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An organic radical, 1,3,5-trithia-2,4,6-triazapentalenyl~TTTA!, exhibits a first-order phase transition be-
tween a paramagnetic high-temperature~HT! phase and a diamagnetic low-temperature~LT! phase, with a
surprisingly wide thermal hysteresis loop over the temperature range 230–305 K. The crystal structure of the
HT phase consists of a one-dimensional~1D! regularp-stacking column with short S•••N and S•••S inter-
column contacts. The intra- and intercolumn exchange coupling constants are estimated to beJ/kB5

2320 K and zJ8/kB52360 K, indicating a 3D magnetic interaction. The LT phase has a diamagnetic
property, caused by a strong alternation in the stacking column. The differential scanning calorimetry mea-
surements reveal an exothermic and an endothermic transition upon cooling and heating, respectively, with the
hysteresis in agreement with static magnetic measurements. The observed transition entropy is larger than the
maximum estimation of the spin contribution,R ln 2, suggesting incorporation of the lattice system in this
phase transition. The electron paramagnetic resonance measurements also demonstrate the paramagnetic-
diamagnetic phase transition with the hysteresis. The reflection spectra suggest a change in dimensionality at
the phase transition, which is consistent with the results of the intermolecular overlap-integral calculations.

DOI: 10.1103/PhysRevB.65.064434 PACS number~s!: 75.50.Xx, 75.20.2g
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I. INTRODUCTION

The magnetic properties of molecule-based materials h
been extensively studied.1 It is characteristic that these ma
terials often exhibit paramagnetic-diamagnetic phase tra
tions, reflecting strong spin-lattice interactions in the
Many Fe~II ! complexes with the ligands of intermedia
crystal-field intensities make the so-called spin crosso
transitions between the high (S52) and the low (S50) spin
state.2 Some specific organic radicals with quasi-on
dimensional ~quasi-1D! crystal structures, such a
galvinoxyl,3 TMPD-ClO4,4 CA-K,5 TCNQ-M (M5Na, K,
Rb!,6 etc., make spin Peierls-like phase transitons betwee
paramagnetic regular-stack structure and a diamagn
dimerized structure.

The heterocyclic thiazyl radicals are materials loca
on the boarderline between organic and inorganic.7 It is
characteristic of this radical family to possess chemi
stabilities and strong intermolecular interactions. Th
crystals consist of face-to-facep overlaps and side-by
side S•••N and S•••S contacts similar to those in the inte
chain arrangements of the inorganic polymer, (SN)x .8,9

Various interesting physical properties have been repo
0163-1829/2002/65~6!/064434~9!/$20.00 65 0644
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so far. The neutral radicalp-NC-(C6F4)-(CN2S2) exhibits
weak ferromagnetism with a rather high critical temperat
of 35.5 K.10 The cation radical salts 1,3- an
1,4-@(S2N2C)C6H4(CN2S2)#@X# (X5I, Br! show semi-
metallic behavior and metal-insulator transitions11

N-@~Dichlorophenyl!thio#-2,4,6-triarylphenylaminyl is re-
ported to possess a ferromagnetic intermolecular interac
of J/kB514 K.12 Benzo~bis-1,3,2-dithiazolyl! is a stable bi-
radical whose electron paramagnetic resonance~EPR! spec-
tra are a subject of controversy.13–15It is also interesting that
unusual phase transitions associated with drastic change
magnetism were observed in the thiazyl radicals.16–19

One of the derivatives, 1,3,5-trithia-2,4,6-triazapentale
~TTTA!, was prepared by Wolmersha¨user and Johann in
1989.20 Recently we discovered a first-order phase transit
in TTTA that occurs with a drastic change in magnetism a
with a wide thermal hysteresis loop in the vicinity of roo
temperature.21 In this paper we will describe the results o
static magnetic measurements, EPR measurements, stru
analyses, differential scanning calorimetry~DSC! measure-
ments, and reflection spectroscopy. Based on these, we
discuss the phase transition and the room-temperature m
netic bistability in TTTA.
©2002 The American Physical Society34-1
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II. EXPERIMENTS

