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FERROMAGNETIC SPIN ALIGNMENT IN THREE-DIMENSIONAL
HYDROCARBONS

AKIOMI MISHIMA
Kanazawa Institute of Technology, Nonoichi, Ishikawa 921, Japan

Abstract A new three-dimensional (3D) hydrocarbon is proposed as a model
of organic ferromagnets. This compound is the 3D-carbon-atom network com-
posed of the benzen rings and the bridging carbon atoms with the itinerant
7 electrons and the nonbonding electrons. This m-electron system is studied
within the Kondo-Hubbard model with the interlayer-transfer energy using a
mean-field theory and periodic boundary conditions. The total energy, the
energy bands, and the spin densities have been computed. The amplitude of
spin density at the bridging carbon atom is most largest. As a result, the
spins at the bridging carbon atoms align ferromagnetically in the 3D direc-
tions. It turns out that the ferromagnetic ground state is stabilized than the
nonmagnetic one through the antiferromagnetic correlation, the ferromagnetic
exchange interaction and the topological structure of this compound.

INTRODUCTION

Many researchers have studied progressively organic ferromagnetism for the sake
of obtaining organic ferromagnets with high Curie temperatures.~3 Hydrocarbons
having not d and f electrons but s and p ones have been actively investigated
experimentally®® and theoretically.®” Previously, ferromagnetism of a quasi-one-
dimensional (Q1D) m-polydiphenylcarbene was proved theoretically by Nasu,® and
the effects of next-nearest-neighbor transfer integral and nearest-neighbor Coulomb
interaction on that were examined by us.%!% After that, we pointed out the possi-
bility of ferromagnetism of the 3D-carbon-atom network!! and then I proposed the
Q2D-carbon-atom network occuring ferrromagnetism,? because a long-range mag-
netic order does not appear in strictly 1D and 2D systems.3

In this paper, I propose a new 3D hydrocarbon and investigate the electronic
and magnetic properties of this compound. It is the 3D-carbon-atom network com-
posed of the benzene rings bridged by the carbon atoms. The 7 electrons hop between
the carbon atoms of the intralayer and between those of two layers, and interact mu-
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tually through the antiferromagnetic correlation and further couple ferromagnetically
to the localized spin. The Kondo-Hubbard model with the interlayer-transfer energy
for this m-electron system is investigated within a mean-field theory with periodic
boundary conditions. The total energy per electron, the energy bands, and the spin
densities are computed. The purpose of this work is to elucidate that the on-site
Coulomb repulsion and the ferromagnetic exchange interaction of the itinerant =

electron lead to ferromagnetism due to the topological structure in this compound.

THE KONDO-HUBBARD MODEL

A new hydrocarbon is the 3D-carbon-atom network, as shown in Figure 1. The
unit cell is composed of two bridging-carbon atoms (m=1,8), twelve carbon atoms
(m=2~7, 9~14), and the nonbonding electron with the localized spin (m=0). It
is assumed that one 7 electron per carbon atom moves itinerantly between nearest-
neighbor carbon atoms of the intralayer and between those of nearest-neighbor layers.
Two m electrons interact antiferromagnetically on the same atom and the spin of the

n electron interacts ferromagnetically with the localized spin at the bridging site.

FIGURE 1 Carbon-atom network of the 3D hydrocarbon. The [ denotes
the I-th unit cell. The m=1~14 is the carbon-atom site and m=0 is the

localized-spin site.
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Let us start with the following Hamiltonian :
H = Hy + H,,
where

6
_ t f f 1
Hy = _TZ( Z O mi1,00ime + Qoo Ute + Ayy, 7 ,U40 + Oy, 1 o Ubo
Lo m=1

13

1 t { t
+ Z At mi1,0Hmeo + 4o, 1140 + Gi11,,14,0%110 + 41, 80130 + H.C.)
m=8§

7
-T z Z (a;‘,m”,aa;m,, + a{+,c’m+-,’,alm + He)

o m=1

and

14
Hy=UY"Y" Mumatums —J Y (Swo-Su + Sio - Sis),
1 m=1 1
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(3)

where o], (aims) denotes the creation (annihilation) operator for the electron of

spin ¢ (6=qa, §, and « and g describe up and down spins, respectively) at site m in

the I-th unit cell. The [ is I=(ny,ng,n3), where ny, ny and ng are arbitrary integers,

1,=(1,0,0), 5=(0,1,0), £.=(0,0,1). The n,ma:a;rmalmd is the number operator.

