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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 withsmall antiferromagnetic moment df electrons, largely
compensated by the conduction electrdii$,high density of states at the Fermi level, diid) almost integer
occupation of the level. We use a modified version of the spin rotationally invariant slave-boson approach,
in which a strong nonlinear molecular field acting belectrons 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 insula{@0163-182807)51346-4

The heavy-electron Fermi-liquid state in the intermetallic=f'P]|v), and|2,i)=f{ [ d|v), where|v) is the abstract
f-electron compounds is modelled with the help of the perivacuum states stands for the Pauli matricefs’f,z(fi’fT 7fiT1)
odic Anderson model or its derivatives for paramagretic represents the pseudofermion field, aeB, pi‘rE%[piTO1
and magnetit cases. Recently, this approach has been ap+p. 7], andd’ represent auxiliary Bose fields obeying the
plied to the Kondo insulatorg® We analyze the connection constraints
between the two states by determining the phase diagram as
a function of fillingn,. 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- 1
duction electrons and the paramagnetic Kondo insulator ; f;rafiazi[propiﬁp;r'pi]+2drd"
(PKI). In the same manner, we haeemplementethe pre-
vious discussiolt* of the metallic Kondo-lattice state with p/ X p,=0. (10)
the detailed study of the stability of the small-magnetic-
moment state resulting from magnetic screening aflec- As noted beforé, the last constraint implies the equiva-
trons both by themselves and by the conduction electrons. Iignce between the representation of the spin operator via
brief, we introduce the Kondo compensating cloud into thePseudofermions = 3f{4f;, and the representation via slave

1
eiTei+E[pi)ropio"_piT'pi]"_ddei:L (1a

(1b)

heavy-quasiparticle picture. bosons. Therefore, Eq(1c) can be rewritten as

The method we use is the rotationally invariant slave-
boson approachmodified slightly to correctly obtain the > fi’fU,-W,fiU,_pjo’ﬁi_ﬁi’fpiozo, 2
fermion quasiparticle energy in an applied magnetic field. o0’

This correction leads in a natural manner toalinear mo- where P, = (pir. — Pia.pis). We take(10) in form (2), as it
lecular field which appears already on the level of saddle- Pi=Pi1, = Pi2.Pig). ’

point solution. The field is strong and is absent in any of thepmv'd(':‘S correctly the Zeeman term for the emerging quasi-

- : . . icles.
one-boson approacHed unless the effective quasiparticle PA"UC . .
interactions :frpe taken into accodnOnly in thqe IimFi)t of The constraint¢la) and(1b) and(2) enter the Lagrangian

weak hybridizationV can it be viewed as a molecular field with the (bosoni¢ Lagrange multipliers. The radial gauge

coming from the Schrieffer-Wolff type of interactiofihe trﬁgizrrg?ttlﬁg ﬁeelll(rjrgha@s ;23 Pa:/r\;hi?r:egrrgtlt?]gnOt\:z:]sfhe
correction to the atomic limit value is-V2). Thus, in the P i Pio Pi-

.y . . formed into real quantitie®;, g, and q;. Explicitly, the
limit of almost compensated moments it cannot be easily artition function fqor the Anlderqslgn Iattiqcle mogel rgads

resolved into the bare Kondo and the RKKY componénts, P

the latter being the higher-order contribution. The picture

obtained here is that with growing hybridization the antifer- ZEexp(—BF)=f [Dc][DF [ DPell Dq][ DA][ Da][ DB]

romagnetic kinetic exchange becomes important in the al-

most half-filled situation. A similar effective field arises in B

the Hubbard model and its role was discussed sepafately. xex;{ f (Le+Lg)d ) (33
We start from the following representation of the atomic 0

(f) n-electron states on lattice site |0j)=e|v), |1i)  with
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J F (s) 1
Le=>, cf t f=_= *In[1+ e BES - mdes =1
F % Cur((?T ) i~ |]C oCio N 025 Wi [ € ]de NCF
+ ung, (6)
+ 2 \% |o-(el (q|01+ql T)a’o’ © . . . . L
oo’ where the quasiparticle energies in the hybridized subbands
(s==*1) are

1
+§(Qi0]_Qi . T)Ugrd;k fio—’+ H.c.

