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We reanalyze the condition for metallic ferromagnetism in the framework of the tight-binding approximation
and investigate the consequences of the intersite Coulomb interactions using the Hartree-Fock approximation.
We first consider a nondegeneratdand, we show that the intersite interactions modify the occurrence of
ferromagnetism, and we derive a generalized Stoner criterion. We analyze the main effects due to the renor-
malization of the hopping integrals by the intersite Coulomb interactions. These effects are strongly dependent
on the relative values of the intersite electron-electron interactions and on the shape of the density of states as
illustrated by a study of cubic crystals which allowed us to establish general trends. We then investigate a
realistic spd tight-binding model, including intr&éCoulomb and exchangeand intersite charge-charge Cou-
lomb integrals. This model is used to study the electronic stru¢haned structure, densities of states, magnetic
momenj of bulk ferromagnetic @ transition metals Réco, Cohcp and fcg, and Nifcc). An excellent
agreement with local spin-density-functional calculations is obtained for the three metals, in particular con-
cerning the different widths of the majority and minority spin bands. Thus the tight-binding Hartree-Fock
model is capable to describe this effect and provides its consistent interpretation.
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[. INTRODUCTION malization of the hopping integrals resulting from the
Hartree-Fock decoupling of the two-body intersite term of
The origin of ferromagnetism in itinerant systems remainghe Hamiltonian plays an important role in the occurrence of
one of the open questions in the condensed-matter theorferromagnetism by changing the bandwidths of majority and
Even though spin-density-functional theory gives correctlyminority spin bands in a different way, thus modifying the
several predictions concerning the stability of Stoner condition. However, Hirsat al2~° have mainly em-
ferromagnetisni, it is interesting to develop simple models phasized the effect of exchange integrals and have only con-
which point out the important physical parameters governingidered a constant density of states or that of a linear chain.
the ferromagnetic instabilities. Ferromagnetism may occur inndeed, the nondegenerate model with exchange interactions
two ways: either the paramagnetieM) state gets unstable was proposed to provide explanation of certain itinerant sys-
against the ferromagneti&M) state for particular values of tems, such as Eyg’ Obviously, the conclusions that can be
parametergso-called Stoner instabilify or the strongly po- drawn from such a model depend critically on the numerical
larized FM state, in most cases saturated ferromagf®kc  values of the parameters and we expect the classical charge-
state, has the lowest energy beyond some values of electrooharge intersite Coulomb interactidhto be larger than the
electron interactions, but the PM state is still locally stable inexchange oné.Consequently, we have found interesting to
a range of parameters. revisit this model by considering more realistic relative val-
It is certainly instructive to understand first the possibleues of the Coulomb matrix elements first in the case of a
mechanisms of ferromagnetism in the case of a narsow constant density of states, then for the densities of states of
band studied in the tight-binding model using the Hartreeteal cubic lattices. We will see that in this last case the phys-
Fock approximation(HFA). When only the on-site matrix ics of FM instabilities is significantly modified. Therefore a
elementU of the Coulomb interaction are taken into accountquantitative study of the influence of intersite Coulomb in-
the Stoner instability occurs whéhsatisfies the well-known teractions in FM transition metals needs an accurate descrip-
Stoner criterionJN(Eg) >1, whereN(Eg) is the density of tion of the density of states and realistic interaction param-
states at the Fermi level per spin, and the majority and mieters.
nority spin bands are rigidly shifted relative to each other. However ferromagnetism is found usually in systems with
The influence of the two-site matrix elements of the Cou-degenerate orbitals and since the early work of HubBaad
lomb interaction has been thoroughly studied in the pioneervariety of theoretical attempts have been undertaken to un-
ing work by Hirschet al. already over a decade agdThese derstand to what extent the orbital degeneracy might play an
ideas were further developed and qualitatively new effect®ssential role in particular in the ferromagnetism of Fe, Co,
were found, both within the HFA, and by going beyon#i€.  and Ni. The dominating point of view at present is that the
In particular, Hirschet al2=° have pointed out that the renor- degeneracy ofl orbitals is crucial!~*3since local moments
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can fornt* and survive above the Curie temperature due tcHirsch® with intersite interactions limited to first nearest
intra-atomic exchange integrals. Here we will investigate theneighbors which, in the second quantization formalism, can
effect of on-site and intersite interactions in degenesatd ~ be written

bands, considering realistic parameters. It is clear that the

most imp_ortant _matrix_ _e_Iements pf the Cou_lomb interaction Ho=—t 2 aiT( aj,+ E E NNy

involved in FM instabilities contain foud orbitals centered iiFe 7 21

on at most two neighboring sites. The relative values of the

o

matrix elements can be inferred from the results of explicit + ! 2 alal a ,a

calculations using atomic wave functions. From these 2 S TN

calculation$® it turns out that the largest on-site matrix ele-

ments are those introduced already in our previous pAper, n ﬂ z ata a a

while the only non-negligible intersite Coulomb interactions 2, gy O Aeriee

are of electrostati@.e., charge-chargeype, arising from the )

interaction between two electrons in orbitals centered at two n J S afal a_.a (1)
neighboring sites. As for asmband, the Hartree-Fock decou- 2 5l T TomoTe

