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Metallic ferromagnetism in a band model: Intra-atomic versus interatomic exchange
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The relative importance of intra-atomic versus interatomic direct exchange in leading to ferromagnetism in
metals is not well understood. Here we examine the interplay of these interactions in a tight-binding model
with two orbitals per site. The interatomic exchange interaciias found to always lead to ferromagnetism,
and its effect is enhanced by both on-site intraorbitd) @s well as interorbital@ Coulomb repulsions. For
certain band fillings, and in particular for a quarter-filled band, the intra-atomic exchange interkctign
itself can also lead to ferromagnetism. However, in most cases the magnitugereduired appears to be
unphysically large. For other band fillingd; does not lead to ferromagnetism even if infinitely large. In the
presence of nearest-neighbor exchadgé, will either enhance or suppress the tendency to ferromagnetism
depending on the band filling. These results are used to interpret the occurrence of ferromagnetism in the
transition-metal series, and it is concluded that intra-atomic exchange is not likely to play a significant role in
the ferromagnetism of Ni or in Ni-Cu and Ni-Zn alloys. Overall our results support the conjecture that
intraband interatomic direct exchange is the dominant interaction giving rise to ferromagnetism in metals, and
that the essential physics of metallic ferromagnetism is contained in a single-band model without orbital
degeneracy{.S0163-182®17)01241-1

[. INTRODUCTION view originated in the work of Slater and co-work€r§*and
Van Vleck!* and is supported by the fact that ferromag-

The origin of ferromagnetism in metals is still an un- netism in metals has only been found so far in systems that
settled question. While spin-density functional theorycontain atoms with degenerate atomic orbitedsch asd
(SDFT) can vyield first-principles predictions of which mate- electrong that can support an atomic magnetic moment
rials will exhibit ferromagnetism, it does not provide a through Hund’s rule. There is, however, some difficulty in
simple qualitative physical picture of the origin of metallic understanding the ferromagnetism of nickel within this
ferromagnetism. Obtaining such a picture is important beframework, whose magnetic moment per atom in the ferro-
cause it would allow to study the phenomenon in much moreanagnetic state is only a fraction of a Bohr magneton, as well
detail than allowed by SDFT in simple models which, with- as the ferromagnetic state of weak ferromagnets such as
out being realistic, contain the essential physics of the pheSglIn, where the constituent atoms are not magnetic.
nomenon. Furthermore, it would allow for broad qualitative  On the other hand, the possible role of interatomic direct
prediction regarding the existence of ferromagnetism in eiexchange in giving rise to ferromagnetism has been exten-
ther not-yet-existing materials or in materials under extremesively discussed in the past!#®~*®This mechanism would
conditions of pressure and temperature that have not yet beewot require band degeneracy, although the magnitude of the
achieved. interactions would depend on the nature of the atomic orbit-

The single-band Hubbard model, with only an on-site re-als involved. These studies were invariably framed in the
pulsionU, was originally introduced as a simple model that Heitler-London formalisri? for diatomic molecules. Within
may contain the essential physics of the phenoménbime  that framework, ferromagnetism occurs if the “Heisenberg
model exhibits ferromagnetism within the mean-field ap-J,” defined as the difference in energy between singlet and
proximation. However, subsequent work has shown that thitriplet Heitler-London states, is positive. The “Heisenberg
model does not display ferromagnetism, except for very sped” is a combination of the Coulomb exchange matrix ele-
cial nongeneric caség.g., a single hole in a half-filled bahd ment and matrix elements of the single-particle potential be-
or special lattice geometriéy. The degenerate Hubbard tween nonorthogonal nearest-neighbor orbitals. These stud-
model, with two orbitals per site and an intra-atomic ex-ies, notably the very detailed calculations by Stuart and
change interaction has also been studied, particularly for thslarshall’ and by Freeman and Wats&hgoncluded that the
quarter-filled band casone electron per site'’). For that Heisenberg) is either negative or positive but very small,
case, the model exhibits a coexisting orbitally ordered statand hence that direct exchange cannot be the origin of me-
and ferromagnetism. However, the orbitally ordered statetallic ferromagnetism.
being insulating, does not appear to be relevant to the de- However, we believe that this conclusion is somewhat
scription of metallic ferromagnets. Not much work has beemmisleading, in that it suggests that nearest-neighbor ex-
done on the degenerate Hubbard model in other than thehange matrix elements are irrelevant to metallic ferromag-
orbitally ordered state. netism. It should be kept in mind that these studies were

