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Flat-band ferromagnetism in organic polymers designed by a computer simulation

Yuji Suwal Ryotaro Arita? Kazuhiko Kuroki® and Hideo Aokd
IAdvanced Research Laboratory, Hitachi Ltd., Hatoyama, Saitama 350-0395, Japan
Department of Physics, University of Tokyo, Hongo, Tokyo 113-0033, Japan
3Department of Applied Physics and Chemistry, University of Electro-Communications, Chofu, Tokyo 182-8585, Japan
(Received 17 July 2003; published 17 November 2003

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. Aritet al.[Phys. Rev. Lett88, 127202(2002] in organic polymers of five-membered
rings. The original proposalpolyaminotriazolg¢ 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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[. INTRODUCTION sible mechanisms such as the intramolecular Hund’s cou-
pling for spins inp-orbitals® the flat-band ferromagnetism is

Materials design to realize desired properties indistinct in that spins can be carried by itinerant electrons
condensed-matter physics is becoming increasingly realistievhich may be utilized for spin injectors in spintronics.
There, computer simulations are an essential part in design- Here a theoretical remark on the flat-band ferromagnetism
ing, given high levels of computer performance. Namely,is due. The flat-band ferromagnetism was first proposed by
large-scale first-principles calculations should be imperativd.ieb,** who considered bipartite latticegsonsisting of two
in narrowing down, or even pinpoint, the right materials for sublattice that have different numbers @f sublattice sites
the desired properties and functions out of a wide variety ofN, and B sublattice sitedNg. Lieb proved that when we
candidates. Such an approach is especially promising faswitch on the electron-electron repulsidgassumed to be
molecules and nanostructures. While the atom manipulatioshort ranged, so that we take the Hubbard mpde¢ ground
with scanning tunneling microscoby provides new possi- state should be ferrimagnetic with the magnetizatioN
bilities for materials design, the design of molecules, espe—Ng. Quantum chemically, the model, containiNg — Ng
cially polymers as we focus on here, should be fundamentahonbonding molecular orbitals, is similar to Mataga’s

In this contextorganic molecules and polymers are of model'* Shima and Aok then proposed a systematic way
special interest, since they have versatile structures antb realize such systems as superhoneycomb structures.
chemical properties that can be wider than those found iMielke'®~'8 and independently TasaRithen constructed
inorganic materials. Indeed, the discovery of a conductingther flat-band ferromagnetism, which is distinct from Lieb’s
organic polymer by Shirakaw4 kicked off intensive studies in that the flat band is constructed from quantum-mechanical
which are paving a new way to organic polymers or oligo-interference between the nearest neighbors and further trans-
mers in realizing various functions as molecular-electronicders or interference within odd-membered plaquése the
devices such as field-effect transisforsr light-emitting  system is necessarily nonbiparjitand the ground state is
diodes® now ferromagnetic when the flat band is half filled.

Organic ferromagnets have also attracted much attention To be more precise, the lattice is required to satisfy what
as a challenging targét® In particular, organic magnets is called the “local connectivity condition.” Namely, the flat
consisting entirely of nonmagnetic elements is of fundamenband is by no means a sufficient condition for ferromag-
tal as well as practical interests. Ordinary ferromagnets cometism, and the magnetism arises for special lattices on
sisting of magnetic elements exploit electrongliar f orbit-  which adjacent “Wannier” orbitalfave tooverlap with each
als which strongly interact with each other. We can then aslother no matter how they are combined to minimize each
ourselves: can magnetism arisepielectron systems which orbit size. So, while ordinarily a flat band implies a dis-
are weakly interacting? One theoretical possibility is to applyjointed set of orbits, the orbits are connected in Mielke-
the flat-band ferromagnetism proposed by Mielke and byTasaki lattices. This is intuitively why spins align to lower
Tasakil''? This magnetism arises as an effect of thethe repulsion energy from Pauli’s principle.
electron-electron repulsion when thene-electrop band In actual materials, it would be very difficult to realize
structure contains a dispersionless band. The mechanism perfectly flat bands, and to make them exactly half filled. For
interesting in many ways, but essential features are, first, theéhe flatness, a rigorous progor Mielke-Tasaki latticg® and
system is totally distinct from the “narrow-band limit” in numerical simulatiorfs'? show that a slight band dispersion
textbooks, since the magnetism occurs when the transfer beoes not destroy the magnetism. For the filling, there is a
tween different sites is finite. proof'! and a numerical simulatidhwhich reveal that small

