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A highly anisotropic Heisenberg spin one-half Hamiltonian is derived for the organometallic
charge-transfer ferromagnet DMeFc-TCNE and its effective exchange parameters are
estimated. Its relationship to the generally adopted McConnell picture of ferromagnetic
interaction in such systems is established and particular charge-transfer states responsible for
the ferromagnetic sign of the effective spin—spin interaction are discussed. The model proposed
is valid for a number of charge-transfer magnets. Possible effects of high anisotropy on critical
temperature in the DMeFc-TCNE ferromagnet are discussed briefly.

1. INTRODUCTION

In recent years, numerous molecular magnets have been
synthesized.!™ Among these, the charge-transfer ferromag-
nets proposed by Miller, Epstein, and co-workers are of par-
ticular interest because they realize effectively a simple
idea—to construct a ferromagnetic material from separate
molecules in the most direct fashion. [The crystals of the
Miller-Epstein compounds are assemblies of the separate
molecules of the donor (usually metallocenes) and acceptor
(usually polycyanolefines) types. Molecules of the both
types bear unpaired electrons.] However, a complete theo-
retical model for the magnetic order in charge-transfer or-
ganometallic crystals has not yet been developed. Experi-
mental data on molecular magnets are usually fitted to
Heisenberg models with ferromagnetic nearest-neighbor in-
teractions. However, the Heisenberg model is itself semiem-
pirical and its applicability must be confirmed. We need to
understand how the effective exchange between the local-
ized spins arises and how this gives rise to ferromagnetic vs
antiferromagnetic behavior.

The origin of the effective exchange in the Miller—Ep-
stein magnets is attributed unanimously to charge-transfer
states.>* Soos and McWilliams® noticed that the charge-
transfer states involving ligand orbitals of the donor mole-
cules are particularly important. Their contribution was tak-
en into account®® by the hopping term coupling the singly
occupied orbital of the acceptor with the vacant orbital of the
donor. No direct interaction is available®® between un-
paired electrons on the donor and acceptor sites. It has been
proposed®® that a Kondo type term on the donor site ap-
pears to provide the necessary coupling between the local-
ized unpaired electrons in the d shell of the metallocene do-
nor molecule and the electron back transferred from the
acceptor to the vacant orbital of the donor. This interaction
is of the Coulomb origin and the most important contribu-
tion to it is the intraatomic Heisenberg exchange®® (i.e., the
spin-dependent part of the Coulomb interaction). The same
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interaction is responsible for the validity of Hund’s rule in
atoms.

Recently, a model Hamiltonian has been proposed for
the one-dimensional donor-acceptor stack.>® It incorpo-
rates all of the terms which are necessary to describe a
charge-transfer ferromagnet. These include the kinetic ener-
gy of electrons (or the electron hopping term), electron—
electron repulsion, and the Kondo term describing the spin-
dependent part of the electron—electron interaction in the
donor molecule. It is worthwhile to note that in contrast to
the semiempirical Heisenberg spin—spin interactions, all the
interactions mentioned just above are in some sense funda-
mental ones. They are not introduced ad hoc, but are present
in the exact electronic Hamiltonian of the crystal.

The model Hamiltonian®® was reduced to the ferro-
magnetic Heisenberg Hamiltonian.® However, the consider-
ations of this paper® contain two interconnected imperfec-
tions. They are limited to separate one-dimensional donor—
acceptor stacks and the entire treatment is carried out in the
framework of the unrestricted Hartree—-Fock (UHF) aprox-
imation. It is known, however, that the UHF approximation
applied to one-dimensional systems always gives a ground
state with long-range order, irrespective whether that order
really exists or not. Therefore, results derived for the one-
dimensional system in the UHF approximation cannot be
extended to the three-dimensional system directly. Never-
theless, the form of the effective exchange parameters ob-
tained in Ref. 8 suggests that a satisfactory description could
be derived in the framework of a perturbative treatment of
the kinetic energy term in the model Hamiltonian.® The per-
turbative approach can be applied effectively to three-di-
mensional systems. It usually leads to effective spin Hamil-
tonians, which are known to give the long-range magnetic
order only when the exact solution has the same order.

