This article was downloaded by: [University of Haifa Library]
On: 16 August 2012, At: 08:58

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

High-Field Magnetization and
High-Frequency ESR Study

on the Tetranuclear Cluster
Composed of n -Electrons (S
=1/2) and d-Electrons (S =5/2)

Yuji Inagaki ¢, Takayuki Asano ® ¢ , Yoshitami

Ajiro ? 4 Tatsuya Kawae bd Kazuyoshi Takeda fd
Hiroyuki Nojiri © ¢ , Mitsuhiro Motokawa ®  , Hiroyuki
Mitamura "¢ , Tsyneaki Goto fd Megumi Tanaka ° d
Kenji Matsuda © & Hiizu lwamura ©°

& Department of Physics, Kyushu University,
Fukuoka, 812-8581, Japan

b Department of Applied Quantum Physics, Faculty
of Engineering, Kyushu University, Fukuoka,
812-8581, Japan

¢ Institute for Fundamental Research in Organic
Chemistry Kyushu University, Fukuoka, 812-8581,
Japan

d Department of Environmental Science Center,
Faculty of Engineering, Kyushu University, Fukuoka,
812-8581, Japan

¢ Institute for Materials Research (IMR), Tohoku
University, Sendai, 980-8577, Japan

" Institute for Solid State Physics (ISSP), University of
Tokyo, Kashiwa, 277-8581, Japan



http://www.tandfonline.com/loi/gmcl19

Downloaded by [University of Haifa Library] at 08:58 16 August 2012

Version of record first published: 24 Sep 2006

To cite this article: Yuji Inagaki, Takayuki Asano, Yoshitami Ajiro, Tatsuya Kawae,
Kazuyoshi Takeda, Hiroyuki Nojiri, Mitsuhiro Motokawa, Hiroyuki Mitamura,

Tsyneaki Goto, Megumi Tanaka, Kenji Matsuda & Hiizu Iwamura (2000): High-Field
Magnetization and High-Frequency ESR Study on the Tetranuclear Cluster Composed of
rt -Electrons (S =1/2) and d-Electrons (S =5/2), Molecular Crystals and Liquid Crystals
Science and Technology. Section A. Molecular Crystals and Liquid Crystals, 343:1,
115-120

To link to this article: http://dx.doi.org/10.1080/10587250008023512

PLEASE SCROLL DOWN FOR ARTICLE

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.



http://dx.doi.org/10.1080/10587250008023512
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [University of Haifa Library] at 08:58 16 August 2012

Mol. Crysi. and Lig. Cryst., 2000, Vol. 343, pp. 115-120 © 2000 OPA (Overseas Publishers Association) N.V.
Reprints available directly from the publisher Published by license under the
Photocopying permitted by license only Gordon and Breach Science Publishers impriut.

Printed in Malaysia
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ESR Study on the Tetranuclear Cluster
Composed of n -Electrons (S =1/2) and
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Recently, Iwamura’s group has succeeded in synthesizing the interesting new tetranuclear
cluster composed of two paramagnetic Mn?* ions (§=5/2 per ion) and two organic free radi-
cals (S=1/2 per radical) as bridging ligand, [{Mn(hfac);},(bnn)} (bnn=2,2"bis[(
1-oxyl-3-oxide-4.4,5,5-tetramethyi-imidazolinyl)]). The crystal structure is triclinic (space
group P/} and each cluster is composed of two triangles which share their own base like a
“butterfly”. There are two kind of exchange pathways within the cluster and both of them are
likely to be antiferromagnetic. Therefore, spin frustration may occur and we expect many
possible ground states with different total spins (Sp=0 to $1=6), depending on the relevant
interactions and magnetic field.

We wish to discuss the important magnetic parameters such as exchange interactions and
anisotropy which characterize this interesting system through measurements of high-field
magnetization and high-frequency electron spin resonance.

Keywords: tetranuclear cluster; spin frustration; anisotropy
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INTRODUCTION

There are much interesting subjects in the various magnetically interacting
many body systems, however, it is not so easy task to identify their
physical properties even in low dimensional magnet. With so much
improvement on synthesizing technique in the field of organic chemistry,
spin cluster systems have been studied actively in recent years. High spin
molecules lie in a magnetic mesoscopic regime that bridges the atomic
and macroscopic scales, and nowadays in principle we can obtain any
desired systems of magnetically interacting cluster, so returning to the
element of many body system, as a first step, studying with finite spin
cluster, in which the system is described in terms of explicit form of spin
Hamiltonian, is very useful in a sense that it contributes to understand the
magnetic properties in more complicated compounds. Moreover, in the
nanosized finite spin system, the energy levels are well separated each
other, thus, masking of discreteness due to the thermal averaging is excluded
at appropriate low temperatures, which makes us possible to observe the
novel type of quantum phenomena such as quantum tunnelmg of magnetic
moment (QTM) through the macroscopic measurements!"l.

Recently, Iwamura's group has succeeded in synthesxzmg the
tetranuclear cluster composed of two paramagnetic Mn® ions (S=5/2 per
ion) and two organic free radicals (S=1/2 per radical) as bridging ligand,
[{Mn(hfac),} (bnn)]  (bnn=2,2"-bis[(1-0xyl-3-oxide-4,4,5,5-tetramethyl-
imidazolinyl)]) and examined its magnetic properties from the
measurements of susceptibility and
magnetization”. The crystal S=1/2
structure is triclinic (space group S7F5/2
Pl} and each cluster is composed
of two triangles which share their
own base like a "butterfly" as shown O
in Fig.1. There are possible two S=1/2
kind of exchange pathways within 3
the cluster , namely J (betweenwing FIGURE 1 Schematic structure of
and body) andJ, , (within body) (see [{Mn(hfac),},(bnn)].