Second, this is a band ferromagnetism rather than a magleviations from half filling are permissible for the ferromag-
netism arising for localized spins. While there are other posnetism.
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With this background, what kind of organic materials are
promising for realization of the flat-band ferromagnetism?
The hardest part is to realize the connectivity condition. In
general we have to consider complex lattices, such as
Kagome'® or lattices having distant-neighbor transfers.
However, the condition is easier to satisfy on one-
dimensional polymers. For example, Mielke-Tasaki model is
realized as a chain of trianglés?*?*So we can concentrate
on polymers.

Next comes the choice of the monomers that should be
polymerized. Even-membered rings such as benzene are dis-
advantageous in that antiferromagnetic order tends to domi- FIG. 1. (a) An eigenfunction that satisfies the connectivity con-
nate the magnetism. So we should opt for odd-memberedition. (b) The overlap of the adjacent eigenfunctions.
rings, and the chain of triangles mentioned above is an ex- i . . .
ample. Since triangular molecules are scarce, we can focd8" @ chain of five-membered rings, where we first assume
on polymers based on five-membered rings, such as polypthat all the transfer integrals within the ring and those con-

v NN
@&\\\9

role, polythiophen, etc. necting rings have the sanieand the on-site energy at the
For the computer design, the twofold purpose of thelOP Of each ring is:; and zero otherwiseso=0). We first
present paper is the following, consider the half-filled case where one electron per site on

(i) to search for the materials that realize the flat band irfiverage. This is a reasonable assumption when we consider
the manner of Mielke-Tasaki. Since the chain of odd-7-Orbital networks on such polymers. .
membered rings is by no means a sufficiémir necessajy Letus stgrt_from an observation that Mlelke-Tgsgkrs con-
condition for the flat band, this is an important part. dition is satisfied whem,=t (>0), not an unrealistic con-

(i) Next, we should do a first-principlegspin-density d_ltlon. In this case, the thqul bano! W|IE=_O,_ i.e., the half-
functiona) band calculation to confirrte) the flatness of the filled band, has flat dispersion. It is heuristic to see how the
band and the ferromagnetism in the ground state @d Mielke-Tasaki eigenfunctions are constructed in this ex-
whether the magnetism can indeed be interpreted as tr&Mple: the most compact eigenfunction extends over two
Mielke-Tasaki mechanism, for which we have to evoke anfings as depicted in Fig.(d), where the amplitudes of the
electron-correlation calculatiofexact diagonalization of the numbered sites are given &, 1, 0,—-1, 0, -1, 0, 1, 0,
Hubbard model hebe (c) We also address the question of —1). The fact that the amplitudes at the sites 5 and 7 are
how the departure from half filling affects the magnetism inZero ensures the localized nature of this eigenfunction. Note
the flat band. that we are not displaying a part of a Bloch function, but the

For the first-principles calculation, we have employed theentire eigenfunction. One can also construct another, linearly
generalized gradient approximatf8riGGA). Depending on  independent eigenfunction by simply shifting the wave func-
the purpose of each calculation, we have studied either théon by one ring distance, where its eigenvalue is the same
spin-unpolarized case based on the density-functional theof)fe=0). So the set of all these eigenfunctions can be a basis
(GGA-DFT) or the spin-polarized one based on the spin-for the flat band. Since each eigenfunction extends over the
density functional theoryGGA-SDFT). We have used the two rings, two neighboring basis functions overlap as shown
plane-wave based ultrasoft pseudopotent@féThe energy in Fig. 1(b). One cannot remove such overlaps between the
cutoff was taken as 20.25 Ry. The convergence criterion obases no matter how the linear combination of these bases
the geometry optimization was that all of the forces acting orgre taken. This overlap is the origin of the ferromagnetic

each atom were within X 10~ 3 Hartree/a.u. coupling between the electrons in the flat band.
The plan of this paper is as follows. In Sec. I, we de-
scribe the search for various materials and show some ex- B. Known polymers of five-membered rings

amples which exhibit possibilities of ferromag_n_etism. In S_ec. A typical polymer of five-membered rings is polypyrrole.
IIl, we show the result for the most promising material, The atomic structure and calculated band structures are
polyaminotriazole, and discuss how the theory for the flat-gpown in Figs. 2 and 2b), respectively. The five-
band ferromagnetism works on this particular material. Inmempered rings alternate their directions in this compound,

