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COLE-COLE ANALYSIS OF THE AC MAGNETIC SUSCEPTIBILITY OF
SOME LAYERED HYBRID ORGANIC-INORGANIC MAGNETS
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This paper reports the magnetic studies on a family of triangular quantum Heisenberg
antiferromagnets ~ with  wesk  additional Dzyaoshinskii-Moriya  interaction,
Cuy(OH)3(CiH2m1CO0), m = 7, 9 and 11. Bdow 20 K a complex phase with both canted-
antiferromagnetism and spin glass-like characteristics is found. We present the results of a
Cole-Cole analysis of the ac linear magnetic susceptibility, followed by a power-low fit of the
rel axation times, which provide critical exponents characteristic for spin glass-like materials.
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1. Introduction

Hybrid organic-inorganic magnets are molecule-based magnets (systems in which dectrons in
molecular orbitals, consisting of superpositions of p and even s atomic orbitals, play a crucial role in
the magnetic ordering) obtained by means of organic, organometallic or coordination chemistry
methods [1]. Due to recent advancements in magneto-chemistry the concepts of “magnetic lattice
engineering” or “magnets by design” are now much closer to redlity, in many cases small changesin the
chemical synthesis allowing the control and modulation of the overall magnetic properties [2].

The interest in molecular magnets is twofold, from both the basic and applied research
perspectives. While room-temperature hybrid organic-inorganic magnets are of importance for
applications as they might be able to replace in some applications typical magnetic materials such as
ferrites [2], other new molecule-based materials are relevant because they represent unique
experimental realizations for “exotic” theoretical models [1]. We discuss in this paper a family of
materials that are significant for the latter reason, as they illustrate the role of small additional
interactions in the magnetic ordering of triangular quantum Heisenberg antiferromagnets (TQHAF).

From a theoretical point of view classica triangular Heisenberg antiferromagnets reveal low-
temperature noncollinear Nedl long range order because the frustration, which occurs on a triangular
lattice of antiferromagnetic bonds, can be reeased by spin configurations that are not antiparalld, asin
the traditional Ned state [3]. In such case, the 120° planar spin configuration minimizes the total
energy. The spin-1/2 system may have a disordered ground state, because of the quantum fluctuations
present since the three component of the spin cannot be all wel defined at the same time [4]
(Fig. 1a). Other theoretical results proposed that the ground state of the TQHAF preserves at least a
portion of the noncollinear Ned state obtained in the classical limit [5]. Although the latter possibility
seems to prevail, a true consensus is ye to be reached. Research on TQHAF systems is, therefore, of
current interest, especially as most of the experimental realizations have been systems with stacked
lattices and three-dimensional ordering [6].
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In the paper [7] the magnetic behaviour of a 3-dimensional Fe-based hybrid organic-inorganic
was reported. In other paper [8] we have shown that the unsual magnetic properties of hybrid organic-
inorganic porphynin-based magnets are due to one-dimensional ferromagnetic clusters that interact to
form three-dimensional domains.

. I

b
Fig. 1. @ Triangular quantum Heisenberg antiferromagnet. The quantum fluctuations take
the spins away from the noncollinear 120° configuration; b) Layered structureof the
family of magnets Cu,(OH)3(CiHom1:COO) m=7,9 and 11. The interlayer distances
are24.1,29.4, and 34.4 A, respectively.

Here we present magnetic studies of the recently reported hybrid organic/inorganic triangular
gquantum Heisenberg antiferromagnets with weak additional Dzyal oshinskii-Moriya (DM) interaction,
Cuy(OH)3(CiH2me1CO0), with m = 7, 9 and 11 [9]. These compounds are obtained by intercalation of
saturated organic chains between inorganic layers of copper hydroxides [10]. The copper hydroxide
salts Cuy(OH)3(CrH2m1COO), have a botallackite-type structure, in which two-crystallographically
distinct Cu** ions liein slightly different octahedral environments. The X-ray powder diffraction studies
revealed the layered structure (Fig. 1b) with interlayer distances of 24.1, 29.4, and 34.4 A for m=7, 9,
and 11, respectively.

The spin carrying units are S= 1/2 Cu®" ions with no single-ion anisotropy, located on a planar
lattice. The most important interaction consistent with the structure is the isotropic Heisenberg
exchange [9], mediated by the bridging oxygen atoms. The magnetic lattice consists of non-equilateral
triangles (different strengths of the exchange interaction, the average value of which is~ 60
K) due to the various Cu-O-Cu angles between adjacent pairs of Cu ions. The octahedral symmetry
around the copper ions is dlightly atered by the fact that the six oxygen ligands are not equivalent,
some being part of an OH group others of an COO group. Given that the environment is different from
siteto site, the DM exchange [11] (estimated to ~ 5 K [9]), adds to the usual Heisenberg exchange.