The purpose of this paper is to derive the Heisenberg
Hamiltonian for the whole crystal of the charge-transfer
Miller-Epstein compounds, starting from the more general
model Hamiltonian.®® In this way, we expect to get an effec-
tive spin Heisenberg Hamiltonian of the crystal and to esti-
mate its effective exchange parameters. We also hope to
avoid the limitations of the UHF approximation and of one
dimensionality.

© 1992 American Institute of Physics



A. L. Tchougreeff: Heisenberg Hamiltonian for charge transfer

ll. THEORY

A. Effective Heisenberg Hamiltonian for the donor-
acceptor pair

The Miller-Epstein compounds consist of molecules of
two types—donors (D, metallocenes) and acceptors [ A, te-
tracyanethylene (TCNE), tetracyanoquinodimethane
(TCNQ), and others of that type]. Normally, their stoichi-
ometry is 1:1. In the crystal, one electron in each DA pair is
transferred completely from the donor site to the acceptor
site: thus the electronic structure of the entire crystal can be
depicted as ---D*A D*A D*A --- . Both the donor and
the acceptor sites bear local spins. According to Ref. 8, the
following orbitals are to be included in the model in order to
describe the effective interactions between local spins: on the
acceptor site, one orbital, namely, the lowest unoccupied or-
bital of the free acceptor molecule, or equivalently the singly
occupied one of the radical anion, is considered. This orbital
will be referred to as an acceptor orbital. On the donor site,
several orbitals must be taken into account. First, there is at
least one empty orbital which has a nonvanishing overlap
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with the acceptor orbital defined previously (this orbital
hereafter will be referred to as a ligand orbital ). Other orbi-
tals on the donor sites (d orbitals) are included depending
on the particular magnitude of the local spin residing on that
site. For example, in the iron derivative containing deca-
methylferrocene as donor (D = DMeFc¢ = FeCp¥, where
Cp* stands for the permethylated cyclopentadienyl anion),
the local momentum residing on the donor site corresponds
to § = 1/2. Therefore, we include one singly occupied d or-
bital on each donor site to reproduce this value of the local
spin. On the other hand, in the case of the manganese deriva-
tive containing decamethyl-manganocene as a donor
(D = MnCp¥) § = 1, at least two singly occupied d orbitals
must be included on each donor site. We will consider expli-
citly the simplest case of the DMeFc-TCNE compound with
one d orbital on each donor site. Generalization to cases of
larger local spin is obvious.

Let us now consider a donor—acceptor pair (D*A -,
D = DMeFc, A = TCNE) extracted from the crystal. The
Hamiltonian® for such a pair, formulating the above qualita-
tive considerations, has the form

H=Ho+Hy, Ho= =3 (@pfp, + @yl + Whao) +VLhp By + Vahiy By + Uby By + K88,

HR=—tz(L:Aa+A:La)’ ﬁLo=L:La’ ﬁAa=A:Aa’ ﬁdo=d:da?

85,8, =1/2(8S}S; +8S;S7)+838%, S;=L}L, S =L}*L,,

S =drd, S;=d"d,

Here L, is the annihilation operator for an electron with spin
projection o on the ligand orbital; 4, and d, are the same for
the acceptor and 4 orbitals; the spin projection o = + 1/2
and its positive and negative values are denoted by the , and
, subscripts, respectively.