T (T1) denotes the intralayer- (interlayer-)transfer energy between nearest-neighbor

carbon atoms and U denotes the Coulomb repulsive energy of the m electrons on

the same carbon atom. Sy and S;g are the spin operators of the 7 electrons at the

bridging-carbon-atom sites =1 and 8 in the the [-th unit cell, respectively. Sy is

the spin operator of the localized spin with the magnitude of spin 1/2 at the site

m=0 in the I-th unit cell.

The primitive translation vectors are defined by the equations
a:2\/§x, b =3y, c=ag,

where x, y and z are the Cartesian unit vectors. The lattice vectors become
rn=na+nb+nge, ry, =n+a ryy=r+b, 1y =r+c,

and the primitive translation vectors of the reciprocal lattice become

—\/%x, B= —2§1£y,C = 27mz.

(4)

(5)

(6)
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The Fourier expansion of the operator ay,, is writtrn as

1 ik-r
a = TS E :e‘ ‘a ma) 7
imo \/N o k ( )

where N is the total number of unit cell, k is a wave vector, and the summation over

the wave vector is taken under the follwing conditions :

0<k <‘/6_”, 0<k <z, O0<k<m (8)

When the transfer energy T is taken as a unit of energy and the Bloch representation

is used, the total Hamiltonian (1) becomes

H Hy H
T ®)
where
Hg ~i3k, 1 23k
—F == Z( Z a;,m+l,vak"‘°’ + aI(Zaalad te Y8y7,0kdq T € - za'klo‘akﬁl7
k,c m=1
> i 1 i3k, 1 i2/3k
+ Z ak,m+1,gakm¢7 + )95k 140 +e vak“gakllo e zakggakmn + H.c. )
m=8
_h ko 1
Z Z ak m+7aakm0' +e™t z(]’l(vn4»7a(1'l(""7 + Hec. ) (10)
k,o m=1

with the reations

k-a=2V3k, k-b=3k, k- c=k. (11)

FORMULATION

The mean-field theory is used in order to research the stabilization of the ferromag-
netic state for finite U. It is assumed that the system has eight up- and six down-spin
7 electrons and a localized spin with the magnitude of spin 1/2 in the unit cell.

14 14
D < Muma >=8, D <mmg>=6, <Sf>=1/2, (12)

m=1 m=1
where < - .. > denotes the expectation value with respect to the ground state. This
state should be determined self-consistently within the mean-field theory. S§ is the
z component of Sig. The unit of k = 1 is used. The neutrality of the carbon atom is

also assumed by
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D < Mumg >=1 (13)
a
and a half of the spin density is defined by
1
61y — 5 < Mma — Mumg > - (14)

As the Hamiltonians of up- and down-spin electrons are symmetric, the transforma-

tions are introduced as follows :

Ama — blmayalmﬂ - (_1)m+1bltmﬂ‘ (15)

The expectation value of Equation (9) becomes

H ¢ NU &, N
< ‘Y—, >= gbkaM(k)bk” + —anz_l(énm + 6nm) + ﬁ(?U + J) (16)
with
14
Y < Blybime >= 8. (17)
m=1
The bLa is the 14D low vector
[bk]a, * 7bI(14¢7] (18)
with the Fourier transform of b{m,,,
1 :
by = —= 3 kTl 19
kmo \/N zl: imo ( )

The M (k) is the 14x14 Hermite matrix. Its elements are My m=—Ubny/T — J/4T
(m=1, 8), Mpm==Ubnm/T (m=2~7, 9~14), My mi1=Mmi1m =—1 (m=1~6,
8~13), Mag=M7p=Mg1i=Misg= —1, Mys=M; =My 13=M}, 3= —exp(—i2v/3k;),
M.,;:M,*A:MHJM: MMH:—exp( 13ky), My mi7= =My 7 m= —1—exp(—ik,) (m=1

7) and other elements are 0. By solving the eigenvalue equation

MK)Vi(k) = E(k)Vi(k), (@=1~14), (20)
the eigenvalue E;(k) and the eigenvector V;(k) of M (k) are got and a half of the
spin density is given by

6nm-——zz Vi) Ving (1) — (2)
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where the component Vi, ;(k) of V;(k) denotes the amplitude at site m.