pling of these latter terms renormalizes the hopping integrals . . . .
and we will show that they are responsible for the different Wherea;, is the creation operator of an electrTon with spin
bandwidths for up and down spins which are obtained idn the atomic orbital centered at siten;,=a;,a;,, and
local spin-density-functional calculations for thd M ele- ~ —t is the hopping integral between nearest neighbors. The
ments(Fe, Co, Nj. Furthermore, the nearest-neighbor dis-Coulomb interactions are described by the leading on-site
tances being very close for the three metals, it is expectetfrm U, and by the two-site terms: charge-charge interac-
that the nearest neighbor Coulomb interactions should ndions«V, exchange interactionsJ, and the “pair hopping”
vary significantly from Fe to Co and Ni. It will be seen that, term«J’,
under this assumption, an excellent agreement is found be- L
tween local spin density and our tight-binding Hartree-Fock -~ , ,
(TBHF) calculations for the band structure, the densities of U=(ei(r)i(r )|_|r—r’| () i(r7), 2)
states, as well as the magnetic moment of the three elements.

The paper is organized as follows. We red¢&éc. ) the 1
s band(extended Hubbard Hartree-Foakodel in which all V=(i(r);(r")| ——|di(r) (1)), ()
interactions are limited to first nearest neighbors and derive Ir—r’|
an analytic generalized Stoner criterion, including electro-
static as well as exchange interactions. Then we revisit the 1
simple model of a constant density of states which can be I=(i(N) i (r" ) —— [ bi(N i(r")), (4)
solved analytically;*® and we show that the onset of the r=r]
Stoner instability and the condition of occurrence of satu- 1
rated ferromagnetism are strongly dependent on the ratio of g St , (et
the two-site electrostatic interaction and exchange interac- I =AO () Ir—r’| |65 5(r")). ®
tion. Finally, in order to illustrate the role of the shape of the , o - ,
density of states, we consider the case of three-dimension¥Ye Will consider in most cases the realistic relatibnJ’, as
lattices: simple(sg, body-centeredbco and face-centered OPtained for real wave functions from Eqd) and (5).
(fcc) cubic lattices for reasonable parameters, with particular ' the HFA the two-body terms are decoupled in the fol-
emphasis on the role played by intersite Coulomb interacl®Wing way:

tions. In Sec. lll, the multibandpd TBHF model, already tot ot + + +

described by Barreteaet al,'® is extended by including the 2,858,85=(8,85)258, T (858,)8,
electrostatic intersite Coulomb matrix elements, and the de- —(alaQaEa,;—(aLa(g)aLay
termination of the parameters is discussed. This model is

finally used in Sec. IV to analyze the band structures of FM —(alas(aja,)+(ala,ajas), (6)

transition metals: Fe, Co, and Ni. We will show that the main
effects which can be understood within teeband model
using some analytic arguments apply also qualitativelydo
transition metals. The paper is concluded in Sec. V.

where the indices denote an atomic spin orbital. Note also
3 that. the spin conservation implies that any aver(a@h@
vanishes whem and 8 have different spins.

Consequently the HFA leads to a one-particle Hamiltonian

Il. FERROMAGNETISM IN A NONDEGENERATE s BAND HEF=— > t,al a,+ 2 e.Nie—Eqc, 7)
i,j#i,0 io

A. The tight-binding Hartree-Fock model . . . L.

g g with the following spin-dependent hopping integrals and or-

We start from a tight-binding model for amband and pital energies,
assume that the set of atomic orbitglgr) centered at each
site i is orthogonal. We consider the same Hamiltonian as t,=t+(V=-Il,—(I3+I")l_,, (8
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e,=z(V-JI)n+(U+zI)n_,, 9) From Eq.(8) it is seen that the term between brackets is
the hopping integralpy, in the PM state. Using now E¢10)
Eqc stands for the double-counting energy terms aiglthe it can be shown, with obvious notations, that
number of nearest neighbors. Here we assume that the sys-
tem consists of equivalent atoms, then the occupation num- Er E'F:’M
bers:n,=(n;,) for electrons of spinr and the total band lo=——r=—=.
filling n=3_n, are the same at each siteln this model 2t 2t
I(,:(ait,aj(,) do not depend on the bond and can be easily
obtained from the density of statéger atom N, (E). In- . 1 1
deed, choosing the origin of energies at the center of gravity lo=— ZIN(Ep) PM, ’ (16)
: F ZtomNpm(EE)

of N,(E), it follows from Eq.(7) that

. whereNpy(EEY) is the density of states per spin in the PM
S E,,= f "EN,(E)dE=—2ztI,, (10  state at the Fermi lev@F". Note that in these equations the
nocc —o energies must be referred to the center of gravity of the band.
The inequality(15) can be now rewritten as generalized

where E,,, are the eigenenergies for spin Note thatl,  gigner criterion

=1(n,) since the renormalization of the hopping integrals
leads to a simple energy rescaling of the density of states

