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The two-dimensional metaBEDT-TTF) 3(HSO,) , undergoes a metal-insulator transition at 126 K. We
investigate the phase-transition mechanism by means of x-ray diffraction, electrical conductivity measurement,
electron spin resonance, magnetic susceptibility measurement, and thermal analyses. The transition is first
order in nature, whereas no distinguishable change of the crystal structure at the phase transition point is
observed, suggesting the minor role of structural change in the transition. Alternatively, this salt behaves as a
correlated system in the metallic phase and the transition can be classified as a Mott-type transition caused by
the increase of effective on-site Coulomb repulsion originating from anisotropic thermal lattice contraction.
[S0163-18297)01511-1

INTRODUCTION origin of this trend can be understood qualitatively in terms
of the increase in intermolecular transfer integrals caused by
Although many molecular conductors based onditsyl-  the reduction of the cell volume, which stabilizes metallic
enedithigtetrathiafulvalene (BEDT-TTF) undergo metal- phases. Nevertheless, the titled SBIEDT-TTF) 3(HSOy,) »
insulator phase transitions, there seems to be no general u¢t) has a transition temperaturd& g, =126 K) that is lower
derstanding for the mechanism of their transition. This isthan that of BEDT-TTF)3(ClO,) , (2), in spite of its almost
because there are many facts to be considered. These sadtgual unit cell volumdV ,=1179 A% (Ref. 5]. Consider-
generally have low dimensionality in their electronic struc-ing the crystal structures of 1 and 2, both of them have a
tures, which destabilize their metallic states. The chargetwo-dimensional stacking structure with almost the same
density wave states will appear when the gain of electroni@lignment of donors. The characteristic feature of 1 is the
energy become larger than the elastic energy loss caused byistence of OH- - - O)-type hydrogen bonds between adja-
lattice modulation. The donor molecule also has high on-siteent HSQ™ anions. In the crystal of 1, these hydrogen bonds
Coulomb repulsion energyl), which shows features of a possibly work to restrict the anion rotation, which plays an
highly correlated electron system.Uf overcomes the trans- important role in the phase-transition mechanism in the case
fer integralt, the Mott-Hubbard transition changes the elec-of 2. It is therefore interesting to see if this structural differ-
tronic state from a metallic to an insulating one. Further-ence affects their metal-insulator transition nature. From
more, since molecular crystals are generally softer thamhese viewpoints, we investigated the transition nature of 1
inorganic materials, it is easily assumed that their structuraby means of deuterium substitution, electron spin resonance
features participate more intensively in their electronic insta{ESR, magnetic susceptibility, electrical conductivity, ther-
bilities and phase transitions. Highly anisotropic thermal mosmal analyses, and low-temperature x-ray diffraction and
tion and/or disorder of counteranions and nonplanar sixeompared the results to those of 2 to discuss the transition
membered rings fused to a TTF skeleton in crystal structuresature. Finally, we considered the possibility of a Mott-
of various BEDT-TTF salts often contribute to the electronicHubbard-type transition by estimating the effective on-site
phase transition, where the order-disorder features are addegdoulomb repulsion as a function of transfer integrals and
(BEDT-TTF) 5(ClO,) , is one of the examples whose discussed the mechanism of the phase transition in this con-
metal-insulator transition mechanism is discussed in detail text.
In this salt, the partial quenching of the anion rotation, fol-
lowed by th_e freezin_g of the puckering motion of a gix- EXPERIMENT
membered ring and displacements of donor molecules, is the
motivating force of the transition. This salt belongs to an BEDT-TTF and BEDT-TTFdg were recrystallized from
isomorphous group ofBEDT-TTF)3X, (X denotes a tetra- chlorobenzenen-Bu,N HSO, was recrystallized twice from
hedral anioh The salts in this group generally undergo benzene and-hexanen-Bu,N DSO, was prepared by ion-
metal-insulator transitions, and their transition temperaturesxchange extraction between a toluene solution of
depend on the unit cell volumé/{,) of the salt? For ex-  n-Bu,NCI (dried in vacuoprior to us@ and a D,O solution
ample, semiconductivBEDT-TTF) 3(10,4) » has a large unit  of (CgH;7)sND DSQ,, which isin situ generated from tri@-
cell volume [V =1231 A% (Ref. 3], while the above- ethylhexy)amine and sulfuric acidd,.® A characterization
mentioned(BEDT-TTF)3(ClO,) , with a smaller unit cell of the electrolyte was performed with infrared spectrum.
[Veei=1180 A% (Ref. 4] is metallic at room temperature 1,1,2-trichloroethane was treated with concentrated sulfuric
and a metal-insulator transition occursTay, =171 K. The acid, dried over KSO,, and then fractionally distilled.
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TABLE I. Crystallographic data for 1 at room temperatd®d), 136, 116, and 105 K and ford-at room
temperature.
Compound h? 1-h 1-h 1-h 1d
temperature RT 136 K 116 K 105K RT
space group P1 P1 P1 P1 P1
aA) 9.44Q1) 9.3752) 9.3641) 9.38099) 9.4251)
b (&) 16.60711) 16.4933) 16.49712) 16.5122) 16.582)
c (A 7.6331) 7.51089) 7.49796) 7.49224) 7.6291)
a (deg 94.971) 94.791) 94.7217) 94.7184) 94.971)
B (deg 96.811) 96.431) 96.15@7) 96.2687) 96.911)
v (deg 87.721) 88.067) 88.2323) 88.1284) 87.7Q1)
V (A3 1181.83) 1149.36) 1147.14) 1149.33) 1179.42)
z 1 1 1 1 1
No. of observed
reflections 3114 3408 3528 3648 3889
[Fo>40(Fo)]
R 0.049 0.051 0.055 0.039 0.040
&The unit cell of Ref. 5 is transformed as=b,, b=c,, andc= —a,.
Single  crystals of (BEDT-TTPH3(HSO,), (1), ferential scanning calorimetryDSC) measurements were

