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Flat-band ferromagnetism in organic polymers designed by a computer simulation
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By coupling a first-principles, spin-density functional calculation with an exact diagonalization study of the
Hubbard model, we have searched over various functional groups for the best case for the flat-band ferromag-
netism proposed by R. Aritaet al. @Phys. Rev. Lett.88, 127202~2002!# in organic polymers of five-membered
rings. The original proposal~polyaminotriazole! has turned out to be the best case among the materials
examined, where the reason why this is so is identified here. We have also found that the ferromagnetism in the
polymer, originally proposed for the half-filled flat band, is stable even when the band filling is varied away
from the half filling. All these make the ferromagnetism proposed here more experimentally inviting.
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I. INTRODUCTION

Materials design to realize desired properties
condensed-matter physics is becoming increasingly reali
There, computer simulations are an essential part in des
ing, given high levels of computer performance. Name
large-scale first-principles calculations should be impera
in narrowing down, or even pinpoint, the right materials f
the desired properties and functions out of a wide variety
candidates. Such an approach is especially promising
molecules and nanostructures. While the atom manipula
with scanning tunneling microscopy1–4 provides new possi-
bilities for materials design, the design of molecules, es
cially polymers as we focus on here, should be fundamen

In this contextorganic molecules and polymers are o
special interest, since they have versatile structures
chemical properties that can be wider than those found
inorganic materials. Indeed, the discovery of a conduct
organic polymer by Shirakawa5,6 kicked off intensive studies
which are paving a new way to organic polymers or olig
mers in realizing various functions as molecular-electron
devices such as field-effect transistors7 or light-emitting
diodes.8

Organic ferromagnets have also attracted much atten
as a challenging target.9,10 In particular, organic magnet
consisting entirely of nonmagnetic elements is of fundam
tal as well as practical interests. Ordinary ferromagnets c
sisting of magnetic elements exploit electrons ind or f orbit-
als which strongly interact with each other. We can then
ourselves: can magnetism arise inp-electron systems which
are weakly interacting? One theoretical possibility is to ap
the flat-band ferromagnetism proposed by Mielke and
Tasaki.11,12 This magnetism arises as an effect of t
electron-electron repulsion when the~one-electron! band
structure contains a dispersionless band. The mechanis
interesting in many ways, but essential features are, first,
system is totally distinct from the ‘‘narrow-band limit’’ in
textbooks, since the magnetism occurs when the transfe
tween different sites is finite.

Second, this is a band ferromagnetism rather than a m
netism arising for localized spins. While there are other p
0163-1829/2003/68~17!/174419~10!/$20.00 68 1744
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sible mechanisms such as the intramolecular Hund’s c
pling for spins inp-orbitals,9 the flat-band ferromagnetism i
distinct in that spins can be carried by itinerant electro
which may be utilized for spin injectors in spintronics.

Here a theoretical remark on the flat-band ferromagnet
is due. The flat-band ferromagnetism was first proposed
Lieb,13 who considered bipartite lattices~consisting of two
sublattices! that have different numbers ofA sublattice sites
NA and B sublattice sitesNB . Lieb proved that when we
switch on the electron-electron repulsion~assumed to be
short ranged, so that we take the Hubbard model!, the ground
state should be ferrimagnetic with the magnetization}NA
2NB . Quantum chemically, the model, containingNA2NB
nonbonding molecular orbitals, is similar to Mataga
model.14 Shima and Aoki15 then proposed a systematic wa
to realize such systems as superhoneycomb structu
Mielke16–18 and independently Tasaki19 then constructed
other flat-band ferromagnetism, which is distinct from Lieb
in that the flat band is constructed from quantum-mechan
interference between the nearest neighbors and further tr
fers or interference within odd-membered plaquette~so the
system is necessarily nonbipartite! and the ground state i
now ferromagnetic when the flat band is half filled.

To be more precise, the lattice is required to satisfy w
is called the ‘‘local connectivity condition.’’ Namely, the fla
band is by no means a sufficient condition for ferroma
netism, and the magnetism arises for special lattices
which adjacent ‘‘Wannier’’ orbitalshave tooverlap with each
other no matter how they are combined to minimize ea
orbit size. So, while ordinarily a flat band implies a di
jointed set of orbits, the orbits are connected in Mielk
Tasaki lattices. This is intuitively why spins align to lowe
the repulsion energy from Pauli’s principle.