Fig.1). Appropriate spin
hamiltonian for this system and the eigenvalues are given as follows,

SF5/2

H=-2J(S,-S,+5,'S,+8,-5,+8,8,) - 21,,8,"S, )
E=-2J[8;(5; + )= S,(Ss + D=5, (S, + D]~ 1S5, +D)] @

where
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FIGURE 2 Energy level scheme based on eq. (2) (see text).

Then, the energy diagram is calculated straightforwardly as shown in
Fig.2. From fitting the theoretical curve to the temperature dependence
of susceptibility measurement from 300 to 2K at 500 G, both exchange
interactions are likely to be antiferromagnetic (J=-68.1x4.6K, J ,=-
408+28K). Therefore, spin frustration may occur and we expect many
possible ground states with different total spins (S;=0 to $;=6), depending
on the relevant interactions and magnetic field Magnetization measurement
upto 4 T at 2 K revealed the ground state is S=4. This fact implies that
two S=1/2 spins align in parallel configuration as shown in Fig.1, in spite
of the fact that the antiferromagnetic interaction within body J, is relatively
large compare to wing-body interaction /.

In this report, we wish to discuss the ground state and energy levels
in this interesting system from the evaluation of important magnetic
parameters such as exchange interactions and anisotropy. The anisotropy
is expected to be very small because of isotropic nature of manganese(1l)
and organic free radical.

RESULTS AND ANALYSIS

Using pulsed high magnetic field up to 40 T, the magnetization process
were measured by induction method at the temperature 1.8 K at ISSP.
Submillimeter wave ESR measurements have been performed up to about
1 THz and in pulsed magnetic fields up to about 30T at the temperature
down to 1.6 K at IMR. A far-infrared laser, Gunn oscillators and InSb
have been employed as the radiation source and detector, respectively.
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FIGURE 3 Magnetization process at 1.8K. Solid line shows the
theoretical Brilouin curve for S=4. Low field region is also shown in
the inset.

AC ‘susceptibility measurements were performed down to 100 mK in a
helium dilution refrigerator at Faculty of Engineering, Kyushu University.
The sample [{Mn(hfac)2}2(bnn)] was provided from Iwamura's group.
Detailed prescription for sample preparation is available in Ref. [2]. All
of the measurements were performed on less than ca. 30 mg of powder
sample.

According to the published results, the ratio J,,// of this system is
almost equal to 6, but still under critical as is seen in the energy scheme.
Therefore, if it is the case, it may be possible to induce an excited state
with higher spin value by applying high magnetic field. So we performed
high field magnetization measurements up to 40 T at 1.8 K. Fig. 3 shows
the magnetization curve measured by using one cycle of oscillating pulsed
magnetic field and the enlarged curve in low field region are also shown
in the inset. Magnetization curve is well fitted by the theoretical Brillouin
curve for $=4 and no higher spin state is realized in field range under
investigation. This fact limits the upper value of J,,iJ to less than 6 -

27/|J|. Small but not negligible anomaly like a hysteresis loop is seen in
the field range lower than about 1T. This is discussed later.

X-band ESR measurements revealed a lot of fine structure, however
it was difficult to assign the origin of each transition in the powder spectrum
because of level mixing in low field. This complexity is removed when
we measure the ESR spectrum at high field. Fig. 4 shows the field
derivative spectrum of typical ESR transmission at high frequency and
high field at 1.6 K. Note that the abscissa in the figure is the shifted value
of the resonance field from the marker signal of DPPH. Frequency
dependence of resonance field revealed isotropic g=2. The splitting of
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FIGURE 4 Field derivative of typical ESR spectrum at 1.6K.
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FIGURE 5 Energy level scheme as a function of field. (a) the case

H parallel to D term principal axis. (b) the case H perpendicular to
Dterm principal axis. Expected transitions are also shown by arrows.

the fine structure is almost frequency independent. Further, in any spectra
shown in Fig. 4, the splitting in lower field is almost two times lager than
that in higher field. These facts imply that the origin of fine structure is
zero-field splitting due to the uniaxial single-ion anisotropy. Spin
Hamiltonian with zero-field splitting term D is given by
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H=5§ H+5D5. 3)

Assuming small E-term, that is, E=0 and isotropic g, energy level for $=4
manifold with D term of negative sign is calculated as shown in Fig. S.
Considering Boltzmann distribution for energy levels of Zeeman splittin
at low temperature and at high field, we expect that ESR absorption is

observed intensively at lower field and splitting of spectra is 2| D | in the

case when H is parallel to the pricipal axis of D. Conversely, in H1D
configuration, it is easy to observe the ESR at higher field and its interval

is |D|. From this analysis the value of D is estimated to be approximately
-0.11K.

DISCUSSION

As a consequence of ESR measurements extended to the field 25T, it has
become clear that there exists a small D term with negative sign. This
leads to the existence of energy barrier, which is amount to be 1.76K,
between spin up and down state. Therefore, it may be related to the
anomalous hysteresis loop observed in the magnetization curve at 1.8K.
Under ordinary condition, it is hard to think such irreversible phenomena
because our temperature under investigation is not low enough to the
energy barrier. In fact, there is no hysteresis in the magnetization
measurement using static field by superconducting magnet. The origin
of this anomaly may be attributable to the dynamical effects caused by a
rapid field change in pulse field measurement. To make this ambiguity
clear, we have started to study the AC susceptibility measurements down

to very low temperature. And now it's under investigation.
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