RESULTS

From Equation (20), we get fourteen energy bands of the 7 electrons. They are
shown along the k, axis for U=J=0 and for U/T=1 and J/T=0.5 in Figures 2 and
3, respectively. When [U=J=0, the third- and fourth-lowest-energy bands are double
in Figure 2. Seven energy bands with negative energies and those with positive ones
are symmetric with respect to the Fermi energy Er. The fifth- and sixth-lowest-
energy bands originate from the 7 electrons at the bridging sites and are twofold
degenerate. The degeneracy of the energy band is resolved by finite U and J. The
first-, second- and fifth-lowest-energy bands in Figure 2 split into two bands in

ENERGYIT 3[ ENERGY/T 3F— —~~ _ _
e —— ni1=0) |- - - ===t
u=0 usT=1
J=0 22— JI7=05 2|

up spin

— pp—
! > down spin
Er> °:_'_">-;’,kz Ep—> 05*"“2,“:

P - -
-

FIGURE 2 Fourteen energy bands of the n electrons along the k, axis for
T1/T=0.1 and U=J=0. Ef denotes the Fermi energy.

FIGURE 3 Energy bands of the 7 electrons along the k, axis for T;/T=0.1,
U/T=1 and J/T=0.5. Er denotes the Fermi energy. The solid (dashed) lines
describe the up- (down-)spin bands.
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Figure 3, and the third- and fourth-lowest-energy bands in Figure 2 split into four
bands in Figure 3. When U/T'=1 and J/T=0.5, the solid and dashed lines indicate
the up- and down-spin bands, respectively, in Figure 3. Eight up-spin bands with
negative energies and eight down-spin bands with positive ones are symmetric with
respect to the Fermi energy EF, because the up-spin electron and down-spin hole are
symmetric. Eight up-spin and six down-spin bands with negative energies are filled
by eight up-spin and six down-spin electrons in the ground state, respectively.
Figures 4 and 5 show the energy bands along the k; and ky axes for U/T=1
and J/T=0.5, respectively. The energies of the up-spin bands are lower than those of
the down-spin ones. Eight up-spin and six down-spin bands from the lowest-energy
band are filled by up- and down-spin electrons along the k; and k, axes in the ground
state, respectively. The seventh- and eighth-lowest-energy bands described by the
solid lines are almost flat near the Fermi energy Er along the k. and k, axes, as
noticed from Figures 4 and 5. These flat bands originate from the m electrons at the
bridging sites. The system has 2% degenerate ground states and are nonmagnetic for
U=J=0. However, a ferromagnetic state can occur, when the bands created by the

w electrons at the bridging sites are occupied by the up-spin electrons due to the

ENERGY/T 3 _ _ _ _ ENERGY/T 3= = o _ _
Ty T=0.1 N T /7=01
uiT=1 N\__ uiT=1
JIT=05 o e 1T1=05 2
up spin up spin
down spin | down =pin |
S g
FF=>0 Br> 0 3
-
-1 = ~ o =
~ -~
\\ o -
3 .
«2}— - =

-3
FIGURE 4 Energy bands of the 7 electrons along the k, axis.
FIGURE 5 Energy bands of the 7 electrons along the k, axis.
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topological structure, the ferromagnetic exchange interaction and the Coulomb re-
pulsive one.

From Equations (16) and (20), the total energy per electron in the magnetic
state becomes

1 U &, ., 1 1
= — : —_—— — - 2
Ev =5 > > Ed(k) + a7 m§=:l(5nm +6nm) + 4T(U+ 7J), (22)

k =1
while the energy per electron in the nonmagnetic state becomes
B = o 53" Bo(l) + U (23)
INT S AT
where Fg;(k) is got from Equation (20) with én,=0.

-0.001
IT=0
: T/ T=0.1
= 0.3
= 05
2001
AN L OT € 7.14
:x:z c
v N o0
t - o~
A —
< —
L oafE
-0.4
= -0.8
R Crreoul g
0.1 /T ! 5 0.1 u/T 1 5

FIGURE 6 Total energy per electron referenced to the nonmagnetic state
as a function of U/T for T;/T=0.1, and J/T=0, 0.3, 0.5 and 0.7.
FIGURE 7 The spin density at site m vs. U/T for T1/T=0.1 and J/T=0.5.