In actual materials, it would be very difficult to realiz
perfectly flat bands, and to make them exactly half filled. F
the flatness, a rigorous proof~for Mielke-Tasaki lattice!20 and
numerical simulations21,22 show that a slight band dispersio
does not destroy the magnetism. For the filling, there i
proof11 and a numerical simulation21 which reveal that small
deviations from half filling are permissible for the ferroma
netism.
©2003 The American Physical Society19-1
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With this background, what kind of organic materials a
promising for realization of the flat-band ferromagnetism
The hardest part is to realize the connectivity condition.
general we have to consider complex lattices, such
Kagomé,16 or lattices having distant-neighbor transfe
However, the condition is easier to satisfy on on
dimensional polymers. For example, Mielke-Tasaki mode
realized as a chain of triangles.21,23,24So we can concentrat
on polymers.

Next comes the choice of the monomers that should
polymerized. Even-membered rings such as benzene are
advantageous in that antiferromagnetic order tends to do
nate the magnetism. So we should opt for odd-membe
rings, and the chain of triangles mentioned above is an
ample. Since triangular molecules are scarce, we can fo
on polymers based on five-membered rings, such as poly
role, polythiophen, etc.

For the computer design, the twofold purpose of t
present paper is the following,

~i! to search for the materials that realize the flat band
the manner of Mielke-Tasaki. Since the chain of od
membered rings is by no means a sufficient~nor necessary!
condition for the flat band, this is an important part.

~ii ! Next, we should do a first-principles~spin-density
functional! band calculation to confirm~a! the flatness of the
band and the ferromagnetism in the ground state and~b!
whether the magnetism can indeed be interpreted as
Mielke-Tasaki mechanism, for which we have to evoke
electron-correlation calculation~exact diagonalization of the
Hubbard model here!. ~c! We also address the question
how the departure from half filling affects the magnetism
the flat band.

For the first-principles calculation, we have employed
generalized gradient approximation25 ~GGA!. Depending on
the purpose of each calculation, we have studied either
spin-unpolarized case based on the density-functional th
~GGA-DFT! or the spin-polarized one based on the sp
density functional theory~GGA-SDFT!. We have used the
plane-wave based ultrasoft pseudopotentials.26,27 The energy
cutoff was taken as 20.25 Ry. The convergence criterion
the geometry optimization was that all of the forces acting
each atom were within 131023 Hartree/a.u.

The plan of this paper is as follows. In Sec. II, we d
scribe the search for various materials and show some
amples which exhibit possibilities of ferromagnetism. In S
III, we show the result for the most promising materi
polyaminotriazole, and discuss how the theory for the fl
band ferromagnetism works on this particular material.
Sec. IV, we discuss how the ferromagnetic state is rob
against the deviation of the band filling from the half fillin

II. EXAMINED MATERIALS

A. Flat bands in the polymer of five-membered rings

Let us first examine the simple tight-binding model,

H52t(
^ i , j &

ci
†cj1«0(

i 52

5

ni1«1n1 , ~1!
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for a chain of five-membered rings, where we first assu
that all the transfer integrals within the ring and those co
necting rings have the samet, and the on-site energy at th
top of each ring is«1 and zero otherwise («050). We first
consider the half-filled case where one electron per site
average. This is a reasonable assumption when we con
p-orbital networks on such polymers.

Let us start from an observation that Mielke-Tasaki’s co
dition is satisfied when«15t (.0), not an unrealistic con-
dition. In this case, the third band withE50, i.e., the half-
filled band, has flat dispersion. It is heuristic to see how
Mielke-Tasaki eigenfunctions are constructed in this e
ample: the most compact eigenfunction extends over
rings as depicted in Fig. 1~a!, where the amplitudes of the
numbered sites are given as~1, 1, 0, 21, 0, 21, 0, 1, 0,
21). The fact that the amplitudes at the sites 5 and 7
zero ensures the localized nature of this eigenfunction. N
that we are not displaying a part of a Bloch function, but t
entire eigenfunction. One can also construct another, line
independent eigenfunction by simply shifting the wave fun
tion by one ring distance, where its eigenvalue is the sa
(E50). So the set of all these eigenfunctions can be a b
for the flat band. Since each eigenfunction extends over
two rings, two neighboring basis functions overlap as sho
in Fig. 1~b!. One cannot remove such overlaps between
bases no matter how the linear combination of these ba
are taken. This overlap is the origin of the ferromagne
coupling between the electrons in the flat band.