In Eq. (1), thefirst term in Hj is the energy of attraction
of electrons to their sites, the second term describes the on-
site Coulomb repulsion in the simplest Hubbard form, and
the last term in H,, the Kondo term, describes the spin-
dependent part of the intramolecular Coulomb interaction
(intramolecular exchange) of unpaired d electron with an
electron in the ligand orbital. The exchange parameter X is
simply the Heisenberg exchange integral for the d and the
ligand orbitals at the same site multiplied by —2
[K= —2(dL|Ld)]. Thus it has ferromagnetic sign
(K <0). The operator H is the resonance or hopping oper-
ator. It describes one-electron transfers between the accep-
tor orbital and the ligand orbital.

We will now consider the Hamiltonian H,, as the zero-
order Hamiltonian and the hopping term H, as a perturba-'
tion. According to the generally accepted'™ picture of the
electronic structure of the DMeFc-TCNE salt, two unpaired
electrons occupy acceptor and d orbitals. All the states of the
Hamiltonian H, with two unpaired electrons in these two
orbitals are degenerate. The perturbation theory in the form

P =1/2(R, —h,.), Si=1/2(R, —A,.). (1

of the Lowdin projection method'® will be used to find out
how the degeneracy is removed by the hopping term.

Let P be the projection operator on the subspace of the
entire configurational space of the separate D+ A~ pair,
which is spanned by the two-electron basis states, where un-
paired electrons occupy d and acceptor orbitals only. Let @
be the complementary projection operator (@ =1— P).
The effective Hamiltonian acting in the P subspace has the
form"

H*" = PHP + PHQR , (E) QHP, (2)

where RQ(E) = (QE — QHQ) ~ ' is the resolvent of the op-
erator H in the complementary subspace (Q subspace).
The action of the projection operator P is obvious

L,P=PL;} =0, PHP=PH,P, QHQ=QH,Q,
QHP = QH P, PHQ=PH Q.
All the states of the Hamiltonian H,, in the P subspace have
the same energy £, = — a, — W. The states of the Hamil-
tonian H, in the Q subspace are not degenerate. The singlet
and triplet states which are produced by transfer of one elec-
tron from the acceptor orbital to the ligand orbital have dif-
ferent energies due to the Kondo term.

The projection operator Q is the sum of its singlet and
triplet constituents Q = Q¢ + Q. The energies of the sing-
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let and triplet back-charge-transfer states measured from the
E, level are, respectively,

AESe; =Aa—K /2, AEL. =Aa+K/2,

where Aa =a, — ;. The triplet back-charge-transfer
state has lower energy due to the sign of the exchange param-
eter.

The resolvent becomes

o o

Aa—K/2 Aa+K/2°

The projection operators Q¢ and O can be readily expressed
through the operator of the total spin on the donor site

SD =‘§d +‘§L’ Qs=1-— A%/Z, QT=‘§?)/2'
The operator Qg removes the triplet states [those with
Sp(Sp + 1) =2] and keeps unchanged the singlet ones
(S, = 0), whereas Q, removes singlets and keeps triplets.
After some easy algebra, we get
N Y S S

Aa—K/2 2 (Aa)*—KY4'

Substituting the explicit form of the total spin operator and

the eigenvalues of the square spin operators for individual
electrons in the ligand and d orbitals (3/4), we get
Aa— K /4 K a2

- d S L*

(Aa)*—K?%4  (Aa)*—K?/4
Since the energies of the both charge-transfer states are posi-
tive, the denominator in both resolvent terms is positive as
well. This expression must be inserted into Eq. (2) for the
effective Hamiltonian. Taking into account the abovemen-
tioned properties of the projection operators Pand @, we can
write

Ro(Ey) = —

Ry(Ey) =

RQ(Eo) =

H"=1>Y PA}L,Ry(E,)L}AP.

