
This article was downloaded by: [University of Haifa Library]
On: 17 August 2012, At: 10:23
Publisher: Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH,
UK

Molecular Crystals and
Liquid Crystals Science
and Technology. Section A.
Molecular Crystals and Liquid
Crystals
Publication details, including instructions for
authors and subscription information:
http://www.tandfonline.com/loi/gmcl19

Magnetic Order and Disorder in
a Family of Layered Organic/
Inorganic Nanocomposites
Mihai A. Gîrţ a , Charles M. Wynn a , Wataru Fujita b

, Kunio Awaga b & Arthur J. Epstein a c
a Department of Physics, The Ohio State University,
Columbus, Ohio, 43210-1106
b Department of Basic Sciences, The University of
Tokyo, Komaba, Tokyo, 153, Japan
c Department of Chemistry, The Ohio State
University, Columbus, Ohio, 43210-1106

Version of record first published: 24 Sep 2006

To cite this article: Mihai A. Gîrţ, Charles M. Wynn, Wataru Fujita, Kunio Awaga
& Arthur J. Epstein (1999): Magnetic Order and Disorder in a Family of Layered
Organic/Inorganic Nanocomposites, Molecular Crystals and Liquid Crystals Science and
Technology. Section A. Molecular Crystals and Liquid Crystals, 334:1, 703-712

To link to this article:  http://dx.doi.org/10.1080/10587259908023363

PLEASE SCROLL DOWN FOR ARTICLE

http://www.tandfonline.com/loi/gmcl19
http://dx.doi.org/10.1080/10587259908023363


Full terms and conditions of use: http://www.tandfonline.com/page/terms-
and-conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan,
sub-licensing, systematic supply, or distribution in any form to anyone is
expressly forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to
date. The accuracy of any instructions, formulae, and drug doses should be
independently verified with primary sources. The publisher shall not be liable
for any loss, actions, claims, proceedings, demand, or costs or damages
whatsoever or howsoever caused arising directly or indirectly in connection
with or arising out of the use of this material.

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 1
0:

23
 1

7 
A

ug
us

t 2
01

2 

http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions


Mol. Crysr. rind Liy. Crwt., 1999, Val 334. pp. 703-J 12 
Reprints available directly from the publisher 
Photocopying permitted hy liceme only 

B 1999 OPA (Overseas Publisher\ Association) N.V. 
Published by liceme under the 

Gordon and Breach Science Puhlishers imprint 
Printed in Malaysia 

Magnetic Order and Disorder in a Family of 
Layered Organic/Inorganic Nanocomposites 

MIHAI A. G~RTU", CHARLES M. W Y N N ~ ,  WATARU FUJITA~, 
KUNIO AWAGAb and ARTHUR J. EPSTEINac 

aDepartment of Physics, The Ohio State University, Columbus, Ohio 4321& 
1106, bDepartment of Basic Sciences, The University of Tokyo, Komaba, Tokyo 

153, Japan and 'Department of Chemistry, The Ohio State University, Columbus, 
Ohio 432 10-1106 

We report magnetic studies of a family of triangular quantum Heisenberg antiferromagnets 
(TQHAFs) with weak additional Dzyaloshinskii-Moriya interaction, 
Cu2(0H)3(C,H2m+ICOO), m = 7, 9 and 11. The three compounds have nearly identical 
magnetic properties, despite the large differences in the interlayer separation, indicative of 
2D behavior. While the high temperature dc susceptibility data suggest TQHAF behavior, at 
low temperatures the deviations from the TQHAF predictions imply a canted antiferromag- 
netic type of ordering, consistent with both the strong peak in the second harmonic of the 
nonlinear ac susceptibility (at = 20 K) and the low saturation magnetization observed in the 
low temperature hysteresis curves. We propose that the interplay of Heisenberg and Dzya- 
loshinskii-Moriya exchanges leads to an unusual state with both 2D Ising-like canted antifer- 
romagnetic and spin glass-like characteristics, a state in which order and disorder appear to 
coexist. 

