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Abstract

The influence of magnetic field on the crystallization process has been examined in

Cs,TCNQ; (TCNQ = tetracyanoquinodimethane), a strongly Coulomb-correlated organic

semiconductor. The crystal structure is unaffected by the magnetic field, while the electric,

magnetic and optical properties change markedly if the magnetic field higher than a threshold
(~4T) is applied during the crystal growth. The high-field crystals exhibit a very weak but
distinct spontaneous magnetization with the exceedingly high Curie temperature of ~420 K.

The infrared and visible spectroscopy data show that this novel ferromagnetism concurs with

the renormalization of the w* state of TCNQ radical anions, TCNQ"s.
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1. Introduction

High magnetic field is useful for processing functional materials [1]. In this study we examine
electronic properties of crystals grown under high magnetic field with respect to Cs,TCNQ,,
an organic semiconductor with the lowest optical energy gap of 0.3 eV [2]. This substance has
a columnar structure consisting of a periodic stack of the triad TCNQ%TCNQ/TCNQ~
because of the strong Coulomb repulsion between w* electrons of TCNQ molecules. Every nt*
electron of the radical molecule TCNQ- carries a spin but most of the two spins of the triads
are paired antiparallel with one another by the kinetic, antiferromagnetic exchange interaction
of the order of ~0.12 €V. Our concern is to see how the nature of the spinsis altered when the
crystals are grown under high magnetic field. This study aims also to obtain the information
on the origin of the weak ferromagnetism observed by Ueda et al. [3],

1. Experiment

We prepare the nearly saturated acetonitrile solution of Cs,TCNQ; in a glass bottle. The bottle
is encapsulated into a larger bottle together with diethyl ether, while the inner bottle being
kept open. This dual container system is settled on the central position of the magnetic field of
a cryogen-free superconducting magnet, which can generate magnetic field up to 5 T. The

temperature of the system isregulated at 20 °C.

2. Results

The crystals of Cs,TCNQ), precipitate as needles or thin plates. After 2-3 days a half amount
of the dissolved materia crystalizes but the precipitation rate tends to be suppressed by
magnetic field. The habit of the crystals appears to be unaffected by the magnetic field upto 5
T. Accordingly the crystal structure and the lattice constants remain unchanged. Nevertheless
the crystals grown under O T and 5.0 T (hereafter called O T crystals and 5 T crystals,
respectively), show different temperature dependencies of the electric conductance: Inthe0 T
crystals the behavior agrees with the p-type conduction reported by Blakemore et al. [4] well,
whereasin the 5 T crystals the overall electric conductivity is significantly elevated compared
with that of O T crystals. The acceptor concentration in the 5 T crystals is likely to be
significantly higher than ~1x10"" cm™ (ref. 4) inusua 0 T crystals.



Figure 1 shows the optical absorption spectrum due to electronic transitions in the visible
region at 173 K and 373 K for the E//a polarization, where E and a are the electric field of
light and the a-axis of the crystal, respectively. The absorption band, S1, appearing at around
1.3 eV is enhanced noticeably in the 5 T crystals. The S1 band is attributed to the charge-
transfer trangition of the m* electron between the TCNQ molecules. If we look at the
temperature dependence of the spectrum we notice that the intensity of the S1 band varies in

quite a different manner between O T and 5 T crystals, asshown in Fig. 2.
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Fig. 1. Visible and infrared absorption spectrain 0 T and 5 T crystals of Cs,TCNQ,.

The inset of Fig. 1 shows the infrared absorption spectrum measured around an electron-
molecular-vibration (EMV) coupled band [5] for E//a at 223 K. The EMV band at 1360 cm™
originates from the totally symmetric A (v,) vibration of the C-C double bonds of TCNQ-
molecules. The intermolecular *-n* Sl transition couples with the A (v,) vibration, so that in
the 5T crystals the EMV band becomes as intense as the ordinary infrared-active bands. The
temperature dependence of the intensity of the EMV band normalized by the intensity of an
ordinary band is plotted in Fig. 2 along with the intensity of the S1 band.

Figure 3 shows the magnetization versus magnetic field of the 5 T crystals at 300 K and 400
K, where the inherent diamagnetic moment of TCNQ molecules is subtracted from the
original data. At 300 K there appears aweak but clear loop of ferromagnetic magnetization on



asmall, paramagnetic background due to thermally excited triplet spin state. If temperature is
raised to 400 K the ferromagnetic moment is reduced largely. Figure 4 shows the temperature
dependence of the ferromagnetic moment deduced from the measurement of the susceptibility
at 1x10°® G. In the O T crystals the moment tends to collapse around 320 K, wheress it
perseveres up to about 420 K in the 5 T crystals, consistent with the magnetization curve
showninFig. 3.
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Fig. 2. Temperature dependence of the intensity of the S1 and EMV bandsinO0O T and 5T
crystals of Cs,TCNQ,. The solid lines show the magnetization in respective crystals (see text).

4. Discussion

Spectroscopically, the magnetic-field effects appear to occur selectively upon the * state of
TCNQ molecules. Furthermore, if we draw the same curves as the magnetization with their
baselines and magnification factors adjusted, they fit the experimental data of the S1 and
EMV bands very well, as shown by the solid lines in Fig. 2. These results show that the
ferromagnetic order is linked with the renormalization of the n* state of TCNQ molecules
throughout a crystal. The magnetic-field-induced acceptors should be the important ingredient
of this ferromagnetism. We suppose that the acceptors are associated with the deviation of the

content of TCNQ° from stoichiometry.



To our knowledge, the highest Curie temperature of the organic ferromagnetism ever known
is 36 K in p-NC-C.F,-CNSSN [6]. Compared with that case, the Curie temperatures, ~420 K
inthe 5 T crystals and ~320 K in the O T crystals, of Cs,TCNQ; are quite high. In addition,
the saturation moment, being (0.9-1.8)x10° u /formula unit, is very small. In these respects
Cs, TCNQ; is reminiscent of the recently reported high-temperature ferromagnets Ca, L a B,
[7] and CaC,B, [8], in which the Curie temperature and saturation moment are ~600 K and
<3.5x10" u /formula unit and 770 K and 3.8x10* u /formula unit, respectively.
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Fig. 3. Magnetization in 5 T crystals of Cs,TCNQ; at (a) 300 K and (b) 400 K.
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Fig.4. Temperature dependence of magnetizationin0 T and 5 T crystals of Cs,TCNQ,.
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