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Characterization of the S51 molecular magnetic chains
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and INFM, Unitàdi Napoli, Napoli, Italy

Grzegorz Kamieniarz†

Computational Physics Division, Institute of Physics, A. Mickiewicz University, ul. Umultowska 85, 61-614 Poznan´, Poland
~Received 30 September 1997!

A numerical quantum transfer-matrix approach for theS51 macroscopic chains with the single-site anisot-
ropy and alternating bonds is worked out and a fit of the susceptibility data for the quasi-one-dimensional
molecular magnets@Ni(dmen)(m2N3)2#n and @Ni(aep)(m2N3)2#n is performed in the region above the
observed low-temperature minima.@S0163-1829~98!02313-3#
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In recent years a number of new quasi-one-dimensio
molecular-based magnets has been synthesized in ord
understand the mechanisms of magnetic interactions betw
paramagnetic ions. These compounds are characterized
only by uniform antiferromagnetic~AF! but also by nonuni-
form alternating-bond interactions.1–8 A quantitative descrip-
tion of the molecular spinS51 compounds suffers, how
ever, from a lack of reliable theoretical techniques. T
Weng expansion,9,10 usually resorted to, and its extensio
towards lower temperatures,11 have their applicability lim-
ited to systems with uniform and isotropic interactions. T
standard expansion enables only the fit of the hi
temperature behavior of the zero-field susceptibility which
less sensitive to the choice of parameters than its l
temperature counterpart. Interpretation of experiments fo
ternating systems becomes even more difficult as onl
scaled theoretical approach6 and the numerical finite-chain
technique for short rings8 can be applied in this case.

In this communication we aim at formulating a numeric
transfer-matrix method applicable to a large class of mole
lar magnetic chains described by theS51 Hamiltonian
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where J1, J2 denote the nearest-neighbor interaction co
stants,D stands for the anisotropy parameter,B is the exter-
nal magnetic field which can be applied along the chaina
5z) or in the perpendicular direction (a5x), ga is the cor-
responding gyromagnetic ratio, andN is the size of a given
chain. In the Hamiltonian~1! we assume the open bounda
conditions and allow the alternation of the bond variable
change in strength and sign. We assign positive values tJ1
andJ2 for the antiferromagnetic couplings. We also chara
terize the two polynuclear complexes@Ni(dmen)(m
2N3)2#n ~denoted as 1,dmen5N,N-dimethylethylene-
diamine! and @Ni(aep)(m2N3)2#n ~denoted as 2,
aep52-aminoethylpyridine! which are the first examples o
the ferromagnetic or antiferromagnetic chains7 of NiII.
570163-1829/98/57~13!/7431~3!/$15.00
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Our numerical approach is a variant of the quantu
transfer-matrix~QTM! approach proposed by Delicaet al.12

and applied later to a class of the uniform soliton-bearin13

and Haldane-gap11,14systems. In the framework of the QTM
method, the canonical partition function is calculated
mapping the original quantum model~1! onto a classical
four-spin counterpart defined on the square lattice consis
of N32m Ising spinsS51, wherem is an integer referred to
as the Trotter number. The most appealing features of
QTM technique are the absence of statistical errors and
restrictions on the sizeN of the chains which may becom
macroscopic.

The approach is based on the definition of the therm
expectation value of the self-adjoint operatorA

^A&5
1

Z
TrAe2bH,

where the canonical partition functionZ is defined byZ
5Tre2bH. In the real-space decomposition scheme12 and the
largeN limit, the Hamiltonian~1! can be expressed as

H5 (
i 51

N21

Hi ,i 11 ,

where the two-site operator

Hi ,i 115Ji SiSi 111
1

2
D@~Si

z!21~Si 11
z !2#

2
1

2
gamB~Si

a1Si 11
a !

alternates with the site indexi (Ji amounts toJ1 or J2 for i
odd or even, respectively!, implying the alternation of the
local transfer operator12 Vi related to the exponential o
Hi ,i 11. Introducing two transfer operators

Wi5~P2Vi !
mP, i 51,2, ~2!
7431 © 1998 The American Physical Society
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where P is a unitary shift operator12 and m is the Trotter
number, themth approximantZm to the partition function
can be finally evaluated in terms of the global transfer ma
operatorW5W1W2 as

Zm5TrWN/2.

The corresponding approximant to the canonical mean va
of the a component of spin at the central-siten is

^Sn
a&m5

1

Zm
TrWN/2Sn

aWN/2. ~3!

Then the zero-field susceptibility follows from the numeric
derivative of the magnetization~3!. The specific heat data
may be also computed, taking the second derivative of
free energy or the first derivative of the internal energy
lated to the nearest-neighbor spin-spin correlation functio

In the present approach the macroscopic limit implies t
only contributions from the left and the right eigenvecto
corresponding to the largest eigenvalue of the transfer ma
W, survive under the trace operations. Then the estimate
the thermodynamical quantities are found from the extra
lations in 1/m2 for 3<m<7. We have checked that the pre
ence of the alternation in the model~1! does not affect the
convergence of the approximants. Typical variation of t
finite-m data is similar to that reported for the uniform
chains11,13 and allows linear extrapolations with an accura
better than 5% down to temperatureskBT/J.0.1.

To characterize the susceptibility measurements7 per-
formed on the compounds 1 and 2, we have applied
fitting procedure. We have established that in the reg
above the low-temperature minima the following sets of p
rameters describe, with an accuracy of better than 4%,
experimental findings:7

J1 /kB522565 K, J2 /kB522565 K,

g52.4560.03 ~4!

and

J1 /kB54061 K, J2 /kB5763 K, g52.3960.02
~5!

for the compounds 1 and 2, respectively. A comparison
tween theory and experiment is shown in Fig. 1. Our resu
for the ferromagnetic couplings verify quantitatively the em
ix

lue

l

he
e-
.

at
,
rix
of

o-
-

e

y

he
n

a-
the

e-
lts
-

pirical predictions7 based on the relationship between th
coordination mode and magnetic behavior of the polynucl
compounds of NiII.

In conclusion, we have extended the QTM approach
the systems with the bond alternation and we have car
out large-scale simulations obtaining high resolution data
the S51 ferromagnetic or antiferromagnetic alternatin
chains 1 and 2 down to low-temperature minima attributed
some canting effects.7 The parameters~4! and~5! have been
established as the best sets describing the susceptibility m
surements for the compounds in question. Our QTM te
nique is applicable in the whole region of the microscop
parameters in Eq.~1! and for temperatures down tokBT/J
.0.1 so that otherS51 molecular-based chains may b
characterized as well.
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FIG. 1. The temperature dependence of the molar susceptib
x in @emu/mole# for the compounds 1 and 2. The QTM estimat
are drawn by the lines and the experimental data are plotted by
symbols.
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