Keywords: triangular quantum Heisenberg antiferromagnets: TQHAF; spin glass; 
two-dimensional magnets 

INTRODUCTION 

The recent interest in geometrically frustrated systems has been spurred by the 
new phenomena predicted or already observed at low temperatures: 
noncollinear Ned long range order (LRO), order by disorder, partial order, 
quantum disorder, e t~.[ '~*~*'* '*~~ 
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704 M.A. G ~ R T U  C t  ui. 

Triangular Heisenberg AFs recently have been intensely studied both 
theoretically and experimentally but most of the experimental realizations 
have been systems with stacked lattices and three-dimensional ordering." 
Regarding the triangular spin-l/2 (quantum) Heisenberg antiferromagnel 
(TQHAF), the suggestion that this is the simplest system to have a resonating 
valence bond ground state,"] as opposed to the noncollinear semiclassical Ned 
state,"] has resulted in much debate and controversy and, although the later 
possibility seems to prevail, a true consensus is yet to be reached. Research 
on TQHAF systems is, therefore, of current interest. 

We review and extend here magnetic studies of the recently reported[*""' 
hybrid organichorganic triangular quantum Heisenberg antiferromagnets 
with weak additional Dzyaloshinskii-Moriya @M) interaction. 
Cu,(OH),(C,H,+,COO), with m = 7, 9 and 11. These compounds are 
obtained by intercalation of saturated organic chains between inorganic layers 
of copper The copper hydroxy salts Cq(OH),(C,H,,+,COO). 
m = 0, exhibit a botallackite-type structure, in which two-crystallographically 
distinct copper atoms lie in slightly different octahedral en~ironments."~] X- 
ray powder diI%ction'"] and EXAFS'l4] studies revealed the layered structure 
with interlayer distances of 24.1, 29.4, and 34.4 A for m = 7, 9, and 11, 
respectively. Based on the width of the diffraction peaks we estimate the size 
of the crystallites to -300 A consistent with values obtained fiom TEM 
studies.'15] The TEM photographs revealed interference patterns usually 
observed only in structurally ordered rnaterial~."~] 

The spin carrying units are S = 1 /2 Cu2+ ions with no single-ion anisotropy. 
located on a planar lattice. The most important interaction consistent with the 
structure is the isotropic Heisenberg exchange, HH = - c 2  JIJ 3, .3, . 
mediated by the bridging oxygen atoms. As there are four distinguishable Cu- 
0-Cu angles between adjacent pairs of Cu ~oIIs,"~~ the varying strength of the 
exchange interaction (the average value of which isll'l 2J - 60 K) may also 
vary causing the magnetic lattice to consist of nonequilateral triangles. The 
octahedral symmetry around the copper ions is slightly altered by the fact that 
of the six oxygen ligands not all are equivalent. Given the varying small 
anisotropy the DM exchange[16] H, =cfiv .(s, x j J ) ,  with various DM 
vectors fiy (estimated"'] to D - 5 K), adds to the usual Heisenberg exchange. 

The interlayer interactions are expected to be very small, likely negligible. 
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Also, dipoledipole  interaction^[''^ are likely negligible (-10' K) due to the 
large interlayer distances. It is, therefore, very likely that these compounds 
are good realizations of 2D systems. 

Fits of the dc susceptibility data to high temperature series expansions'"1 
were consistent with high temperature (1 00 I T I 350 K) TQHAF behavior.[*1 
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 development of a spontaneous rn~ment.["~.'~~ The values of the 
saturation magnetization at 5 K, in fields 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."o1 Kouvel-Fisher scaling 
analyses inacated the divergence of the linear susceptibility with critical 
exponents y = 1.75, characteristic for 2D Ising The frequency 
dependence of the linear ac susceptibility and its harmonics, and the 
irreversibility in the fieldcooled/zero-field-cooled magnetization reveal spin 
glass-like behavior near 20 K.l'*9*'01 Instead of choosing between the resonant 
valence bond"] noncollinear Nee1 ground states,('] we proposed that these three 
systems evolve due to the additional DM interaction toward a 2D Ising-lie 
canted antiferromagnetic state with spin glass-like characteristics. 