TTTA was prepared by a modification of the literatu
method described in Ref. 19. The single crystals in the sh
of a hexagonal prism were obtained by vacuum sublimat
The x-ray diffraction data collections were performed
room temperature with graphite-monochromated MoKa ra-
diation on a Mac Science DIP-3200 imaging plate syste
The absorption correction was applied by integration us
the crystal shape. The crystallographic data are summar
in Table I. The structures were solved by a direct meth
~SIR92!. A full-matrix least-squares technique with anis
tropic thermal parameters was employed for the struc
refinements. The coordinates and the isotropic thermal
rameters for the high-temperature~HT! and low-temperature
~LT! phases are listed in Tables II and III, respectively. T
static magnetic measurements were carried out on a Q
tum Design MPMS-XL superconducting quantum interfe
ence device~SQUID! susceptometer. The diamagnetic co
rection was performed using a diamagnetic susceptibility
was evaluated by assuming that TTTA was in a nonmagn
state in the range 100–150 K. The EPR was recorded o
JES RE2X spectrometer equipped with an Oxford He-g
flow cryostat. The DSC measurements were performed o
Mettler Toledo DSC 822e/200 calorimeter. The polarized

TABLE I. Crystallographic data for the HT and LT phases
TTTA.

Phase HT LT

Crystal size/mm 0.4030.3030.30 0.3530.2530.22
Crystal system monoclinic triclinic
Space group P21 /c P1̄
a/Å 9.4420~7! 7.5310~5!

b/Å 3.7110~2! 10.0230~8!

c/Å 15.062~1! 7.0240~4!

a/deg 100.598~4!

b/deg 104.630~3! 96.978~5!

g/deg 77.638~3!

V/Å 3 510.6~1! 507.2~1!

Z 4 2
m/mm21 1.315 1.324
R(F), wR(F) 0.025, 0.065 0.026, 0.047

TABLE II. Fractional coordinates and isotropic thermal para
eters for the HT phase of TTTA.

Atom x y z Ueq

C~1! 0.8176~2! 0.3862~6! 0.1271~1! 0.031~1!

C~2! 0.6753~2! 0.2488~7! 0.0850~2! 0.031~1!

N~3! 0.6847~2! 0.3209~7! 0.2555~1! 0.044~1!

N~4! 0.6513~2! 0.1948~6! 20.0039(1) 0.038~1!

N~5! 0.9019~2! 0.4370~6! 0.0705~1! 0.036~1!

S~6! 0.56636~6! 0.1825~2! 0.16057~4! 0.0436~3!

S~7! 0.84730~7! 0.4536~2! 0.24446~4! 0.0409~3!

S~8! 0.80261~6! 0.3164~2! 20.03182(4) 0.0377~3!
06443
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flection spectra were taken at room temperature by usin
specially designed spectrometer with a 25 cm grating mo
chromator ~JASCO M25-GT! and an optical microscope
This spectrometer has a halogen lamp and a Xe lamp as
sources, and Si and Ge photodiodes and a photomultiplie
detectors. Suitable light sources and detectors were sele
depending on the energy region. We checked the quality
the sample surface after the measurements and found
damage caused by irradiation.

III. EXPERIMENTAL RESULTS

A. Room-temperature magnetic bistability

The temperature dependence of the paramagnetic sus
tibilities xp for a polycrystalline sample of TTTA was exam
ined in the range 1.8–370 K. The results are depicted in F
1~a!. The bold arrow in this figure indicates the value ofxp
for the virgin sample just after the sublimation. As th
sample is cooled from room temperature,xp shows a slight
decrease~open circles!. At 230 K, xp begins to quickly de-
crease, becoming zero at 170 K. Below 100 K the plots ofxp
show a gradual increase, caused by the Curie spins on la
defects. The presence of paramagnetic lattice defects is
demonstrated by means of EPR, as shown later. It is con
ered that TTTA is intrinsically diamagnetic at low temper
tures. When the sample is heated from the lowest temp
ture, xp gradually decreases and becomes almost zero
the range of 80–300 K~open triangles!. Above 120 K,xp
shows a very slight increase with a small step at 180 K,
shown in the inset of Fig. 1~a!.22 We experienced that the
samples of worse crystallinity exhibited an enhancemen
this step, together with an increase of the Curie lattice
fects in number. The relation between the Curie lattice
fects and the anomaly at 180 K is interesting, becaus
could be a key to an understanding of the phase transitio
TTTA, but it is hard to rationalize it now. At 305 K,xp

-

TABLE III. Fractional coordinates and isotropic thermal param
eters for the LT phase of TTTA.

