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Metallic Ferromagnetism in the Hubbard Model: A Rigorous Example
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We present the first rigorous example of the Hubbard model in any dimension which exhibits metallic
ferromagnetism. The model is a genuine Hubbard model with short-range hopping and on-site Coulomb
repulsion, and has many single-electron bands. In the limit where the band gap and the Coulomb repulsion
become infinite, we prove that the ground states are completely ferromagnetic and at the same time

conducting.
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It has been believed since Heisenberg [1] that ferromag-
netism observed in nature is generated by quantum effects
and the Coulomb interaction between electrons. It is a
challenging problem to confirm this scenario by showing
that only short-range hopping of electrons and spin-
independent Coulomb interaction can lead to ferromagne-
tism in the concrete setting of the Hubbard model [2].

Now many rigorous examples of ferromagnetism (or
ferrimagnetism [3]) in the Hubbard model are known,
and it is clear that certain versions of the model do generate
ferromagnetism. An important class of examples, now
called flatband ferromagnetism, was discovered by
Mielke [4] and then by Tasaki [5]. In these models elec-
trons occupy the lowest dispersionless band, and an infini-
tesimally small Coulomb interaction can lead to a complete
ferromagnetism. Related models were found in [6].
Although the flatband models are singular in the sense
that the single-electron ground states have huge degener-
acy, the mechanism which generates ferromagnetism is
believed to be robust and physically realistic. Indeed the
existence of ferromagnetism has been proved rigorously in
related nonsingular models [7,8].

A common feature of all these rigorous examples of
ferromagnetism is that they describe insulators [9].
Metallic ferromagnetism, in which same electrons contrib-
ute both to magnetism and conduction, is clearly more
interesting and challenging. As far as we know the only
rigorous example of metallic ferromagnetism in the
Hubbard model is that by Tanaka and Idogaki [10], who
treated a quasi—one-dimensional model using the Perron-
Frobenius argument [2]. But the physics of one-
dimensional electron systems is very special, and it is
highly desirable to have examples in higher dimensions.

In this Letter, we present the first rigorous example of
metallic ferromagnetism in a version of the Hubbard model
in any dimension. The mechanism of ferromagnetism in
the present model is basically the same as that in the
previous models, namely, when one represents the system
using a moderately localized basis, the Coulomb repulsion
(in real space) generates both a repulsive interaction and a
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ferromagnetic exchange interaction. Our model is a variant
of the models in [5-7] and has multi—single-electron
bands, among which the lowest two mainly contribute to
low energy physics (especially in the large band gap limit
that we take). In the ground states the lowest band is half
filled and exhibits ferromagnetism as in [5—7]. The elec-
trons in the second lowest band, which is partially filled,
are movable and are coupled ferromagnetically to the
electrons in the lowest band. This gives rise to ground
states which are ferromagnetic and at the same time
conducting.

Although the basic mechanisms are similar, the mathe-
matical methods developed for the insulating models [5-7]
never apply to conducting systems [11]. We here develop a
completely different variational argument.

Definitions and main results.—Let A be the
d-dimensional L X --- X L hypercubic lattice (where L
is even) with unit lattice spacing and periodic boundary
conditions. Let N = {(,0,...,0),...,(0,...,0,1)} be the
set of d vectors of length % pointing in the positive direction
of each axis. Then B={x+ S|x € A, § € N} can be
regarded as the set of midpoints of bonds in A. We con-
struct a Hubbard model on the lattice A = A X {1, 2, 3}U
B X {1, 2} (where the triplicated lattice A X {1, 2, 3} con-
sists of pairs (x, i) with x € A and i = 1, 2, 3, and the
duplicated lattice B X {1, 2} consists of pairs (w, i) with
w € Bandi = 1, 2). See Fig. 1. With each site z € A and
spin index o =1, |, we associate the standard fermion
operator ¢, .