Sec. IV, we discuss how the ferromagnetic state is robus{, that the unit cell contains two ring&.point in Fig. 2b)
against the deviation of the band filling from the half filling. hask=(m/a,0,0), wherea is the lattice constant of this unit

cell as shown in Fig. @). Because of the doubled unit cell,
Il. EXAMINED MATERIALS most of the bands are folded 4t For directions perpendicu-
lar to the chainy,z), we have taken a cell size large enough

A. Flat bands in the polymer of five-membered rings to avoid interchain interactions. We can see that polypyrrole

Let us first examine the simple tight-binding model, has no flat bands around the Fermi energy, not surprisingly
since the chain of odd-membered rings is by no means suf-
5 ficient as stressed.
H=—t> c?cj+soz ni+eqny, (1) We have also looked at other typical polymers of five-
ih i=2 membered rings, including polythiophefwhere an N-H
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FIG. 2. (a) Atomic structure of polypyrrole. The structure re- T X
peats itself to the right and lefth) The (GGA-DFT) band structure (©) majority spin minority spin
of polypyrrole. og ____=;
block in polypyrrole is replaced with an S atprand poly- E; E—————
triazole (where all the C-H blocks in polypyrrole are re- i
placed with N atoms However, their band structures have
no flat bands, either. <-4
(]
w
C. Designing the polymer -6
This is exactly where théesigningcomes in. Our strat-
egy consists of two approaches. One is to replace H atom -8
bound to N atom at the top of the ring with various kinds of & &
bases. According to the tight-binding calculation described in

the preceding section, the on-site enetgyof the top of the r X T X
ring should be higher than that of C atoms to have a flat ) ] o )
band. Because the on-site energy of N is expected to be FIG. 3. For poly-sodium-triazole the pptlmlzed _atomlc structure
lower than that of C, the first attempt should be the replace'®- the band structure when undopéspin unpolarize (b), and
ment of the N atom with other elements having higher on-When dopedspin polarizegi (c) are shown.
site energies. However, that should be difficult if one wants
to retain the existence of the orbital with a single-electron (transfej with the adjacent ring, which would destroy the
occupation on it. Therefore, we have opted for controllingbasic assumption that the adjacent rings are connected by
the on-site energy by replacing the H atom with other func-one bond to satisfy Mielke-Tasaki’'s condition.
tional groups, by leaving the N atom intact. In order to raise the on-site energy of the top of the ring,
Alternatively, we can replace C-H blocks on the bottomwe have first considered an alkali-metal atom, Na, because of
edge of the pentagon8, 4, 8, 9 in Fig. 1a)] with N atoms, its low electron affinity. Figure &) shows the atomic struc-
where the lowering of the on-site energies of the bottom ofure of poly-sodium-triazole, where hydrogen atoms in poly-
the ring may effectively realize the required condition. Intriazole are replaced by sodium atoms. Figuile) 3hows the
other words, we use polypyrrole and polytriazole as the platband structure, where one can see that a nearly flat band
form to modify either the top or the bottom of the ring. Since exists above the Fermi energy. Absence of any unnecessary
it is not obvious which approach should be better, we conbands between the flat band aBg is favorable, because we
sider both platforms for all the substituents considered herecan dope carriers into the flat band without any complica-
Substituents we have tested are sodi{ia), potassium tions.
(K), chlorine(Cl), fluorine (F), cyanoger(CN), nitro (NO,), We have also examined the Na-substituted polypyrrole,
sulfate (SQ), carboxyl (COOH), amino (NH), methyl and obtained a similar band structure. However, in this case
(CHs3), and hydroxyl(OH). For all these candidates, we have the flat band abov&r is much closer to a dispersive band
performed first-principles (GGA-DFT) optimization of belowEg, which can introduce unwanted interband interac-
atomic structures, and obtained their band structures. Most dions. As for the alkali-metal we have also considered potas-
them have no flat bands aroukg , but some of them have sium, but the case of Na has turned out to be better.
turned out to have flat bands. For these we have performed We move on to the doping. First, the flat bands always
further (GGA-SDFT) first-principles optimizations under the appear as a pair of bands folded>aipoint, except for the
doping condition to make the flat-band half filled. case of antiferromagnetic ordering. Therefore, we make the
First, we have examined single atorfedkali metal or flat-band half filled by doping two carriers per unit cell into
halogen as substituents. This is motivated by the fact thatthe pair of flat bands. Namely, one carrier is doped for each
small substituents may be better than larger ones, becauseing. In poly-sodium-triazole, we have considered the doping
bulky group at the top of the ring may introduce a couplingof two electrons per unit cell. Here we realize the doping
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condition by increasing the number of electrons with a uni- (b) o __j
form positive background charge for charge neutrality. =