The resolvent comprises two terms—a constant and a spin
multiplier term. Therefore, the effective Hamiltonian can
also be split into two terms. The spin-independent term is

off , Aa—K/4 A

‘ (Aa)? — K %/4 2 Pt
It describes a bonding due to weak delocalization of an elec-
tron from the acceptor orbital to the ligand orbital. All the
effects of magnetic ordering are hidden in the second, spin-
dependent term

2
eff __ t°K
2

= Y PA}L,S,85,L}A,P
(Aa)* —K?*/4 55 7

Inserting the explicit formula (1) for the product of the spin
operators and making use of the Fermion anticommutation
relations, we transform the above expression in order to
place the annihilation operators L, after all others, but be-
fore the projection operator P. The terms containing the
L P multiplier will be vanishing, whereas the nonzero terms
can be transformed to

of t’K & A
A~ 5,5,
(Aa)? —K?%/4
In the P subspace, the number of electrons in the accep-

tor orbitals is constant. Therefore, the first spin-independent
term in the effective Hamiltonian also can be omitted. Final-
ly, we can see that the effective Hamiltonian for the donor—
acceptor pair has the form of the Heisenberg Hamiltonian
for a pair of 1/2 spins with effective exchange integral
__ UK,
(Aa)? —K¥/4

This is precisely the form that we wanted to get. Due to
the ferromagnetic sign of the intramolecular exchange term
(K <0), the total effective exchange interaction J between
the electron spins located in the d and in the acceptor orbitals

is also ferromagnetic { provided the energies of both the trip-
let and singlet back-charge-transfer states are positive).

HT=JS,8,, J= (3)

B. Heisenberg Hamiltonian for the entire DMeFc-TCNE
crystal

Now we consider the actual crystal structure of the
DMeFc-TCNE salt. It is known' that in the DMeFc-TCNE
salt alternating donor and acceptor molecules are arranged
in one-dimensional stacks. The stacks are aligned in the a
direction. Each stack has six adjacent ones {Fig. 1(a)], of
which four are “out of registry” (i.e., are shifted by a/2) and
two are “in registry” (not shifted) {Figs. 1(b) and 1(c)].!
The singly occupied orbital of the acceptor (TCNE) is its
b,, orbital. The singly occupied level of the donor is the e,,
orbital, formed mainly by the 3d . _ , orbital of the Fe’+
cation.

According to our above considerations (see also Ref. 8),
the ligand (empty) orbital of the donor must have nonvan-
ishing overlap with the singly occupied TCNE orbital. For
the idealized geometry of the stacks [Figs. 1(b) and 1(c)]
proposed in Ref. 5, only one 7 orbital of the Cp* ring over-
laps with the b5, orbital of TCNE, i.e., the e, orbital. It is
originally occupied in the Cp* ~ anion, but due to mixing
with the empty d,, orbital of the Fe atom, it contributes to
the e}, vacant orbital.'' Thus the empty e}, orbital of
DMeFc* overlaps with the singly occupied acceptor orbi-
tal. Though the main contribution to e, is given by the 3d,,
orbital of Fe**, it will be considered as the ligand orbital
irrespective to its actual composition.

Nonvanishing overlap (and thus a nonvanishing hop-
ping integral) occurs between the acceptor and ligand orbi-
tals when the adjacent molecules are either in one stack or in
the neighbor out-of-registry stacks [Fig. 1(b)]. The accep-
tor-ligand hopping integrals in the in-registry pairs vanish
due to the large intermolecular separation.'? Both acceptor—
acceptor and ligand-ligand hopping integrals in the in-regis-
try pairs are nonvanishing. The d—d hopping integrals also
vanish because of large interstack Fe—Fe distances. In addi-
tion, due to symmetry constraints, the interstack hopping
integral between d (e,, ) and ligand (ej,, ) orbitals in the in-
registry donor—donor pairs also vanishes.

To summarize the above considerations based on sym-
metry constraints and intermolecular separations, we can
say that hopping integrals appear only between nearest
neighbors and, moreover, the hopping does not involve d
orbitals.

