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The nature of the 135 K metal-insulator (MI) transition in a-(BEDT-TTF),l,, abbre-
viated a-(ET),I;, was examined by determining the crystal structures above (298 K)
and below (120 K) the phase transition and also by calculating the band electronic
structures at both temperatures. This study demonstrates that both the crystal and
band electronic structures of a-(ET),I; change only slightly upon passing through the
MI transition. Within each sheetlike network of ET radical cations, the magnitudes
of interactions between adjacent pairs of ET molecules (i-j) above and below the MI
transition temperature (T,) were evaluated by calculating their interaction energies,
By = (| H.i| V), where s, and s, are the HOMO’s of ET molecules i and j, respectively.
The band electronic structures calculated by using single-zeta Slater type orbitals show
that a-(ET),L; is a semiconductor with band gaps of 13 meV (298 K) and 35 meV
(120 K). Thus, within the one-electron model, the apparently metallic properties of
a-(ET),I; above Ty, originate from this extremely small band gap. The band electronic
structures calculated by using double-zeta Slater type orbitals also show that a-(ET),1,
is a semiconductor at both temperatures, but they do not provide a simple explanation
for the MI transition. All valence and conduction bands calculated by using either
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single- or double-zeta basis set are very narrow (each less than 100 meV) and are not
separated by large energy gaps. Consequently, the one-electron viewpoint may not be
adequate in describing the MI transition of o-(ET),I;, and the possibility of electron
localization in the ET stacks as a result of either electron-electron (Coulomb) repulsion
or mixed valence may then be considered.

INTRODUCTION

Syntheses of the ambient pressure organic superconductors based upon
bis(ethylenedithio)tetrathiafulvalene (BEDT-TTF or simply ET, 1),
i.e., B-(ET),XwithX~ =15 (T.~1.4K),*X~ = IBr; (T,~2.7K),*?
and X~ = Aul;y (T, ~ 4.5 K),%” have been pivotal breakthroughs
in recent investigations of new organic metals. These isostructural
superconductors are

X

L
LI

BEDT-TTF or “ET” 1

two-dimensional (2D) metals,>®? whose electrical conductivities are
nearly the same in magnitude for all directions within the crystallo-
graphic ab plane. The crystal structures of these $-(ET),X salts with
I; 3% IBry ,*!! and Aul; ,° are characterized by 2D networks of
interacting ET molecules which are made up of identical and parallel
stacks of ET molecules in the ab plane.

During the electrocrystallization of B-(ET),X salts with X~ =
I;, IBr; and Aul; (which have unit cell volumes®#611 of ~800 A3
and maximum peak-to-peak ESR linewidths*? of ~25 gauss at 298 K),
other phases, namely a-(ET),X, which have unit cell volumes!3-!5 of
~1600 A® and maximum peak-to-peak ESR linewidths'> (298 K) of
~90 gauss, are also frequently obtained. Among these a-phase salts,
a-(ET),l; has been the subject of several studies concerning its
structure*® !¢ and physical'’~?! properties. Like B-(ET),lL;, the crystal
structure of a-(ET),l; contains sheetlike networks of ET molecules
that are separated by layers of Iy anions. However, each 2D ET
molecular network within a-(ET),I; has a herringbone arrangement
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of the two unique ET stacks per unit cell.!* The electrical conductivity
of a-(ET),I; has been described as 2D metallic,’-!7-'® and more ani-
sotropic than that of B-(ET),15.2%'" In contrast to B-(ET),l5, which
remains metallic'~> down to the superconducting onset temperature
of 1.4 K, a-(ET),l; undergoes a metal-insulator (MI) transition at
~135 K at ambient pressure.!”-!® This transition is also observed at
~135 K from very recent ESR Studies.'®

The estimated band electronic structure of a-(ET),I; at room
temperature, based upon calculations of HOMO overlap integrals
between nearest-neighbor pairs of ET molecules,??! suggested that
a-(ET),1; could be either a semi-metal or a semiconductor with a
small band gap. It was also noted?? that the four ET molecules in the
complete unit cell have different HOMO energies, so that the pos-
sibility of mixed-valence exists in a-(ET),l5. Thus, the origin of the
metallic properties in a-(ET),I; above its MI transition temperature
(Twm:) was not clearly understood. So far, the crystal structure of a-
(ET),I; below T,y has not been reported. To gain some insight into
the nature of the MI transition in a-(ET),I;, we have determined its
crystal structure at 298 and 120 K and subsequently carricd out band
electronic structure calculations based upon these structural results
above and below Ty,.

