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Simulations of the Molecular — Based S =1
Magnetic Chains

ALVARO CARAMICO D’AURIA?, FILIPPO ESPOSITO?,
UGO ESPOSITO?, DANTE GATTESCHI,
GRZEGORZ KAMIENIARZC and STANISLAW WALCERZ®

ADipartimento di Scienze Fisiche, Universita di Napoli, 80125 Napoli, and
INFM Unitd di Napoli, Italy, bDiparl‘imento di Chimica, Universita di Firenze,
50144 Firenze, Italy and “Computational Physics Division, Institute of Physics,

A. Mickiewicz University, 61-614 Poznan, Poland

A numerical quantum transfer-matrix approach to S = | macroscopic chains with single-site
anisotropy and alternating bonds is worked out in the framework of statistical mechanics. A
fit of the experimental susceptibility data for a number of the quasi-one-dimensional molecu-
lar magnets is performed down to the low-temperature region. New microscopic parameters
for the uniform as well as the non-uniform systems are established, and the temperature
behaviour of the zero-field susceptibility for different ferro—antiferro coupling ratios is pre-
sented.

Keywords.: molecular magnetic chains; transfer-matrix simulations; bond-alternating interac-
tions

INTRODUCTION

A dramatic increase in the number and in the types of one-dimensional
magnetic materials has been achieved. The presence of bulky organic non-
magnetic groups in the molecules results in effective shielding of the chains
from one another. so that the materials containing them enable testing
the theories of the thermodynamic properties of low dimensional materi-
als.  Noreover. the intrinsic low svinmetry of the building blocks casily
atfords not only uniform chains. i.e. svstems in which the nearest neighbonr
pairs are all identically coupled to cach otherl! =%, but also non-uniform

chains!? 19

[1387]/675
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The quantitative description of the uniform molecular spin § = 1 com-
pounds is, however, mainly based on the Weng expansion!'"'? calculated
for the high-temperature hehaviour of the zero-field susceptibility. Inter-
pretation of experiments for systems with alternating interactions becornes
even more difficnlt. So far, a scaled theoretical approach!” and the numeri-
cal finite-chain technique for short rings™'% have been available. Recently a
numerical quantum transfer-matrix technique (QTM) has been developed! !
for non-uniform and anisotropic systems. The QTM method proves partic-
wlarly useful. It is not subject to any statistical nor systematic errors and

enables reaching the macroscopic limit N — oc.
HAMILTONIAN AND SIMULATION TECHNIQUE

The aim of this report is to apply the QTM approach to a number of the

molecular-based chains described by the S = 1 Hamiltonian

N2 N/2 N N
H= ';l Z S‘ll—-l ) S’Zr + ']2 Z S‘.’t " S‘Zz«H + D (S‘;)z - ,’]u/l'HBz S:'e (l)
it i=1 1= =1

where Jy, J, denote the nearest-neighbour interaction constants, D stands
for the anisotropy parameter, B is the external field which can be applied
along the chain (e = z) or in the perpendicular direction (¢ = ). g, is the
corresponding gyromagnetic ratio and N is the size of a given chain.

It the Hamiltouian (1) the open boundary conditions are assumed and
the alternation of the bond variable in the strength and sign is allowed.
For the antiferromagnetic coupling, the positive values to J; (1 = 1,2) are
assigned. The Hamiltonian (1) can be expressed as

N

H= Z ’Hm+l-

i=1

where the two-site operator
. o 1 . e 22
Hm-H = Jc S) : 31+1 + ;D [(S;)z + (‘S;+}) ]
l .y N
45‘4/,,/13 (.S,' + Sf'H)

alternates with the site index ¢ (J, amounts to J, or J, for i odd or even.
respectively), implyving the alternation of the local transfer ()pvn\tnr‘“l V;

related to the exponential of ‘H, ;4.
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The m-~th approximant Z,, to the partition function can be evaluated!'?

in terms of the global transfer matrix operator W = W, W, as
Zy = Tr W2 (2)
where
w, = ()" ri=12, (3)

and P is a unitary shift operator™) and s is the Trotter number,
The corresponding approximant to the canonical mean value of the

component of spin at the central-site n is

1

(S = 5= TrW NS, {4
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FIGURE | The molar susceptibility of the alternating ferro - antifer-
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The trace operations in Egs. {2) and {4) are over the 3*"-dimensional
subspace of all the configurations of the classical spin variables S = 1 located
in the strip of the size 20 x V. In the macroscopic limit (V. — o). only the

contributions corresponding to the largest eigenvalue of the transfer matrix
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W survive, so that the caleulations are much simplified. Finally, the zero-
field susceptibility | needed for the characterization of our systems, follows
from the numerical derivative of the magnetization (4) with respect to the

external field and from the extrapolations in 1/m? for 3 <m < 7.
APPLICATIONS AND RESULTS