B. Known polymers of five-membered rings

A typical polymer of five-membered rings is polypyrrole
The atomic structure and calculated band structures
shown in Figs. 2~a! and 2~b!, respectively. The five-
membered rings alternate their directions in this compou
so that the unit cell contains two rings.X point in Fig. 2~b!
hask5(p/a,0,0), wherea is the lattice constant of this uni
cell as shown in Fig. 2~a!. Because of the doubled unit cel
most of the bands are folded atX. For directions perpendicu
lar to the chain (y,z), we have taken a cell size large enou
to avoid interchain interactions. We can see that polypyrr
has no flat bands around the Fermi energy, not surprisin
since the chain of odd-membered rings is by no means
ficient as stressed.

We have also looked at other typical polymers of fiv
membered rings, including polythiophen~where an N-H

FIG. 1. ~a! An eigenfunction that satisfies the connectivity co
dition. ~b! The overlap of the adjacent eigenfunctions.
9-2



-
e

to
o
i

fla

ce
n

nt

ng
nc

m

o
In
la
ce
on
er

ve

st

m
e

a
s

ng

e
d by

g,
e of
-
ly-

and
sary
e
ca-

le,
ase
d
c-
as-

ys

the
to
ach
ing
ng

-

re

FLAT-BAND FERROMAGNETISM IN ORGANIC . . . PHYSICAL REVIEW B 68, 174419 ~2003!
block in polypyrrole is replaced with an S atom! and poly-
triazole ~where all the C-H blocks in polypyrrole are re
placed with N atoms!. However, their band structures hav
no flat bands, either.

C. Designing the polymer

This is exactly where thedesigningcomes in. Our strat-
egy consists of two approaches. One is to replace H a
bound to N atom at the top of the ring with various kinds
bases. According to the tight-binding calculation described
the preceding section, the on-site energy«1 of the top of the
ring should be higher than that of C atoms to have a
band. Because the on-site energy of N is expected to
lower than that of C, the first attempt should be the repla
ment of the N atom with other elements having higher o
site energies. However, that should be difficult if one wa
to retain the existence of thep orbital with a single-electron
occupation on it. Therefore, we have opted for controlli
the on-site energy by replacing the H atom with other fu
tional groups, by leaving the N atom intact.

Alternatively, we can replace C-H blocks on the botto
edge of the pentagons@3, 4, 8, 9 in Fig. 1~a!# with N atoms,
where the lowering of the on-site energies of the bottom
the ring may effectively realize the required condition.
other words, we use polypyrrole and polytriazole as the p
form to modify either the top or the bottom of the ring. Sin
it is not obvious which approach should be better, we c
sider both platforms for all the substituents considered h

Substituents we have tested are sodium~Na!, potassium
~K!, chlorine~Cl!, fluorine~F!, cyanogen~CN!, nitro (NO2),
sulfate (SO4), carboxyl ~COOH!, amino (NH2), methyl
(CH3), and hydroxyl~OH!. For all these candidates, we ha
performed first-principles ~GGA-DFT! optimization of
atomic structures, and obtained their band structures. Mo
them have no flat bands aroundEF , but some of them have
turned out to have flat bands. For these we have perfor
further ~GGA-SDFT! first-principles optimizations under th
doping condition to make the flat-band half filled.

First, we have examined single atoms~alkali metal or
halogen! as substituents. This is motivated by the fact th
small substituents may be better than larger ones, becau
bulky group at the top of the ring may introduce a coupli

FIG. 2. ~a! Atomic structure of polypyrrole. The structure re
peats itself to the right and left.~b! The ~GGA-DFT! band structure
of polypyrrole.
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~transfer! with the adjacent ring, which would destroy th
basic assumption that the adjacent rings are connecte
one bond to satisfy Mielke-Tasaki’s condition.

In order to raise the on-site energy of the top of the rin
we have first considered an alkali-metal atom, Na, becaus
its low electron affinity. Figure 3~a! shows the atomic struc
ture of poly-sodium-triazole, where hydrogen atoms in po
triazole are replaced by sodium atoms. Figure 3~b! shows the
band structure, where one can see that a nearly flat b
exists above the Fermi energy. Absence of any unneces
bands between the flat band andEF is favorable, because w
can dope carriers into the flat band without any compli
tions.

We have also examined the Na-substituted polypyrro
and obtained a similar band structure. However, in this c
the flat band aboveEF is much closer to a dispersive ban
below EF , which can introduce unwanted interband intera
tions. As for the alkali-metal we have also considered pot
sium, but the case of Na has turned out to be better.