After a geometrical optimization of doped poly-sodium-
triazole, we have calculated the spin-depend€@BGA-
SDFT) band structure in Fig.(8). We can see that the num- (a)
ber of occupied states differs between major and minor spins, F -4
which means that the system is ferromagnetic. It should be
noted thatthe pair o the flat band is not entirely spin-split. 6
The difference of the number of spins is 0.65 per unit cell. C
The spin polarization is smaller than the full polarization
(2.0. We also found that the total energper unit cell H -8
throughout this papgiof the ferromagneticF) state is lower 2
by 12 meV than that of the paramagneii® state. We could T X
not find antiferromagnetidAF) solution even when we majority spin minority spin

started geometry optimization from an AF electronic state. ()
So the F state is the most stable in this material, but is only
slightly lower in energy than the P state. -12

The reason why this material gives such an insufficient
result in spite of the existence of the nearly flat band should
be sought in the nature of the flat-band’s wave function. We
found that the half-filled flat band here is made of an orbital
localized around the Na atom, so it does not satisfy the local
connectivity condition. This should be the reason why the
stability of the F state is weak, while the finite spin-
polarization in GGA-SDFT should be a narrow-band effect
rather than a much more robust Mielke-Tasaki effect. Indeed,
the difference between the weak ferromagnetism here and a
robust ferromagnetism in polyaminotriazole, shown later, is a T X T X

monstration of the importan f the local connec- o .
good demonstration of the importance of the local connec FIG. 4. For polyfluoropyrrole the optimized atomic struct(ag

tivity condltlo_n, hallma_rk of the fla_t-band ferromagnetism. the band structure when undopéspin unpolarizefl(b), and when
Now we digress a bit, and consider the contrary case of a'aoped(spin polarizeji (c) are shown

atom having high electron affinity such as a halogen, e.g.,
fluorine atom, which might be heuristic. Figuréa#shows
the atomic structure of polyfluoropyrrole, where the fluorinedispersive bands exist just beloi:, these bands, when
atoms are substituted for hydrogen atoms bound to nitrogefioped with two holes per unit cell, become mixed with dis-
atoms in polypyrrole. Figure(®) is the band structure ob- persive bands underneath. As a result, the difference of the
tained by spin-unpolarizedGA-DFT) calculation. We find number of spins in the F state is only 0.39 per unit cell, and
a flat band which lies just in between two dispersive bandshe paramagnetic state is more stable than the F state by 3
below E¢ . Because of this the doping greater than one carmeV.

rier per unit cell is required. Figure Ha) is the atomic structure of polyaminopyrrole,