1
Ef):§[€+8f+ﬁ0+ 0',83
f.

io’s

+5V(e— &1~ Bo— 0 By)2+4V 2], @)

(3b) andn.=N./N is the number of electrons per atom. From the
and condltlonsaf/ax 0, withxj=d;,q, ,d,e,a,By,B3, andu,
we determine th@aramagneti(andferromagneticstates. Of
1 1 special interest are the conduction-band andfthevel fill-
ei2+|di|2+ 0+ ql) 1) /3i0<_(qi20+ qi2) ings (n. andn;¢, respectively and their magnetic moments
2 2 22 _ t
(mi=0q5—qf, andm=1/NZ, ,0(Cy,Ciy))-
We consider also aantiferromagnetid AF) saddle-point
+2|di|2) _zqioai.ﬁi+u|di|2} (3¢ solution with two interpenetrating sublattices, which is mod-
elled byq;,=q"+ aqscosQ R;), with the uniform and stag-
~ gered partsg" and g°, respectively; the latter appears
Here G;=(0i1,~0i2,0is), @i, Bio, and B are complex, together with the molecular field of the formgs;
time-dependent f|eIds_. T.he field, gives rise to a spin- — BScos@Q-R;), where Q=(n/a,w/a,mla). Leaving all
dependent renormalization of the hybridization M. gther fields spatially uniform, we disregard charge-density-

mh(:rtiasl nt(t)nzer(: ﬁslm spin-splitlg (tjhe barétlle\;_ell.dNoteld wave effects. In this picture the renormalized hybridization

at the latter enterkr as an applied magnetic field wou . VIR o

do. Therefore it can be regarded as a molecular field, whic¢4) can be cast n the fornV,(_,—V +(£VS cosQ-Ry), the
-electron magnetic moment iw;;=4q"g*cosQ-R;), and

acts only onf electrons. LD _ W2 D o
n what folows we. sssumet=(004), and q  eleveling sy GI(a)L ()4 i etfct the
=(0,00;3). Introducingq;, =12 (q;o+cqis) we obtain P grang
the renormalized hybridization matrix element in the stan- _ uy2 $\24 42 S UNS 2
Lg=N{-2 + +d?]-4 +
dard forrﬂ B { BO[(q ) (q ) d ] ﬂ?)q q ud }1(8a)

+ > fl [(__/'L+8f+ﬁlo

|(T(T

1+(Bi-7)

Lg=>

@i

d. and the fermionic part can be written in a compact form as
Vo €idi, T 00—, @

\/1 e clifo\/l_diz_qiz(r

/'L+gk0' Xko! (Sb)

L= E Xt
In the saddle-point approximation we first represent the
Fermi-liquid state as a homogenous broken-symmetry stat@here the pnmed summation runs over the redutedved
with nonzero real values for the fieldg=e, d;=d, q;,  Brillouin zone, Xk(,—[fk(,,ck(,,fk+Q,,,ck+Ql,] is a four-
=(y, 0i3=0s, @j=«a, and Bj3= B3. Additionally, taking the component vector, andy, is a 4x4 matrix, the explicit
Fourier transform tdk space, the Lagrangiari8b) and (3c) form of which is not provided here. We have also assumed a
reduce to perfect nesting, i.e. ;o= —¢€, and a rectangular DOS in
the halved conduction band. Finally, the free energy func-
_ tional in this case is essentially of the for(@). The only
Cyot+ V[,(clgfk,,nL H.c) differences are that the integration runs freriv/2 to 0, and
that E©® denotes four §=1,2,3,4) spin-independent eigen-
values of matrix&,,, for a given value ofe,= €. The func-
—ptegtBot 0ﬁ3) fko} (53  tional f is optimized with respect tq", g%, d, e, a, B, 83,
and u. As in the previous case, the quantities of interest are
the f-electron(staggeredimomentms=4q"q?®, the (uniform)
f-level occupancyn;, the conduction-band occupanclg
and its staggered momenmi=1/NZ, (ro'[<ck+Q(er(r>
+<ck0ck+Q(,)] The global quantitiegper aton) are ne— nf

LFZZ

T J
Cko| 57 M €k

and

Lg=N{a(e?+d?+q+q’—1)— Bo(q’ +qf +2d?)

— B3(a?—a))+Ud?}. (5b)  +n. and the staggered magnetizatiofi=;g;m;+ 3g.m
whereg; andg, are the corresponding Landactors.
Assuming the featureless form of the density of stai#3S) The detailed numerical analysis of stable solutions en-

in the bare band, we obtain the free-energy functional in theompasses(a) paramagneti¢P) phaseq,=q,, 8;=0 and
form the total momenm=m;+m.=0; (b) weak ferromagnetic
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FIG. 1. Phase diagram for the periodic Anderson model. Fort FIG. 3:1 tiubtlatttllce magrltgtlct_mo;nerwt:]s f?_qr:fic?nductlozn EIEdC'
explanation of the various phases, see main text. rons and the fotal magnetization for the Larlaetorsgs=< an

g¢=6/7, respectively.