We move on to the doping. First, the flat bands alwa
appear as a pair of bands folded atX point, except for the
case of antiferromagnetic ordering. Therefore, we make
flat-band half filled by doping two carriers per unit cell in
the pair of flat bands. Namely, one carrier is doped for e
ring. In poly-sodium-triazole, we have considered the dop
of two electrons per unit cell. Here we realize the dopi

FIG. 3. For poly-sodium-triazole the optimized atomic structu
~a!, the band structure when undoped~spin unpolarized! ~b!, and
when doped~spin polarized! ~c! are shown.
9-3
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SUWA, ARITA, KUROKI, AND AOKI PHYSICAL REVIEW B 68, 174419 ~2003!
condition by increasing the number of electrons with a u
form positive background charge for charge neutrality.

After a geometrical optimization of doped poly-sodium
triazole, we have calculated the spin-dependent~GGA-
SDFT! band structure in Fig. 3~c!. We can see that the num
ber of occupied states differs between major and minor sp
which means that the system is ferromagnetic. It should
noted that~the pair of! the flat band is not entirely spin-spli
The difference of the number of spins is 0.65 per unit c
The spin polarization is smaller than the full polarizati
~2.0!. We also found that the total energy~per unit cell
throughout this paper! of the ferromagnetic~F! state is lower
by 12 meV than that of the paramagnetic~P! state. We could
not find antiferromagnetic~AF! solution even when we
started geometry optimization from an AF electronic sta
So the F state is the most stable in this material, but is o
slightly lower in energy than the P state.

The reason why this material gives such an insuffici
result in spite of the existence of the nearly flat band sho
be sought in the nature of the flat-band’s wave function.
found that the half-filled flat band here is made of an orb
localized around the Na atom, so it does not satisfy the lo
connectivity condition. This should be the reason why
stability of the F state is weak, while the finite spi
polarization in GGA-SDFT should be a narrow-band effe
rather than a much more robust Mielke-Tasaki effect. Inde
the difference between the weak ferromagnetism here a
robust ferromagnetism in polyaminotriazole, shown later,
good demonstration of the importance of the local conn
tivity condition, hallmark of the flat-band ferromagnetism

Now we digress a bit, and consider the contrary case o
atom having high electron affinity such as a halogen, e
fluorine atom, which might be heuristic. Figure 4~a! shows
the atomic structure of polyfluoropyrrole, where the fluori
atoms are substituted for hydrogen atoms bound to nitro
atoms in polypyrrole. Figure 4~b! is the band structure ob
tained by spin-unpolarized~GGA-DFT! calculation. We find
a flat band which lies just in between two dispersive ba
below EF . Because of this the doping greater than one c
rier per unit cell is required.

So we consider making the flat-band half filled by dopi
four holes per unit cell. Here, two holes are necessary
make the dispersive band just below the Fermi level em
and two holes are necessary to make the folded flat-ba
half filled. Figure 4~c! shows spin-dependent band structu
after the geometry optimization under the doping conditi
The system is seen to be ferromagnetic. The difference o
number of spins per unit cell is just 2.0, while the flat ba
shifts upward~downward! for the minority ~majority! spins.
One problem of this material, however, is that a doping tw
as large is necessary. Furthermore an AF state, obtaine
starting the geometry optimization from an antiferromagne
state, has a total energy 21 meV lower than that of F st
Replacing the fluorine atom with a chlorine atom results i
band structure similar to the case of fluorine.

We move on to functional groups as substituents to sea
further possibilities. We have considered an example, p
hydroxytriazole, where H atom in polytriazole is replaced
OH with a low electron affinity. Although a pair of slightly
17441
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dispersive bands exist just belowEF , these bands, when
doped with two holes per unit cell, become mixed with d
persive bands underneath. As a result, the difference of
number of spins in the F state is only 0.39 per unit cell, a
the paramagnetic state is more stable than the F state
meV.