Now we consider the effect of nonvanishing hopping
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integrals of different types upon the electronic structure of
the DMeFc-TCNE crystal. According to the previous dis-
cussion, both the intrastack and the out-of-registry inter-
stack ligand—acceptor hoppings lead to Heisenberg coupling
of a ferromagnetic sign between the local spins in the accep-
tor and donor sites.

According to general considerations (see Ref. 9), one-
electron hopping between two singly occupied acceptor orbi-
tals also gives the Heisenberg coupling between the acceptor
spins, but of antiferromagnetic sign. Its effective exchange
constant is given by the well-known relation

2
Jar = 2 ’
Ya
where 1, , is the acceptor—acceptor hopping integral. It can
be proven that any effective interaction between the donor
localized spins (i.e., electrons in d orbitals) caused by the
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FIG. 1. (a) A schematic view of the DMeFc-TCNE crystal along the  axis.
Circles denote the Cp* rings seen from above and X -like figures present the
TCNE molecules. We see here only one sheet formed by the donor and
acceptor molecules, which is transversal to the stacking direction. The
dashed lines delimit one of the stacks (that denoted by the circle in the
middle of the hexagon) and its neighboring stacks. The two stacks which
are also denoted by the circles are the in-registry ones; the four which are
denoted by the X -like figure are the out-of-registry ones. (b) Mutual ar-
rangement of the donor and acceptor molecules in the out-of-registry pair of .
stacks. (c) Mutual arrangement of the donor and acceptor molecules in the
in-registry pair of stacks.

ligand-ligand hopping term in the in-registry pairs does not
appear up to fourth order in the intersite hopping integrals.
The latter are always small due to large intermolecular sepa-
rations. For these reasons, we neglect terms of higher orders
in hopping integrals and no effective exchange appears be-
tween the donor located spins in the in-registry pairs.

Finally, the picture of the effective spin—spin interac-
tions in the DMeFc-TCNE crystal appears as follows: each
acceptor site has six neighbors; four of them are donors and
two are acceptors. Donor—acceptor Heisenberg interactions
are ferromagnetic. The effective intrastack exchange param-
eter is

_ tiK
" (Ae) — K4

where ¢, is the intrastack hopping integral. For the inter-
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stack donor-acceptor exchange parameter, we have a simi-
lar expression
_ 1K

(Aa)* —K?/4
The two remaining neighbors of the given acceptor molecule
are also acceptors which will interact antiferromagnetically
as described above.

The donor site has effectively (in the sense of magnetic
interactions) four neighbors only (two in the same stack and
two in the adjacent out-of-registry stacks). They all interact
ferromagnetically and the effective exchange parameters are
determined above (J and J, ).

L

C. Estimates

In our previous paper,® some estimates were given for
the principal parameters of the original model Hamiltonian
equation (1). Those estimates touched the intrastack pa-
rameters only and were bound strongly to the unrestricted
Hartree-Fock (UHF) approximation. Nevertheless, these
estimates for Ao and K were correct within an order of mag-
nitude. Now we are in a position to estimate all the signifi-
cant exchange parameters of the given model. The donor-
acceptor electron hopping integrals #; are obviously equal to
the resonance integrals between the e,, orbital of the Cp*
ring (which contributes to the ligand ef,, orbital of
DMeFc) and the acceptor b,, orbital multiplied by the coef-
ficient of the ring orbital in the expansion of the ligand orbi-
tal (see also Ref. 13). This coefficient was taken from Ref.
11. The intermolecular resonance integrals between the ring
and acceptor 7 orbitals [the latter were calculated by the
standard Pariser—Parr—Pople (PPP) method (see Ref. 14)]
were calculated according to the scheme given in Ref. 15. As
a result, the longitudinal hopping integral #; amounts to
about 900 K.