(WF) stateq; #q, and|m|=2—n,; (c) strong ferromagnetic
(SP stateq; #q; and|m|)2—n,; and(d) antiferromagnetic boundary lines involving AFM phases are of the first order,
states AF1 and AF2, specified below. Also, we attach arexcept on the line fon,=2, where transitions are continu-
additional label, | or M, to the phase label, depending onous. The critical point separating SFM and WFM phases has
whether the state is insulating or metallic, respectively. Inalso been marked. All energies are given in the unitgvof
Fig. 1 we display a representative phase diagram of the sys- To characterize the nature of the phases we have plotted
tem in the filling range &n,<2. This diagram comprises in Fig. 2 the DOS enhancement of the quasiparticle states
the antiferromagnetic-insulatéAFI) line for the total filling  relative to the bare-band density of statesWg/ for n,
per siten,=1 and the line fon,=2, along which the anti- =1.99, as a function of bare hybridizatidh Only in the
ferromagnetic Kondo insulatofAKI) transforms with in-  limit n,.=2— 8, with <1, do we obtain a stable AFM phase
creasing hybridization into a paramagnetic Kondo insulatomwith high density of states. Thielevel occupancy is equal to
(PKI).1° There are two antiferromagnetic metalli@FM) unity for the symmetric Anderson model £2+U=0) and
phases, with the band structure inverted with respect to eadbr §=0.° For 0< <1, however,n; is still very close to
other(in AFM2 the peak in the density of states dispalyed inunity, as displayed in the inset of Fig. 2. At the same time,
Fig. 2 is at the bottom of the second-lowest banthe the magnetic moment is strongly reduced, as illustrated in
Fig. 3, where both the components and m$ are drawn,

6 T v T T T ' ' T together with the total magnetizatiofsolid lines. Note that
& m{ is almost totally compensated close to the AFM1-AFM2
¢ 12 U=1 .5
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FIG. 2. The density of quasiparticle states at Fermi en@elg- HYBRIDIZATION V
tive to the value in the bare band, and reduced by a factof)10
The inset displays thé-level occupancy for various. All quanti- FIG. 4. Magnetic moment&er sitg of f and conduction elec-

ties are a function of bare hybridizatidh trons for the Kondo insulator.
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boundary, particularly if we takg;=6/7, as is the case for is not always an integer. The situation with almost compen-
the CE" ion. Moreover, the negative polarizationf grows ~ sated magnetic moments is displayed in Fig. 4. With increas-
strongly with increasing hybridization, while{ decreases g hybridization the almost-compensated-moment AKI state
until the almost compensated state is achieved. Thus, odfansforms into zero-moment PKI state, in the wide range of
version of the mean-field theofyith the nonlinear molecu- &f @nd U. It would be interesting to verify this prediction
lar field) contains the competition between the Kondo com-(€:9-» by applying the pressure or alloying the KI systems
pensation and intersite magnetic interactions introduced by € PKI state cannot be achieved without the inclusion of
Doniach® However, in the present analysis theelectrons e compensating cloud. o

screen themselves, as the sublattice moment decreases with!? SUmmary, we have shown that an itinerdnlectron
decreasingn; (cf. inset in Fig. 2. In this respect, the situa- 2ntiferromagnetism combined with a comparable negative
tion is very similar to the disappearance of AF in the Hub-conduction-electron-polarization effect are important in

bard model in the partially filled-band case. The staggere@chieving both the Kondo-lattice state of heavy-

molecular field limits are8S~(u—s;) for V—0, and~|V guasiparticles with almost integer occupancy of thievel

— VY2 for m(—0 where\gl is the critical vaIu’e oV. be- and a small and almost compensated magnetic moment at the
Cc 1 9 ’

low which AF solution exists. Obviously, the Gaussian quc—S?me tm;le. Th|sdstat? anlsesf.frl(zjm a gomp;eélrzjfon bet\l/veen a
tuations in Bose fields will also introduce the magneticsf rong staggered molecuiar neid coming 1r corréla-
(RKKY-type) coupling? which, being of the order oT ,° tions andf-c antiferromagnetic coupling, the latter reducing

- [} [} K

will be substantially weaker tha@3. Also, our analysis o the Kondo-type coup_ling only i_n th\;!—_>0 limit. For ne
complements the criteria for thesonset ,of the magnetic:2 fthe antlfe_rromagnetlc Kond(_) msulatmg state transforms
Kondo-lattice state derived by Donidcand induces both continuously |nt(_) a paramagneuc Kando msullator, whereas
conduction-electron compensation and the autocompensaticgﬁ:rgfaz ;23??:2;0??2n;é',:;"meztaolligzﬁggi‘:’] Igtfotﬁewgfr‘:l(gs-t
of f moments. Note that within the one-boson appréamte 9 ted stat : il oy

has to gobeyondthe saddle-point approximation to discuss compensated state will appear separately.
magnetic instabilities. This work was supported by the KBN Grant No. 2 PO3B

Forng,=2 the system is always insulating, even thomgh 129 12.
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