PM
without changing its shape. UerNem(EF™) > 1, (17)
with
B. Generalized Stoner criterion and condition
for saturated ferromagnetism 'F__’M 2
The magnetic energy as a function of the magnetic mo- Uerr=UtzJt2(V+J) ZtPM) ' 18

mentm=n;—n,:
This generalizes the criterion derived by Hirgéty. (22)]

Emag(M) = (HE (M) —(HI(0)), 1D in Ref.95 for the particular case of a cgnstarﬁqdensity of
states. Accordingly, the influence of the intersite exchange
integral J is to act in favor of the FM state for any band
filling since it increased) .¢; and decreases the bandwidth of
the PM statdsee Eq(8)]. Let us now examine the effect of
V andJ’. At low and high band fillings the renormalization
(12) of the hopping integral in the PM state tends to zero sigce
vanishes. As a consequence, due to the term proportional to
V+J'" in Ugss the PM state is more easily destabilized for
low values ofn. Indeed, in this case, the rati&f"/ztpy,)? is
close to unity, as the bottom of the band falls Bt
—ztpy. This is also true when approaches=2 for simple
and body-centered cubic lattices while this tendency is weak-

where(HHF(m)) is the Hartree-Fock energy of a state with
magnetic momen, is easily expressed in terms of the func-
tion I(n,). Let us introduce the following notations:

n+om
2

l,=1(ng)=

with o= +1(—1) for upl[down) spin. Then the magnetic en-
ergy per atom is given by

EmagdM =2zt 1o—3(1;+1)]-3(U+z)m?*=3z(V-J)

X(12412-212)+2(3+3")(1,1,~13), (13  ened for the face centered cubic lattice sin&g '/ ztey) 2
_ =1/9. Around half filing EE™ is small so thatUqs=U
wherel , refers to the PM state, i.d.g=1(n/2). +zJ and for realistic values o¥ (i.e., V>2J+J’) the PM

Let us first derive the condition under which the PM statehand is broadened. Moreover its width, likg is there at its
becomes unstabléStoner instability. This instability is ob-  maximum and increases with Consequently, the PM state
tained from the Taylor expansion bf for small magnetiza- s less easily destabilized around half filling.

tion m. Substituting this expansion foy andl | into Eq.(13) Finally it is also interesting to derive the valuedfabove
one finds to second order imn: which the SF state with momembgy (mg=n whenn<1,
ms=2—n when n=1) becomes the most stable. This is
Emagm) =[—2ztlg—2z(V—J)(I 2+l done simply by looking for the lowest value bf for which
5 the functionE,,,¢(m) [Eq. (13)] takes its minimum value at

m . -
+Z(J+J/)(|O|g_|/(2))—(U+ZJ)]T, (14) mg in the domain 0,m¢].

WhereI(’, and |6 are the first and second derivativeslgfat C. The magnetic instabilities for a constant density of states
n,=n/2. The Stoner instability occurs when the coefficient revisited
of m? is negative, i.e., In order to obtain a physical insight into the mechanism of
FM instability in thes band mode[Eq. (7)], we discuss first
zIS[t+(V—2J—J’)IO]+z(V+J’)I(’,2+U+zJ>O. the case of a constant density of statper spin, with the

(15  zero of energy at,),
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1 2.0 TG 2.0
E)= for |E|<W,/2 1 2N a
N,(E) w, ' [E[<W, /2 (19 15} AN 1 15
with W, =2zt (in the following we assuma&=6). Using 2 10 1.0
Eq. (10) it is found thatl , has a very simple analytical ex- -
pression 0.5 05
0.0

l(r:n(r(l_n(r)- (20)

Let us first discuss the renormalization of the hopping inte-
grals for a more than half-filled band, as in the latetBan-
sition metals, in the PM phase as well as in the SF phase&
which becomes stable whéhis large enough. It is clear that =
the majority spin up band is narrower than the minority spin
down one and it can be shown easily that the hopping inte-
gral found in the PM phase lies always in between the ones

0.
2.0

1.5

1.0

0.5

0.0 1 1 1
0.0

for the majority and minority spins in the SF phase, at least n n

in the realistic casewhereV>J. We will see in Sec. Ill that FIG. 1. Critical value ofJ/W (W: unrenormalized bandwidth
this holds also quahtanygly for Fe, Co, and Ni. for the onset of the Stoner instability as a function of the band

The study of the stability of the PM and FM states can bejjjing n for an s band and:(a) constant density of state) sc
done analytically for the constant density of states. For thigagice, (c) bec lattice, andd) fec lattice. Different lines correspond
density of states the magnetic enef§y|(13)] is a quadratic o v=3=0 (dotted lines; V=0.18J, J=0 (dashed lines V
function of m? =0.18J, J=0.03 (J'=J) (solid lines.

m?\ |m?