It is in fact widely believed that the existence of bandbased on the Heitler-London wave function, which is inap-
degeneracy is essential to metallic ferromagnetism. Thigropiate for itinerant electrons. We have recently studied the
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effect of nearest-neighbor exchange and pair-hopping praesults show that this conclusion is flawed for two reasons:
cesses in an itinerant model, and concluded that they ar@) ferromagnetic alignment does occur in a nondegenerate
likely to play a fundamental role in metallic band if interatomic interaction matrix elements are included
ferromagnetisni®~?2 These matrix elements give rise to (Which were omitted by SSKand(2) intra-atomic exchange
“bond-charge repulsion® and cause a tendency for elec- by itself can be totally ineffective in giving rise to ferromag-
trons of opposite spin to Occupy states of opposite bondin@etism in the degenerate band case when more than two car-
character to reduce the magnitude of this repulsion, hencéers (i.e., one per bandexist. o _
favoring ferromagnetism. The possible importance of these N the next section we discuss the Hamiltonian being stud-
matrix elements in tight-binding models and in particular for'€d and the effect of the various terms in simple limits. In
the understanding of charge-density-wave instabilities wasec- Il we study this mode! by exact d_lagc_)nallzatlon of
pointed out by Kivelsoret al2® and extensively studied by small chains. We conclude with a discussion in Sec. IV.
Campbell and co-workerd.Even if small in magnitude we

have found that in the presence of strong on-site repulsion Il. HAMILTONIAN

these matrix elements, especially nearest-nelgh_bor exchange,.l.he Hubbard Hamiltonian for two banddabeled by
give rise to a strong tendency to ferromagnetism. Further-

more, many features of the resulting ferromagnetic state rec-“_l’z) arising from degenerate orbitals is given by
semble experimental observatidi®Recently, Vollhardt and
co-worker$® have studied the occurrence of ferromagnetism
in generalized Hubbard models using exact techniques and
also concluded that nearest-neighbor exchange plays a domi-
nant role.

The purpose of this paper is to examine the combined __ oA .
effect of single-band bond-charge repulsion, i.e., nearest- Ha t“m;a (C'“”CJ“”+H'C')+U“2 MiatMial
neighbor exchange and pair hopping, and intra-atomic ex- (1b)
change that arises in the presence of orbital degeneracy.
While we believe that the results of Refs. 20-22 and 25
establish that metallic ferromagnetism does generically arise
in single-band models, it is in principle possible that the b
magnitude of the interatomic interactions in real systems is Hp=U nilniz+~]o_2 Ci16Ci247Cito Cize
too small to give rise to ferromagnetism and the existence of ' oo
intra-atomic exchange is essential. Two possible simple sce-
narios would be either that the main features of metallic fer- +302> (Cl11C1,Cin Ciny+H.C), (10
romagnetism are determined by intra-atomic exchange and '
bond-charge repulsion plays only a minor role, or con-
versely, that bond-charge repulsion plays the dominant rolwhere the first term witld, describes interband on-site “ex-
and intra-atomic exchange does not qualitatively change thehange™ and the second “pair hopping” from one band to
physics. It is also not obvious whether in general interatomighe other.U andU describe the on-site Coulomb repulsion
and intra-atomic exchange act cooperatively or whether thegetween electrons in the same and different atomic orbitals,
can also compete with each other. Nor is it obvious thatespectively. We have assumed that no hopping between dif-
intra-atomic exchange can always give rise to ferromagferent orbitals at neighboring sites exists. This would be
netism in the absence of bond-charge repulsion. In this restrictly the case ife represented a Wannier rather than
spect it is of interest to be able to “turn off” each of the atomic orbital, or if such hopping were prevented by sym-
interactions in turn and consider the effect of the othersmetry reasonsge.g., hopping in the direction between or-
which we can do in the model studied. Unfortunately, inpitals Py andp,), and approximate otherwise. We have also
nature it is impossible to “turn off” the intraband bond- assumed that the Wannier functions can be chosen to be real,
charge repulsion, so that the question whether intra-atomigo that the matrix elements for exchange and pair hopping
exchange can give rise to ferromagnetism in the absence afe the same.
bond-charge repulsion cannot be tested experimentally. On The contribution to this Hamiltonian from intraband
the other hand, in systems where there is no orbital degerbond-charge repulsion is
eracy one can test whether bond-charge repulsion by itself
can give rise to ferromagnetism. One such system is hydro-