Fits of the dc susceptibility data to high temperature series expansions were consistent with
high temperature (100 < T < 350 K) TQHAF behavior [9]. At low temperatures the deviations from
the TQHAF predictions suggested a canted antiferromagnetic type of ordering, in accord with the
strong peak in the second harmonic of the nonlinear ac susceptibility (at ~ 20 K), which indicates the
devd opment of a spontaneous moment. The values of the saturation magnetization at 5 K, in fidds of
up to 5.5 T were about 4.5 times smaller than the ones expected for the S= 1/2 ferromagnet, consistent
with canting and noncollinear spin configurations. Kouve-Fisher scaling anayses indicated the
divergence of the linear susceptibility with critical exponents y ~ 1.75, characteristic for 2D Ising
systems. The frequency dependence of the linear ac susceptibility and its harmonics, and the
irreversibility in the field-cooled/zero-fid d-cooled magnetization reveal spin glass-like behavior near 20
K. We, therefore, proposed that instead of choosing between the resonant valence bond noncolinear
Ned ground states, these three systems evolve due to the additional DM interaction toward a 2D Ising-
like canted antiferromagnetic state with spin glass-like characteristics [9].

In this paper we present the results of a Cole-Cole analysis and show that the critical exponents
obtained by power-low fitting of the temperature dependence of the mean rdaxation time are consistent
with our earlier report [9] that the low-temperature state is unusual, exhibiting a coexistence of
magnetic order and disorder.
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2. Experimental

The powder samples of Cuy(OH)3(CiH2om:1COO), m = 7, 9 and 11 were sealed at room
temperature in quartz tubes with known magnetic background signal. The measurements of the linear
ac magnetic susceptibility were made with a Lake Shore 7225 ac Susceptometer/dc Magnetometer in
various dc applied fidds 0 < Hq < 50 kOe and in the temperature range 4 < T < 40 K, dther at
constant field on warming, or at constant temperature, sweeping the fidd. Both the in-phase ' and out-
of-phase i linear susceptibilities, y=y' + iy", were measured under an ac fidd of amplitude 1 Oeand a
wide range of frequencies (5 < f < 10000 Hz).

3. Results and discussion
The frequency dependence of the imaginary part of the linear magnetic susceptibility of

Cuy(OH)3(CgH19COO0) is shown in Fig. 2. The peak temperature of i varies with frequency, indicative
of slow rdaxation processes that characterize the glassy behavior [12].
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Fig. 2. Out-of-phase linear ac susceptibility versus temperature for Cu,(OH)3(C;H15sCOO) at
an ac field amplitude 1 Oe, no applied dc field, and frequencies of 5 < f < 10000 Hz.

A detailed analysis of the rdaxation times and their dependence on temperature can be made
using the phenomenological description of Cole and Cole [13], which involves a modding of the
dynamics at a given temperature onto a distribution of relaxation times that is symmetric on the
logarithmic time scale. The Cole-Cole formalism introduces a parameter o (where 0 < a < 1), which
determines the width of the distribution of rdaxation times g(In t) around the median reaxation time,
Te. The parameters o and t. determined from the Cole-Cole analysis at each T allow the construction of
the distribution of relaxation times (Fig. 3). As the temperature is decreased through the transition .
increases, indicating the growth of the corrdation length of the system of spins, while o also increases,
reflecting the fact that the distribution of cluster sizes broadens. This behavior was seen in all three
compounds, though only the analysis for the m = 7 sampleis shown here.

The temperature dependence of the median relaxation time determined by Cole-Cole analysis
for all three compounds, was found to vary almost six decades over less than three degrees. The

divergence of the relaxation time was studied using power law scaling analysis, 7, 0 (T -T,)™? (Fig.
4), which gave for the dynamical critical exponents of them =7, 9, and 11 values of 5.5t0 6.1, 7.7,
and 5.6, respectively, characteristic for spin glasses (5 < zv < 11) [12] far from those characteristic for
regular ferromagnets (1.2 < zv < 2) [14].
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Fig. 3. Distribution of relaxation times obtained based on Cole-Cole analysis of the ac
susceptibility, for Cuy(OH)3(C;H;sCO0O), at temperatures 17.7 =T = 19.5 K (steps of 0.1 K).
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Fig. 4. Temperature dependence of the mean relaxation time . obtained by Cole-Cole
anaysisfor Cuy(OH)3(C;H15COO0). Theline represents athe power law fit of the data.

While the Cole-Cole analysis was successful, providing critical exponents, the attempt to reach
a data collapse by dynamic scaling analysis (following the standard linear scaling procedure[15]) failed
for both power-low and activated types of dynamic behavior, for all three compounds, indicating that
these systems are not typical spin glasses.

4. Conclusions

We showed that the frequency dependence of the linear ac susceptibility studied through Cole-
Codle analysis indicates slow relaxation times characteristic of glassy behavior, while the failure of the
dynamic scaling analysis suggests that the Cuy(OH)3(CrHamCOO), (m = 7, 9 and 11) are not typica
spin-glasses. We conclude that the results reported here are consistent with our previous claim that the
low-temperature state is unusual, with a coexistence of spin glass-like and 2D Ising-like canted
antiferromagnetic characteristics.
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