases
until the almost compensated state is achieved. Thus, our
version of the mean-field theory~with the nonlinear molecu-
lar field! contains the competition between the Kondo com-
pensation and intersite magnetic interactions introduced by
Doniach.4 However, in the present analysis thef electrons
screen themselves, as the sublattice moment decreases with
decreasingnf ~cf. inset in Fig. 2!. In this respect, the situa-
tion is very similar to the disappearance of AF in the Hub-
bard model in the partially filled-band case. The staggered
molecular field limits areb3

s;(m2« f) for V→0, and;uV
2Vcu1/2 for mf→0, whereVc is the critical value ofV, be-
low which AF solution exists. Obviously, the Gaussian fluc-
tuations in Bose fields will also introduce the magnetic
~RKKY-type! coupling,4 which, being of the order ofTK ,6

will be substantially weaker thanb3
s . Also, our analysis

complements the criteria for the onset of the magnetic
Kondo-lattice state derived by Doniach4 and induces both
conduction-electron compensation and the autocompensation
of f moments. Note that within the one-boson approach4 one
has to gobeyondthe saddle-point approximation to discuss
magnetic instabilities.

For ne52 the system is always insulating, even thoughnf

is not always an integer. The situation with almost compen-
sated magnetic moments is displayed in Fig. 4. With increas-
ing hybridization the almost-compensated-moment AKI state
transforms into zero-moment PKI state, in the wide range of
« f and U. It would be interesting to verify this prediction
~e.g., by applying the pressure or alloying the KI systems!.
The PKI state cannot be achieved without the inclusion of
the compensating cloud.

In summary, we have shown that an itinerantf -electron
antiferromagnetism combined with a comparable negative
conduction-electron-polarization effect are important in
achieving both the Kondo-lattice state of heavy-
quasiparticles with almost integer occupancy of thef level
and a small and almost compensated magnetic moment at the
same time. This state arises from a competition between a
strong staggered molecular field coming fromf -f correla-
tions andf -c antiferromagnetic coupling, the latter reducing
to the Kondo-type coupling only in theV→0 limit. For ne
52 the antiferromagnetic Kondo insulating state transforms
continuously into a paramagnetic Kondo insulator, whereas
for ne&2 the antiferromagnetic metal changes into a weakly-
ferromagnetic metal. The detailed discussion of the almost
compensated state will appear separately.11
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