H:H1+H2+le, (1a)

gen at very high densities, where our calculations predict that J, ; 2
weak ferromagnetism should set in at temperatures of thou- Hbona= E ) E CiaoCjact H.C.
sands of degre€$. (i) 7
Among the reasons for the belief that band degeneracy is
essential for metallic ferromagnetism, a widely cited one is +
= > J,.cf e
aCIaUCjag-’Clao"CjaU

the result of a detailed calculation by Slater, Statz, and
Koster*® (SSK) for two carriers in nondegenerate and degen-
erate bands. These workers found that only in the latter case
does ferromagnetism occur, and concluded from this that fer- +> Ja(craTcralealcjaT_{_ H.c), )
romagnetism will never occur in nondegenerate bands. Our (e

(ijyaca’
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where the first term is nearest-neighbor exchange and the As a simple limiting case that illustrates this point con-
second is pair hopping. We will assume for simplicity thatsjder the situation wherd,— o, with U fixed. In that case,
t,=t, U,=U, andJ,=J are the same for both bands. The two electrons on the same site form a tightly bound triplet
interaction matrix elementd, U, Jy, andJ are all positive, pair, and sites with other occupations are much higher in
and are given by matrix elements of the Coulomb interactiorenergy. Hopping of this unit occurs through intermediate

between Wannier orbitalg, , as states where one electron hops to a neighboring site and the
other one follows, with effective amplitude
2
e
U=f drd’r’ @ (N @l (1) ——@ia(r") gialr), 212
|r -r | ter= — (6)
(3a) Jo—U

There is furthermore an effective interaction when two of

2 these units with antiparallel spins are at neighboring sites,

_ e
U:f d3rd3r of (1) et ) ———@ia(r ) is(r),

Ir—r’| given by
eff= — 7 11
Jo+U
e? 0
_ 3,437 ' ’
Jo—J d>rd>r’ @fy (1) @i5(r )_|r—r’| eir(r)eio(r), which is attractive, and a hard-core condition that prevents

two of these units from being at the same site. Thus the
(30) . > S >e
effective model in this subspace is similar to the strong-

o2 coupling limit of the single-band Hubbard modekcept that
J:f d3rd3r oF (1)@, (r") @i (1)@ (1), there are no three-site terms or exchange of antiparallel spins
¢ e [r—r’| . to lowest order. Although this system may have a pairing

(3d) instability, there is no tendency for parallel alignment of
spins at different sites, except perhaps close to half-filling
‘where Nagaoka’s scenario would apply.

On the other hand, the interatomic exchange terms will

with i,j nearest-neighbor sites. For large values of the in

In addition to these interactions there is in principle a

variety of other interactions such as interatomic mterorbna\efm becomes insulating and orbitally ordered: electrons oc-

upy alternating orbitals on alternating sifes In that case

an effective Hamiltonian can be constructed in the subspace
of singly occupied sites, describing spin and orbital degrees
of freedom. Several studies of this regime have shown that
the system orders ferromagneticéify

bond-charge repulsion, interatomic site-site repulsion, an
hybrid interactions(site bond, both intra and interatomic.
We will not consider these matrix elements hétee role of
intersite hybrid matrix elements in ferromagnetism for a
single-band model was considered in Ref).22no hybrid

intra-atomic matrix elements eXiSt, the interactidﬂs U, Fina”y, the mechanism of “double exchanﬁ’wm op-
andJ, are related by the condition erate in this model when the two bands have different fill-
_ ings, which would be achieved by including different site
U=U+2J,, (4)  energies for the two orbital states. If one of the bands has one