(BEDT-TTF)3(DSQy), (1-d), and(BEDT-TTF-dg)3(HSOy)» made with a Rigaku TAS300 thermal analyzer equipped with
(1-dg) were obtained by a galvanostatit=<{1 xA) anodic ~a DSC8230 cooling unit, with 22.5 mg of the sample in the
oxidation of donor(1.2 mM) in an argon atmosphere, using temperature range 90-320 K.
n-Buy,N HSQ, or n-Bu,N DSQ, (15 mM) as a supporting The crystal structure of #l-at room temperature was de-
electrolyte and 1,1,2-trichloroethar(@5 ml) as a solvent. termined by an x-ray-diffraction method using a Rigaku
Typical dimensions of the crystals were<2x 0.05 mnt. AFC-7 four-circle diffractometer. The crystallographic data
The dc electric conductivity was measured using a fourand final reliable factors are summarized in Table I. The
probe method I(=100 uA) between liquid nitrogen and absorption effect was corrected using an empirigadcan
room temperature. The evaporated gold electrotlesl00  method, and the structure was solved by direct methods
A) on the sample were connected to gold wit@8 mmgp)  (SHELxs8§ then refined by a full-matrix least-squares
with gold paint and the temperature was monitored by a Pmethod (SHELXL93).® Hydrogen atoms of donor molecules
thermometer. ESR spectra were recorded down to 5 K withvere attached at geometrically calculated positions, while
JEOL TE-200 spectrometer, equipped with an Oxforddeuterium was found on a differential Fourier map. To de-
ESR910 continuous-flow helium cryostat. The microwavetermine the occupancy factors at a disordered site, the ther-
frequencies were recorded with a frequency counter of th&al parameters for both conformers are restricted to be the
spectrometer and the external field was monitored with &ame.
JEOL ES-FC5 NMR field meter. The sample mounted on a The crystal structures of k-were also determined at
Teflon rod using Apiezon N grease was inserted in a 5¢mm 136 K, 116 K, and 105 K, using a Rigaku R-AXIS-CS Weis-
quartz ESR tube with 20 Torr of He exchange gas. The ansenberg camera equipped with imaging plates as detectors,
gular dependence around three axes ofghalues and the and the sample was cooled by the flow of cold, dry, nitrogen
linewidth are recorded successively at 60 K and 280 K with-gas. The temperature of the sample was calibrated using a
out withdrawing the sample tube from the cryostat in orderchromel-alumel thermocouple. The crystallographic data and
to ensure the coincidence of the rotational angle betweefinal reliable factors are also summarized in Table I. The
these two temperatures. The accuracy of the angle wa©om-temperature structdrevas used as an initial structure
within +2°. The microwave power was limited below and then refined by a full-matrix least-squares method
0.5 mW to avoid saturation. Static magnetic susceptibilitiedSHELXL93).% All of the hydrogen atoms were found on a
were measured at 1 T with a Quantum-Design MPMS-5 sudifferential Fourier map and then refined isotropically.
perconducting quantum interference deWi8QUID) magne- The energy band structures of 1 and 2 at room tempera-
tometer, using randomly oriented crystalline samgfesg). _
Specific heats were measured down to liquid-nitrogen tem- | ABLE Il. One-centered Coulomb integrait)(and Slater ex-
peratures using an ac calorimetric method. The sample wdpnents £) for the Slater-type atomic orbitals.
heated by the chopped ligi® Hz) of a halogen lamp and the
ac component of the sample temperature was monitored béSrbitals
chromel-alumel thermocouple$25 mmp) attached with
GE7031 varnish. The typical absolute value of the ac tem-| (ev) 20.0 11.0 5.44 21.4 11.4 13.6
perature variation was regulated at 10 mK. The temperaturg 2122 1.827 15 1625 1625 1.3
of the heat bath was monitored with a Pt thermometer. Dif
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(moleculel) is located at general position, while the other
(moleculell) lies on the inversion center. Moleculeis
related to moleculé by inversion symmetry and these three
molecules are stacked along thec direction to form trim-
erizedl-11-I columns. There are many intermolecular side-
by-side S - - S contacts whose distances are shorter than 3.70
A, i.e., twice the van der Waals radius of the sulfur atom.
The shortest ones are(®---S(11'), 3.4081); S(5)---
S(12"), 3.4181); and $6)---S(8"), 3.4151)A.! These
contacts make BEDT-TTF molecules form a two-
dimensional layer parallel ta-c plane. There are three in-
dependent six-membered dihydrodithiin ringsgs A,B for
moleculel, ring C for moleculell). Disorder between two
conformers, which are the most stable ones in the puckering
motion of the six-membered ring, is observed at rihgrhe
occupancies for these conformers are determined a$10.80
and 0.201), under the constraint that the two conformers
have the same thermal parameters. For riaggnd C, con-
formation is fixed at one conformer and no disorder is ob-
served. DS@ anions are placed between the donor layers.
) . Two anion molecules are related by inversion symmetry and
FIG._l. Crystal structure of - viewed anng tha: axis. The  form a dimer via two(OD- - - O)-type hydrogen bonds. The
numbering scheme of the molecules are also indicated. The dashegyterium atom is found near one of the oxygen atoms
lines denote hydrogen bonds between HS@nions. Hydrogen at- [O(3)-D, 0.896), O(liV)' ..D, 1.766) A]_ll This asymmetry
oms attached to the ethylene-bridged carbon atoms are omitted foff the hydrogen bond coincides with the bond length of
clarity. S(13)-0(3) [1.5423) A] being apparently longer than that of
S(13)-0(1) [1.4903) A], which shows that &@3)-0(3) is
ture and low temperature were calculated using a tightsingle bonded, while @3)-O(1) is double bonded. The
binding method. The coefficients of the highest occupied O---O distance (o...c) at the hydrogen-bonded site is
molecular orbitalsHOMO's) of the donor molecules were 2.6214) A, which is slightly, but significantlg/, longer than
calculated using the extended ¢kel Hamiltonian according that for (BEDT-TTF) 3(HSO,) , [2.6055) A].> This result
to the Wolfsberg-Helmholz approximatidh.The basis set agrees with the empirical rule, which states thatdhe .o is
consists of Slater-type orbitals of singjeguality. The expo- generally elongated by approximately 0.02 A by deuteration
nents and atomic parameters are summarized in Table II. THehendo...o ranges between 2.60 and 2.62A.
overlap integralsS; between HOMO's of adjacent mol-  On oscillation and Weissenberg photographs at300,
ecules were then calculated using the same Slater-type badid6. 116, and 105 K, no splitting of Bragg peaks, streaks, or
set and the transfer integrals; were estimated at satellite spots are fou_nd within the detect!on limit of the
t;=ES;, whereE is the energy level of the HOMO of the system Iused. This |nd|catesdth§ gobod qualltfy of the crystal
donor (—10 eV). The band structures and the shapes ofven at low temperatures and the absence of a superstructure