Figure 5~a! is the atomic structure of polyaminopyrrole
where H atom bound to N atom in polypyrrole is replaced
NH2, whose electron affinity is low. In the band structur
Fig. 5~b!, one can find a pair of flat bands belowEF . Its
lower half is flat while the upper half is slightly dispersive

We have then doped two holes per unit cell. The ba
structure after geometry optimization is shown in Fig. 5~c!.
The difference of the number of spins is 1.0 per unit cell.
one can see from Fig. 5~c!, the Fermi level intersects th
middle of the pair of flat bands. Although the lower part
the pair of flat bands is quite flat, the dispersion of the up
half part is too large, and only lower half part seems to wo
as a flat band. The total energy of paramagnetic state in
material is found to be 65 meV higher than that of ferroma
netic state, while an AF solution does not exist, so the F s
is the most stable.

All other substituents tested here except for the one in
following section have turned out to be inappropriate.
most of those materials, the band which we expect to be
is either too dispersive or too deep. For the remaining on

FIG. 4. For polyfluoropyrrole the optimized atomic structure~a!,
the band structure when undoped~spin unpolarized! ~b!, and when
doped~spin polarized! ~c! are shown.
9-4
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FLAT-BAND FERROMAGNETISM IN ORGANIC . . . PHYSICAL REVIEW B 68, 174419 ~2003!
band structures are qualitatively similar to the examples
scribed in this section. Polyaminotriazole, discussed in
following section, also gives qualitatively similar results
polyaminopyrrole shown in this section, but quantitative
much better.

III. POLYAMINOTRIAZOLE

A. First-principles calculation

The best candidate for ferromagnetic organic polym
among the materials we have considered
polyaminotriazole.28 Figure 6~a! shows the atomic structur
of polyaminotriazole, where H atom in polytriazole is r
placed with NH2. The difference between polyaminopyrro
shown in the last section and this material is whether
platform is polypyrrole or polytriazole, i.e., the C-H block
in the bottom of the ring are replaced with N atoms. T
band structure of the polyaminotriazole, shown in Fig. 6~b!,
is similar to that of Fig. 5~b!, but the dispersion of the uppe
half of the pair of flat bands is smaller and the separat
from dispersive bands below is greater than that of Fig. 5~b!.
These features are desirable for the flat-band ferrom
netism.

After the optimization of the atomic structure under t
doping condition of two holes per unit cell, the spi
dependent band structure is calculated and shown in

FIG. 5. For polyaminopyrrole the optimized atomic structu
~a!, the band structure when undoped~spin unpolarized! ~b!, and
when doped~spin polarized! ~c! are shown.
17441
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6~c!. The result hits on the ideal situation—the pair of fl
bands are made half filled, and as a result, fully occupied
majority spins while totally unoccupied by minority spin
Reflecting this situation the difference of the number of sp
is the desired 2.0 per unit cell.

In this material, we found a metastable antiferromagne
state, whose band structure is shown in Fig. 7. This is ca

FIG. 6. For polyaminotriazole the optimized atomic structu
~a!, the band structure when undoped~spin unpolarized! ~b!, and
when doped~spin polarized! ~c! are shown. The bands havingp
(s) character are indicated by solid~dashed! lines.

FIG. 7. A band structure for a metastable antiferromagnetic s
in polyaminotriazole.
9-5
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FIG. 8. Wave functions of the polarized lower band~a!–~c! and upper band~d!–~f! of polyaminotriazole.~a!, ~f! havekx50 (G); ~b!, ~e!
havekx5p/2a; and ~c!, ~d! havekx5p/a ~X! as the inset indicates.
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lated with GGA-SDFT, but the resulting band structures
up and down spins are the same, while the wave functi
for up and down spins are arranged alternately on the c
of rings. This means that, while we have avoided intrar
AF instability by choosing five-membered rings, an interri
AF can exist as a metastable state. The upper and lower
of the flat band folded atX are separated withEF lying in
between. The AF state is found to be 52 meV higher
energy than the F state. Paramagnetic state is even highe~by
384 meV! than the F state. Therefore F state is the m
stable in this material.

Let us discuss how the system achieve the flat-band
romagnetism by comparing the wave functions of the
band obtained by first-principles calculation with the calc
lation in the tight-binding model. Figure 8 shows th
majority-spin’s wave functions in the pair of flat bands ju
below the Fermi level in Fig. 6~c!. While the phases of the
wave functions can be taken arbitrarily, we choose them
clarity in such a way that the wave functions of the low
~upper! bands atG point @Figs. 8~a! and 8~f!# are real~pure
imaginary!, while the phase changes continuously along
dispersion. If we first look at the real part, typically for Fi
8~a!, the wave function for each monomer~aminotriazole!
has two nodal lines which divide the amplitude into thr
parts, corresponding to NH2, C-N-C, and N-N blocks. For
the imaginary part, typically for Fig. 8~f!, the wave function
has one nodal line, which divides the amplitude into tw
17441
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consisting of two C-N blocks. The two wave functions atG,
which are orthogonal, become mixed at intermediatek
points.