So we consider making the flat-band half filled by dopingwhere H atom bound to N atom in polypyrrole is replaced by
four holes per unit cell. Here, two holes are necessary ttNH,, whose electron affinity is low. In the band structure,
make the dispersive band just below the Fermi level emptyfig. 5b), one can find a pair of flat bands beldg. Its
and two holes are necessary to make the folded flat-bandswer half is flat while the upper half is slightly dispersive.
half filled. Figure 4c) shows spin-dependent band structure We have then doped two holes per unit cell. The band
after the geometry optimization under the doping conditionstructure after geometry optimization is shown in Fi¢c)5
The system is seen to be ferromagnetic. The difference of th€he difference of the number of spins is 1.0 per unit cell. As
number of spins per unit cell is just 2.0, while the flat bandone can see from Fig.(§), the Fermi level intersects the
shifts upward(downward for the minority (majority) spins.  middle of the pair of flat bands. Although the lower part of
One problem of this material, however, is that a doping twicethe pair of flat bands is quite flat, the dispersion of the upper
as large is necessary. Furthermore an AF state, obtained Imalf part is too large, and only lower half part seems to work
starting the geometry optimization from an antiferromagneticas a flat band. The total energy of paramagnetic state in this
state, has a total energy 21 meV lower than that of F statenaterial is found to be 65 meV higher than that of ferromag-
Replacing the fluorine atom with a chlorine atom results in anetic state, while an AF solution does not exist, so the F state
band structure similar to the case of fluorine. is the most stable.

We move on to functional groups as substituents to search All other substituents tested here except for the one in the
further possibilities. We have considered an example, polyfollowing section have turned out to be inappropriate. In
hydroxytriazole, where H atom in polytriazole is replaced bymost of those materials, the band which we expect to be flat
OH with a low electron affinity. Although a pair of slightly is either too dispersive or too deep. For the remaining ones,
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(c) ) majority spin minority spin (©) majority spin minority spin
2 p— —

-12F X T X T X T X

FIG. 5. For polyaminopyrrole the optimized atomic structure  FIG. 6. For polyaminotriazole the optimized atomic structure
(a), the band structure when undopépin unpolarized (b), and (8, the band structure when undopéspin unpolarizef (b), and
when dopedspin polarized (c) are shown. when doped(spin polarized (c) are shown. The bands having

(o) character are indicated by solidashedl lines.

band structures are qualitatively similar to the examples de-
scribed in this section. Polyaminotriazole, discussed in thé(c). The result hits on the ideal situation—the pair of flat
following section, also gives qualitatively similar results to bands are made half filled, and as a result, fully occupied by
polyaminopyrrole shown in this section, but quantitatively majority spins while totally unoccupied by minority spins.
much better. Reflecting this situation the difference of the number of spins
is the desired 2.0 per unit cell.
In this material, we found a metastable antiferromagnetic

lll. POLYAMINOTRIAZOLE state, whose band structure is shown in Fig. 7. This is calcu-

A. First-principles calculation

The best candidate for ferromagnetic organic polymer —
among the materials we have considered is -6 | —
polyaminotriazol€® Figure 6a) shows the atomic structure
of polyaminotriazole, where H atom in polytriazole is re-
placed with NH. The difference between polyaminopyrrole
shown in the last section and this material is whether the <
platform is polypyrrole or polytriazole, i.e., the C-H blocks CIRT \
in the bottom of the ring are replaced with N atoms. The w
band structure of the polyaminotriazole, shown in Fith)6
is similar to that of Fig. &), but the dispersion of the upper -12
half of the pair of flat bands is smaller and the separation
from dispersive bands below is greater than that of Fig).5
These features are desirable for the flat-band ferromag-
netism. T X

After the optimization of the atomic structure under the
doping condition of two holes per unit cell, the spin-  FIG. 7. Aband structure for a metastable antiferromagnetic state
dependent band structure is calculated and shown in Fign polyaminotriazole.
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Imaginary part Real part Imaginary part

majority spin
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FIG. 8. Wave functions of the polarized lower baiag-(c) and upper ban¢d)—(f) of polyaminotriazole(a), (f) havek,=0 (I'); (b), (e)
havek,= m/2a; and(c), (d) havek,= m/a (X) as the inset indicates.

lated with GGA-SDFT, but the resulting band structures forconsisting of two C-N blocks. The two wave functionslat
up and down spins are the same, while the wave functionghich are orthogonal, become mixed at intermediate
for up and down spins are arranged alternately on the chaipoints.

of rings. This means that, while we have avoided intraring

AF instability by choosing five-membered rings, an interring

AF can exist as a metastable state. The upper and lower parts B. Tight-binding model

g;ttvr;gg:]a.t _Il_)ﬁgdAE)I:te:teali(Safrguizp?;att)eed SVEItEEnFe\ly |rr11?g|r]ner in. In order to capture the essence of the flat band, here we

energy than the F state. Paramagnetic state is even higer introduce a tight-binding model to represent theorbital’s
petwork. Figure @) shows its band structure. The param-

stable in this material. eters of the model displayed in Fig(® are fitted so as to