Fermi surfaces are finally obtained from a calculation with:n an insulator phasel. Table 1 shows th_le_hconrlpanscl)n of the
the tight-binding approximation. attice parameters at low temperatures. The thermal contrac-

tion of thec-axis length is 2.5 times larger than the contrac-
tions of thea andb axes. Bond lengths at 105 K are gener-
EXPERIMENTAL RESULTS ally 0.005-0.01 A longer than the corresponding values at
room temperaturg.This difference is understood as the ef-
Figure 1 shows a unit cell for d-viewed along the axis  fect of the quenching of the intramolecular bending motions.
at room temperature. Since the unit cell contains one formuThe O - - O distance at the hydrogen-bonded anion site is
lar unit and one inversion center, there are two crystallo2.6314) A at this temperature, which is longer than the cor-
graphically independent BEDT-TTF molecules. One of thenresponding value at room temperat&6055) A].°> This

a) b)
L T L L 1.0
5_ ] 0.8 FIG. 2. Temperature dependence of ftta
A' resistivity and(b) activation energy of 1@) and
g % 0.6 2 (O). The latter are calculated from dc electrical
So 1= conductivity asE,=KgT In[po/p(T)], wherep, is
st 04 the conductivity at 150 K1) and 190 K(2) and
o B L EA(0) is estimated as 950 K1) and 1050 K(2),
I * ] 0.2 respectively. The results of 2 are cited from Ref.
Sr % 1.
Lo R 0.0

100 150 200 250 08 09 10 11 12
T (K) T /Ty
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mated at 0.2% of the formula unit.