Atom x y z Ueq

S~1! 0.70703~9! 0.03181~7! 20.3126(1) 0.0301~3!

S~2! 0.54730~9! 0.30665~7! 20.3544(1) 0.0285~3!

S~3! 1.10239~9! 0.26744~7! 20.2366(1) 0.0326~3!

S~4! 0.48052~9! 0.37580~6! 0.1218~1! 0.0285~3!

S~5! 0.64288~9! 0.09939~6! 0.1524~1! 0.0293~3!

S~6! 1.03323~9! 0.34112~7! 0.2595~1! 0.0315~3!

N~7! 0.5203~3! 0.1472~2! 20.3538(4) 0.034~1!

N~8! 0.8989~3! 0.3627~2! 20.2825(4) 0.029~1!

N~9! 1.0424~3! 0.1174~2! 20.2472(4) 0.031~1!

N~10! 0.4558~3! 0.2143~2! 0.1098~4! 0.034~1!

N~11! 0.8297~3! 0.4361~2! 0.2152~4! 0.029~1!

N~12! 0.9748~3! 0.1896~2! 0.2407~4! 0.031~1!

C~13! 0.8640~3! 0.1392~3! 20.2850(4) 0.024~1!

C~14! 0.7822~3! 0.2791~3! 20.3059(4) 0.024~1!

C~15! 0.7971~3! 0.2101~3! 0.1988~4! 0.023~1!

C~16! 0.7141~3! 0.3507~3! 0.1838~4! 0.023~1!
4-2
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FIG. 1. ~a! The temperature dependence of the paramagnetic susceptibilityxp for a polycrystalline sample of TTTA on cooling~open
circles! and on heating~open triangles!. The inset depicts the result on heating in the range 100–250 K in an enlarged scale. The bold
indicates thexp value for the virgin sample just after sublimation. The solid curve is the theoretical best fit of Eq.~1! with J/kB5
2320 K andzJ8/kB52360 K. The solid circles and triangles represent the EPR spin susceptibilityxEPR on cooling and heating, respec
tively. ~b! The magnetic responses of TTTA to heating for the samples atTc↓ with different starting points. The bold gray curves depict t
hysteresis loop shown in Fig. 1~a!.
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shows a sudden increase to a value which is almost the s
as the initial one. Above 365 K, TTTA exhibits an irrever
ible transition to a diamagnetic state caused by chemical
composition. The magnetic measurements indicate a fi
order phase transition with a surprisingly wide hystere
loop: Tc↓5230 K and Tc↑5305 K.23 Since this loop in-
cludes the room temperature~290 K!, the material exhibits a
magnetic bistability at room temperature.

To make sure of the hysteresis loop, we performed
following experiments. On the SQUID susceptometer,
slowly cooled the HT phase and stopped the cooling
during the phase transition to the diamagnetic LT pha
Then we gradually raised the sample temperature, follow
the magnetic response. The results of four runs with differ
starting points are depicted in Fig. 1~b!. In every run the
plots of xp clearly indicate that there is little change in th
ratio between the HT and LT phases in the temperature ra
within the loop. This means that the two phases can sta
coexist in this range. The hysteresis is intrinsic at least in
time scale of the laboratory.

B. Structural change at phase transition

The HT and LT phases were isolated by annealing
material at 40 °C and at liquid nitrogen temperature for s
eral hours, respectively. Their crystal structures were stud
06443
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at room temperature. We have briefly described the struct
of the two phases in a previous report,21 although the lattice
parameters included rather large deviations, probably
cause of the mosaic character of the examined crystal
improve the reliability, we reexamined the structures of t
two phases in this study.

The HT phase crystallizes in the monoclinicP21 /c space
group, where one molecule is crystallographically indep
dent. This structure is identical to the one reported in Ref.
On the other hand, the LT phase crystallizes into the tricli

P1̄ space group, where two molecules are independent.
cell volume of the LT phase is smaller than that of the H
phase by 3.4 Å3. There is no significant difference amon
the molecular structures in the two phases. The atom n
bering scheme is shown in Fig. 2, where the distributions
the atomic charges and the spin densities, calculated by u
the semiempirical molecular orbital calculation
~PM3/UHF!,24 are also presented. The calculations clea
demonstrate the fairly localized spin densities on the -S-N
moiety and the strong, electric polarization.