. . . . . . electron per site and there is a small carrier concentration
which follows from rotational invariance. In this relation, (electron or holesin the other band, the hopping of the
one of theJo’s on the right-hand side arises from exchange,, iers s enhancedn the presence of intra-atomid,)

and the other from pair-hopping matrix elements, which W& e, the spins in the other band are aligned, thus favoring

assume to be equal. f :
erromagnetic orde?®
The exchange terms can be further decomposed as g

Ill. RESULTS

We will use units so that=1. For the one-dimensional
chain the bandwidth igV=4t, so that if we assume that 1
+‘]0(CiTlTCiTZ¢Cil¢CiZT+ H.c) eV it would roughly correspond to bandwidths of transition
(5) metals near the end of the transition-metal setidence we
may loosely think of the values of the dimensionless param-
and similarly for the interatomic ones. It is clear that theeters used in this section to correspond to eV values in real
interaction Eq.5) favors parallel alignment of spins on the materials. Realistic values of the intraorbital Coulomb repul-
same atom, in accordance with Hund’s rule, and it is genersion might beU ~10—20 eV, and of intra-atomic exchange
ally assumed that this will also lead to ferromagnetic order ifJ,~1-2 eV The interatomic exchange and pair-hopping pa-
Jo is sufficiently strong. However, this is by no means obvi-rameter] is likely to be a fraction of an eV in real materials
ous, and as we will see in the next section the answer dgexcept at very high densitig® In the numerical calcula-
pends on the band filling being considered. tions we have not included the intra-atomic pair-hopping

oo _
‘]02 Cilo'cizg—'cila’ciZU__‘]OE Ni1oNi2e
ag

!
oo
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FIG. 1. Phase boundaries in tﬁjo plane for a quarter-filled FIG. 2. Same as Fig. 1 for a six-site system with three electrons

four-site systenttwo electrons per bandn=0.5 indicates the band per band.

filling (electrons per band over number of sjtéBhe dashed lines ) . .
indicate the approximate phase boundaries By. Phase bound- Where the orbital superlattice becomes unstable as discussed

aries forJ=0, J=0.25, andJ=0.5 are shown. Here and in the DY GS? above that line the nonmagnetic state becomes lower
in energy in this case.

When a small interatomic bond-charge repulsion exists,
J=0.25, the region of ferromagnetism is substantially en-

: o o larged, and in particular ferromagnetism exists in the absence
term [second term in Eq(1lc)] because it is quantitativel T . ;
[ q(Lo] — a y of intra-atomic exchange. Furthermore, Fig. 1 shows that

unimportant for realistic values df and significantly in- i o0 d the intra-atomi h
creases the size of the Hilbert space. However, we still main2""y I & narrow range oés he intra-atomic exchange

tain the relation Eq(4), obtained assuming that the pair- give rise to ferromagnetism whehis present: for example,