In this paper we extend our previous studies, reporting new results of ac 
susceptibility measurements in the presence of an applied dc field. We show 
that these results are consistent with our previous suggestion that the interplay 
between Heisenberg and DM exchanges leads to an unusual state in which 
order and disorder appear to coexist. 

EXPERIMENTAL 

The powder samples of Cu,(OH),(C,H,+,COO), 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 
fields Hde to 50 kOe and 5 I T I 40 K, either at constant field on warming, or 
at constant temperature, sweeping the field. Both the in-phase (x,') and out-of- 
phase kl") linear susceptibilities, xI = x,' + ixl", were measured under an ac 
field H, = hosin(2#) of amplitude ho = 1 Oe and a wide range of frequencies 
(5  If I lo000 Hz). 
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10 

0.1 

5 10 I5 20 25 30 

T (K) 
FIGURE 1: ac susceptibility versus temperature for Cu,(OH),(CJ,,COO) at an ac 
field amplitude ho = 1 Oe, no applied dc field, and various frequencies Sg3looOO Hz. 

RESULTS AND DISCUSSION 

The frequency dependence of the real part of the linear magnetic susceptibility 
of Cu,(OH),(C&,,COO) is shown in Fig. 1. The peak temperature of 1,' 
increases while the peak height decreases with increasing frequency indicative 
of slow relaxation processes that characterize the glassy The 
values of the relative variation of the peak temperature per decade of 
frequency, (AT'-p)/A(log,d) = 0.003,0.008, and 0.008, for m = 7,9,  and 11, 
respecti~ely,['"*'~l are in the range of canonical spin 

The Cole-Cole formalism[2o1 introduces a parameter a (where 0 < a < l), 
which determines the width of the distribution of relaxation times g(ln T) 
around the median relaxation time, T~.[*'~ Based on the Cole-Cole equation for 
the ac susceptibility one can determine an expression for x , " ~ , ' )  which allows 
the fit of the experimental data.[*'] Such fits (with a and r, as parameters) are 
presented for Cu,(OH),(CJ-I,,COO) in the Argand plot of Fig. 2, where the 
phenomenological Cole-Cole model is described by circular arcs with a 
maximum at 2mf= 1. Noteworthy is the shift of the data points from a 
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- 18.4 K 
18.5 K 

rn 18.6K 

v 18.9K 
v 19.0K 
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FIGURE 2: Argond plots and Cole-Cole analysis of the ac susceptibility data of Fig. 1, for 
Cu,(OH),(Cp,,COO), at various temperatures 18.3sT519.2 K. 

nearly i s o t h e d  susceptibility above 19.2 K to a nearly adiabatic 
susceptibility below 18.3 K. As it will be seen below, this behavior 
corresponds to a large increase of the median relaxation time when decreasing 
the temperature by a few degrees through the transition. 

The parameters a and z, determined from the Cole-Cole analysis at each T 
allow the construction of the distribution of relaxation times. As the 
temperature is decreased through the transition z, increases, indicating the 
growth of the correlation length of the system of spins, while a also increases, 
reflecting the fact that the distribution of cluster sizes broadens. Similar 
behavior was seen in all three corn pound^.^*^^"^^ 

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 which gave[Io1 for the dynamical 
critical exponents values characteristic for spin glasses.[''] 

Results of dynamic susceptibility measurements in the presence of a 
constant dc magnetic field are shown in Fig. 3. The overall shape of the 
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708 M.A. G ~ R T U  er ai. 