Figure 3~a! depicts the projections of the structure of th
HT phase along theb and c axes. The structure of the HT
phase consists of a polar 1D stacking column along thb
axis with strong intercolumn interactions. In the column, t
molecules are related by translational relations, having a c
4-3
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stant interval. The overlap between the neighboring m
ecules is slightly shifted. One column is surrounded by
neighbors with short S•••N and S•••S contacts. The dashe
lines in Fig. 3~a! indicate the distances, which are shor
than the sums of the van der Waals radii in the intercolum

FIG. 2. The atom numbering scheme and the distributions of
atomic charges and the spin densities.
06443
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We calculated the intermolecular overlap integrals w
the singly-occupied molecular orbital~SOMO! obtained by
the extended Hu¨ckel method.25 The results are shown in
Table IV. The intracolumn overlap integralp is large, be-

e

TABLE IV. Calculated overlap integrals~31023! in the HT and
LT phases.

HT LT

p 27.5 p1 258.3
p2 221.7

q1 211.5 q1 3.9
q2 5.2 q2 22.2
q3 26.8 q3 26.9
q4 3.5 q4 22.7
q5 22.4 q5 20.3
q6 23.0 q6 20.1

q7 22.2
FIG. 3. The projections of the
crystal structures of TTTA for the
HT phase~a! and the LT phase
~b!. The labelspi and qj are for
the overlap integrals shown in
Table IV.
4-4
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cause the polar stacking column includes a short contact
tween the -S-N-S- moieties on which the SOMO’s are c
centrated. However, the largest overlap integral isq1,
probably due to the short N(2)•••S(1) contact
@3.128(2) Å#. The overlapsp andq1 bring about a ladder-
type interaction in the structure of the HT phase. The ot
overlap integralsq2–q6 are smaller thanp or q1, but the
differences among them are not significant. The reflect
spectra described later are consistent with these calculat
they indicate the charge-transfer interactions both para
and perpendicular to the stacking direction.

The HT phase has a multidimensional network, so tha
is difficult to select a magnetic model to analyze the m
netic data. In addition, the magnetic data for this phase
limited to the temperature range 230–365 K. Then,
roughly estimate the magnetic interactions in the HT pha
we interpreted the magnetic behavior of the HT phase by
model of 1D antiferromagnetic chains, modified by the ad
tion of a mean-field correlation to account for the interc
umn interactions,26 namely, by

xp5
x8

12~2zJ8/Ng2mB
2 !x8

, ~1!

in which

x85
Ng2mB

2

kBT

A1Bx1Cx2

11Dx1Ex21Fx3
, ~2!

with

x5
uJu
kBT

, ~3!

whereJ and J8 are the intracolumn and intercolumn ma
netic coupling constants, respectively,z is the number of
nearest neighbors,kB is the Boltzmann constant, andmB is
the Bohr magneton. The constantsA–F are defined
elsewhere.26 The solid curve in Fig. 1~a! is the theoretical
best fit with the parametersJ/kB52320 K andzJ8/kB5
2360 K (z56). Although the theoretical curve reproduc
well the observed behavior, the obtained values forJ andJ8
suggest that the 1D model is fairly inadequate and 3D effe
are compatible in strength.

The structure of the LT phase is depicted in Fig. 3~b!,
where the two crystallographically independent molecu
are denoted byA andB. The molecular packing is crucially
different from that in the HT phase. The molecular planes
almost parallel in the LT phase, while the unit cell of the H
phase includes two molecular-plane orientations. In addit
TTTA molecules are strongly dimerized in the LT pha
along the stacking direction with an eclipsed overlap
tween the molecular planes. Exactly speaking, the molec
planes are not parallel in the intradimer arrangement;
distance between the -S-N-S- moieties is shorter by;0.2 Å
than that between the -N-S-N- moieties, probably reflectin
bonding interaction between the unpaired electrons con
trated on the -S-N-S- moieties. This suggests that the bo
ing formation would be a driving force of th
06443
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phase transition. In the interdimer arrangements, there
many intermolecular and interatomic distances shorter t
the sums of the van der Waals radii.

