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The interchain coupling in a model, which is most relevant to organic ferromagnets, is studied by a kind of mean

field theory. A full phase diagram is given for this model. It is shown that the interchain coupling dramatically affects

the ferromagnetic order in the ground state. When the interchain coupling reaches a critical value, the high-spin ground

state disappears and the system may transit from ferromagnetic phase into Kondo-singlet phase.
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1. Introduction

Because of the potential technical application, re-
cently the organic ferromagnets have aroused great
interest[’ = since several magnetic organic com-
pounds have been discovered, such as m-PDPC!” and
p-NPNN.8] This new class of ferromagnetic (FM) ma-
terial does not have d or f electrons, but can still
display the magnetic order. So the mechanism of or-
ganic ferromagnets must be quite different from the
usual magnetic materials. For experimental work, an
important aim is to find a way of synthesizing high-
In this direc-

tion, Ovchinnikov and Spectorl®! attached free radicals

spin ground-state organic polymers.

to the carbon chain as side groups, as schematically
shown in Fig.1. In this structure, the ferromagnetic

order was found at room temperature.

Fig.1. Two neighboring chains of interchain coupled

organic ferromagnet.

In theoretical works, there is a basic model to

In this model, the
m-electrons on the carbon main chain are described
by the SSH (Su—Schrieffer—Heeger) model, and the
unpaired electron is modelled by a local spin inter-

describe this kind of materials.

acting with the m-electron through a Kondo-like in-
teraction. Employing this model, recent theoretical
works[!% predicted that the materials always display
FM order. In fact, only a few of the materials have
been found to show FM order in experimental works.
The discrepancy between experiments and theoreti-
cal works urges people to exploit the mechanism of
FM order. In our previous work,[!? we reconsidered
the basic model and found that even in such a simple
model there still exists a new mechanism which has
not been revealed. After we carefully treated the in-
teraction between local spins and m-electrons, a new
phase is found, in which the hybridization effect is
included. This effect has always been neglected in

previous treatment.

Recent studies'? show that the interchain cou-
pling between the basic chains is very important and
may have a significant effect. For some kinds of inter-
chain coupling structure, the interchain coupling may
decrease the energy gap and destabilize the ferromag-
netic ground state of the system. However, for the
properly selected structure of interchain coupling, it
may stabilize high-spin ground state. These results
indicate that the interchain coupling plays a very im-

portant role in forming FM ground state. So it is
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necessary to study the effects of interchain coupling
in more details. For this issue, in previous studies the
spin freedom of m-electrons and local spins are com-
pletely separated by mean field theory. This kind of
treatment just considers the polarization of the con-
duction electrons by the local spins, while the hy-
bridization between the local spins and the 7-electrons
is overlooked. The latter part is shown to be impor-
tant for strong interaction between the local spins and
the m-electrons. The hybridization can even destroy
the high-spin ground state. In the present work, we
reexamine the effect of interchain coupling by a kind
of mean field theory, by which one can treat the hy-
bridization and polarization between the local spins
and the m-electrons on an equal footing. This is the
main motivation of this work.

This paper is arranged as follows: first we give our
model Hamiltonian and the treatment of this model.
In our results, a full phase diagram is given. Based
on this diagram, we then present our discussion and

conclusion in the last part.

2.The model Hamiltonian and

mean field theory

The model Hamiltonian studied in our paper can

be written as
H =H, + H,, (1)
Hy =—1t Z []_ + (—l)ia(ulvi — ul7i+1)]

X (e} pelit1,0 +huc.)

K
+ JZ SRz,i “TR;; + 5 Z(ulﬁ' - ul7i+1)27 (2)

Ry L

Hy =— TZ(CI,i,aCZi,G + h.c.), (3)
in which tg is the hopping integral of m-electrons along
each main chain when there is no dimerization, « is
the electron-lattice coupling constant, u;; is the lat-
tice distortion of the ith lattice in the Ith (I=1,2)
main chain. c}:i,a(cl,iﬁ) denotes the creation (anni-
hilation) operator of m-electron with spin o at the
ith site in the Ith chain. The second part of (2) de-
scribes the correlation between the radical local spin
Sg,,; and the m-electron 7g, ;, which can be defined

= Eaﬂ c];%lma(aagﬂ)c&mg, where 0,3 are
the Paul matrices. Strong electron-phonon interaction

as: TR;

is considered adiabatically. So the uniform dimeriza-
tion is assumed in our treatment: o(u;; — ujit1) = 6.
The third part of Eq.(2) is the lattice elastic energy,
and K is the effective lattice spring constant. In the
following treatment, we take t; as the unit of en-
ergy and use dimensionless electron-lattice coupling:
A = o?ty/K. H, describes the interchain coupling, in
which T is the hopping integral from site ¢ of one chain
to the corresponding site i of another chain. Here the
case of constant interchain coupling strength is con-
sidered. In this model we neglect the on-site Coulomb
interaction and assume that the interaction just affects
the ground state quantitatively. This point can be un-
derstood by considering the effects of on-site Coulomb
interaction in the Kondo-lattice model (KLM)[3! and
SSH model.l"] Tt should be noted that, if there is no
interchain coupling, the model is a special kind KLM
and in the usual KLLM, there are local impurities on all
lattice sites regardless of the electron-lattice coupling.