temperature dependence of xif remains qualitatively the same in all dc fields: 
xit increases with decreasing T, has a peak, decreases and then levels off at low 
temperatures. The magnitude of x,' (which describes the fluctuations in 
magnetization) decreases monotonically with increasing Hdo as expected, 
indicating that as the applied field is raised more and more spins are "locked," 
oriented by the dc field and do not participate in fluctuations. Also, the peak 
in the in-phase susceptibility shifts toward higher temperatures as Hdc is 
increased (see the inset of Fig. 3). The presence of the field compensates for 
the disordering effect of thermal fluctuations, allowing the "ordering" to occur 
at higher T. Such behavior has been seen in Monte Car10 simulations of 2D 
Ising The broadening of the peak in the presence of the dc field 
may be caused by the distribution of crystallites in the powder sample. While 
in the absence of the field all crystallites are equivalent, given the anisotropy 
of each crystallite, as the Hdc is increased the various crystallites may reach 
some kind of ordering at different temperatures. 

While the usual 2D king magnet has vanishing susceptibility as 7 
decreases to zero,1221 the constant low T x,' seen in Fig. 3 indicates that 
fluctuations do not disappear for these samples, consistent with the m o  field 
dc data. Therefore, some spin degrees of fieedom are preserved at low T, 
which is in accord with h t r a t ion  playing a crucial role in these systems. It is 
likely that, as it was argued previously/'o1 the periodic magnetic lattice (with 
nonuniform but periodic Heisenberg and DM exchange coupling strengths) 
may lead to the coexistence of magnetic order and disorder, as it is possible 
that one or more sublattices order below the critical temperature Tc while at 
least one sublattice stays disordered at all T. 

The out-of phase linear susceptibility xi'' has a sharp peak, suggesting a 
divergence, only at the limit of zero applied field. At higher Hdc the peak is 
broader, extending toward lower temperatures. 
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1 

0.1 

0.01 

0.001 

5 10 15 20 25 30 35 40 

T (K) 
FIGURE 3: Real (top) and imaginary (bottom) parts of 1, versus T for Cu,(OH),(Cp,,COO) 

in an ac field off = 1000 Hz and h,, = 1 Oe, and various dc applied fields 0 & < 2oooO Oe. 

Inset: versus peak temperature in x,'.  
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The linear in-phase and out-of-phase ac susceptibility data at various 
temperatures are plotted versus H, in Fig. 4. The overall shape of the field 
dependence of x,' changes with T. At 5 K ~ 1 '  varies weakly with Hds at fields 
below 10 kOe, decreasing more rapidly at higher fields. As the temperature is 
increased, xI' has a more abrupt variation at small fields (H, = 1 kOe), the 
magnitude increasing monotonically for all T I 20 K (filled symbols in Fig. 
5). As T is increased M e r  (empty symbols in Fig. 5) ,  the magnitude of xl' 
decreases monotonically while the field dependence gradually becomes 
weaker, especially at Hdc > 1 kOe, the x,'(H,) curves changing shape. A 
qualitative similar behavior is observed for t". 

This behavior is generally expected, as at low temperatures, even small 
fields are strong enough to reduce fluctuations. As T is increased stronger and 
stronger fields are needed to diminish the fluctuations, which grow towards 
the T, = 20 K. Above the transition, as T is increased further, the 
magnetization fluctuations decrease again, such that smaller and smaller dc 
fields are able to lower x,'.  The fast decrease of xl' in the higher field regime 
(H, = 10 kOe), similar for all temperatures, suggests that such fields are 
strong enough to "lock the spins and suppress fluctuations. 

CONCLUSIONS 

We conclude that the results reported here are consistent with and 
strengthen our previous suggestion that the interplay between Heisenberg and 
DM exchanges leads to an unusual state in which order and disorder appear to 
coexist. 
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FIGURE 4: Real (top) and imaginary (bottom) parts of the ac susceptibility versus 
applied dc field for Cu,(OH),(C&l,,CoO) in an ac field off = lo00 Hz and h, = 1 Oe, ai 
various temperatures 5 2 T S 25 K. 
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