5 ' ' The shape of the ESR signals shows a temperature depen-
T apressese®eostes® dence. In the metallic phase, ESR spectra have asymmetric
gor i line shapes when a microwave electric field is applied paral-
g lel to the conducting planeatc plane, whereas in the insu-
ﬁ 4+ . lator phase the line shapes become Lorentzian. If the electric
Z o field of the microwave is applied perpendicular to the con-
£al ..‘. J ducting plane, a Lorentzian signal is observed in the whole
N . temperature range and line-shape distortion in the vicinity of
0 &-0'.. , Twmi, as seen in the case of*2s not observed. The asym-
0 100 200 300 metric line shape is well fitted as a linear combination of the
T (K) absorption and dispersion contribution of a differentiated
Lorentzian curve:
FIG. 3. Paramagnetic susceptibilitigs plotted_ against te_mpgra- di(H) 16x 3(3—X2) H—H,
ture, where the core Pascal diamagnetism contributon — —=—¢; >—>+C; ~, X= ,
(—6.2<10 *emumol ) is subtracted from the experimental (3+x9) (3+x%) AH, /2 @
data.

whereH,, is a center field of the resonanaet,, is a peak-

elongation is again understood as a result of the quenching @b-peak line width, and,,c, are the coefficients for both
anisotropic thermal motion of the S-O bonds. At lower tem-contributions. This asymmetry therefore comes from the skin
peratures, no disorder of the six-membered ring is observegffect, as a consequence of the high conductivity2(10
The ethylene bridges at ring are already ordered even in Scm! at room temperatujeand thickness of the sample
the metallic phas€136 K =Ty,). (~0.5 mm. Figure 4 shows the temperature dependence of

The in-plane conductivity of 1 at room temperature isthe linewidth and the value obtained by fitting the observed
1x10% Scm ! and a metal-insulator transition takes placespectrum to the above equation, where the external magnetic
at Ty, =126 K. Figure 2 shows the temperature dependencéield was applied perpendicular to the crystal pldfaQ],
of the activation energf, for 1 and 2! calculated from the along the direction of crystal elongatié®01) and the direc-
conductivity p(T) as Ea=kgTIn[py/p(T)], wherep, is the  tion perpendicular to the other two directiofi02]. In the
conductivity just above the phase transition regih@he  metallic phase, the linewidths show an almost temperature-
ordinate and the abscissa of the plot are normalized with thindependent value of 5—7 mT, which is almost equal to the
phase transition temperatur§,f) and the activation energy value of 2!° At the metal-insulator transition point, the
at 0 K[EA(0)], respectively. Thé&, vs T plot of 2 shows a  linewidths suddenly drop and show an activated-type behav-
continuous change around the transition temperaturdor (E5~350 K) just below the transition. Below 50 K the
whereas an abrupt change of the activation energy is olmain contribution to the signal comes from defects or impu-
served for 1, which is characteristic of a first-order transition rities, judging from the presence of the Curie tail in the mag-

In Fig. 3 the paramagnetic component of susceptibility isnetic susceptibility. The values at room temperature for the
plotted against temperature, after the core diamagnetic terthree directions mentioned above are 2.011, 2.006, and
(—6.2<10 *emu mol %) is subtracted from the observed 2.002, respectively, which are characteristic of the principal
data. Temperature-independent Pauli paramagnetic suscepilues for the BEDT-TTE " cation radicalt® There is no
bility is observed above Ty, whose value (6.5 remarkable change in the vicinity of the transition point,
x10"*emumol!) is nearly equal to that of 2 which is quite different from the case of'ayhere the large-
(6x10™4 emu mol).2* At the transition point a sudden g-value shift (\g~0.03) is observed around the transition
decrease of susceptibility occurs, accompanied by atemperature. Figure 5 shows the sinusoidal angular depen-
activation-type behavior below, . At low temperatures dences of they value. A comparison of the angular depen-
below 50 K, a Curie tail indicates the presence of paramagdence between 60 K and 280 K reveals the absence of the
netic defects and/or impurities, whose concentration is estiechanges in the direction of principal axes associated with the

a) b)

8 T T T T 2.015 — T

6L .A-F-ingﬂgn.a $00% e %00 o o ] FIG. 4. Temperature dependence of ftta
o o4 2.010 - o oo ] ESR linewidth and(b) g value of 1, where the
E masta s 2 o} ] external magnetic field is applied perpendicular
3 4r o 1% e L LT o ] to the[010] plane @), along the &+ c direction

'if 20051 L, 1 (M), and along the— 2c direction (A). The cor-
2t i{g‘ 4 aanl Am“‘%%‘ hop o] responding data of 2 are also shown with open
Aﬂa&“ i * ate ] symbols for comparison with Ref. 1.
0 i n® i T 2.000 . ] . 1 | \
0 50 100 150 200 250 50 100 150 200 250
T (K) T (K)
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FIG. 7. Cauvity for ethylene-bridge group at rilggof 1 at room

FIG. 5. Angular dependence of the ESR linewidth. The sampleemperature viewed along the long axis of the molecule. Thick lines
rotational axes are thea2-c direction @, O, 0°l a—2c), the  shows intramolecular bonds and thin curves are contours drawing in
a—2c direction (@, O, 0°Il 2a+c), and the normal to thE010] sections separated by 0.05 A.
plane (&, A, 0°ll 2a+c). Filled and open symbols are data re-
corded at 60K and 280K, respectively. Solid lines are fitting|atent heat evidences the first-order nature of the transition,
curves ofg®=gg+gisin(6/2). in good agreement with the behavior of the conductivity and

magnetic susceptibility.