hopping matrix element is nonzero. This procedure ig©"J=0:25 anincreasing, will give rise to ferromagnetism
consistent as the pair-hopping term is not neglected becauggly for U in the range 8 to 12. For smaller no ferromag-
the matrix element is small, but rather because pair-hoppingetism exists for arbitrarily largd,, and for largetJ ferro-
processes are suppressed for latheWe will use periodic magnetism exists even ¥=0.
boundary conditions unless otherwise indicated. The situation is somewhat different for the quarter-filled
We study the region of stability of the fully polarized Six-site system, shown in Fig. 2. Here, even in the a_bsence of
ferromagnetic state by comparing the ground-state energy of ferromagnetism exists even for rather low valuetJoand
that state with that of unpolarized as well as partially polar-J,, and the boundary is close to the approximate boundary
ized states. For strong interactions it is generally found thaEq. (6a). However, ferromagnetism is not destroyed here as
the transition occurs directly from fully polarized to unpolar- J, increases beyond the value given by E6b). That is,
ized, while for weak interactions there is often a parametegven when the orbital superlattice is destroyed the ferromag-
regime where partially polarized states have lowest energyaetic itinerant state is lower in energy than the nonmagnetic
In the following we have only considered the boundary ofstate. The difference between these results and those for
stability of the fully polarized ferromagnetic phase. N=4 indicates the importance of finite-size effects, and is
Figure 1 shows the phase diagram in Wejo plane for a  likely to be due to the fact that the singlet state is nondegen-
four-site system with two electrons per band. For thiserate forN=4 but not forN=6. Note that for realistic val-
quarter-filled system an orbital superlattice exists, as disues ofU (10 or largey the requiredl, in the absence of is
cussed previousl§.® Our results forJ=0 resemble the re- |arger than would be expected in real materials. In the pres-
sults of Gill and Scalapirfo (GS) obtained for the case ence of a small, the ferromagnetic region is enlarged and
U=uU+ Jo: ferromagnetism exists for Iarg?in arange of substantially smaller values df are required; in this case,
values of the intra-atomic exchandg. Note, however, that however, a finite value o, is required for ferromagnetism
the values of], needed to yield ferromagnetism are muchfor anyE
larger than expected to be realistic. The lower dashed line in Figure 3 shows a case with the band more than one quar-
Fig. 1 is an approximate phase boundary which results fronger full, three electrons per band for four sites. In the absence
the competition between ferromagnetic and antiferromagof interatomicJ, the values ofl, required for ferromag-

following figuresU =U+ 2J, unless otherwise indicated.

netic exchange, given Bb%° netism are close to the upper limit of what may be consid-
ered realistic. Again a small increases substantially the
V3—1_ region in theU-J, plane where ferromagnetism exists.
Jo= 2 u. (8a) The tendency to ferromagnetism in this model becomes

less pronounced as the band filling decreases. For less than a
quarter-filled band we find that no ferromagnetism exists
even for infinitely largeJ, when periodic boundary condi-
tions are used. The phase diagram fo}-filled band (two

Jo=U —4t, (8b) electrons per band in six sifess shown in Fig. 4a). No

The upper dashed line is the line
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FIG. 3. Same as Fig. 1 for a four-site system with three elec- 7<) AL A R B
trons per band. i (b) n=0.33, 0.25, 0.17
ferromagnetism exists far=0, and asl increases the region 10 -
of ferromagnetism is enlarged. It can be seen that here the o [
intra-atomic exchange suppresses ferromagnetism, never en- i
hances it. In contrast, the interband Coulomb repul&iois 5L ]
necessary for the existence of ferromagnetisd i small. -
Figure 4b) shows the dependence of the phase boundary on
lattice size for one value a} for two electrons inN sites, - | | | .
with N=6, 8, and 12. It can be seen that the dependence on T T T
lattice size is small. Similar results are found for other values U
of J.
FIG. 5. Phase boundary in thé-J, plane for low band fillings
P————"T T ] with free ends boundary condition&®) Two electrons per band in
I 1 six sites for various values af. (b) Two electrons per band in
A (a) n=0.33 | lattices of sizeN=6, N=8, andN=12, for J=0. IncreasingN
30 corresponds to decreasidg.
o
o 20r If we use free ends boundary conditions instead, however,
we find that ferromagnetism can be induced for low electron
1ok concentration with], only. Figure %a) shows the case of
[ two electrons in six sites, and Fig(lp shows the depen-
i dence of the phase boundary on lattice size ¥er0. For
oO : J=0 ferromagnetism does occur, although for rather large
values ofJy. A small J increases the ferromagnetic region
substantially. The reason that ferromagnetism becomes
407 easier for free ends boundary conditions compared to the
r periodic boundary condition case is that the gain in kinetic
I energy of the singlet state is reduced. The size of the Hilbert
301 space is larger for the singlet than the triplet sector, but free
ends boundary conditions limit the ability of the Hamiltonian
S apk to conect these states: for example, fbr o and/orU— oo,
[ parts of the Hilbert space become disconnected. For more
[ than one dimension, however, there are more ways for elec-
10 - trons to go around each other independent of the boundary
r conditions, so that the situation should be more similar to the
I periodic boundary condition case.
OO ' In fact, these results were all obtained for the case of two

electrons per band, and as such they may be more represen-
tative of that situation than of that for the corresponding