A similar model has been studied in previous the-

oretical works.[10:15,16]

However, the properties of this
model are still far from fully understood. For exam-
ple, the full phase diagram has still not been given at
present. In previous treatments, the transverse inter-
action between the local spins and the 7-electrons is
omitted and only the longitudinal interaction is con-
sidered. So the transverse interaction effect is totally
neglected. In this paper, we treat the longitudinal
and transverse interaction on an equal footing and
give a full phase diagram for this model on the ba-
sis of a mean-field theory!”l which was used to study
the coexistence effect in the KLM. We find that the
transverse part is very important and also can destroy
the ferromagnetic ground state in the coupled chain
model.

First we write the local spin in the pseudo-fermion

representation:

+ __ gt
Sl,i —dumdl,i,ia

- _gf
Sm‘ _dl7i,¢dlviaT7
Z
Sl,i :(d;i,le,i,T - d;,i,¢dl,i,¢)/2-

Then we divide the m-electrons of each chain into two
sublattices, A and B. The site with a radical is ex-
pressed using fermion operator b;, while site without
a radical is expressed using a;. Then the Hamiltonian

can be written in the following form:
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H=Y" {0l 000 +he]+ 0+ 0B a0 +he]}

lic€A,o

J
+ >0 by =0l

licA

J
il VAl . T ) _
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Here we give the longitudinal and transverse interac-
The lon-

gitudinal interaction term in Eq.(4) is approximated

tions separately in Eq.(4) for convenience.

as

JZSIZ“:

li€A

> ma(df, buis = bl i)
lieA

+ mb(dl i le i1

memdN (5)
2 )

where we have introduced the order parameter mgy to

—d]; 4d1i1)]

characterize the ferromagnetic order of the local spin:

<dwd“ 2d“¢d“ > (6)

Also, the magnetic order of 7-electron in main chain

mg =

is described by the following two order parameters:
<bl i Tbl 7,7 bl i ibl 7,4 >
2 )

T 1
<az,i,T“l7i,T - az,i,¢al,i,¢>
a = 2 ° (8)

These two parameters are the expectation values of

(7)

my =

77 at odd sites and even sites, respectively. According

biiy)(d] ; +

diig —d}; diiy)

N§?2

(4)

The transverse interaction term is approximated

as
J .
5 Z (Sl,iTl,i + h.c.)
licA

JV
=5 2 Gligdiio+d]; buig)+
liicA,o

J
V2N
2 b

where the order parameter V describes the hybridiza-

tion between the local spin and 7-electron and

V= <bz it + dzT,i,¢bl,i,¢>

<bl i) + le,i,Tbl,i,T> )

(9)
which reflects the local Kondo-singlet state.[8] By this
treatment, we can exactly diagonalize the remainder
of the Hamiltonian. It should be noted that, since the
two chains in this system are identical, the order pa-
rameters above are equal in each chain. Therefore, we

can rewrite the Hamiltonian (4) in momentum space:

) J
H=> T HyoTo+ SNV?

ko
to the mean-field form of the longitudinal interaction, 7 N§2
one can clearly find that the effect of this term is just — JmpymaN + N (10)
like that of magnetic field applied on the sites with
radicals. So this term describes the effect of polariza-  where F,IJ = (bJLk’O_, aJ{,k,O—’di,k,a,bg,k,a’a;k,avd;k,a)v
tion of the m-electrons caused by the free radicals. and
Jmag IV
2 2
0 0 o T 0
. i Tme g o
Hier = 12“ 0 g Jmag TV
2 2
0 T 0 fr 0 0
JV Jmyo
0 0 0 — 0

[\
[\
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In the above matrix, f = 2[cos(k) +idsin(k)]. The
Brillouin zone is folded in half, so the summation
over k is carried out in the reduced Brillouin zone:
|k| < m/2. The quasiparticle spectra are determined
by the equation: ‘I:I —EI

bands will emerge. As we completely fill the six lowest

= 0, then twelve energy

energy bands, the ground state energy can be written

as

J
Egs = Z Ei(k)—|—§NV2

kji=1,...,6
— JmymygN + N—62,
A

where E;(k) (i = 1,...,6) are the lowest six energy
bands. The self-consistent equations for the three rel-
evant order parameters ( mgq,, mp, and V') can be ob-
tained by calculating the expectation values in equa-
tions (6, 7, 9). In fact there is the fourth order param-
eter: the lattice dimerization §, which can be obtained
by minimizing the ground state energy: dEgs/d0 = 0,
0?Egs/05% > 0. All of these order parameters can be