Table IV shows the calculated overlap integrals in the
phase. The intradimer overlap integralp1 is so large that the
formation of a singlet radical dimer would cause the diam
netic property of the LT phase. The interdimer overlap in
gral p2 in the stacking direction is unexpectedly intensifi
compared with thep value in the HT phase. The intercolum
interactions, represented byq1–q7, are much smaller thanp1
or p2 in the LT phase. The calculated overlap integrals s
gest that the phase transition in TTTA results in an enhan
ment of anisotropy in interaction in the LT phase. We analy
the slight increase inxp above 200 K for the LT phase with
the Bleaney-Bowers equation.27 The intradimer exchange
coupling constant, which is half of the spin gap, is rough
estimated to beJ/kB52650 K. This is much larger than th
J value in the HT phase.

C. Thermal properties

The phase transition of TTTA was examined by means
DSC. The results are shown in Fig. 4. In the cooling a
heating processes, we found an exothermic and an endo
mic transition at 234 and 315 K~onset temperatures!, respec-
tively. The thermal hysteresis is confirmed in this measu
ment. The transition enthalpiesDH at Tc↓ and Tc↑ are
obtained to be 2210 and 2340 J mol21, respectively. The
difference is probably due to the fact that the HT and
phases have different heat capacities. The transition entro

FIG. 4. The DSC curves for TTTA upon cooling~a! and heating
~b!.
4-5
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DS are estimated asDS↓5DH↓ /Tc↓59.44 J K21 mol21

andDS↑5DH↑ /Tc↑57.43 J K21 mol21 upon cooling and
heating, respectively. The maximum estimation of the m
netic contribution isR ln 2(55.76 J K21 mol21). Since the
HT phase involves strong antiferromagnetic interactions,
real contribution would be much smaller thanR ln 2. In spite
of this, the observed transition entropies are larger t
R ln 2. Cooperation of the lattice system is suggested in
phase transition of TTTA. The presence of such excess
tropy is similar to those in the spin crossover transition28

and in the first-order phase transitions of the quasi-
molecule-based magnetic materials.29–31

D. EPR and lattice defects

We examined the temperature dependence ofX-band EPR
on a single crystal of TTTA. The crystal was fixed wi
Araldite glue,32 as the crystallographicb axis of the HT
phase became parallel to the magnetic field. The EPR
ceptibilitiesxEPRwere obtained by integrating the EPR line
The derivatives of the EPR lines at representative temp
tures are depicted in Fig. 5. The temperature dependenc
xEPR is compared with that ofxp in Fig. 1, where the values
of xEPR are normalized on the assumption thatxEPR5xp in

FIG. 5. TheX-band EPR spectra of TTTA at the representat
temperatures.
06443
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the HT phase. The dependence ofxEPR well agrees with that
of xp . The top, left signal in Fig. 5 shows the resonance
the HT phase at 300 K. The angular dependence of thg
factor and the peak-to-peak linewidthDHpp for this HT
phase signal were studied at 300 K. The principalg factors
were determined to beg152.0094, g252.0028, andg3

52.0009 (ḡ52.0043). They were typical for the thiazy
radicals. We also examined the angular dependence
DHpp. There were no minima at the magic angles, sugg
ing 3D dipole-dipole and/or exchange interactions, wh
were consistent with the crystal structure of the HT pha
and with the results of the static magnetic measurement

When the sample is cooled, the phase transition is fo
at ;200 K in the EPR measurements. Below 200 K, co
plicated patterns appear as shown in Fig. 5. They are ca
by paramagnetic lattice defects. The angular dependenc
the strong three lines~not shown! indicates that they are
hyperfine structures of14N with a coupling constantaN(1) of
1.2 mT. This value agrees well with the reported one.33 The
signal at 9 K clearly indicates the satellite signals near 3
and 330 Oe. They are probably the hyperfine signals of33S
whose natural abundance is 0.76%. The observation of th
hyperfine structures indicates that the paramagnetic la
defects are well isolated in the diamagnetic lattice of the
phase. They are supposed to be radical monomers afte
dimerization.

In the heating process, the phase transition occurs ab
300 K. The magnetic bistability of TTTA is further confirme
by means of EPR. Since EPR is highly sensitive to the s
state of organic radicals, the two phases of TTTA can
easily distinguished by EPR rather than SQUID measu
ments.