FIG. 4. Phase boundary in th&-J, plane for low band fillings. ~band filling (obtained by dividing the number of electrons by
(a) Two electrons per band in six sites for various values.dfor  the number of sitgsFor a more reliable indication that these
J=0 no ferromagnetism exist&h) Two electrons per band in lat- results are representative of the thermodynamic limit, it

tices of sizeN=6, N=8, andN=12, forJ=0.5

would be of interest to study the same band fillings for larger
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FIG. 6. Phase boundaries in thel, plane for two electrons per FIG. 8. Phase boundaries in teU plane for two electros per

band in six sites and various valuesWf(the boundaries are indi- band in twelve sites and =0 andU=U. The phase boundary for
cated forJo$U_onIy). Above each boundary the system is ferro- one band with four electrons in it is also shovydashed ling
magnetic.

ferromagnetism for two electrons per band in a 12-site sys-

tem forJ,=0, for the caseb) =0 andU =U. For the single-
number of electrons. Unfortunately, even to stuty0.33  band case, the on-site repulsidh in the presence ofl
with four electrons on 12 sites involves a Hilbert space ofstrongly favors ferromagnetism for bands close to half full,
over 3x 10’ states, which is beyond our present capabilitiesbut the effect ofu becomes much less important far away
We now consider the phase diagrams indhg, plane for  from the half-filled band? In fact, as seen in Fig. 8 for the

a fixed value of the interband repulsi@(andU:U_vL 2Jp). case ofU=0, which is equivalent to the single-band case,
Figure 6 shows the case of six sites, two electrons per banthe phase boundary shows only a weak dependenté fon

for various values ofU. It can be seen that intra-atomic this low band filling. Instead, fo=U a rather strong de-
exchange has no favorable effect on ferromagnetism; instegsendence of the phase boundary on the on-site Coulomb re-
the value ofJ required for ferromagnetism increases some-pulsion is found, and thé required for ferromagnetism ap-
what asJ, increases. However, the interband Coulomb réproaches zero all=U tends to infinity. This surprising

pulsion strongly favors ferromagnetism, as the requided effect is also found for other lattice sizes and is tied to the
decreases rapidly with increasihy fact that there is more than one band in the system. Figure 8
The fact that], does not help the tendency to ferromag- also shows the boundary for four electrons in 12 sites for a
netism for low band filling is also found for other lattice single band; while thé required is somewhat lower than for
sizes; Fig. 7 shows the phase boundaries inJtdg plane for  two electrons, the dependence Uris still weak because the
two electrons and various lattice sizes for filddU=10).  system s far from half-filling, in contrast to what happens in

Similarly the fact that favors ferromagnetism is found for the two-band quel. , )
other lattice sizes. Next we consider the phase diagram in fhé, plane for

As seen from the results in Fig. 6, the interband C0u|om5;1_reasonable value of the interband Coulomb repulsion,

repulsionU favors ferromagnetism for low band filling. To U=10, The intraband on-site repulsion is taken to be
examine this further we show in Fig. 8 the boundaries forU=U +2J, to obey rotational invariance. Figurésd shows
the case of six sites, four electrons per band. Similarly as for

2.0 e two _electrons_ per band, a finite val_ue of the intrabadnid _
I | required to give rise to ferromagnetism. In contrast, for five
n=0.5, 0.33, 0.25, 0.17 3 electrons in six sitefFig. Ab)] the criticalJ goes to zero as
- Joy increases beyond,~ 3. Qualitatively similar results to
the latter are seen for four sites and three electrons per band
(Fig. 10, and for eight sites, three electrons and seven elec-
trons per bandFig. 11).