B. Tight-binding model

In order to capture the essence of the flat band, here
introduce a tight-binding model to represent thep-orbital’s
network. Figure 9~a! shows its band structure. The param
eters of the model displayed in Fig. 9~b! are fitted so as to
reproduce Fig. 6~b!. Obtained values aretCN5tCC5t f

52.5 eV, tNN53 eV, «0521.4 eV, and «1520.5 eV.
One can see that the tight-binding band@Fig. 9~a!# excel-
lently agrees with thep bands obtained by first-principle
calculation@solid lines in Fig. 6~b!#.

Figure 9~c! shows the tight-binding wave function of th
eigenstate corresponding to that in Fig. 1~a!. In this material,
one site is added to the top of the ring which represen
nitrogen atom of NH2. The open and closed circles indica
the sign of the wave function, respectively, and their s
amplitudes. This wave function satisfies the local connec
ity condition.

Here it should be noted that the substitution of NH2 for H
not only raises the on-site energy of the top of the ring
also introduces an extrap orbital of the N in NH2. The
existence of the extra site completely changes the conne
9-6
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FLAT-BAND FERROMAGNETISM IN ORGANIC . . . PHYSICAL REVIEW B 68, 174419 ~2003!
ity condition, so that we have no longer to satisfy«15t
.0, which has turned out in the present study to be rat
difficult condition to realize.

Figure 10 showsk dependence of the tight-binding wav
functions of the flat band. For clarity thek space is extended
to the second Brillouin zone, so the left and right halves
the figure represent the wave functions of the lower and
per parts of the pair of flat bands, respectively. Phase fac
are chosen again for clarity as in Fig. 8. On theG points at
the left and right edges of the figure, the wave function
comes real and pure imaginary, respectively. These w
functions are displayed in the inset of Fig. 10, where
should be noted that we display a part of the periodica
extending Bloch functions, in contrast to Fig. 9~c! which
shows the whole eigenfunction.

One can see that the symmetry and the character of
wave functions shown in Fig. 10 are similar to those in t
first-principles calculation~Fig. 8!. These wave functions ca
be constructed by linear combinations of the eigenfuncti
shown in Fig. 9~c!. Figure 11 illustrates how the linear com
bination of the localized eigenfunctions provides the Blo

FIG. 9. ~a! Band structure in the tight-binding model,~b! defines
the tight-binding parameters, while~c! depicts the eigenfunction
which satisfies the connectivity condition. The open~solid! circles
indicate the positive~negative! wave function, while their size in-
dicates the amplitude.

FIG. 10.k dependence of the wave functions in the tight-bindi
model. The label ‘‘Re~2,5!’’ indicates that the line represents th
real part of the wave function at the site 2 and 5, where the n
bering of the sites is shown in the inset.
17441
er

f
-
rs

-
ve
t
y

he
e

s

function. When the two neighboring eigenfunctions,A andB,
are added, the sum at the ring on which they overlap~en-
closed by dotted lines! forms the shape of the imaginary-pa
wave function as shown in the inset of Fig. 10. When su
tracted, it forms the shape of the real-part wave function. T
entire imaginary- and real-part wave functions are co
structed by the summation of all the localized eigenfunctio
(A1B1C1D1•••) and the staggered summation (A2B
1C2D1•••), respectively. The real-part and imaginar
part wave functions are orthogonal. The gradual mixing
these two orthogonal wave functions ask is changed is the
very character of the Mielke-Tasaki flat band, which shou
never occur on an ordinary flat band.