We carefully looked for fine structures of triplet exciton
in the LT phase in the temperature range 100–300 K,
cause this phase consisted of the radical dimers, but we c
not find them. The absence of the triplet exciton would
caused by the interdimer interactions in the LT phase.

E. Optical properties

It is worth mentioning the color changes at the phase tr
sition. The HT phase is dark purple, while the LT phase
dark green. This thermochromism is due to a change in
optical properties at the phase transition. To clarify the el
tronic transitions responsible for the observed color chan
we examined the polarized reflection spectra on the~100!
surface of the HT phase and on the~010! surface of the LT
phase at room temperature. They are the same surface o
hexagonal prism of the TTTA crystal. The reflectivityRspec-
tra are presented in Fig. 6, in which the solid and dot
curves show the results with the electric vectorE of the
lights parallel (Ei) and perpendicular (E') to thep-stacking
axis, respectively. The small peaks at 3.2 eV for the
phase appearing in both polarizations cause the purple c
of this phase, while the strong band for the LT phase at
eV in theEi spectrum makes this phase green.

The obtained reflectivityR spectra were converted to th
optical conductivitys spectra by using the Kramers-Kroni
relation. The energy region of theR data was limited to
4-6
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0.8–4.9 eV, so that the Roessler correction was employe
the transformation.34 Hereafter we will discuss the electron
transitions of TTTA in thes spectra shown in Fig. 7. Both
the HT and LT phases exhibit strong bands around 3–4

FIG. 6. The polarized reflectivityR spectra for the HT~a! and
LT phases~b!. The solid and the dotted curves show the result un
the polarization parallel (Ei) and perpendicular (E') to the p
stacking axis, respectively.

FIG. 7. The optical conductivitys spectra for the HT~a! and LT
~b! phases. The solid and the dotted curves show the result u
the polarization parallel (Ei) and perpendicular (E') to the p
stacking axis, respectively.
06443
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V,

predominantly polarized forE' . Since this direction ofE is
nearly parallel to the long axis of TTTA, these bands can
assigned to intramolecularp-p transitions. The bands ob
served below 2.5 eV are assignable to the charge-tran
~CT! bands. The energy of the CT band is a crude meas
for the on-site Coulomb repulsion energyU on the TTTA
molecule; the value ofU is roughly evaluated to be 2 eV
Such a large value ofU is considered to reflect the sma
molecular structure of TTTA. There is a crucial differen
between the CT bands in the two phases. The HT ph
exhibits peak structures at 1.75 eV forEi and 2.1 eV forE'

@Fig. 7~a!#. We can attribute the peaks forEi andE' to the
intra- and intercolumn CT transitions, respectively, judgi
from their polarization dependence. The intra- and interc
umn CT’s are related to the overlap integralsp and q1–q6,
respectively. The largest one amongq1–q6 is q1 so that it
would dominate the intercolumn CT observed forE' . Al-
though the absolute value ofq1 (11.531023) is larger than
that ofp (7.531023), the intensity of the CT band forE' is
slightly smaller than that forEi . The dipole moment of the
intercolumn CT represented byq1 is not parallel to the~100!
surface. This probably decreases the observed transition
tensity. In addition, this dipole moment has a finite comp
nent forEi . In fact, there is a hump structure around 2.1
in the spectrum forEi , which we extrapolate has the sam
origin as the peak forE' . On the other hand, the dipol
moment of the intracolumn CT represented byp is parallel to
the ~100! surface and has only a component forEi . As a
result, the observed intensity of the CT band forE' is not so
enhanced as compared with that forEi . Taking account of
these situations, we can consider that the intra- and inter
umn CT interactions are comparable to each other. The m
tidimensional interactions in the HT phase suggested in
magnetic measurements are supported by optical spec
copy.

After the phase transition to the LT phase, the CT ba
shows a drastic change, as seen in Fig. 7~b!. In theEi spec-
trum, it splits into two bands with a large intensity enhanc
ment. In contrast the CT band forE' is only slightly inten-
sified. It is characteristic of the LT phase that the intensity
the CT band depends strongly on the polarization: the int
sity for Ei is much larger than that forE' . This is also
consistent with the results of the intermolecular overlap
tegral calculations, which suggest a strong enhancemen
anisotropy in the LT phase. The split of the CT band forEi is
probably caused by the alternation: the two bands at 1.8
2.1 eV in Fig. 7~b! can be ascribed to the interactions rep
sented byp2 andp1, respectively, based on their intensitie
The structure around 2 eV forE' seems to be composed o
at least two bands, which would be related to the intercolu
CT transitions represented byq1–q7. By comparing the po-
larization dependence of the intensity in the two phases,
can reasonably conclude that the dimensionality of the
phase is decreased as compared with the HT phase.