Let us discuss how the system achieve the flat-band fef€Produce Fig. @). Obtained values aretcn=tcc=t
romagnetism by comparing the wave functions of the flat=2.5 eV, tyv=3 eV, gp=—1.4 eV, ande;=—-0.5eV.
band obtained by first-principles calculation with the calcu-One can see that the tight-binding baffelg. 9a)] excel-
lation in the tight-binding model. Figure 8 shows the lently agrees with ther bands obtained by first-principles
majority-spin’s wave functions in the pair of flat bands just calculation[solid lines in Fig. &b)].
below the Fermi level in Fig. ®). While the phases of the Figure 9c) shows the tight-binding wave function of the
wave functions can be taken arbitrarily, we choose them foeigenstate corresponding to that in Figa)lIn this material,
clarity in such a way that the wave functions of the lowerone site is added to the top of the ring which represents a
(upped bands afl” point [Figs. 8a) and §f)] are real(pure  nitrogen atom of NH. The open and closed circles indicate
imaginary, while the phase changes continuously along thghe sign of the wave function, respectively, and their size
dispersion. If we first look at the real part, typically for Fig. amplitudes. This wave function satisfies the local connectiv-
8(a), the wave function for each monoméminotriazol¢ ity condition.
has two nodal lines which divide the amplitude into three Here it should be noted that the substitution of Neir H
parts, corresponding to Nt C-N-C, and N-N blocks. For not only raises the on-site energy of the top of the ring but
the imaginary part, typically for Fig.(8), the wave function also introduces an extra orbital of the N in NH. The
has one nodal line, which divides the amplitude into two,existence of the extra site completely changes the connectiv-
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FIG. 9. (a) Band structure in the tight-binding modéh) defines
the tight-binding parameters, whil@) depicts the eigenfunction
which satisfies the connectivity condition. The ofenlid) circles
indicate the positivénegativg wave function, while their size in- FIG. 11. Schematic linear combinations of the neighboring
dicates the amplitude. eigenfunctions.

ity condition, so that we have no longer to satisfy=t  function. When the two neighboring eigenfunctioAsandB,
>0, which has turned out in the present study to be ratheare added, the sum at the ring on which they ovefkp
difficult condition to realize. closed by dotted lingforms the shape of the imaginary-part

Figure 10 showk dependence of the tight-binding wave wave function as shown in the inset of Fig. 10. When sub-
functions of the flat band. For clarity thespace is extended tracted, it forms the shape of the real-part wave function. The
to the second Brillouin zone, so the left and right halves ofentire imaginary- and real-part wave functions are con-
the figure represent the wave functions of the lower and upstructed by the summation of all the localized eigenfunctions
per parts of the pair of flat bands, respectively. Phase factofA+B+C+D+ - --) and the staggered summatioA-B
are chosen again for clarity as in Fig. 8. On fheoints at +C—D+---), respectively. The real-part and imaginary-
the left and right edges of the figure, the wave function bepart wave functions are orthogonal. The gradual mixing of
comes real and pure imaginary, respectively. These wavthese two orthogonal wave functions lass changed is the
functions are displayed in the inset of Fig. 10, where itvery character of the Mielke-Tasaki flat band, which should
should be noted that we display a part of the periodicallynever occur on an ordinary flat band.
extending Bloch functions, in contrast to Fig(cP which
shows the whole eigenfunction.

One can see that the symmetry and the character of the ) . o
wave functions shown in Fig. 10 are similar to those in the Having constructed the tight-binding model we proceed to
first-principles calculatioriFig. 8. These wave functions can the question of whether the ground state is spin polarized in
be constructed by linear combinations of the eigenfunctionén€ presence of the Hubbard interactify,=UZn;;n;, . In
shown in Fig. 9c). Figure 11 illustrates how the linear com- Fig. 12 we show the phase diagram agaidsand &, ob-

bination of the localized eigenfunctions provides the Blochtained from an exact diagonalization of a 12-iferingy
Hubbard model fort;=2.5 eV and various values df