C. Comparison with the Hubbard model

Having constructed the tight-binding model we proceed
the question of whether the ground state is spin polarize
the presence of the Hubbard interaction,HU5U( ini↑ni↓ . In
Fig. 12 we show the phase diagram againstU and «1 ob-
tained from an exact diagonalization of a 12-site~2 rings!
Hubbard model fort052.5 eV and various values oftNN
53.024.0 eV. As indicated in the inset,«0 is chosen
throughout to satisfy the condition for the flat band,

«2«15~12«!~ tNN
2 2~«2«1!2!2tNN ,

«2«11tNN

12«
52

tNN

«02«
2tNN~«2«0!, ~2!

where « is the eigenenergy of the flat band andtCN5tCC
5t0 (51 here! is assumed for simplicity. We can see that w
have indeed a ferromagnetic phase unless the repulsion i
strong ~i.e., U,Uc with Uc52;5 eV). While we cannot
increase the system size for an exact diagonalization ca
lation, our preliminary quantum Monte Carlo calculatio
confirms that two unit cell is sufficient to roughly determin
the ferromagnetic phase boundary. Physically, the pecu
destruction of the ferromagnetism aboveU.Uc is a hall-
-

FIG. 11. Schematic linear combinations of the neighbor
eigenfunctions.
9-7
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mark of the Mielke-Tasaki magnetism when the flat band
in between dispersive ones rather than at the bottom.22

IV. DEVIATION FROM THE HALF-FILLED FLAT BAND

A. Comparison of the total energies

In order to realize ferromagnetism in the materials
proposed here, carriers have to be doped into the flat b
We can consider several possible methods to achieve
such as field effect doping,29 photoinduced carrier
injection,30 as well as chemical doping. The first two are no
attracting much attention in molecular electronics, but th
are very recent techniques and may need further deve
ments. We can instead concentrate on the chemical dop
where the polymers are crystallized along with the accept
and we found it feasible. Details are presented elsewher31

Now, if the flat-band ferromagnetism can occur not on
just at the half filling but also away from that, this wou
make the chemical doping much easier. So we have to k
how robustly the ferromagnetism survives when the filling
the flat band deviates from just half filled. Although there
a proof11 and a numerical study21 for a Mielke-Tasaki lattice
which show that slight deviations do not wash out the fer
magnetism, those conclusions may not be simply applie
other models. For the present model, calculations taking
account of the electronic correlation such as the exact dia
nalization of the Hubbard model would be unsuitable, b
cause changing the number of electrons in small syst
corresponds to too big a change in the filling. We have
stead performed an SDFT calculation, because it can ha
the fractional number of electrons~per unit cell! if a uniform
background charge is introduced.

At this point we can note the following. In SDFT elec
tronic correlations are not fully taken into account, so we c
question whether the flat-band ferromagnetism may be
scribed within the SDFT framework. This problem has be
addressed in our previous publication,28 where SDFT and
exact diagonalization of a Hubbard model have given qu
tatively consistent results. This is not surprising, since one

FIG. 12. Stability of the ferromagnetic phase obtained from
exact diagonalization of the Hubbard model.
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the remarkable features of the flat-band ferromagnetism
that the magnetism exists over the whole range~infinitesimal
,U,`) of the interaction as proved rigorously, so th
weak-U case~for which the methods such as SDFT is mea
to be applicable! crosses continuously over to strong-U case.
As far as the on-site repulsion is not too strong, the comp
son between the gain of the exchange-correlation energ
spin polarization~F state! and the gain of the band energy b
forming AF order~or equivalently, a spin-density wave wit
the periodicity of two five-membered rings! accompanied by
a lattice relaxation should predominantly determine wh
state is stable. These two energies can be accurately
mated by SDFT calculations. Therefore, we expect here
SDFT can serve our purpose, to see the band-filling dep
dence of the total energies of F, AF, and P states.

Figure 13~a! shows the band-filling dependence of the t
tal energies of the F and AF states measured from that of
P state in poly aminotriazole. The half filling corresponds
the number of holesnh52.0. The results for F, AF, and P ar
obtained by fully relaxing the atomic geometry for each ele
tronic state. It can be seen that F state is stable in the ra
1.1,nh<2.0, while P state is stable fornh,1.1. In the re-
gion where F is stable, AF is found to be metastable, while
the P region,nh,1.1, no AF state is found. This result show
that the ferromagnetism in this material is robust, even do
to the quarter filling (nh.1), against the deviation from th
half filling. The result that quarter filling is acceptable grea
relaxes the difficulty in doping.

n

FIG. 13. Doping dependence of~a! the total energy~relative to
the paramagnetic state! of F ~solid line!, AF ~dashed line!, and F
~fixed structure, dotted line, see text! states measured from that of
state and~b! torsion angle of C-N-N-H in F~diamonds! and P
~reversed triangles! states. Stable states are connected by a s
line, while metastable states by a dotted line. Insets show fr
side, and top views of the atomic structure of the aminotriazole i
and F states.
9-8
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B. Correlation with the atomic configuration

Since the polymer proposed here has functional grou
we should also examine how the three-dimensional ato
configuration affects the band-filling dependence. Nam
all the atoms do not lie on a plane: in polyaminotriazole t
hydrogen atoms in NH2 in the undoped polymer lie out o
the plane of the rings, while all the atoms are coplanar in
half-filled polyaminotriazole. We can more closely look
the torsion anglef defined as the angle with which C-N
N-H atoms are connected. Figure 13~b! shows the depen
dence of the torsion angle onnh for the P and F states
respectively. From Figs. 13~a! and 13~b!, one can see that th
breakdown of the ferromagnetism with the decrease in
number of holes is accompanied by a change in the ato
configuration.