A(n)+ B(—) }— unstable while the SF state remains the most stable solution.
4/]4 Thus ifB<0 weak FM states are rigorously excluded and, as
U/W increases, the SF state is stable before the Stoner insta-
bility of the PM state. The critical value ofJ/W above
which the SF state becomes stable is given by

Emag( m) = (21

with, assumingl=J’,

A(nN)=W-U-37[V(3n?~6n+2)—J(n~2n—4)],
(22)
B= A(n)+3:BmZ=0. (24)

—z(V—3J), (23

and W=2zt. For a given value ofn, the minimum of
Emag(m) depends on the actual parameta(s) andB. The The variation withn of this critical value is shown in Fig.
PM state is unstable against the FM state wAén)<0; in 2 for the same set of parameters as in Fig),land it can be
the absence of intersite interactions the well-known Stoneverified that these curves are alwdeowthe corresponding
criterion for the constant density of state)s>W is recov- ones for the Stoner instability, except a=0 and n=2
ered. In the general case with# 0 andJ#0 the value of where the values dfJ/W are the same.
U/W above which the PM state becomes unstable depends
onn, as seen in Fig. (h). 50 2.0 prae———
As shown above, the intersite Coulomb interactibpro- 3 @ A\ ()7}
motes FM states for low numbers of electrons or holes, while 15 F 1 'S¢
around half filling (0.5 n=<1.5), it tends to stabilize the PM
state. The intersite exchange matrix elem&atways favors

10 10 E

the FM state since?—2n—4<0 when 0<n<2. 00 o0 bee
If A(n)<0 andB>0, as considered by Hirstlwho as- YT TR R TR
sumesJ>V, the PM state is unstable, arfit),,o(m) has a 2.0 T T T 20 ]
minimum atm,,. If m,<m the most stable solution is a 15 A\ A5t E
nonsaturated FM state. In this case the condition TEAN // 1.0t 3
dEmag(m)/dm=0, with Ep,4 given in Eq.(21), is equiva- S5 Tt N “F ]
lent to the condition of equal Fermi energies for the majority 05 F i o5 3
and minority spin sub-bands considered instead in Ref. 5. If 00 E sc, ! . 0.0 pfec \ .
my>mg, the most stable solution is the SF state. 00 05 10 15 20 00 05 1.0 15 20
n n

However, for realisticv and J parameters®® one hasv

>3J, thus B is negative. In this condition ifA(n)>0 FIG. 2. Critical value ofd/W (W: unrenormalized bandwidth
Emag(m) has a minimum am=0, a maximum amy and  apove which the SF phase becomes stable as a function of the band
vanishes amn=my. Whenmy>m the PM state is stable and filling n and for:(a) constant density of state) sc lattice,(c) bcc

whenmy<mg the SF state is the most stable solution but theattice, and(d) fcc lattice. The meaning of different lines and the
PM state is metastable. A(n)<<0 the PM state becomes parameters are the same as in Fig. 1.
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a
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FIG. 4. Magnetic energgmaq (in units of the unrenormalized
bandwidth W as a function of the magnetic momentfor an fcc
n lattice with ans band for two band fillingga) n=0.9, (b) n=1.4,
and increasing values oU/W. The other parameters aré
=0.18J, J=J'=0. The inset shows the case=1.4, U/W
=0.418 with an enlarged energy scale, proving that the PM state is
metastable.

FIG. 3. Effective hopping integrals, (in units oft) as a func-
tion of the band fillingn of an s band for: (a) bcc and(b) fcc
lattices. Different lines refer to: PM phagleng dashed lingst, /t
(full lines), andt, /t (dashed linesin the SF phaséstable at suffi-
ciently largeU, see Fig. 2 The parameters ar&/=0.15V (W

161), 3= 3, and:J=0 (thin lines, J—0.03W (heavy lines width increases when this sub-band is gradually filled, has a

maximum atn=0.38 for the fcc lattice, and then decreases
back to the unrenormalized valuerat 1, while the down-
spin sub-band is unrenormalizédarrowed whenJ=0 (J

In the preceding section we have discussed the FM insta>0), as shown in Fig. ®). The renormalization of spin
bility for an s band assuming a constant density of statessub-bands is interchanged far>1 when the up-spin sub-
However this density of states cannot be associated with anyand is filled and thus weakly narrowed in the SF states.
existing lattice. We now consider the case of cubic lattices: To illustrate the general trends we have determined the
simple, body-centered, and face-centered cubic lattices witBtoner instabilities for sc, bee, and fec lattices using @§),
a hopping integrat- 8 limited to nearest neighbors. The cor- and for three sets of parameterf) V=J=0, (i) V
responding dispersion relation is then =0.13J, J=0, and(iii) V=0.18J, J=0.03J. The results
are given in Fig. 1 and are in perfect agreement with the
qualitative predictions derived aboysee Sec. Il B Indeed,
V tends to stabilize the FM state for low and high band
fillings, while the reverse is found around half filling. More-
whereR; (j=1, ... 2) denote the set of vectors connecting over, whenJ is taken into account, it acts in favor of FM
an atom to its nearest neighbors. In this case the density gfates for any band filling. This result confirms the earlier
states, and consequentlyn,), must be calculated numeri- findings of Hirsch?®
cally. The densities of states have been obtained from this The regions of stability of the SF phase are shown in Fig.
dispersion relation by carrying out the summation over the2. Whenn approaches 0 or 2 the curves of Figs. 1 and 2
Brillouin zone using the linear tetrahedron mettdd. corresponding to the same values\oandJ become closer