Finally we consider a case where the “double exchange”
mechanism operates: a six-site system with six electrons in
one band and one electron in the other band. Figure 12
shows the phase diagram in thleJ, plane:J, by itself will
induce ferromagnetism, as expected, especially for large val-
ues of the Coulomb repulsiod that will prevent double
occupancy of sites for the lower band. However, note that

FIG. 7. Phase boundaries in thel, plane for two electrons per unphysically large values df, are required in the absence of
band in lattices of siz&l=4, N=6, N=8, andN=12, forU=10.  interatomic exchangd. In the presence of a small, the
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FIG. 9. Phase boundary in thkeJ, plane for six sites an¢a)

1LE- FIG. 11. Phase boundaries in thel, plane for eight sites and
four electrons per band ar(t) five electrons per bandJ) =10.

(a) three electrons antb) seven electrons per band = 10.

strong on-site repulsioff?22°For the two-band model, the

region of ferromagnetism is substantially enlarged and thgyuarter-filled band case had been thoroughly studied in the
magnitude of intra-atomic exchange required becomes reajast with intra-atomic interactions onfiy!! For that case,
Istic. orbital ordering exists for strong Coulomb repulsion, and
strong intra-atomic exchange had been found to favor the
spin-polarized over the unpolarized case.

However, the orbitally ordered state is insulating for

We have studied the combined effect of interband andstrong interactions. For interactions sufficiently weak that the
intraband Coulomb and exchange interactions in a two-bandystem is not orbitally ordered, it is also not ferromagnetic.
tight-binding model. For a single band, the nearest-neighboHere we are interested in the description of metallic ferro-
exchange interaction is known to strongly favor ferromag-

IV. SUMMARY AND CONCLUSIONS

netism, especially close to half-filling and in the presence of 20
F x T | ] s E
1 n=0.75 ]
0.8 p -
L E - 10
0.6 =
- ]
0.4 . S
i L/
0.2 —_ 0 b
: 0
g0 b b L L
0 0.5 Jol L5 2 FIG. 12. Phase boundaries in tbieJ, plane for six sites and six

electrons in one band, one electron in the other baid U + 2J,.
FIG. 10. Phase boundary in thkeJ, plane for four sites and The values of] are indicated next to each curve. The dashed line is

three electrons per band for=10. Jo=U.
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magnetism, and hence we have focused mainly on norriers per band for increasing lattice sizes could represent al-
guarter-filled band cases. loys of Ni-Cu and Ni-Zn with decreasing Ni concentration
The results obtained depend strongly on lattice sizes andnd hence decreasing numbeddfoles per site. Note that it
band filling, and hence it is not straightforward to extrapolatehas never been convincingly shouire., beyond mean-field
to the thermodynamic limit. Nevertheless, we believe it istheory that in a model with only intra-atomic exchange and
reasonable to expect that results for small systems with a fel@w density of carriers the ferromagnetic state is the ground
electrons can give us some qualitative insight into the effecstate (except for the special case of a single electron per
of the various interaction parameters. It is clear that the intraband®). The results here show that this is not the case, at
atomic exchange by itself is often not sufficient to give riseleast for the case of periodic boundary conditions. Our find-
to ferromagnetism, whether for realistic parameters or evef9S cast doubt on the commonly accepted view that intra-
for unrealistically large interactiorfe.g., Figs. 1, 4, 6, 7, 9, ato_m|c exchange is t.he driving force for metglllc ferromag-
and 11b)]. Only in some cases did a smd}j by itself give netism, at least fqr nlckgl and nickel alloys with decreasing
fise to ferromagnetisife.g., Figs. 2, 3, 10, and (&]. How- d-hole concentration. It is furthermore_ unlikely that the fun-_
ever, it is likely that the tendency to ferromagnetism in thedamental mechanism of ferromagnetism would change radi-

small systems of this latter group, all of which have an oddcally as we move to the left of Ni in the periodic table, as no

sharp changes in behavior are seen in alloys with continu-
number of electrons per band and hence degenerate grou H P 9 Y

i th . " . bstantially | than &, sly increasingl-hole concentratiore.g., Ni-Fe, etk
states in t. e noninteracting case, IS substantially fargérthan it |, contrast, we have seen that when intraband interatomic
would be in the thermodynamic lim{similar to the case of