transition, suggesting that the transition does not change the

orientations of the donor molecules. 3 DISCUSSION
Figure 6 shows the temperature dependence of specific _
heatC for 1 and its deuterated compoundsl 1the anion is Here we first compare the crystal structures of H3@lt

deuterateyland 1dg (the donor is deuteratgéh the vicinity (1) and CIO, salt (2), which consist of the trimerizetH | -
of the phase transition measured with the ac calorimetrid column and are essentially isostructural for the alignment
method. There are anomaliesTay, in all theC vs T curves, of donor molecules. As for the disorder at the six-membered
whose amount is about 10% of the total specific heat. Al¥ings of donor molecules, one of theming B) is disordered
though the conductivity and magnetic susceptibility show thefor the case of 1, while all of the rings for 2 are ordered,
first-order nature of the transition, the anomaly in hevs  judging from the anisotropy of the thermal parameter for the
T curve is\ shaped, which is usually observed in a second-<carbon atoms. It is natural to think that this difference comes
order phase transition, suggesting that latent heat accomp#iom the size and shape of a free space surrounding the eth-
nied with the transition is quite small. The substitution of theylene group. In order to discuss this point more quantita-
HSO,™ anion to DSQ™ raises the transition temperature, buttively, we define “cavities” for the ethylene groups as
the difference is at most 1 K. The isotope effect is therefordollows.*® We place spheres at the positions of atoms, except
suppressed, which is different from the ferroelectric transithose of the ethylene group, where the radius of the sphere is
tion of KH,PO, (123 K)/KD ,PO, (213 K),*” whose origin  taken as the van der Waals radius of the corresponding atom
is the long-range order of the direction of the hydrogenplus 1.2 A(the van der Waals radius for the hydrogen atom
bonds. The isotope effect if,, between 1h and 1d is A cavity is then defined by the closed space surrounded by
comparable to the effect of deuteration at ethylene bridgéhe concave surfaces of these spheres. As a typical example,
groups(1-dg), which is also observed in the case ohznd  the shape of cavity for rin@® of 1 is shown in Fig. 7, in
2-dg.! In the DSC measurement, the endothermic peak at thehich the boundary for the cavity is expressed as a contour
metal-insulator transition point in the heating process is obdrawing in sections separated by 0.05 A. The volumes of
served, which gives the estimates of the latent heat 170 J méRvities around the ethylene groups for 1 and 2 at the metal-
~1 and the transition entropy 0.R6 The presence of the lic and the insulator phases are summarized in Table I1I. All
of the cavities for 2 are smaller than the corresponding ones
for 1, irrespective of the temperature regions between

100 T T T T>Tc and T<T.. From this result we can say that the
o',. ] ethylene groups in the crystal of 2 is more difficult to pucker
=90 P -
g r/ .\-"'"-"-_ TABLE Ill. Cavity volumes(A?3) for ethylene-bridge groups.
° U™ =
£ % “._..--' “eangmaeannT Compound 1 2
O %0 puunn® s 1 Temperature RT 105 K RT 120 K
““AA VYTV, =
Laanasd 1 moleculel
golaasedat |, L L 0 ring A 2.72 2.07 2.43 1.98
120 122 124 126 128 130 132 ring B 4.4 3.66 3.14 2.70
T(K) moleculell
ring C 3.90 3.19 3.43 2.75