However, in order to account accurately for the singulari-and closer to each other since the magnetic moment is infini-
ties of N(E) we have also used the analytical expressionsesimal in both limits and the second order expansiol), a$
given by Jelittd® which approximate the actual densities of valid for any value ofn<ms. Furthermore, it is found that
states with an excellent relative erress than 10%). The  for all lattices and band fillings, except for the fcc lattice
function I (n,) is derived from Eq(10) and its derivatives with n=1.3, the Stoner instability is found for a smaller
I"(n,) andl”(n,), which are necessary to study the Stonervalue of U/W than that needed to stabilize the SF state. This
instability [Eq. (15)] are determined by means of the rela- means that, contrary to the case of the constant density of
tions(16). In the following we will always assum&=J’ and  states, the PM state is never metastable except for the fcc
V>3J. lattice withn=1.3 where a very narrow domain of metasta-

The effective hopping integral in the PM stdtg, has a  bility exists. This is illustrated for the fcc lattice in Fig. 4
maximum atn=1 for the sc and bcc lattices, for which where we have plotte&,,4(m) for several values otJ/W
N(E) has a particle-hole symmetry, while the maximum is(V=0.18J, J=J'=0) and two values of the band filling:
shifted ton=0.76 in the case of fcc lattice having asymmet-n=0.9 and 1.4. It is clearly seen that, whe 0.9, asU/W
ric N(E) (see Fig. 3 In all cases, the effective hopping increases the most stable phase is successively the PM, un-
integral is reduced by>0. At different filling of spin sub- saturated FM and SF phase while, wher 1.4, the PM
bands, as for instance in SF states, the effective up- anphase is immediately followed by the SF phase but there is a
down-spin hopping elements and the corresponding bandiarrow range ofJ/W where the PM phase is metastable.
widths are different. For instance, forx1 the up-spin band- It is important to realize that the above results were de-

D. Magnetic instabilities in cubic lattices

E(k)=—82 exgik.R)), (25)
J
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2.0 the following we keep the most important of these latter
terms which can be selected by comparing the numerical
15 values of all the Coulomb matrix elements obtained using
explicit expressions of the, p, andd atomic orbitals. From
2 L these calculation® it turns out that the leading intra-atomic
5 1.0 p Coulomb matrix elements are
05t 1
Uw=<¢m(r)¢m(r')||r_—r,||¢i>\(f)¢m(f')>, (26)
0.0 : :
0.0 0.5 1.0 1.5 2.0
n
1
FIG. 5. Critical value ofU/W (W: unrenormalized bandwidth Jhu:<¢i>\(r)¢m(r,)|—|¢iu(r)¢i>\(r')>’ (27
for the onset of the Stoner instability in a bcc lattice withsdrand |r— F'|

as a function of the band filling for increasing values o#/U (0:

full line, 0.35: dashed line, 0.55: dotted linand J=J'=0. i.e., the intra-atomic Coulomb and exchange integrals in-

) ) volving two orbitals that we already introduced in a previous
rived using a rather small value &/U and, consequently, nanefd® These parameters satisfy an important relation for

the effect ofV is also small. However, it increases rapidly 4y najr of orbitals with the same orbital quantum numiber
with V as shown in Fig. 5 for the Stoner instability in the fcc

lattice. Note that the onset of the Stoner instability is inde-

pendent ofV for two band fillings since, as seen in Ed4), Un=U,,+t23\,- (29)
Emag does not depend odf whenl'§+1,l5=0.

So far have been obtaned assuming inieractions imited g NOt® @150 tat ally, elements are equal for orbials

i ) L2 with the samd. In what follows we consider six Coulomb
first nearest neighbors. When hopping integrals between far-

; : - oointegrals:Ugg, Ugp, Ugy, Uppr, Upg, Ugg, and five ex-
ther neighbors are taken into account, the study of the 'nﬂuchange integralsly, Jog, Joor » Joa, Jagr, With p’#p and

ence of interatomic Coulomb integrals on the electronic '2d ie. we have taken the average value of some sets of
structure becomes more involved. Indeed, whereas in th T ) ) 9
oulomb integrals; for instancé&]yq is the average of all

first nearest neighbor case thgfunction in Eq.(8) can be Coulomb integrals involving two differend orbitals. The

calculated once for all since the density of stdt€&) scales . .

; S . S . ._corresponding values df ,, and Uy are determined from
with the hopping integral without changing its shape, this 'SEq 28) PP
no longer true when farther neighbor interactions are in- :I'h ' ti tant Coulomb interatomic int i )
cluded and the solution of the problem becomes more tricky. € mostimportant --oulomb interatomic interactions are-
Thus we have carried it out only in the study of the realistic
valencespd band of transition metals presented in the fol- 1
lowing section. Vﬁ"=<¢ix(r)¢m(r’)|ml(ﬁm(r)dm(r’)), (29)
Ill. FERROMAGNETISM FOR HYBRIDIZED spdBANDS

. . . i.e., the electrostatic intersite interactions. From atomic-
In the preceding section we presented the effect of interg pita) calculationd? it is found that their bare valugoefore

atomic Coulomb interactions on the electronic structure an@creening is almost independent of the considered pair of
their influence on the onset of ferromagnetism in a tight-g hitais and close tGZ/Rij , R being the spacing between

bir!ding s band WiFh interactions limited to first neargst atomsi and], so that we can approximate them by
neighbors. From this study we can draw several conclusions.