The intermolecular exchange constant K has been
shown in Ref. 8 to be mainly of intra-atomic origin. As was
mentioned before K = — 2(dL |Ld) and

@LiLa) =& [ar [ argpnp -7

XYL (). (r),

where ¢, (7) and ¢, (r) are the coordinate wave functions
(orbitals) for the d and ligand orbitals, respectively. Substi-
tuting expansions for ¥, () and ¢, (r) over the Fe atomic
orbitals and the ring 7 orbitals into the formula for X and
assuming two-center exchange integrals to be zero (for more
details see Ref. 16, where the intermediate neglect of differ-
ential overlap (INDO) approximation has been extended to
transition metal complexes), we obtain

K= —-2(dL|Ld) = —2C}, iz_yz(51r|7r6),
(6m|m8) = 3F?*(dd)/49 + 20F*(dd) /441,
where (67|m6) stands for the two-electron Coulomb inter-
action integral between thed,, (d, ) andd , _ » (ds) atomic
orbitals, F>(dd) and F*(dd) are the Slater—Condon param-

eters of the intra-atomic Coulomb interaction, and C,, and
C. _ , are the coefficients of the d,, and d; _ ,» orbitals of
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the Fe atom in the expansions for the ligand and d orbitals,
respectively. The coefficients C,, and C, _ ;2 were taken
from Ref. 11 and the values of the Slater—Condon param-
eters from Ref. 17. Thus X is estimated to be 10* K.

The mean energy of the (ds—d,, ) transitions in deca-
methylferrocene is the lower estimate for Ax.® To estimate
the mean transition energy, we took the energies of allowed
singlet—singlet transitions in DMeFc from Ref. 18 and as-
sumed the energies of the triplet states which are not known
from the experiment to be smaller than those of the singlets
by 5000 cm ~!, as was in the case of nonmethylated ferro-
cene.!’® Thus Aa is estimated to be 3.75x 10* K. Inserting
these numbers in the formula for the longitudinal exchange
parameter, we obtain J; = 5.9 K, which is the upper esti-
mate for this parameter.

The situation with the J, exchange parameter is more
complicated. For the mutual arrangement of the donor and
acceptor moieties shown in Fig. 1(a), both (xand y) compo-
nents of the degenerate e;, manifold give nonvanishing reso-
nance integral with the b, orbitals of adjacent out-of-regis-
try TCNE molecules. Therefore two back-charge-transfer
states (from b;, to the x and y components of e}, ) must be
taken into account. The two do not interfere in the second
order of perturbation theory and the total effective exchange
constant is simply a sum of the two partial constants. Insert-
ing the values of the hopping integrals in the formula for J,,
we get an estimate of about 4 X 10~* K for this exchange
parameter.

We calculated the 7,, hopping parameter assuming
that it equals the resonance integral between the lowest un-
occupied orbitals of two TCNE molecules found in the PPP
approximation. Irrespective of the mutual orientation of two
TCNE molecules, the hopping integral ¢, , does not exceed
0.25 K, providing the separation between the centers of the
two C = Cbonds is maintained at 8.7 A. The intramolecular
electron—electron repulsion parameter y, is about 1 eV,
Therefore, the J,, exchange parameter does not exceed
10-°K.

lll. DISCUSSION

In the present paper, we derived the Heisenberg type
Hamiltonian for a charge-transfer molecular magnet start-
ing from a model Hamiltonian.®® Earlier, it had been sug-
gested?° that the effective ferromagnetic exchange appears
because the triplet (or more generally, the high spin) com-
ponent of the D * A ~ manifold (or, in our language, of the P
subspace) acquires more stabilization than the singlet (or
the low spin) component from the interaction with states
with different charge distribution. This difference can have
many origins. The most obvious reason for it is that the ener-
gy denominators in the second-order pertubation expres-
sions for the energy corrections for the triplets are smaller
than those for the singlets. This mechanism is usually re-
ferred to as the second McConnell mechanism.?! Miller and
Epstein®™® (ME) assumed that the triplet states from the
D?* A?~ manifold play the role of the desired triplet states
of relatively low energy, and the direct hopping between sin-
gly occupied orbitals of the donor and acceptor sites pro-
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vides stabilization of the triplet D® + A? ~ states in the second
McConnell mechanism.