T v T v T v =3.0-4.0 eV. As indicated in the insetg, is chosen

C. Comparison with the Hubbard model

U] Re(1) e - throughout to satisfy the condition for the flat band,
R (2;)—__—~‘~\‘< """"""" Im(2,3)
e Rty ~ J
-_-—-_-T-":..ﬁ"“:'-‘-\_ \\\ 8_81:(1_8)(t12\lN_(8_81)2)_tNN’
o | e Im(1,6) \'\\_\
Lol
2 ™ '_,/? e—e1tiu tn
B o TR 1=~ s_p tw(e—s0), @)
< eat\I 6 Imatginary\"‘~.~ e 0
ar ar A i i
-0.5p i @ .—/ e where ¢ is the eigenenergy of the flat band atw=tcc
7 Im(4,5) : L
DY 3 --/R's;(s) =ty (=1 herg is assumed for simplicity. We can see that we
- —_— 1 have indeed a ferromagnetic phase unless the repulsion is too
M 1 " [ []

strong (i.e., U<U, with U,=2~5 eV). While we cannot

increase the system size for an exact diagonalization calcu-
FIG. 10.k dependence of the wave functions in the tight-binding lation, our preliminary quantum Monte Carlo calculation

model. The label “R€&,5)" indicates that the line represents the confirms that two unit cell is sufficient to roughly determine

real part of the wave function at the site 2 and 5, where the numthe ferromagnetic phase boundary. Physically, the peculiar
bering of the sites is shown in the inset. destruction of the ferromagnetism aboue>U, is a hall-

r X(r/a) ' ' T(2n/a)
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FIG. 12. Stability of the ferromagnetic phase obtained from an
exact diagonalization of the Hubbard model. 0
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mark of the Mielke-Tasaki magnetism when the flat band lies Number of holes

in between dispersive ones rather than at the botfom.
FIG. 13. Doping dependence () the total energyrelative to

the paramagnetic statef F (solid line), AF (dashed ling and F

IV. DEVIATION FROM THE HALF-FILLED FLAT BAND (fixed structure, dotted line, see testates measured from that of P
state and(b) torsion angle of C-N-N-H in Fdiamond$ and P
(reversed trianglgsstates. Stable states are connected by a solid

In order to realize ferromagnetism in the materials wejine, while metastable states by a dotted line. Insets show front,
proposed here, carriers have to be doped into the flat bandide, and top views of the atomic structure of the aminotriazole in P
We can consider several possible methods to achieve thind F states.
such ago field effect dopirg, photoinduced carrier
injection;”™ as well as chemical doping. The first two are now . .
attracting much attention in molecular electronics, but the);[he remarkable features of the flat-band ferromagnetism is

are very recent techniques and may need further develothat the magneﬂsm eXBts over the whole _raﬁgﬁmtemmal
<U<w) of the interaction as proved rigorously, so the

ments. We can instead concentrate on the chemical doping; . .
where the polymers are crystallized along with the accepterdV€akU case(for which the methods such as SDFT is meant

and we found it feasible. Details are presented elsewifere. {0 P€ applicablecrosses continuously over to strobgease.
Now, if the flat-band ferromagnetism can occur not onlyAS far as the on-site repulsion is not too strong, the compari-
just at the half filling but also away from that, this would Son between the gain of the exchange-correlation energy by
make the chemical doping much easier. So we have to kno®Pin polarization(F stat¢ and the gain of the band energy by
how robustly the ferromagnetism survives when the filling offorming AF order(or equivalently, a spin-density wave with
the flat band deviates from just half filled. Although there isthe periodicity of two five-membered ringaccompanied by
a proof! and a numerical studyfor a Mielke-Tasaki lattice a lattice relaxation should predominantly determine which
which show that slight deviations do not wash out the ferro-state is stable. These two energies can be accurately esti-
magnetism, those conclusions may not be simply applied tohated by SDFT calculations. Therefore, we expect here that
other models. For the present model, calculations taking fulSDFT can serve our purpose, to see the band-filling depen-
account of the electronic correlation such as the exact diagaience of the total energies of F, AF, and P states.
nalization of the Hubbard model would be unsuitable, be- Figure 13a) shows the band-filling dependence of the to-
cause changing the number of electrons in small systemi@l energies of the F and AF states measured from that of the
corresponds to too big a change in the filling. We have inP state in poly aminotriazole. The half filling corresponds to
stead performed an SDFT calculation, because it can handibe number of holes,,=2.0. The results for F, AF, and P are
the fractional number of electroriper unit cel) if a uniform  obtained by fully relaxing the atomic geometry for each elec-
background charge is introduced. tronic state. It can be seen that F state is stable in the range
At this point we can note the following. In SDFT elec- 1.1<n,=<2.0, while P state is stable foy,<1.1. In the re-
tronic correlations are not fully taken into account, so we cargion where F is stable, AF is found to be metastable, while in
question whether the flat-band ferromagnetism may be dethe P regionn,<1.1, no AF state is found. This result shows
scribed within the SDFT framework. This problem has beerthat the ferromagnetism in this material is robust, even down
addressed in our previous publicatithwhere SDFT and to the quarter filling ,=1), against the deviation from the
exact diagonalization of a Hubbard model have given qualihalf filling. The result that quarter filling is acceptable greatly
tatively consistent results. This is not surprising, since one ofelaxes the difficulty in doping.