First. we have examined the susceptibility profiles for a number of ra-
tios «v = Jp/Jae. Assuming the fixed ferromagnetic coupling constant
Tk = 50 K. the susceptibility curves corresponding to o = -1, =2,
—3.33, =5.0 and ~10.0 are plotted in Fig. 1. The svimbols show the values
of susceptibility obtained from the QTM calculus, while the lines represent,

the least-square fit in terms of Chebyshev polynomials

varle) = D e Tul), (5)

where r = kpT/Jp and T,{1) = cos{narccoss). Bach curve 18 expressed
by two polvnomials: the first one in the interval & < 1 and the other for
r > L. The coefficients ¢, of the fitting polynomials are collected in Table
L. The resalts indicate a pronounced dependence of the low-temperature part
of the susceptibility on the ratio . It can be observed that the greater
v the greater the slope of the curve and the higher the maximum of the
susceptibility.

Next, we reanalyze a number of uniform and bond-alternating molecular-
hased chains reported in literaturel' Y1 The first category contains: a) the
compound eis—[Ni(333-tet) ;e -N3) L (PFg),, - denoted as 2 by Escuer ef alll
and abbreviated here as U1; b) [NiLy(u - Ny} (Cl10,),, (L = 1.2-diamino2-
methvlpropane) - denoted as compound 1 by Ribas ef al 2. and considered
also by Ward et al P, abbreviated here as U72: ¢) [NiLy (e - N (PFg), (L
= |.2-diamino2-methyipropane) - denoted as compound 2 by Ribas et al !
and abbreviated here as £73: ¢) [Ni(hfac),NITEL)], - considered by Caneschi
et al ™ and abbreviated here as U4: ¢) the componnds 1 and 2 - considered
by Monfort ef al®and denoted here as UD and 6. repectively.

To the second category helong the alternating chains: a) the compound
trans-[N1(333-tet) (41 -Ni) ] (C1Oy),, - denoted as 1 by Escuer et al 1 and ab-
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TABLE I The Chebyshev coefficients ¢, for the alternating ferro-
antiferromagnetic couplings.

n a=-1.0 w=-20 o= -~3.33

1 9.8219 7.6836  23.0459 9.9904 36.2039 11.2647
2 3.0450 0 -3.9301  -0.1739  -7.5509 -9.0872 -9.4148
3 L1734 0.6251  -2.3579 2.6053  -1.6882  3.7284
4 (0.3185 0.0851 0.7530 07977 15226 -1.3863
5 -0.1281  -0.1311 0 -0.1221 0.2042  -0.6366  (0.4889

-

0.0497 0.0728 0.0027  -0.0325  0.2085 -0.1678

n o= =050 = —10.0

I 48.1884 11.9403 699736 12.6591
2 -19.5235  -10.4483  -48.5362 -11.5143
3 -1.2479 4.3565  14.3019 2.0473
4 3.6561  -1.7384  -3.4681  -2.1008
5 24545 0.6682 .3398 (1.8561
6 1.2246  -0.2454 -0.3453

breviated here as Al b) [FeONgCol 4], - considered by Hiller et all and
abbreviated here as A2; ¢) the compounds 1 and 2 - considered by Ribas ef
al Bl and abbreviated here as A3 and A4, respectively: d) [Ni(N;)o(tmeda)],,
- considered by Ribas et al! and abbreviated here as A5. ¢) Niy(EDTA)-
6H,O considered by Borras — Almenar et o' and abbreviated here as A6:

Our global QTM numerical calculations confirm the selection of parame-
ters found previously for the uniform systems. Using onr best-fit parameters

from the second and the third column of Table IT (where the error bars for

TABLE I Estimates of the best-fit exchange couplings J, and Jy (or
JifJy = Jy) and the g factor for the componnds listed in the first and
the fourth column.

Un J q Al Tk plR] Jy/kp[ K] g

' 266+£1.0 229 Al 99.5 £ 2.0 63520 2384+0.02
22 24.0%£1.0 213 42 J08.0£10.0  90.0%£ 15 233+ 0.02
'3 468+0.1 224 A3 225 £ 5.0 =25.0x5.0 2.454£0.03
[t 28401 247 41 10+ 1.0 20050 2.39+0.02
(5 209110 216 A5 13.0 £ 1.0 13 £0.0 2,356 £0.02
U6 80.0+2.0 229 A6T 10.6 £ 1.0 3305 2.20 £ 0.02

* for {2 the anisotropy constant D = 6 £ 1:
** for A6 the anisotropy constant D =51 1.
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g amount to +0.02), the susceptibility estimates coincide with experimen-
tal findings within 2 + 3 % in the low temperature region. An example is
shown in Fig. 2 for the compound U6, where the experimental susceptibility
is plotted by the the diamonds and our QTM estimates - by the dotted line.
The parameters displayed in the legend coincide with those of Monfort et

al1®) and describe US in the entire temperature region.