X-RAY DIFFRACTION RESULTS

Crystals of a-(ET),I; were grown by a previously described electro-
crystallization procedure.? Unit cell parameters, x-ray data collection
details and the results of the least-squares refinement of the crystal
structures at 298 K and 120 K are given in Table I. On the basis of
x-ray diffraction axial photographs, superlattice intensities were not
observed at either temperature. In addition, neutron diffraction data
were collected?® with a large single crystal of a-(ET),I; at 298 K and
20 K, which also showed no indications of superlattice intensities at
either temperature. Based on the results of these diffraction exper-
iments, it is likely that the metal-insulator transition of a-(ET),l; at
135 K is not accompanied by a crystallographic transition, and hence
the crystal structures at 298 K and 120 K are expected to be very
similar except for some shrinkage due to temperature lowering.
The atomic parameters derived from the 298 K and 120 K x-ray
data are listed in Table Il. Calculated H atom coordinates were
located near their observed peaks on the difference-Fourier map. The
bond lengths and angles for the ET molecules and I3 anions at 298 K
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TABLE I

Unit cell data and x-ray data collection parameters and refinement results for
a-(ET),I; at 298/120 K

Space group P1 (Z = 2)

temperature?® 298 K 120 K
a(A) 9.183(1) 9.080(2)
b (A) 10.804(2) 10.720(3)
c (A) 17.442(2) 17.390(3)
o (°) 96.96(1) 96.69(2)
B8 97.93(1) 97.76(2)
v (%) 90.85(1) 91.14(2)
V (A% 1698.4(4) 1664.7(6)

d . (g cm™3) 225 2.29
Tors Tonan 0.46, 0.65 0.46, 0.65
p (mm1)° 3.70 3.77
26 range (°)° 0-60 0-60
no. data collected 10700 10604
R... G|F, — (F)|/3(F)) 0.02 0.02
no. obs. (F > 0) 9664 9666
excursions (e~ /A3%)¢ *1.5 +2.5
R(F)e 0.065 0.054
wR(F) 0.061 0.081
GOF 2.96 5.76

2 No significant variations of the intensities of the reference reflections were observed
throughout both data collections.
® Radiation was graphite-monochromatized MoK, A = 0.7107 A. The flat hexagon
crystal had dimensions of 0.35 x 0.33 x 0.29 x 0.10 mm, along [110], {1-10], [010}
and [001], respectively.
¢ The 6/26 scan mode was used, the scan beginning 1.2° below the MoKe, and
ending 1.3° above the MoK, diffracted beam. All data were LP and absorption
corrected.
4 In both cases, the maximum residuals on the final difference Fourier map were in
the vicinity of the I atoms.
CR(F) = [2||Fuba| - |Fcalc||/2|FnbsH;
WR(F) = [ZW(| Fone| = | Fouie )P/ ZWF o'
GOF = [Ew(iFobsl - |Fcalc|)2/(n - m)]\/’."
for n observations and m = 355 variable parameters. The terms 3w(| F,,| — | Fouc|)?
were minimized with weights w = 1/a°( F,). Atomic scattering factors (with corrections
for anomalous dispersion for the 1, S, and C atoms) were taken from The International
Tables for X-ray Crystallography (1974).

and 120 K are given in Table III. The geometries of the unique
ET molecules, labelled A, B and C in Figure 1, at 298 K are nearly
identical to those at 120 K and to each other within experimental
errors. Also, the ET molecule geometries in o-(ET),1; are nearly the
same as to those in the B-(ET),X salts with X~ = I, LLBr~, IBry
and Aul;, which contain only one unique ET molecule per unit
cell.>#+610:11 Thus, within the precision of the x-ray diffraction ex-
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TABLE II
Positional and equivalent thermal parameters for «-(ET),I; at 298/120 K2