FIG. 6. Temperature dependence of specific heats tor(@®),
1-d (I, and 1dg (A). aConformationally disordered.
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than those in 1. For the crystal of 1, one of the cavifigsy  ecules contacted along the side-by side direction, many of
B) is remarkably largef4.41 A%) than the others. This cor- which are closer than twice the van der Waals radii for the
responds to the result of the x-ray analysis, which states thatulfur atom (= 3.70 A even at room temperature. The
only ring B is disordered, while the others are not. On low-most remarkable ones are(7% --S(11') [3.4081) A],
ering the temperature to 105 K, the volume of this cavityS(5)---S(12') [3.4181) A], and $6)- - - S(8) [3.4151) A].
decreases down to 3.66°AAlthough the threshold value of At 105 K the distances of these contacts become 31378
the cavity volume for the existence of disorder is not obvi-3.41Q1), and 3.3781) A, respectively, which are approxi-
ous, we can say that this shrinkage of the cavity quenches theately 1% shorter than the corresponding values at room
puckering motion at ring because this volume is smaller temperature. We also define the least-squares plane of the
than the cavity volume of apparently ordered ethylene bridgd TF skeleton for each molecule and compare interplanar dis-
sites, such as rin@ at room temperaturé3.90 A3). tances. At room temperature, the distances between mol-
Next we state how the hydrogen bonds at counteraniogcules| and |, and between and Il are 3.7613) and
sites affect the crystal structures. Comparing mean-squarg7313) A, respectively. On lowing the temperature to
displacementU .q= ((r —rc)?), wherer ¢ is the equilibrium 105 K, these values are reduced to 3@and 3.6644) A,
position of the atorhof four oxygen atoms of the CIO  respectively, which are 2.5% shorter than the corresponding
anion in crystal 2 at room temperature, one of them has galues at room temperature. From these result we can say
smaller value(0.069 A?) than the otherdthe average is that the thermal contraction is mainly due to intermolecular
0.140 A%) ! This suggests that the CO anion rotates with  contacts and the relative contraction is 2.5 times larger for
threefold potential minima around the axis on which thethe direction of donor molecule stacking than the direction of
former oxygen atom and the chlorine atoms are located. Faside-by-side contacts. This result is consistent with the ob-
the case of 1, the mean-square displacement for oxygen aserved anisotropy of the thermal contraction of the cell pa-
oms is at most 0.073 A[O(4)], which implies the complete rameters Ac/Aa~2.5).
suppression of a rotational motion of anions. This is appar- Here we discuss the transition nature of 1. The results of
ently because of the existence of the hydrogen bonds beic electrical conductivity, magnetic susceptibility, and ESR
tween HSQ™ anions, which work to develop the dimeriza- measurements show that the metal-insulator transition of 1 at
tion of the anions. These hydrogen bonds also make thg26 K is classified as a first-order phase transition in nature,
distance between two adjacent HgGanions in crystal 1  which is confirmed by the existence of the latent heat. In
shorter than CIQ" anions in crystal 41: S13)- - - S(13Y), contrast, for the case of 2, both the ESR linewldiind the
4.1691) A;1 2: CI---Cl, 4.839 A]. As a consequence, the magnetic susceptibility gradually change in the vicinity of
interaction between the HSO anions and ethylene groups the phase transition temperature as a consequence of the
is reduced, the cavities for ethylene groups become largesecond-order nature of the transition. We can say, for the
and the six-membered rings are easy to pucker. It is therefor@llowing reasons, that the main cause of the transition of 1
understood that the existence of hydrogen bonds betweda nota structural change at the transition poiit.The space
anions is the cause of the difference in disordered sites beroup (triclinic, P1) remains unchanged between the metal-
tween crystals 1 and 2. lic and the insulator phases and there are no superstructures
Now we compare the crystal structure of 1 at room tem-nor abrupt changes of the lattice constants at the phase tran-
perature and at 105 K. Each intermolecular distance of donagition point. In other words, there is no symmetry breakdown
molecules is elongated by 0.005-0.01 A by lowering theaccompanied by the phase transitigii) No significant
temperature, as a result of the quenching of molecular bendhange of the ESR) value is observed, showing that the
ing motions. In order to see the charge distribution betweemelative orientation of the donor molecule to the crystal re-
the donor molecules, we compared the lengths of theCC mains unchanged in the region of the phase transition. This is
bonds in the TTF skeleton between moleculeandll. At completely different from the result for 2, in which the
room temperature, there is no difference in the@bond  values gradually changes with the amountAgi~0.03 as
lengths between moleculdsand Il [for moleculel, C(1)-  the phase transition occutsiii) The hydrogen bonds are
C(2), 1.3684); C(3)-C(4), 1.3544); C(5)-C(6), 1.3564) A asymmetric and are ordered even at the high-temperature
and moleculell, C(11)-C(11Y), 1.3744),'* C(12-C(13), phase. This is also supported by the fact that the deuteration
1.3564) A], suggesting the even charge distribution betweerat anion sites changes the phase transition temperature little
moleculesl and Il. In the insulator phase, the difference (<1 K). If the ordering of hydrogen bonds were the origin
between these bond lengths is still within experimental errobf the phase transition, a large isotope effect would be ob-
[for moleculel, C(1)-C(2), 1.3715); C(3)-C(4), 1.3545); served.(iv) Since the conformational disorder at one of the
C(3)-C(4), 1.3455) A and for moleculell, C(11)-C(11Y), three six-membered rings of BEDT-TTF molecules, which is
1.3815);} C(12-C(13), 1.3605) A]. Therefore, charge observed at room temperature, is totally quenched above the
separation in the low-temperature phase cannot be observénsition temperaturéat 136 K>T,, ), there isno direct re-
from the x-ray results. A recent report on infrared lation between the ordering of the ethylene bridge and the
spectroscopy shows that the charge separation appears atetal-insulator transition.
the phase transition point; namely, beldyy, , a new absorp- We can also discuss this point again through the energy
tion appears at 1425 cnt, which is assigned as the,;  band structure calculation using extendedckil and tight-
(byy) mode coupled to the intermolecular charge transferbinding methods since the results of the calculation based on
This change is explained by modifications of the charge disthese approximations are affected mainly by the crystal
tribution caused by the phase transition. structure of the salt. First, we calculate overlap integrals be-
There are a number of-S- S contacts between two mol- tween adjacent molecules shown in Fig. 8, whose results are
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FIG. 8. Schematic drawing of donor molecule arrangement, in- r Z VvV x T
cluding symbols for overlap integrals. The origin is shifted to the
center of the central €C bond of molecule Il for convenience of
calculation. ©) 05t ‘/l @y
- C [~
summarized in Table IV. Overlapping along the-2c di- Soo \/\/ i -
rection Qaa.qag) dominates to the other overlappings for - 1/\ N
both salts. For the CIQ salt (2), one of the side-by-side -0.5¢
interaction @g) is reduced by half when lowering the tem- r Z Vv x T
perature belowr, , which is consistent with the molecular d) oz ‘V
orientation change observed with the gradual change of the 0.57 v
ESRg value in the vicinity of the phase transitiorOn the < . ~ £ .
contrary, no such drastic change of transfer integral is ob- Zoor T~ .
served for 1 between room temperature and 105 K, in good a :\/"\//
agreement with the experimental result showing the absence —osf
of the g-value shift aroundTy,. The energy dispersion r A x T