First, the relative numerical values of the parameters are

critical to determine the FM instabilities. Then the shape of Ro

the density of states has also a strong influence. Thus in order Vij :VOE’ vV R<R, (30
to derive reliable conclusions for FM transition metals we N

must now generalize this model to hybridizedp, andd

bands with farther interactions as well as realistic CoulomVh€réRo is a reference distance which is chosen to be the
matrix elements. first nearest-neighbor bulk equilibrium spacing, is a pa-

rameter to be determined in order to take screening effects

into account, andR; a cutoff distance. We must stress that in

this calculation the other two-site matrix elements involving
In the basis of rea$, p, andd atomic orbitals(denoted four d orbitals (which are the most important in this prob-

by N and n indices the Hamiltonian is determined by the lem), and in particular the exchange integrals, are at least two

bare atomic levelg, , the bare hopping integralst;, ;,, orders of magnitude smaller thaf; .

and by the matrix elements of the Coulomb interaction. In  The spdband Hamiltonian is then written as follows:

A. The Hamiltonian
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B. The parametrization of the TBHF Hamiltonian

_ i
H= ik%vg t‘)"j“ai"”ai“”+% 8”””"4—% Unaia iy In order to perform realistic calculations for the FMi 3
i#] transition metals, we combined the tight-binding approach of
1 Mehl and Papaconstantopoul®$or the PM state with cor-
+§ ‘ E Uy .NineNi o rections originating from the electron-electron interactions in
phE the FM states. At this point, it is important to note that for
” any bulk geometrical configuration the HF renormalization
LS oAl al aa of the energy .Ie.velg, and of t_he hopping integrals in the PM
2 in ey NN Cipor Sike" Sine state are implicitly included in the parameters of Mehl and
oo’ Papaconstantopould8.Indeed, these parameters have been
fitted on electronic structure calculations carried out in the
1 . . X ) .
+ = 2 AN ai’r)\gai‘rxiUai - density-functional formalism. It is therefor_e cqnvenlent to
2ingxEn N a a take the PM state as a reference. The Hamiltonian H can then
7 be written in the following way:
1
t3 ”%ﬂ \JCIVEHRRETIE 3D H=Ho+AH—AE,., (36)

’
oo

. ) o where Hq is the PM Hamiltonian parametrized in Ref. 20
aj),, anda;,, are the creation and annihilation operators ofand AH is the perturbation due to the onset of ferromag-
an electron in the spin orbitéi\ o); n;,, is the correspond- netism. More details can be found in Ref. 16. FinalyE
ing occupation number operator. The above multiband Hubjs the variation of double-counting terms between the FM
bard Hamiltonian can be solved in the framework of the HFAand PM states. Note that this parametrization assumes a non-
[Eq. (6)] which leads to a one particle TBHF Hamiltonian  orthogonal basis set. Consequently (n;) is the net popu-
lation at sitej and not the band filling which is given by the
gross atomic population as defined in Ref. 21. However, it is
this latter population which should be used to calculate the
magnetic moment per atom.

The Coulomb U, ,) and exchangel, ,) integrals have

_ T
HHF_42 si)\ani)\o'—'—‘ 2 hi)\,i;L,O'ai)\oaiMU
iNo INw,N#
o

T ! . )
_m%a tinino@ine@juo— Ede: (32 been determined from their atomic values and then reduced
i#] by appropriate screening factors as explained in Ref. 16. It is

at present not possible to get a well controlled procedure
which would describe the screening of the atomic interac-

bital hopping integrals. The latter terms vanish in the bulkions Wh_en_ atoms build a crystal. Therefore, we _Introduce
for cubic symmetry, and also in hexagonal symmetry excep wo multiplicative screening factore, and «; operating on

for small sp contributions, but they should be taken into Ee llJ agd_ Jt atorpm valuesi resTectlver. Ié IS rllgrlwown ;]hat
account when the symmetry is reduc@d@he renormalized ~OU!0MD INtéractions are strongly screened, while exchange

matrix elements are given by interactions remain almost unscree@dhis is the reason
why we have kept the same value @f («;=0.70) as in
Ref. 16. Let us now discuss the valuesaf andV,. From
eino=Ex+tUn(Nine o)+ 2 Upu(Nior) Sec. Il itis clear that the interaction}; modifies the onset of
HEN ferromagnetism and, consequently, andV, should be de-
termined in a correlated way. In addition these parameters

which is the direct generalization of EGZ) except for the
appearance of new ternts, ;, ., i.e., on-site but interor-

’
(o8

_ _ e should not vary significantly between Fe, Co, and Ni which
;A JW(”'“"H; Vigny), 33 have almost the same interatomic spacing. We will see in
Sec. IV that the valueg;=0.12 andV,=0.5 eV lead to
Nix.ipo=— Uw<arwamr>+Jw(<ai)rwaim> bulk spin magnetic moments close to the e>_<perimenta| val-
ues and to bulk electronic structurés particular band-
+2<aiTM_(,aix_(,>), (349  widths and splitting of the two spin sub-bands good
agreement with local spin-density calculations for the three
tiM-M=tm,jM+Vij<ajTMam,). (350  ferromagnetic 8 elements. Note that the resulting values of

