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1. Introduction

Anion-radical salts of tetracyanoquinodimethane
(TCNQ) containing transition metals complex cations
are interesting objects due to their ability to form
magnetically ordered materials [1].  One of them
is [Mn(phen)s](TCNQ)2-H20. This compound was
synthesized using procedure described in [2] for a
similar Fe containing salt. The X-ray diffraction
study of monocrystalline sample suggests a network
of intermolecular carbon-nitrogen short bonds between
paramagnetic cations [Mn(phen)s]*t (S = 5/2) and
TCNQ anion-radicals (s = 1/2). Thus, we distinguish
linear sequences of spin moments of decorated ladder
type, as shown schematically in Fig. 1.

This ladder may be described by the following Heisen-
berg spin Hamiltonian:

N 2
H = Z J1 Z S (8i,2j-1 + Si,25 + Sit1,25) + J28:28i4] ,

i=1 j=1

where S; ; is a S = 5/2 spin operator that corresponds
to Mn?* cation and s; ; is a s = 1/2 spin operator of the
TCNQ anion; the first index ¢ enumerates lattice unit
cells and the second index enumerates spins inside the
unit cell. Analysis of structural data shows that the cou-
pling parameters should be small and obey the condition
Ja > J1. According to the extended Lieb theorem [3],
this spin ladder should have unique singlet ground state.
However, the experimental temperature dependence of
the magnetic susceptibility has paramagnetic behavior in
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disagreement with the above model. To resolve this con-
tradiction, we assume that the real material has some
number of free structural units, [Mn(phen)s](TCNQ),
with the ground state spin S = 2. In addition, due
to the relationship between the coupling parameters of
two TCNQ units and the cations of Mn*?2, a singlet pair
forms to suppress strongly the magnetic interactions be-
tween structural units. Consequently, a small energy gap
exists between the singlet ground state of the salts and
the magnetic excitations, thereby qualitatively explain-
ing the magnetic data.

Fig. 1. Magnetic sublattice of the studied salt. Green
and yellow balls correspond to [Mn(phen)s]*t cations
and TCNQ anions respectively.
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2. Spin ladder model

In order to estimate the values of the effective interac-
tions of the neighboring structural units, we performed
an exact diagonalization study of the ground state and
the first excited state energies of the lattice fragments,
having two structural units connected by a TCNQ dimer
along and perpendicular to the ladder. According to our
calculations, we have the effective ferromagnetic coupling
Jy of the structural units along the ladder and an anti-
ferromagnetic coupling J, perpendicular to the ladder.
These quantities depend on the ratio of coupling param-
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eters R = Jy/J; of the Hamiltonian H, and this depen-
dence is shown in Fig. 2.

In the result we have the following approximate map-
ping of the Hamiltonian H onto a spin S = 2 rectangular
ladder model with antiferromagnetic interactions in legs
and along diagonals, but with ferromagnetic interactions
in rungs, such that:

H.s5=J, Zil [5'21 (512 + §i+1,2) + 5¢,2§i+1,1]+

Js Zj\;l [Si,1§i+1,1 + S‘i,2§i+172:| .

It can be proven, similar to [3], that despite of diagonal
interactions, this spin ladder has a nondegenerate singlet
ground state.
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Fig. 3. Comparison of experimental and theoretical

temperature dependencies of molar magnetic suscepti-

bility of the salt.

3. Numerical simulation for magnetic
susceptibility

Numerical calculations of the temperature dependence
of magnetic susceptibility x.ss(T) for an effective spin
ladder cluster with N = 3, based on an exact diago-
nalization study, demonstrates behavior similar to the

corresponding Ising ladder model. We use Ising approx-
imation for the numerical estimation of x.rs(7T") for an
infinite S = 2 ladder by means of a standard transfer
matrix technique.

The reason for the possible appearance of free struc-
tural units in the real material is similar to so-called ‘bro-
ken chain effect’ in other anion-radical salts of TCNQ
[4, 5]. The zero-field magnetic susceptibility of a struc-
tural unit xunit(7) has simple analytical form

L(T) = 8N4 (up)” (5exp (z) + 14) L 3
Xunit keT(exp (z) +7) kgl

Here N4 is Avogadro’s number, up is a Bohr magneton,
and kp is the Boltzmann constant. For simplicity we put
g-factors of Mn?* and TCNQ~ equal to 2, which does
not contradict our ESR data.

Consequently, the total magnetic susceptibility per
mole of Mn?™ cations was evaluated by the sum

Xtotal (T) = (1 - C) Xeff (T) + OXunzt (T)7

where C' is the molar amount of free structural units.

We performed calculations of xiota; (T') for different
values of model parameters. One of the best fits to our ex-
perimental data in the temperature interval from 2 K to
100 K corresponds to the set of parameters: J; = 0.2 K,
J1 =1 K and C = 0.43. The comparison of calculated
dependence x (T') and experimental data is given below
in Fig. 2.

We also performed additional numerical study for lad-
der fragments with small single-ion anisotropy. We found
that the behaviour of x (T) is similar to isotropic model
at T > 2 K. Because of the absence of reliable exper-
imental data for susceptibility below 2 K, we restricted
our analysis by minimal isotropic Heisenberg spin model.
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