Some authors>®!® have strongly criticized the ME
choice of both the D? + A2~ states (which should be of high
energy) and also the assumption of direct d-4 hopping
(which should vanish due to symmetry conditions). How-
ever, all these objections are not, indeed, directed against the
general McConnell idea, but only against its ME implemen-
tation.?® The second McConnell mechanism, as described
above, generally does not imply either particular charge-
transfer states to be admixed or definite interactions to ad-
mix them. The problem is to find particular states and inter-
actions which could provide the necessary admixing.

Together with their criticism of the ME implementa-
tion, the authors of Refs. 5~-8 proposed to take into account
charge-transfer states involving the ligands, i.e., Cp* rings.
This idea has been built in the model Hamiltonian,*® which
stresses the role of the acceptor to ligand back-charge-trans-
fer states. In the present paper, in line with previous ideas of
Refs. 5 and 8, we use the back-charge-transfer states involv-
ing the ligand orbital as the triplet states to be admixed in
order to stabilize the triplet component of the P subspace.
The ligand-acceptor hopping term admixes the states from
the DA manifold into the degenerate ones from the D T A -
manifold. The accessible part of the DA manifold can be
denoted as D*A in order to stress that the donor molecule is
in one of its excited states. The characteristic energy of the
D*A states (back-charge-transfer states) is generally
smaller than that of the D** A~ states (double charge-
transfer states) and therefore contribution from the latter (if
any exists) can be neglected. The total picture of interactions
between charge-transfer states will be like that sketched in a
scheme

This scheme obviously presents an implementation of the
second McConnell mechanism, but both the states and the
interactions differ from those discussed extensively pre-
viously in the literature.!~*!320

The second McConnell mechanism, modified by the
choice of the back-charge-transfer D*A states instead of the
D?* A?- states,” is successful even in those situations
where the previous D’ * A’ ~ treatment failed. For example,
the ferromagnetic?? CrCp#-TCNQ salt has a d° (al,e2,)
configuration and the acceptor site spin is 3/2. The forward
charge-transfer states invoked in Ref. 20 will have the lower
total spin (S = 1; only two electrons remain in the d shell,
and A2~ has a closed shell) and their admixture stabilizes

only low spin states from the D * A~ manifold. The effective
interaction will be of antiferromagnetic sign (i.e., it turns out
to be ferrimagnetic) in contradiction with experiment.??
This is one of the most important failures of the second
McConnell model in the ME implementation. However, the
back-charge-transfer states from the D*A manifold have
electron configuration d * (a}, €3, e}, ) and the corresponding
states of high total spin (.S = 2) will have lower energy than
the states of the low total spin. This leads to the ferromagne-
tic sign for the total effective exchange, in accordance with
recent experiments.??

Ferromagnetic interactions in the MnCp%-TCNQ salt
have the same origin as those in the FeCp*-TCNE and
CrCp¥-TCNQ salts. It can be seen easily from the structure
given in Ref. 23 that any direct hopping between occupied
orbitals of the Mn® * ion and the singly occupied TCNQ ~
orbital is ruled out by symmetry. Therefore ferromagnetic
interaction can only arise from the admixture of the back-
charge-transfer states. The latter obviously produce effective
ferromagnetic interaction, in accordance with experiment.?*

The case of antiferromagnetic NiCp%-TCNE also can be
discussed in the framework of the proposed approach. In the
NiCp#¥ * cation, an unpaired electron occupies one of the
degenerate ligand orbitals (x or y components of the e,
manifold). The x orbital has a nonvanishing hopping inte-
gral with the singly occupied orbitals of adjacent acceptors
in the same stack. If the unpaired electron occupies the x
orbital, that immediately produces an antiferromagnetic ef-
fective interaction between the unpaired electrons in the do-
nor and acceptor sites (see above and Ref. 9). If the unpaired
electron in NiCp} * occupies the y component of the e,
manifold, the effective interaction will be ferromagnetic.?*
Which of the components is actually occupied and what is
the sign of the effective exchange depends ultimately on the
ratio between the kinetic exchange leading to the antiferro-
magnetic exchange and the ferromagnetic exchange of the
form of Eq. (3).