A. Comparison of the total energies
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B. Correlation with the atomic configuration To see what part of the energy affects the change in the

Since the polymer proposed here has functional groupsﬁable state when,, is varied, we have calculqtgd the energy
we should also examine how the three-dimensional atomi@ifference between the F and P states by fixing the atomic
configuration affects the band-filing dependence. NamelyStructure to the optimum one for the F stateygt=2.0. The
all the atoms do not lie on a plane: in polyaminotriazole two'€Sult is plotted as a dotted line in Fig.(&8 This shows that
hydrogen atoms in Njiin the undoped polymer lie out of the_ va!ue. is negative over theT whole range plotted here,
the plane of the rings, while all the atoms are coplanar in th&/hich indicates that thelectronic part of the total energy
half-filled polyaminotriazole. We can more closely look at favors F state for the whole range of the filling of the flat
the torsion anglep defined as the angle with which C-N- Pand. Therefore, the jump in the stable stateyat 1.1 is
N-H atoms are connected. Figure (8 shows the depen- related to the change in the structure, especially of, NIfi
dence of the torsion angle om, for the P and F states we can find a material in which there is no such change in
respectively. From Figs. 18 and 13b), one can see that the the atomic structure, we can expect the fer.roma.\gnetlsm per-
breakdown of the ferromagnetism with the decrease in th&ists even for the region less than quarter filled if the param-

number of holes is accompanied by a change in the atomigter values are similar. _
configuration. In summary, the present work describes an example of

Does this has a quantum-chemical implication? At the_m_aterials design from first princ_:iples fOI.’ the purpose of real-
half filling (n,=2.0) all the atoms become co-planar, wherelZind flat-band ferromagnetism in organic polymers. We have
the N atom of the Nil base hasp? hybridized orbitals, founq a promising material, polyaminotriazole, for Whlc_h
forming chemical bonds with two H atomsda N atom at why it is the_: best and the robustness of the ferromagnetism
the top of the ring. The network of the orbitals in polyami- has been discussed.
notriazole is formed by those of the rings and that of,/éH
When the number of holes is decreased and becames
<1.1, the N atom of the Niiformssp® hybridized orbitals, We would like to thank T. Hashizume, B.-K. Choi, M.
i.e., the 7 orbital at NH, disappears. Since the chemical Ichimura, and J. Yamauchi for fruitful discussions. We are
bonds to the N atom and two H atoms are formed in the threalso indebted to H. Nishihara and Y. Yamanoi for discussions
directions ofsp?, leaving one lone pair, Nfihas a three- on the chemistry of polymers. This study was performed
dimensional structure. This time, the network consists of fivehrough Special Coordination Funds for Promoting Science
o orbitals of the rings and ap® hybridized orbital of the and Technology of the Ministry of Education, Culture,
lone pair. This change should work to destroy the flat-bandSports, Science and Technology of the Japanese Govern-
formation, Eq.(2). This should be why F state prefers a flat ment. The first-principles calculations were performed with
geometry while P state a non flat geometry. TAPP (the Tokyo ab-initio program package
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