It is convenient to define some fermion operators by
combining the basic operator c, . For each x € A, 6 €
N,i=1,2 and o =1, ], we define

X x+% x+1
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FIG. 1. The lattice A for d = 1. Integer sites are triplicated,
and half-odd-integer sites are duplicated.
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where v > 0 is a model parameter whose value does not
play essential roles in the present Letter. See Fig. 2. These
operators are designed in such a way that any electronic
state on A can be written by a combination of a, b, and d
operators. Moreover one has {af, b} = {at, d} = {bT, d} =
0 for any combinations of indices, and {a;[,(,, a, .=
{bx o by} =08,,6,,forany x, yE Aand o, 7=T1,|.
Note that, unlike in our previous models [5,7], the a
operators satisfy the standard canonical anticommutation
relations.
We define Hamiltonian H by

d(x+6,i),0' = Cxtsii)o

H= ( Salaa tbxo'byzr)

X yEA;x—y|=1
o=1l

+ M{Zd;a—dx’g + Z d;rw,i),a'd(w:f),o'}

XEA weEB,i=1,2
o=1l o=l

+ 0> blobyy +US ngn,y, (5)

pas] €A

with n,, = c;f, oC, s Note that (5) defines a genuine
Hubbard model with short ranged (but admittedly com-
plicated) hopping amplitudes. The model has several
bands; the a band with the dispersion relation €,(k) =
—2s Zd ,cos(k;), the b band with €,(k)=v —
2t3'¢_, cos(k;), and the d bands with higher energies. We
fix the total electron number to N..

Theorem.—Let d = 1,2,3, ... be arbitrary and suppose
that |[A| = N, = 2|A] [12] and v > 2d(|s| + 2|¢]). In the
limit u, U — oo [13], the ground states of (5) exhibit
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FIG. 2. Components of the states corresponding to the special
fermion operators indexed by x € A and w € B. We omitted the
normalization factors for the a and b operators. Each state is
localized within the unit lattice spacing.

saturated ferromagnetism in the sense that they have the
maximum possible total spin S, = N,/2.

One may replace the lower bound for v by better values
which depend on the electron number. For example, it is
enough to have v > 2d(|s| + |¢|) when 3|A|/2 <N, =
2|Al.

The electron number N, = |A| corresponds to the half-
filling of the lowest a band, and N, = 2|A| to the half-
filling of both the a and b bands. Therefore when ¢ # 0 and
the electron number satisfies |A| < N, < 2|A|, the ferro-
magnetic ground states, which are indeed Slater determi-
nant states, are conducting states with N, — |A| conducting
electrons (or 2| A| — N, holes) in the b band.

Finite energy states.—We shall describe a complete
proof of the theorem. We say that @ is a finite energy state
if (d, H®) < oo in the limit u, U — oo. A finite energy
state cannot contain any of the d states since a d electron
costs an energy proportional to u, which becomes infinite.
Furthermore since U — oo, a finite energy state ® must
satisfy for any z € A the condition n n, ® =0 and
hence

Czlezqu) = 0. (6)

Let @, be the state with no electrons. A computation
shows that C(x,3),lc(x,3),T(' )a Taxlq)o 3+ 4dV2) !
(- - -)®,, where (- - *) is an arbitrary product of at and bT
except for aI’T, ail. This means that any state ® which
contains a term with aI’TaI, | cannot satisfy ¢, 3) 1€ P =
0. Thus a finite energy state ® has no terms with aI,TaIJ.
Likewise [14] we can show that ® has no terms with
bI‘TbI, |- Therefore any finite energy state is in the subspace

JHHC with the “hard core condition,” which is spanned by
the basis states

V(A 0B, 7) = (l_[al”(x)xnblr(x))@(), (7)
XEA XEB

where A, B are arbitrary subsets of A such that |[A| + |B| =

N, and o = [o(x)],es, T = [7(x)],cp are arbitrary spin

configurations with o(x), 7(x) € {1, I} [15].