5.5 F .
5k |
45} 8
4 o T T T o R
3.5} . R
XM 3 E
251 <& 4
2r 4

1.5 b
1k <& experiment

05k vr J = —80.0K, g =229 |

0 L o

0 20 40 60 80 100 1%0] 140 160 180 200 220
T [K

FIGURE 2 The molar suscepiibility x in [memu/mole] versus temper-
ature for U6.

For the compund U2, there are available the powder!? and the single
crystal®® susceptibility data. The later are given by the symbols in Fig. 3.
The low-temperature anisotropy may be attributed to the non-negligible
value of D. The fit shown in Fig. 3 is found for D/kg = 6+ 1 K and the
remaining parameters listed in Table I1. Our present estimates are somewhat
different from those calculated previously('® when fitting the powder data.

We have also reanalyzed the experimental data for the bond-alternating
molecular-based chains A1 — A6 reported in literature!’”='9. As an exam-
ple, in Fig. 4 we draw the susceptibility results for [Ni(N;)s(tmeda)], (the
compound denoted here as A5): experimental ones by the diamonds, our
QTM estimates for the parameters selected previously®® by the dotted line
and those for the parameters from Table II by the full line. For the sake of



Downloaded by [University of HaifaLibrary] at 10:18 17 August 2012

SIMULATIONS OF § = | MAGNETIC CHAINS [1393]/681

14 T T T T T T T T T T T ¥ T T

13 O xi - experiment -1

O x) - experiment .
© x1 - QTM i
— xj - QTM

12

L i » L 2 L I L L L 2 L L L

0 20 40 60 80 100 120 14% [11(2(]) 180 200 220 240 260 280 300

FIGURE 3 The molar susceptibility xas in [memu/mole] versus tem-
perature for U2.
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FIGURE 4 The molar susceptibility xas in [memu/mole] versus tem-
perature for A5. The best QTM fit is drawn with the full line.
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clarity, the corresponding parameters are also defined in the legend. The
curves demonstrate some discrepancies between theory and experiment for
the previous estimates of the parameters. Similar discrepancies are encoun-
tered for other systems. Our accurate QTM simulations for the compounds
Al ~ A6 and the subsequent fitting analyses lead to the values for the best-fit

parameters listed in the last three columns of Table II.

60 — T
55 | < experiment B
50 | see QTM fit g
45 | B
wp S 4
& &
ECl S 1
& .
XM 30 -
o
25 | i
20 e .
15 - B

10 1

o 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80
T [K]

FIGURE 5 The molar susceptibility xa in {memu/mole] versus tem-
perature for A6. The best QT M fit is drawn with the dotted line.

The pronounced anisotropy was found for A61'9 from the analysis of the
zero-field susceptibility and specific heat. Our results for A6 are presented
in Figs. 5 and 6 for the temperature dependence of the molar susceptibility
in [memu/mole] and the specific heat, respectively. The measured values
are plotted with the diamonds and the best QTM fit is drawn with the
dotted line.

As far as the susceptibility is concerned, for all the alternating chains the
agreement between experiment and theory is within 3 + 4 %. As demon-
strated in Fig. 7, this is fulfilled even for the systems A3 and A4 which
develop some low-temperature anomalies®. In this case, our results for the
alternating ferro- and antiferromagnetic couplings verify quantitatively the

empirical predictions(® based on the relationship between the co-ordination



Downloaded by [University of HaifaLibrary] at 10:18 17 August 2012

SIMULATIONS OF S = | MAGNETIC CHAINS [13951/683

-
19
.

11 < experiment -
10 | +--- QTM 4
9k & . -
ek el
sl % ° .. i
& o +
TF A + 4
+..+ <
cp 6 4
5 < <O ]
4r -
3F o 4
2| ° {

P W IS S SO YUY YIS YUV VA R T WY SUSVAN S N SO S S W S

e
o 1 2 3 4 5 7 8 9 10 11 12

6
T [K]

FIGURE 6 The temperature behaviour of the specific heat of A6.

mode and the magnetic behaviour of the polynuclear compounds of Nif/.

In conclusion, we have worked out the QTM approach to the molecular
systems with the bond alternation and we have carried out the first large-
scale simulations obtaining high resolution data for the S = 1 alternating
chains Al + A6 down to low temperatures. The corresponding microscopic
parameters have been established as the best sets describing the suscepti-
bility measurements for the compounds in question. Our QTM technique
is applicable in the whole region of the microscopic parameters in (1) and
for temperatures down to kgT/J =~ 0.1 so that the § =1 molecular-based

chains may be reliably characterized.
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drawn by the lines and the experinmental data are given as the svmbols.
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