X A ! exchange is included, ferromagnetism will result in all cases
the Jahn-Teller instability in small molecules which goesg;,died. In some cases, interatomic and intra-atomic ex-
over to the weaker Peierls instability for an infinite system change were found to act cooperatively. That is, the magni-
In other cases, both for band fillings smaller and larger thaqyge ofJ required to obtain ferromagnetism decreases as the
one quarter, no ferromagnetism was found with aldy In intra-atomic exchangd, increases. However, in other cases,
contrast the interatomic exchange intgractions were a|Way|§articularly for low band filling,J, was found to have only a
found to strongly favor ferromagnetism, even for rathergma| effect and actually disfavor the tendency to ferromag-
small values of). Sometimes an added intra-atondigwas  petism. That is, a larger value dfis required for larged, to
found to enhance the tendency to ferromagnetism and othgfive rise to ferromagnetism. This indicates that the tendency
times to suppress it, while the intra-atomic Coulomb repulo glectrons on the same atom to align their spins parallel to
sion between different orbitald was found to always en- each other is not necessarily relevant to the question whether
hance the tendency to ferromagnetism. electrons on different sites in the same band will align their
In particular, our results showed that for low band filling, spins parallel to each other. This is, however, strongly de-
and in particular for the case of two carriers per band, thependent on the filling of the bands. For example, for a few
intra-atomic exchange interactialy is not effective in giv-  carriers in one of the bands and the other band half full,
ing rise to ferromagnetism. This is contrary to the conclu-intra-atomic exchange does give a definite tendency for spin
sions in the study by Slater, Statz, and KoStevhich con-  alignment through the “double-exchange” mechanism. This
sidered a single carrier per band. However, that was a verig well known from analytic work and we have also found
special nongeneric case, as the cost in kinetic energy in thiein the numerical calculations discussed here.
band caused by spin polarization does not even arise. Instead In summary, we believe the results of this paper support
we believe that the case considered here of two electrons péte view that intraband rather than interband interactions,
band, which does take that cost into account, is more likehand interatomic rather than intraatomic interactions, are
to be generic for low band fillings. Even thoudl favors  chiefly responsible for metallic ferromagnetism. Among in-
electrons on the same site in different orbitals to have parakraband interactions it is the bond-charge repulsion, which in
lel spins, this does not necessarily translate into a tendency tight-binding basis is represented by off-diagonal Coulomb
for electrons in nearby sites to become spin aligned. Thus wmatrix elements giving rise to nearest-neighbor exchange
believe that to infer conclusions about the importance ofand pair-hopping processes, the one that is likely to be the
intra-atomic exchange in the tendency to ferromagnetism byriving force for metallic ferromagnetisii. This view of
estimating the amount of polar fluctuationsdnband$’ is  course does not imply that band degeneracy does not play
somewhat misleading. Even if there are substantial polaany role, and in particular we have seen that the intraatomic

fluctuations (which in our model corresponds to taking a interorbital Coulomb repulsiob plays an important quanti-
small value ofU) which will give rise to a lowering of tative role even for low density of carriers in favoring ferro-
energy of two electrons with aligned spin on the same atommagnetism. It also does not exclude the fact that as we move
this does not imply that ferromagnetism will result. from the left towards the center of the transition-metal series

We believe that this finding is relevant to the understandand the magnetization per atom increases, intra-atomic ex-
ing of ferromagnetism in Ni as well as Ni-Cu and Ni-Zn change will become quantitatively important. However, it
alloy. The magnetic moment of Ni is only about 0.6 Bohr does suggest that the main qualitative features of metallic
magnetons per atom. Roughly, this is close to full polarizaferromagnetism can be understood from a simple single-band
tion for the casen=0.33 obtained for the six-site system model, and leaves open the interesting possibility that itiner-
with two carriers per band, giving rise to a magnetic momentant ferromagnetism may exist in metals that have not yet
per atom ofm=0.66ug when fully polarized. Note that the been synthesized in the laboratory where intra-atomic ex-
carriers in this case are holes rather than electrons. Similarlghange can play no role whatsoever, such as hydrogen at
the progressively lower band fillings obtained with two car-very high densitie&®
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