For a state @ to satisfy (6), it is not enough that ® &
JHHC, By imposing (6) for other sites, we find that a finite
energy state @ must satisfy the following local ferromag-
netic conditions. When we expand & as

o = Z Y(A, o, B, T)V(A, 0, B, 7), (8)

Ao,B T

the coefficients (A, o; B, 7) must satisfy (4, o; B, 7) =
(A, o, B, 7) for any x, y € A such that |x — y[ =1,
and (A, o;B, 7) = (A, o; B, 7,) for any x E ANB.
Here o, is the configuration obtained from o by switch-
ing o(x) and o(y) in o. Similarly o, 7, are obtained by
switching o(x) and 7(x) in o, 7 [16]. These conditions are
equivalent to infinitely large ferromagnetic couplings be-
tween neighboring a electrons, and between the a electron
and the b electron sharing a same site x.

116402-2



PRL 98, 116402 (2007)

PHYSICAL REVIEW LETTERS

week ending
16 MARCH 2007

By H'F we denote the subspace of JH{ 1€ consisting of
states which satisfy the local ferromagnetic conditions.
Note that for any ® € HHF the expectation value of H
satisfies (®, HD) = (D, H ;D) with

Hyr = > (=sal,a,, = thlsb,,) + vY blob. . (9)

XY, 0

Variational estimates.—So far all of the arguments are
straightforward variations of those developed for the sim-
ple flatband models [5]. Let us now turn to variational
estimates, which are essential to our treatment of conduct-
ing states.

Note that the above stated local ferromagnetic condi-
tions relate the coefficients (A, o; B, 7) with common A
and B. We can thus decompose J{F into a direct sum as

LF — mlAl LE LF : :
H N, =No—IA] HF. Here H " is the intersection

of H'F and the space spanned by the basis states
W(A, o; B, 7) with any A such that |A| = N, and arbitrary
o, B, and 7. Since the effective Hamiltonian (9) leaves the
number of a electrons invariant, we can determine the
ground state energy Egg variationally as

EN,) = 1nf <(I) H D),

IICDH l

EGS = rl}vln E(Nu)

Ne—IAI=Na=IA|
(10)

When N, = |Al, a electrons fill the entire A, and are
coupled ferromagnetically. Since all b electrons are
coupled ferromagnetically to the a electrons, we see that
any state in FH IF, 1Al has the maximum possible total spin
St = N/2. Tt is also easy to see that E(|A|) gives the
lowest energy among the ferromagnetic states. In what
follows, we shall prove that E(N,) > E(|A]) for any N, <
|A|. This shows that the ground states have the maximum
total spin, and proves our theorem.

Let N, < |A|. We first note that on the space k,F,

Hyg = H+ (N, — Nv —2dIs|(|A| = N,),  (11)
where
H=-t > blob

XyEAx—yl=1
o=1l

12)

»o:

To get the lower bound (11), we noted that each hole (i.e., a
site in A not occupied by an a electron) has a kinetic
energy not less than —2d|s| [17].

Since H does not act on a electrons, we have

inf (®, HD) = mm mf (CI) HD), (13)
@e}[kF LF
ol=1 e
where HLF is the intersection of HF and the space
spanned by the basis states W(A, o; B, ) with the specified
A and arbitrary o, B, and 7. 5
Note that, on HLF (even on FH M), we can bound H as

H = H, —2dli(IA] - A]), (14)

for any A C A, where

Hy=-t Y bl,b,, (15)
x‘,yE,;‘;;gL—ly\ =1
is the hopping Hamiltonian restricted on A. To get the
lower bound (14), we applied the bound Iza(b}:,gby,(, +
H.c.)| =1 (which is valid on HHC) to all the hopping
terms including any site in A\A. From (10), (11), (13), and
(14), we have

E(N,) = (N — |ADv + (IA] = N){v — 2d(|s| + |¢])}
+ IPCIP lljl{f (D, H, D). (16)
HE

llefl=1

We shall examine the infimum in (16). Let us decom-
pose A into connected components as A = [ J1L; A;. Within
each /i,-, all the a electrons and b electrons are coupled to
have the maximum possible total spin because of the local
ferromagnetic conditions. Note that A, allows b electrons
to hop around only within each connected component A;,
and leaves those b electrons on A\A unaffected. This
means that the above ferromagnetic coupling is not dis-
turbed by the application of H,. Therefore the infimum of
the expectation value of H, taken over all states in 5—[ LF
can be estimated simply in the subspace spanned by up-
spin electrons [18]. At this stage we can forget about the
a electrons, which have no kinetic energies in H 4, and
consider only the (now fully polarized) b electrons. This
leads us to

inf (&, H,®)= inf (D, H,D), (17)