Figure 6 shows the total energy per electron referenced to the nonmagnetic
state as a function of U/T for T} /T=0.1, and J/T=0, 0.3, 0.5 and 0.7. One sees that
the magnetic (spin-density-wave) state is stabilized more by the spin polarization
as U/T increases, because the total energy referenced from the nonmagnetic state
without spin polarization decreases as U/T increases. As the value of the ferromag-

netic exchange interaction J increases from 0, the total energy with negative energy
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decreases and thus the ferromagnetic state is more stabilized. As J/T increases from
0 to 0.7, the total magnetic energy per electron referenced to the nonmagnetic state
becomes lower for 0.1< U/T <5. The difference between the magnetic energy for
J=0 and that for J/T=0.3, 0.5, or 0.7 becomes smaller with the increase of U/T
from 0.1 to 5. Figure 7 depicts the spin density 2én., of the 7 electron at site m as
& function of the on-site Coulomb interaction as a unit of the transfer energy, U/T,
for Ty/T=0.1 and J/T = 0.5. The amplitudes of the spin densities increase abruptly
as U/T increases more than 1, and tend to 1 as U/T goes to infinity. The ampli-
tudes of positive spin densities at the bridging sites m=1 and 8 are most largest,
those of positive ones at the benzen-ring sites m=3, 5, 7, 10, 12 and 14 are secondly
large, and those of negative ones at the benzen-ring sites m=2, 4, 6, 9, 11 and 13
are most smallest for 0.1< U/T <5. All spins at the bridging sites become parallel.

Therefore, this system has a ferromagnetic {{errimagnetic)-spin-density distribution.
SUMMARY

I have proposed a new 3D hydrocarbon and sudied the elctronic and magnetic states
of the Kondo-Hubbard model with the interlayer transfer and a half-filled band. 1
have computed the total energy per electron, the energy bands and the spin densi-
ties within the mean-field theory using periodic boundary conditions. It has turned
out that the antiferromagnetic correlation and the ferromagnetic exchange interac-
tion stabilize a ferromagnetic (ferrimagnetic) state and all spins at the bridging sites
align in parallel in this m-electron system with the 3D topological structure.

The Kondo-Hubbard model for the 3D hydrocarbon proposed here has flat
bands at the Fermi energy Ef, as shown in Figures 4 and 5, such as the bipartite
lattice . The eight sites have positive spin densities and the six sites have negative
spin densities due to the antiferromagnetic correlation, as shown in Figure 7. These
spin densities at the carbon sites are qualitatively consistent with those of the fi-
nite molecule chain by Takui et al.’s ENDOR(Electton-Nuclear-Double Resonance)
experiment.' In this model, the itinerant 7 electron at the bridging carbon atom
couples the localized spin through the ferromagnetic exchange coupling J. As shown
in Figure 6, as the value of J increases, the total energy decreases and thus the fer-
romagnetic state are stabilezed more by J. The amplitude of m-electron spin density
is most largest at the bridging carbon atom among the carbon sites for Ty/T=0.1
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and J/T = 0.5, as shown in Figure 7. All spins at bridging sites become parallel in
this m-electron system. Thus the Kondo coupling stabilizes ferromagnetism of the
m-electron system in the Kondo-Hubbard model.

Lieb proved rigorously that the ground state has spin S = ||B| — |4]|}/2 (| B|
(1A]) is the number of sites in the B (A) sublattice) in the repulsive Hubbard model
with a half-filled band on a bipartite lattice in all dimensions.’® He suggested an
itinerant-electron ferromagnetism in a periodic lattice with |B| > |A|. Recently, it
has been showed that the ground states of the Hubbard Hamiltonian for the bipartite
inorganic metal-ligand chain and the generaized Hubbard Hamiltonian for the Q1D-
organic-bipartite chain have the ferrimagnetic long-range orderings, respectively.1®17
The 3D structure of the hydrocarbon with the interlayer transfer of the 7 electron
proposed in this paper stabilizes the 3D-long-range order of parallel spins at the
bridging carbon atoms. The spin fluctuations have been neglected within the mean-
field theory. The effects of spin fluctuations will be studied in future. It is expected
that hydrocarbons occuring a ferromagnetic long-range order will be synthesized in

future.
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