curves and the Fermi surfaces calculated for both salts are

illustrated in Fig. 9. At room temperature, both of these salts FIG. 9. Band structures and Fermi surfaces @@r1 at room
are classified as semimetals; there are a hole pocket &mperature(b) 1 at 105 K,(c) 2 at room temperature, arfd) 2 at
I'=(0,0,0) and an electron pocket Z@t=(0,0,c*/2). The 120K. The origin of the vertical axes are the HOMO energy level
sizes of the pockets are larger for 1 than 2, which might pb&®f BEDT-TTF. The horizontal lines denote the location of the
the result of a small anisotropy of overlap integrals for salt 1.Fermi levelEg.

On lowering the temperature, the Fermi surface of 2 vanishes

as the phase transition occurs. The origin of this disappeamolecules as observed in the case of CKalt.

ance comes from the reduction of the side-by-side interaction We therefore discuss the possibility of the electronic con-
(gag). The phase transition for the ClOsalt is therefore tribution to the phase transition of 1. The relation between
characterized as a semimetal to band-insulator transitiothe Pauli paramagnetic susceptibilipy,,; and the entropy
whose mechanism can be explained by the structural changt®r the conduction electroB, is expressed as

especially by the orientational change of donor molecules.

On the contrary, the Fermi surfaces for HS&xalt survive at 2 72 [ kg2
105 K, which conflicts with the experimental results of the Se|=?k§D(E,:)T= 3 —) XPaulil » 2
semiconductive behavior. The discrepancy confirms that the HB

phase transition is not directly related to the structural

change of the salt, such as the orientational change of dondthere D(Eg) is the density of states at the Fermi energy,
kg is the Boltzmann constant, ang; is the Bohr magneton.

TABLE IV. Overlap integrals & 10-3) calculated forBEDT- From the estimated value of the Pauli paramagnetic suscep-

tibility (6.5x 10”4 emu mol 1), S, is calculated as 0.Rat
TTH)5(HSO) 2 (1) and(BEDT-TTH(CIOA) > (2. the t?la(nsition temperature, V\?hicﬂ is 4.5 times larger than the
Compound 1 2 qbserved entropy change at the transition (B)16A pos-
Temperature RT 105 K RT 120  Sible explanation for this difference is that not all of the

conduction electrons disappear at the phase transition point,
Pan —7.49 —7.96 -4.90 —5.65 but that there are thermally excited electrons just below the
Pag —-8.37 —8.64 —6.46 —7.46 transition points. This assertion is consistent with the
Jan 18.74 20.23 21.62 21.92 activation-type behavior of the susceptibility and ESR inten-
Jag 14.47 16.14 15.94 8.48 sity data below the transition temperature.
Fan -351 -3.79 -2.21 -2.97 Since the donor molecules form a two-dimensional metal-
AR 3.57 3.38 297 0.44 lic layer in thea-c plane, the Pauil paramagnetic suscepti-