@Ej{kF oed!
o1 A Ne =4l
llbli=T

where H TA ~ 1s the space spanned by states of the form
([Tee Bb;T)(I)O with an arbitrary B C A such that |B| = N

An inspection shows that, in the space E\,N;I Al» the
number of movable electrons (which are on A, and hence
acted on by H ) varies from Ny, = N, — |A]| to Ny =
min{|A[, N, — |Al}.

Since unmovable electrons (which are on A\A)
are not affected by H, at all, we see that
<(]_[X€BbI’T)<DO, I:IA(]_[)(EB/b;T)(I)O) =() whenever |[ANB| #
|[ANB’'|. Therefore we can evaluate the infimum in the
right-hand side of (17) in each subspace with a fixed
number of movable electrons. Since unmovable electrons
have no contributions to expectation values of H 4, we have

inf (®, H,D)= mNin inf (O, H,®), (18)

il
d)ej{ il Nopin=N=Nmax CI»EJ{A N

Il lof=i
where 3:[ L, y 18 the space spanned by states of the form
([Tee Bbe)(I)o with an arbitrary B C A such that |B| =

Let H, be the hopping Hamiltonian (15) with A = A
Since H, and H, are equivalent when restricted to the

subspace H! AN> We see that
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1nf (b, H,®) =
aedf!
lloll=1

1nf (D, H\ D) =
vedl!
lol=i

1nf (D, H)\D),
(hej{
II‘l'II i

19)

where the inequality follows from H L,N cH TA,N. We
then find, from (17)—(19), that

inf (®, H,P) = min inf (P, H\®). (20)
vesf[F N NNy PET
”‘I)”zl min max ”q)”;],

Let €, = €, = - -+ = €|, be the single-electron eigen-
values of the hopping Hamiltonian H ,, which is (15) with
A = A, in ascending order. Since the energy spectrum has
a plus-minus symmetry, we see that €, < 0 if € < |A[/2
and €, = 0 if € >|A|/2. The infimum in the right-hand
side of (20) is nothing but the ground state energy of a
spinless free fermion, and is equal to >}, €,. By mini-
mizing this over N, we see that [19]

mm

[right-hand side of (20)] = (|A| — |A])e + Z €, (21
where € is 0 if Ny, > [A|/2, and is €y if Ny = |A]/2.

As for the lowest energy E(A) of the ferromagnetic
states, one has

N.—IA|

E(AD) =N, = IADv + > e (22)
=1

since one simply fills all the a states and the lowest N, —
|A| states of the b band with up-spin electrons to get the
lowest energy. Note that the total energy of the fully filled
a band is vanishing since there are no diagonal terms in the
hopping Hamiltonian of the a electrons.

Combining (16) and (20)—(22), we finally get

E(N,) = E(IAD + (IAl = |AD{v = 2d(ls| + [2]) + &},
(23)

which implies the desired bound E(N,) > E(|A]) if N, <
|A| and v > 2d(|s| + |¢]) — €. Since € = —2d]|t|, we get
the condition for v in the theorem. The improved condition
is obtained by recalling that € = 0 if N, > |A[/2.
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Let ®; be any normalized state in .’7—[ LE Wthh consists
only of up-spin electrons. Let S; 1axT + b \by1 and
S; =Y .eiSx be the spin lowerlng operators Define
S(n) ]—[XeA\A(S ) T2, (S;7)" with n, =0, 1 and
n; =0,1,2..., where n is a short hand for a collection
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Suppose that Ny, > |A|/2. Then since €, = 0 for ¢ =
Npin» We see that the desired minimum is Z?’:“‘l" €.
When N, = IAI /2, we can bound the mlmmum from
below by Z€ " eg + (Nmax - mm)eNmm = Z i 1 €¢ +
(Al = 1ADey, | where we used N, = |A| and
Nmax = Ne - |A|