Does this has a quantum-chemical implication? At
half filling (nh52.0) all the atoms become co-planar, whe
the N atom of the NH2 base hassp2 hybridized orbitals,
forming chemical bonds with two H atoms and a N atom at
the top of the ring. The network of thep orbitals in polyami-
notriazole is formed by those of the rings and that of NH2’s.
When the number of holes is decreased and becomenh
,1.1, the N atom of the NH2 formssp3 hybridized orbitals,
i.e., the p orbital at NH2 disappears. Since the chemic
bonds to the N atom and two H atoms are formed in the th
directions ofsp3, leaving one lone pair, NH2 has a three-
dimensional structure. This time, the network consists of fi
p orbitals of the rings and asp3 hybridized orbital of the
lone pair. This change should work to destroy the flat-ba
formation, Eq.~2!. This should be why F state prefers a fl
geometry while P state a non flat geometry.
P
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be
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m

nd
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e
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To see what part of the energy affects the change in
stable state whennh is varied, we have calculated the ener
difference between the F and P states by fixing the ato
structure to the optimum one for the F state atnh52.0. The
result is plotted as a dotted line in Fig. 13~a!. This shows that
the value is negative over the whole range plotted he
which indicates that theelectronic part of the total energy
favors F state for the whole range of the filling of the fl
band. Therefore, the jump in the stable state atnh51.1 is
related to the change in the structure, especially of NH2. If
we can find a material in which there is no such change
the atomic structure, we can expect the ferromagnetism
sists even for the region less than quarter filled if the para
eter values are similar.

In summary, the present work describes an example
materials design from first principles for the purpose of re
izing flat-band ferromagnetism in organic polymers. We ha
found a promising material, polyaminotriazole, for whic
why it is the best and the robustness of the ferromagnet
has been discussed.

ACKNOWLEDGMENTS

We would like to thank T. Hashizume, B.-K. Choi, M
Ichimura, and J. Yamauchi for fruitful discussions. We a
also indebted to H. Nishihara and Y. Yamanoi for discussio
on the chemistry of polymers. This study was perform
through Special Coordination Funds for Promoting Scien
and Technology of the Ministry of Education, Cultur
Sports, Science and Technology of the Japanese Gov
ment. The first-principles calculations were performed w
TAPP ~the Tokyo ab-initio program package!.
. g.,

. B
1D.M. Eigler and E.K. Schweizer, Nature~London! 344, 524
~1990!.

2T.C. Shen, C. Wang, G.C. Abeln, J.R. Tucker, J.W. Lyding,
Avouris, and R.E. Walkup, Science268, 1590~1995!.

3T. Hashizume, S. Heike, M.I. Lutwyche, S. Watanabe, K. Na
jima, T. Nishi, and Y. Wada, Jpn. J. Appl. Phys., Part 235,
L1085 ~1996!.

4T. Hitosugi, S. Heike, T. Onogi, T. Hashizume, S. Watana
Z.-Q. Li, K. Ohno, Y. Kawazoe, T. Hasegawa, and K. Kitazaw
Phys. Rev. Lett.82, 4034~1999!.

5T. Ito, H. Shirakwa, and S. Ikeda, J. Polym. Sci., Polym. Che
Ed. 12, 11 ~1974!.

6H. Shirakawa, E.J. Louis, A.G. MacDiarmid, C.K. Chiang, a
A.J. Heeger, JCS Chem. Commun.16, 578 ~1977!.

7F. Garnier, R. Hajlaoui, A. Yassar, and P. Srivastava, Science265,
1684 ~1994!.

8R.H. Friend, R.W. Gymer, A.B. Holmes, J.H. Burroughes, R
Marks, C. Tailiani, D.D.C. Bradley, D.A. Dos Santos, J.L. Br´-
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