Atom X Y VA U.,
1 6 / 0 50000 / 50000 50000 / S0000  389(3)/149(2)
12 30670(2)/30976(4)  57150(2)/ S57531(4) 49400(2)/ 49370(2) 534(3)/209(2)
13 50000 / 50000 0 / 0 50000 / 50000  375(3)/143(2)
14 80880(2)/81000(2) —6850(2)/ —7490(2) 51190(2)/ 51240(2) 532(3)/203(2)
S1 8876(2)/ 8913(2) —578(2)/ —599(1)  1129(2)/ 1135(1) 338(8)/139(6)
S2 7011(2)/ 7012(2)  1467(2)/ 1451(1)  659(2)/  661(1) 377(9)/148(6)
S3 7225(2) T227(2)  2886(2)/ 2884(1)  2202(2)/ 2206(1) 369(8)/140{(6)
S4 9421(2)/ 9464(2) 434(2)/  425(1)  2808(2)/ 2822(1) 362(8)/142(6)
S5 8314(2)/ 8344(2) —1920(2)/ —1946(1) —678(2)/ —678(1) 345(8)/142(6)
S6 6447(2)/ 6443(2) 147(2)/  129(1) —1101(2)/ —1098(1) 357(8)/142(6)
S7 8107(2)/ 8123(2) —3232(2)/ —3264(1) —2260(2)/ —2265(1) 360(8)/153(6)
S8 5965(2)/ 5966(2) —720(2)/ —720(1) —2797(2)/ —2802(1) 342(8)/132(6)
C1 7798(2)/ 7835(6) 58(2)/ 39(5) 377(2)/  383(3) 30(3)/ 13(2)
Cc2 8599(2)/ 8640(6) 622(2)/  615(5)  1865(2)/ 1867(3) 27(3)/ 13(2)
C3  7747(2) 7752(6) 1562(2)/ 1559(5) 1643(2)/ 1653(3) 28(3)/ 13(2)
C4 8269(2)/ 8270(7)  2769(2)/ 2743(5)  3151(2) 3163(3) 37(4)/ 15(2)
C5 8293(2)/ 8272(7)  1449(2)/ 1421(6)  3372(2)/ 3380(3) 42(4)/ 17(3)
C6 7567(2)/ 7589(6) —498(2)/ —526(5) —374(2)/ —371(3) 31(4)/ 13(2)
C7  7630(2)/ 7650(6) —1929(2)/ —1954(5) —1670(2)/ ~1668(3) 27(3)/ 12(2)
C8 6782(2)/ 6785(6) —975(2)/ —991(5) —1865(2)/ —1868(3) 27(3)/ 11(2)
9 7464(2)/ 7463(6) —2850(2)/ —2876(5) —3230(2)/ —3239(3) 36(4)/ 13(2)
C10  5955(2)/ 5940(6) —2289(2)/ —2293(5) —3304(2)/ —3310(3) 32(4)/ 14(2)
SI11  4153(2)/ 4144(2) 3236(2)/ 3224(1)  9334(2)/ 9335(1) 379(8)/147(6)
S12  5517(2)/ 5515(2)  S5457(2)/ 5469(1)  8879(2)/ 8874(1) 374(8)/150(6)
S13 3555(2)/ 3551(2)  1886(2)/ 1855(1)  7764(2)/ 7764(1) 388(8)/157(6)
S14  5164(2)/ 5195(2)  4547(2)/ 4551(1)  7192(2)/ 7182(1) 431(9)/177(6)
C11  4930(2)/ 4909(7)  4726(2)/ 4725(5) 9623(2)/ 9624(3) 32(4)/ 15(3)
Cl2  4285(2)/ 4286(6) 3237(2)/ 3213(5) 8344(2)/ 8341(3) 29(3) 12(2)
C13  4899(2)/ 4911(7)  4254(2)/ 4255(5)  8127(2)/ 8116(3) 30(4)/ 15(2)
Cl4 42052/ 4221(7) 2063(2)/ 2040(5)  6856(2)/ 6848(3) 34(4)/ 14(2)
C15  3973(2)/ 3981(6)  3338(2)/ 3341(5) 6590(2)/ 6583(3) 36(4)/ 13(2)
S21  8831(2)/ 8790(2)  3348(2)/ 3341(1)  9328(2)/ 9326(1) 366(8)/ 160(6)
S22 10771(2)/10814(2)  5273(2)/ 5275(1)  8898(2)/ 8897(1) 348(8)/148(6)
S23  8193(2)/ 8172(2)  1961(2)/ 1942(1) 7763(2) 7756(1) 351(8)/133(6)
$24  10354(2)/10378(2)  4327(2)/ 4340(1)  7211(2)/ 7201(1) 376(8)/141(6)
C21  9917(2)/ 9918(6)  4714(2)/ 4718(5) 9627(2)/ 9625(3) 30(4)/ 13(2)
C22  9096(2)/ 9068(6)  3251(2)/ 3253(5)  8348(2)/ 8342(3) 28(3)/ 13(2)
C23  9961(2)/ 9973(6)  4133(2)/ 4142(5)  8144(2)/ 8135(3) 29¢3)/ 106(2)
C24  8331(2)/ 8337(6)  2335(2y/ 2319(5) 6793(2)/ 6779(3) 36(4)/ 14(2)
C25  9876(2)/ 9887(6)  2788(2)/ 2779(5)  6703(2) 6689(3) 35(4)/ 12(2)

