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Abstract

We report on the results obtained from studying electron spin resonance, magnetic susceptibility, specific heat and thermal expansion

experiments on a metalorganic spin-dimer system, C36H48Cu2F6N8O12S2 (TK91). According to the first principle Density Functional

Theory calculations, the compound represents a 3D-coupled dimer system with intradimer coupling J1=kB� 10K and interdimer

couplings J2=kB�J3=kB� 1K. The measurements have been performed on both pressed powder and single-crystal samples in external

magnetic fields up to 12T and at low temperatures down to � 0.2K. Susceptibility measurements reveal a spin-gap behavior consistent

with the theoretical results. Furthermore, clear indications of a field-induced phase transition have been observed. A similar field-induced

phase transition was also detected in an inorganic compound TlCuCl3
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and was interpreted as Bose–Einstein condensation (BEC) of

magnons. The possibility of changing both the intradimer and interdimer couplings in TK91 by chemical substitutions makes the system

a potentially good system to study BEC of magnons.
Recently intensive studies have been conducted on
coupled spin-dimer systems [1]. These systems have a finite
spin gap D between the non-magnetic ground state and the
lowest excited state. The spin gap can be reduced by
applying an external magnetic field. When the applied
magnetic field is higher than a critical field, Bc ¼ D=g mB,
the spin gap closes and a three-dimensional (3D) long-
range magnetic ordering develops. This field-induced phase
transition has been interpreted as a Bose–Einstein con-
densation (BEC) of magnons [2].
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Recently, novel Cu2þ-containing coordination com-
pounds have been synthesized by using hydroquinone-
derived linkers to connect the magnetic Cu2þ ions [3]. It has
been shown that by such an approach a moderate magnetic
exchange interaction JðjJj=kB�10KÞ between the Cu2þ

ions can be achieved. More importantly, these linkers could
be chemically modified to synthesize compounds with
desirable magnetic properties. The organic compound
studied, C36H48Cu2F6N8O12S2 (TK91), was synthesized
by this method [3].
In this paper we characterize the magnetic properties

of TK91 by performing experiments and ab initio calcula-
tions. Our results show that TK91 is a weakly 3D-coupled
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spin-dimer system. More interestingly, clear indications of a
field-induced phase transition in TK91 have been observed.
Since both the intradimer and interdimer couplings in TK91
could be modified, it may be possible to adjust the strength
of the interactions to allow one to study the BEC of
magnons under easily accessible conditions.

We have conducted the following experiments to study
the magnetic properties of TK91. ESR measurements on
single crystals of TK91 were carried out in the frequency
range 26–40GHz and at temperatures 4:2pTp140K. DC
magnetic susceptibility (w ¼M=B) of single-crystal samples
of TK91 was measured down to 2K and in an applied
magnetic field up to 5T by a Quantum Design MPMS
SQUID magnetometer. Specific heat of single-crystal
samples were measured with Bp8:5T and at T down to
1.8K. Thermal expansion experiments were performed on
polycrystalline samples at T down to 50mK and Bp8T.
We have also performed ab initio calculations to study the
interactions between the Cu2þ ions.

ESR measurements detected two non-equivalent mag-
netic centers of copper ions at any orientation of the
sample with respect to the applied magnetic field. Each
center had an axial anisotropy with the values of the
g-factor in the range of 2.04 to 2.27 at 108K.

In Fig. 1a we plot the magnetic susceptibility (w) of TK91
in an applied magnetic field of 0.1 T as a function of
temperature. wðTÞ shows a peak at T�6K then it drops
and extrapolates to zero at 0K, suggesting a spin gap.
Moreover, wðTÞ can be fitted nicely by an isolated-dimer
model with g ¼ 2:1 (obtained from the ESR measurements)
and a small Curie contribution to account for isolated
impurity spins (see Fig. 1a). The values of the intradimer
coupling are found from this fit to be 9.4(2)K. The S ¼ 1

2

impurity concentration is estimated to be less than 1%,
showing the high quality of the crystals studied.
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Fig. 1. (a) Magnetic susceptibility of a single-crystal sample of TK91 as a

function of temperature at B ¼ 0:1T. Solid line is a fit for an isolated-

dimer model. (b) The coefficient of thermal expansion of a polycrystalline

sample vs temperature at 0, 6 and 7T.
An additional confirmation of a spin gap in TK91 is
obtained from specific heat measurements. Fig. 2 shows the
temperature dependence of the magnetic specific heat of
TK91 at different applied magnetic fields. The magnetic
contribution (Cmag) to the total specific heat was obtained
by subtracting the low-temperature phonon contribution
Cph / ðT=YDÞ

3 (using a Debye temperature YD ¼ 168K).
Cmag=T at zero field can be fitted by an isolated-dimer
model with g ¼ 2:1 and J1=kB�9:6K very well (see Fig. 2),
consistent with the w data. However, this simple isolated-
dimer model starts failing to fit the Cmag=T data well
at B]4T. The deviation from the isolated-dimer
model can be attributed to non-zero interdimer interac-
tions. This hypothesis is supported by our ab initio
calculations which show that TK91 is a 3D-coupled dimer
system. The Cu2þ ions linked by the modified hydro-
quinone group form dimers with the intradimer interaction
J1=kB�10K . These dimers are weakly coupled three-
dimensionally with antiferromagnetic interdimer couplings
J2=kB�J3=kB�1K [3].
As suggested by quantum Monte Carlo simulations [4], a

field-induced magnetic long-range ordering should develop
in a 3D antiferromagnetically coupled spin-dimer system at
low temperatures. To search for such a magnetic ordering,
we then examined the thermal expansion (a) of a
polycrystalline sample of TK91. As shown in Fig. 1b,
there are pronounced peaks in aðTÞ when the applied
magnetic field is about a few teslas. Since the polycrystal-
line sample used in the a experiment was prepared under
high pressure, the field-induced transition is expected to
occur at a lower field as compared to an ambient-pressure
experiment [5]. Therefore, we cannot directly compare the
a data with the other results obtained at ambient pressure.
Nevertheless, the peaks in aðTÞ clearly indicate a field-
induced phase transition at low temperatures. Further
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Fig. 2. Cmag=T vs T at different applied magnetic fields. Calculated values

for an isolated-dimer model with J1=kB ¼ 9:6K and g ¼ 2:1 are shown by

solid lines.
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studies on the nature and field dependence of this phase
transition are currently underway.
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