IV. DISCUSSION

In the previous section we described the roo
temperature magnetic bistability in TTTA that is caused
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the first-order phase transition. Generally speaking, it is
easy to clear up the causes of the first-order phase transit
but it is not very difficult to qualitatively understand the
based on a case-by-case discussion. In our previous pap
suggested incorporation of the spin-Peierls instability,
cause we observed a strong alternation along the stac
direction in the LT phase. Actually the overlap-integral c
culations and the optical spectra indicate an enhanceme
1D character in the LT phase. If the structure of the HT ph
involves instability toward the 1D lattice, this would coup
with the spin-Peierls instability, resulting in lattice altern
tion. However, the calculations also indicate that both int
column overlap integralsp1 andp2 in the LT phase are large
than the intracolumn overlapp in the HT phase. This doe
not agree with the picture of the spin-Peierls transition
which the centers of gravity in the dimers do not mov
enhancement of the intradimer interaction automatica
means decrease of the interdimer interaction in intensity
the 1D column. It is natural to conclude that the phase tr
sition in TTTA is predominantly structural in character, a
the spin-Peierls instability may play a secondary role ass
ing the transition, as discussed for Rb-TCNQ.35

It is also important to discuss the causes of the large h
teresis loop. It is notable that the HT phase consists of in
and intercolumn interactions. In the field of molecular ma
netism, spectacular examples of molecular bistability inclu
the specific Fe~II ! spin-crossover complexes, in which th
transitions occur with wide thermal hysteresis in the vicin
of room temperature.36 As the Fe~II ! sites are bridged by
ligands in such specific complexes, it is believed that in
site interactions bring about the hysteresis.37 The strong in-
tercolumn interactions in TTTA possibly cooperate with t
spin-Peierls instability and result in the first-order phase tr
sition. Another possible cause can be seen in the nea
neighboring intermolecular arrangements. While the t
molecules exhibit a slipped overlap along the shorter m
lecular axis in the HT phase, the two molecules are co
pletely eclipsed in the LT phase.21 The geometry in the LT
phase maximizes the exchange energy, because of the
lap between the molecular orbitals of the unpaired electro
but it suffers electrostatic repulsion caused by encounter
the polarized charges of the same sign. It is considered
f
y

.

.

06443
t
ns,

we
-
ng
-
of
e

-

:
y
r
-

t-

s-
a-
-
e

r-

-
st-
o
-
-

er-
s,
of
at

the gain in exchange energy overcomes the loss in elec
static energy in this phase and the structure of the HT ph
is obtained by a balance between the two kinds of energ
The competition between the exchange and electrostatic
ergies in the dimer may make a potential barrier between
structures of the LT and HT phases and result in the hys
esis loop.

We suggested two possible reasons for the large hys
esis: the intercolumn interactions and the competition
tween exchange and electrostatic energies. It is worth no
that the intercolumn interactions are caused mainly by
S•••N electrostatic interactions. Therefore we believe th
the electrostatic interactions, which are characteristic of
azyl radicals, would play a crucial role in the realizaion
the hysteresis loop.

V. CONCLUSION

We studied the room-temperature magnetic bistability
TTTA that was realized by the first-order phase transit
between the paramagnetic HT phase and the diamagneti
phase. The EPR and DSC measurements confirmed the
ence of the wide hysteresis loop associated with the tra
tion. Since EPR was very sensitive to the spin states of
ganic radicals, the two phases were more easily distinguis
by means of EPR rather than SQUID. The polarized refl
tion spectra and the intermolecular overlap-integral calcu
tions indicated the multidimensional CT interactions in t
two phases, while the anisotropy was enhanced in the
phase. It was suggested that the phase transition of T
would be governed by structural factors, such as molec
packing, electrostatic interactions, etc., rather than the s
Peierls mechanism.
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