The form of the effective ferromagnetic exchange pa-
rameter obtained in this paper coincides almost completely
with that in the effective one-dimensional Heisenberg Ham-
iltonian obtained in Ref. 8 and with that mentioned recently
by Georges.?® This interaction was also listed in the book by
Goodenough.?® Unfortunately, Georges discussed that ef-
fective interaction only in very general terms and gave no
indication of how his general formula relates to the particu-
lar problem of the ferromagnetic interaction in the Miller—
Epstein compounds and what will be the sign of the effective
exchange parameter. Here we present particular states
which are involved in the interaction and give estimates of
the parameters of the effective Hamiltonian. Indeed, both
Ref. 8 and the present one invoke the same states and inter-
actions in order to describe the effective ferromagnetic cou-
pling in the Miller—Epstein compounds. However, we show
here the important role of the back-charge-transfer states
explicitly. Another significant difference between the pres-
ent paper and Ref. 8 is that in the present paper, we avoided
the UHF approximation and have obtained results valid for
the three-dimensional crystal.
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The values of the effective exchange parameters ob-

tained in the present paper may be used to estimate the Curie
temperature of the Miller-Epstein ferromagnets. Inserting
the above values of the exchange parameters into the formu-
1a!? derived in the molecular field approximation, we get the
value of the Curie temperature 7, = 5.8 K, which is satisfac-
tory when compared with the known' experimental value
4.8 K. It should be noted, however, that the formula'? for T,
is a very rough estimate. It is known?’ that for the isotropic
three-dimensional Ising model with coordination number 6
(simple cubic lattice), the exact Curie temperature is
smaller than the molecular field value by a factor of about
0.75. This is due to fluctuations, which are neglected in the
molecular field approach. The fluctuation effects will be sig-
nificantly stronger for the Heisenberg Hamiltonian and for a
highly anisotropic system. Due to fluctuations, antiferro-
magnetic interactions can affect the Curie temperature
stronger than it follows from the molecular field treatment.
Indeed, in the spin wave limit,?® we have for the Curie tem-
perature the expression T, = 1.556(J;J,)'/>. With the pa-
rameters of the present paper, it gives us the estimate for T,
of about 102 K. This is obviously too small. It is not clear,
however, if the formula of Ref. 28 applies to the system
where the interchain interactions may have different sign
{both ferromagnetic and antiferromagnetic (see above)]
and if the formulas of Ref. 15 for the resonance integrals (#,
and ¢, , ) work for the interatomic separations characteristic
for the interstack interactions. To summarize, we need some
more elaborate theory describing the Curie temperature of
the highly anisotropic Heisenberg magnets, as well as de-
scribing intermolecular electron hopping at long distances,
to make conclusions on compatibility of any estimates of
calculated effective exchange parameters with experimental
data. !

Recently, another mechanism for effective spin interac-
tions in the Miller—Epstein compounds has been proposed.’?
It is based on interaction between spin densities of the con-
stituent open-shell molecules. The underlying idea is known
as the first McConnell mechanism®® and its applicability to
the Miller compounds was at first indicated by Bucha-
chenko.>® Although Kahn and Kollmar'?® as well as Broder-
ick and Hoffman?? considered the failures of the second
McConnell model in the ME implementation for CrCp¥-
TCNQ as catastrophic, we have shown that using D*A
states one can predict the sign of the effective interaction
correctly. Thus, additional experimental and theroretical in-
vestigations will be required to distinguish the two mecha-
nisms.
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