bility is expressed as
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MéNA 0.14 eV and the intercolumnar oneg Aa,tpas traa tras)
XPauli= ©) are at most 0.07 eV. On lowering the temperature down to
105 K, bothtyaa andtgyag are increased as 10%, while the
if the electron correlation is neglected, whetg is the Bohr  change for the others is approximately 5% on average. This
magnetonN, is Avogadro’s number, antlis a transfer in- anisotropic change in the transfer integrals makes the ratio
tegral between molecules in the sheet, which is estimated ./t larger and, as a result, the transition from a semi-
from the overlap integrals at 0.1 eV on average. The obmetal to a Mott insulator is invoked. Since the disproportion
served valueypayi=6.5<10 % emu mol ! is considerably within a column is not too larget§ag/tqan~0.7), we should
large in comparison to the value XA0™ % emu mol ! esti-  treat an infinite alternate chain instead of an isolated trimer
mated from Eq(3). This proves the importance of the elec- for further quantitative discussion. However, we can at least
tron correlation originating from a large on-site Coulomb expect that the treatment developed above is qualitatively
energy. Judging from these results, the energy band structuoerrect.
calculation performed above is inadequate, especially in the Finally, we summarize and compare the mechanism of the
sense of completely neglecting on-site Coulomb repulsiophase transition of HS@salt(1) and CIO, salt(2). At room
between electrons. temperature these salts are isomorphic for the alignment of
Here we discuss the electron correlation effect on the baBEDT-TTF molecules. Both salts have a weakly trimerized
sis of the crystal structure of 1 with ¢fll-I triads, taking ~columnar structure. As for counteranions, while €lQons
account of on-site Coulomb repulsion on the donor mol-in 2 are rotated around one of the CI-O bohd$SO, an-
ecules. We adopt the Hubbard Hamiltonian for the triad withions in 1 are dimerized via intermolecular cyclic hydrogen
the on-site Coulomb repulsidd and the intratrimer transfer bonds and their rotation is totally suppressed. Their elec-
integralt and, by solving the Hamiltonian analytically, we tronic structure is classified as a semimetal according to the
obtain the ground-state energi&$n) for one-, two-, and energy band calculation, and the ESR and susceptibility re-

three-electron states as sults also support that there is no significant difference in
their electronic structure in their metallic phase. On lowering
E(1)=—2[t], the temperature, the cell parameters of both salts decrease

significantly along the molecular stacking directighe c
1 : axig), but the degree of anisotropy for 2 is larger than that for
E(2)= §{U —Re[(1-V3D)Al}, 1. This is presumably because the gradual quenching of an-
ion rotation in 2 releases the steric hindrance along the stack-
2 ing direction, whereas the rigidness of the cyclic anion dimer
E(3)=3(U-ReA), (4 in 1 partially prevents the contraction along this direction. At
170 K donor molecules in 2 begin to change their orientation
where and the side-by-side overlap and transfer integral between
- ’ . S 5 313 molecules are reduced. This structural change is responsible
A=[U*+9Ut?+ \(U+9Ut?)— (UZ+24t%) ]2, (5) for the semimetal—band-insulator transition of this salt. For
The spin states of the two- and three-electron systems aff€ case of salt 1, instead of such a structural change, the
singlet and doublet, respectively. It can be shown that alfffective on-site Coulomb repulsion for the trimer unit be-
triplet states for the two-electron system and the quartet stafeomes larger as a result of thermal contraction, which gives
for the three-electron system have higher energy than singléise to semimetal—Mott-insulator transition at 126 K. We
and doublet states, respectively. Under the approximation dfould say that, although the hydrogen bonds between anions

Ust, A is simplified asU+ \/§|t|i and thereforeE(2) and do not play a principal role in the phase transition itself, they
E(3) become affect the rotational degree of freedom for anion sites, which

makes the mechanism of the phase transition for 1 totally
E(2)=—2|t|, E(3)=0, (6)  different from that for 2. In this sense, the nature of the phase
transition for these materials is controlled by the existence of

respectively. The effective on-site Coulomb repulsion energyntermolecular hydrogen bonds between anions.
for the donor triadJ o is then calculated as

Uer=E(1)+E(2)—2E(2) = 2t|. 7) SUMMARY

As a result, the transfer integral within the triaid=(t;..) is (BEDT-TTPF) 3(HSO,) » is a two-dimensional molecular
1.4 times more sensitive than the transfer integral betweeoonductor and has a metal-insulator transition at 126 K. We
triads (i) to the ratioUqg/tier, Which is an essential investigate this transition by means of x-ray diffraction, elec-
parameter for the strongly correlated electron system. Thererical conductivity measurement, ESR, magnetic susceptibil-
fore, if tj, iNnCreases faster than,, as the temperature ity measurement, thermal analyses, and deuterium substitu-
decreases, the ratio /ti e iS €nhanced and therefore a tion at counteranion or donor sites. There are cyclic
Mott-type transition occurs. In the case of 1, the on-site Couhydrogen bonds between two counteranion molecules and
lomb repulsion for isolated BEDT-TTF is greater than 1 eV,one of the six-membered rings is disordered at room tem-
while the transfer integral within the triad () is about  perature, which is suppressed before the metal-insulator tran-
0.19 eV at room temperature. The effective on-site Coulomlsition takes place. The transition turns out to be first order in
repulsion is then calculated as 0.27 eV. For the transfer intenature, having a quite small enthalpy and entropy change at
grals between the triads, the intracolumnar omg.d) is  the transition point. The structural change associated with the
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transition is undetectable and there is no noteworthy differeffective on-site Coulomb repulsion can be described in

ence in its energy band structure between metallic and insuerms of intratrimer transfer integrals, which are enlarged by

lator phases. This discrepancy comes from the electron colattice contraction when temperature decreases. As a result,
relation whose existence is supported by the enhanced Patlie mechanism of the metal-insulator transition is not a struc-

paramagnetic susceptibility. Using the triad unit model, thetural one, but rather described as a kind of Mott transition.
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