U,, andJ,, are small(see Table ) as usual in the HFA to
Note that there is a renormalization of on-site levels duesimulate the correlation effects and that the rdtigy/V,
to the charge interactiov; , but in an homogeneous system =4 seems quite reasonable.
where each site has the same chamg¢=n, it simply pro-
duces a rigid shl_ft of the levels and can @herefore be ignored IV APPLICATION TO FERROMAGNETIC
for bulk calculations. Actually the most important effect of TRANSITION METALS
Vj; is the renormalization of hopping integrdlgg. (35)],
and thus of the bandwidth, which is different for up and We have performed TBHF calculations on the three FM
down spins in the FM case. 3d transition metals Héco, Cohcp and Nifcc) at their
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TABLE I. CoulombU, , and exchangs, , on-site integralgin ST T T T L
eV) obtained from an atomic calculation and screened, respectively, L -
by the factorsw;=0.12 anda;=0.7. The intraorbital integrals are 4 Fe beef Ef -
given by:Up,=Up+2J5, andUgq=Ugq +234q - 2 )

. : s 3 —

Unu Fe Co Ni W Fe Co Ni s L i
<
Uss 0.263 0.284 0.304 3
Usp 0.158 0.170 0.182 J;, 0.184 0.198 0.213 8

Ugqg 0.367 0.367 0.417 Js¢ 0.105 0.104 0.101
Uy 0158 0.170 0.182 J,, 0.230 0.248 0.266
Upg 0294 0294 0334 J,q 0.084 0.084 0.081
Uger 0.823 0.886 0.950 Jyq 0.571 0.595 0.625

experimental equilibrium structure, i.e,..=2.87 A for
Fe(bco), ancp,=2.51 A, c/an,=1.62 for Cdahcp), andayc,
=3.52 A for Ni(fcc). The cutoff radiusR, for the inter-
atomic Coulomb interaction was chosen between second and
third nearest neighbors.

DOS (arb. units)

A. Ferromagnetic states of bcc Fe

As we have shown in Sec. II, the main effect of the Cou-
lomb intersite interaction is to modify the width of the ma-
jority spin band with respect to the minority one. To illustrate
this effect in the case of Fe we have performed a self-
consistent TBHF calculation with and without this interac- 5 ¢ Density of states as obtained for bce Fe in the tight-

tion, as shown in Fig. 6. It appears very clearly that thepinging Hartree-Fock model wititsolid lines, Vo=0.5 eV) and
bandwidth of the majority spiml electrons is significantly \ithout (dashed lines Coulomb intersite interaction, fof -spin
smaller than that of the minority one when the C0U|0mbelectrons(top), and | -spin electrons(bottom in the FM ground
interaction is “switched on.” state.

The other effect of the Coulomb intersite interaction is to

modify the Stoner instability. In particular, it was shown in TBHF and FLAPW LSDA calculations on hcp Co are shown
\S/ec. . (\]/thhm tlhe a}naflytlc trefat[]nercljt of tf;;_elbanq mo?elhthng in Fig. 10, where the densities of states obtained with the two

ij tends to play in favor of the destabilization of the PM \q1hq4s are represented. Once again the agreement is excel-
;tates for nearly filled pands. Consequeptly, we expept ahnt for the magnetic momefisee Table I and for the shape
increase of the magnetic moment whef increases. ThiS 54 the width of the majority and minority spin densities of
can be seen in Fig. 7, where the evolution of the magnetigi o5 | particular the difference in bandwidths between
moment is plotted for different values ¥, ranging from 0 ainrity spin and minority spird electrons is found to be
to 0.75 eV and fixed values dfl,, corresponding tQxy  gimgst the same as with theen code(see Table 11l How-

=0.12. The spin magnetic moment obtained ff  gyer there is a small quasirigid shift of tieband for the
=0.5 eV is in very good agreement with the experimental

result$® (see Table ).

Finally, in Figs. 8 and 9 we have compared the densities
of states and band structures as obtained from our TBHF
calculation withVy=0.5 eV and from fully linearized aug-
mented plane wavéFLAPW) calculations in the local spin
density approximatiofLSDA) using thewiEN code®* The
agreement is almost perfect proving that the set of intrasite
and intersite Coulomb and exchange interactions that we
chose, not only reproduces integrated quantities such as the
magnetic momentsee Table ), but is also able to describe
very accurately the splitting and the change of bandwidth

between majority and minority spirisee Table II). 2.1 | L1 1| '
00 01 02 03 04 05 06 07 08

E (eV)

25

Magnetic moment ( pL B [atom)

B. Ferromagnetic states of Co VoteV)

We now present our results for Ghcp and fcg keeping FIG. 7. Variation of the magnetic moment of bcc Fe as a func-
the same values fag, andV as for Fe. The results of our tion of the Coulomb intersite interactiov,.

064432-8
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TABLE Il. Comparison of the spin magnetic momefxits Bohr
magnetons obtained from tight-binding Hartree-FockTBHF)
method, and thevieN code, compared with experimental values
(Ref. 23 for Fe, Co, and Ni.