calculated numerically.
3. Results

In the following calculation, we take the param-
eters A = 0.5. The order parameters are calculated
with increasing the interchain coupling. For J = 2,
the calculation results are shown in Fig.2. One may
find that, as T is small, the order parameter my is
exactly equal to 1/2, which means that the local rad-
ical spins are ferromagnetically arranged. And the
electrons in the main chain are distributed antiferro-
magnetically. This point can be seen from the value
of mg and my, which have the same absolute value
with opposite signs. And the Kondo-singlet order pa-
rameter V is zero. We call this phase dimerized fer-
romagnetic (DFM) phase. When T is increased to a
critical value 7Y, the parameter my falls abruptly to a
value smaller than 1/2; and the dimerization param-
eter § is zero. V jumps from zero to a finite value.
That is to say, in such a situation, the dimerization
is totally destroyed and the hybridization between the
local spin and 7-electron is enhanced. In this phase,
the values of the order parameter my and V both are
finite. It seems that there is a coexisting (CO) phase
of FM and Kondo singlet state. With increasing the
interchain coupling, one may find that mgy, |m,| and
|mp| are all decreased. These phenomena imply that
the magnetic orders in main chain and radicals are all

suppressed by the interchain coupling. At the same

time, the order parameter V increased monotonically

and the hybridization effect is enhanced.
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Fig.2.
pling 7', A=0.5, J = 2, the dotted line is mq.

The order parameter versus interchain cou-

As T reaches to a critical value Ty, mq, |mg| and
|ms| all have zero value, and V has a finite value. The
magnetic order in the main chain and radicals entirely
disappear. Since the finite order parameter is V, in
this phase the ordered phase is Kondo singlet (KS)
phase.

Above results suggest that, even in such a simple
model, there still exist rich phases. Summing up the
above results, a full phase diagram is given in Fig.3.
In this figure, the dotted line represents the transition
from DFM phase to the CO phase, and the transition
from CO phase to KS phase is represented by solid
line. It should be noted that these two phase transi-

tions are both first order in our theoretical frame.
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Fig.3. Full phase diagram of our model. The dot-
ted line represents the transition from the DFM phase
to the CO and the solid line represents the transition
from the CO phase to the Kondo-singlet phase.

4. Discussion and conclusions

Now we give a brief discussion on the above re-
sults. By the phase diagram, one may find that with
increasing the interchain coupling or Kondo-like cou-

pling, the system can be driven to the KS phase. But
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this is by no means to imply that their effects are
the same. One should keep in mind that without the
Kondo-like coupling, there is no FM state. There are
two parts in Kondo-like coupling. The longitudinal
part gives polarization effect, which is the main con-
tributor to the FM state. However, the transverse part
results in a hybridization effect, which favours the ran-
dom Kondo-singlet state. The situation for interchain
coupling is quite different, although they all seem to
be against the FM state. The interchain coupling does
not directly affect the magnetic order. This point can
be seen from the phase diagram, in which one can find
that, as J S 1, with increasing the interchain coupling
T, the system cannot be driven to the KS phase. That
is to say, the interchain coupling has little contribu-
tion to the hybridization between the local spins and
m-electrons, but it can reduce the polarization effects
in Kondo-like interaction J. This point is also con-
firmed in Yao’s works,? in which only the polariza-
tion effect is considered and the interchain coupling
can completely destroy the FM phase. As J < 1, by
reducing the polarization effects, the interchain cou-
pling can drive the system to the KS state.

In physics, the effect of interchain coupling can be
simply understood as this: since the m-electrons spend
time hopping from one chain to another, the chance
of being polarized by local spin is lowered. Then the
effect of polarization will be suppressed. At the same
time, the interchain hopping is helpful to uniform dis-
tribution of w-electrons in main chains. So this cou-
pling will suppress the dimerization, which is help-
ful to stabilize the FM state. These two mechanisms

will destabilize the FM ground state colour. One may

also think that interchain coupling can reduce the hy-
bridization effect under our physical picture. But we
argue that the interchain coupling have more effect
on polarization than on hybridization. For this argu-
ment, the anisotropy effects of the Kondo-like interac-
tion between the local spin and m-electron should be
considered. Such kind of results will be given in our
future work.

For material synthesis, the materials should have
small T" and J. If J is small enough, the effect of in-
terchain coupling need not to be considered, since it
just can drive the materials to the CO phase, in which
the FM state is partly retained. So, in this situation,
the interchain coupling strength has little effect on the
FM state. The materials which have smaller J will be
more suitable for synthesizing high-spin ferromagnets.

In conclusion, we have investigated a quasi-one-
dimensional organic polymer ferromagnet model with
interchain coupling. With increasing interchain cou-
pling, one can find that the system may transit from
DFM phase to KS phase. Between these two phases,
there is a phase in which the FM phase and KS phase
can coexist. Based on the full phase diagram, we ar-
gue that for small enough J, the effect of interchain
coupling can be neglected. But when J is large, the
interchain coupling should be considered. It has dra-

matic effects on the ground state properties.
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