Element TBHF WIEN Expt.
Fe 2.32 2.23 2.13
Co(hcp 1.60 151 1.57
Co(fcc) 1.59 1.60 -
Ni 0.58 0.58 0.56

majority spin density of states. Note that, Co being a satu-
rated ferromagnet, this small shift has almost no influence i Fe pec

PHYSICAL REVIEW B69, 064432 (2004

E (eV)

-6

-8

7 i Fe pecy T

both on the magnetic moment and on the total energy. We -10r A H NEZTAp r A g NZTAP

have also carried out TBHF and FLAPW LSDA calculations

on fcc Co with a lattice parametey;..=3.55 A, the densi-

FIG. 9. Electronic structure as obtained for bcc Fe in the tight-

ties of states are presented in Fig. 11, showing the same tyénding Hartree-Fock modeM,=0.5 eV, black triangles and in

of agreement between the two methods.

C. Ferromagnetic states of fcc Ni

The same values af; andV, were also used for Ni. The

the band structure calculation using the FLAPW method of Ref. 24
(solid line9 for 7-spin electrongleft), and | -spin electrongright)
in the FM ground state.

II), and Fig. 12 shows an excellent agreement for the elec-

result is extremely convincing since the magnetic moment igronic structure. As for cobalt, there is a slight shift of the

exactly the same with TBHF and thv@EN code(see Table

5 T T T T I T T I T

Fe beet

DOS (arb. units)

DOS (arb. units)

majority spind sub-band without consequences on the mag-

netic moment and total energy since Ni is also a saturated
ferromagnet, but the shape of the densities of states and the
changes of the bandwidtt{$able Ill) are very similar.

To conclude this section, the introduction of the intersite
Coulomb interaction and the subsequent renormalization of
the hopping integrals in thepd TBHF model has enabled us
to obtain an excellent overall agreement with calculations
based on the density-functional formalism for the band struc-
ture, the density of states and the magnetic moment of the
three 31 FM elements. However the splitting between up-
and down-spin bands is systematically slightly larger than in
local spin-density calculations. This difference could be ex-
pected since with TBHF the self-interaction is forbidden, as
it should, while it is allowed in thevieEN code, as usual in the
density-functional theory. Indeed, if the self-interaction term
is included in Eq.(33), i.e.,{n;\_,) is replaced byn;, )
+(nj,4), the term proportional t&J,, no more contributes
to the splitting between up- and down-spin bands.

V. CONCLUSIONS

To summarize, we have used a tight-binding Hartree-Fock
model including the renormalization of the hopping integrals
due to intersite Coulomb interactions in order to put forward

TABLE lll. Relative difference in d bandwidths Wy,
—Wqy;)/(Wy), in percentage, as obtained in the TBHF amN
code calculationsg{Wy) is the average bandwidth of both spins.

E (eV)
Element TBHF WIEN
FIG. 8. Density of states as obtained for bcc Fe in the tight
binding Hartree-Fock modekolid lines,V,=0.5 eV), and in the Fe 15 12
band structure calculation using the FLAPW method of Ref. 24  Co(hcp 16 17
(dashed linesfor 1-spin electrongtop), and | -spin electrongbot- Ni 11 7

tom) in the FM ground state.
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DOS (arb. units)

DOS (arb. units)

DOS (arb. units)

DOS (arb. units)

E (eV)
FIG. 10. Same caption as in Fig. 8 but for hcp Co.

E (eV)
FIG. 11. Same caption as in Fig. 8, but for fcc Co.
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DOS (arb. units)

DOS (arb. units)

E (eV)

FIG. 12. Same caption as in Fig. 8, but for fcc Ni.

its influence on the appearance of ferromagnetism. First, we
reconsidered the model of a nondegenesdiand and found

a generalized Stoner criteridiEgs. (17) and (18)]. As we
have shown, the renormalization of the hopping integrals
which originates from the intersite Coulomb elements
strongly modifies the conditions for ferromagnetism. In
agreement with earlier studiés® ferromagnetism is favored

for nearly filled or empty bands by the nearest-neighbor Cou-
lomb interactions. As the actual FM instabilities are rather
sensitive to the system parameters, an accurate description of
the density of states and realistic interaction parameters are
of crucial importance to understand the behavior dftGan-
sition metals.

Next we have shown that the behavior found for the non-
degenerats band model has important consequences in re-
alistic transition metals. We extended the model to the case
of hybridizeds, p, andd bands and used it to investigate the
electronic structure of FM Fe, Co, and Ni. It was found that
the width of the majority spin band is always smaller than
that of the minority spin one, as obtained in electronic struc-
ture calculations performed kab initio methods. An excel-
lent overall agreementband structure, densities of states,
magnetic momentwith the local spin-density calculations is
obtained for the three elements.

Finally, it has to be emphasized that this renormalization
of the hopping integrals is also present in the nonmagnetic
case and is a function of the environment of the pair of atoms
involved in the hopping. Here we have only considered the
bulk geometry. It would be interesting to study the case of
surfaces and especially of small clusters in which the effect
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