 Fractional coordinates are X 10° for I atoms and x 10*
atoms. Equivalent U values (in A? units) are x 10* for the I and S atoms and x 10°
for the C atoms. Estimated standard deviations are enclosed in parentheses.
Uy, = 1333,{U; a, a; af a}].

for all other
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TABLE III
Bond distances (A) and angles (°) in the ET molecules and I-anions of a-(ET),I; at
298/120 K¢
N —12 2.927(1)/2.930(1) ET molecule ‘B’ distances & angles
B —ni 2:926(1)/2.930(1) SIL—Ci1 1.726(6)/1.731(6)
ET molecule ‘A’ distances & angles S11 —C12 1.751(6)/1.749(6)

$12—C11 1.746(6)/1.748(6
51 —Cl 1.738(6)/1.740(6) $12—C13 1.76026%/1.76256;
g; —-gz %'ZSZ‘??'?S@ S13—C12 1.740(6)/1.735(6)
o & 1-7438/}-;’54%6% $13—Cl4 1.798(7)/1.810(6)
$3 —3 1.740(6)/1.732(6) S14 —Ci13 1.753(6)/1.742(6)
$3 —c4 1'809(7)/1.824(6) S14 —C15 1.826(6)/1.817(6)
sS4 —C2 1737(6)/1.764(6) Cll—cCi1 1.358(9)/1.358(9)
84 —Cs 1.821(7)/1.828(6) gﬁ—gg %ggg;ﬁg%g;
$5 —C6 1.744(6)/1.738(6 - ~ .
S5 —C7 1.750%63/1.75?263 Cl1—811—C12  95.8(3)/ 96.1(3)
$6 —Cé 1.729(6)/1.748(6) Cl1—S812—CI13  95.1(3)/ 96.1(3)
S6 —C8 1.757(6)/1.755(6) C12—S813 —C14  101.0(3)/101.2(3)
$7 —C7 1.737(6)/1.743(6) C13—S14 —C15  100.7(3)/100.9(3)
S7 —C9 1.805(6)/1.816(6) C11—CI11—S811  123.9(7)/123.3(6)
S8 —C§ 1.746(6)/1.752(6) CI1—CI11—S812  121.3(7)/121.9(6)
S8 —C10 1.820(6)/1.808(6) S11 —C11-—-S12  114.7(3)/114.6(3)
Cl —Cé 1.376(7)/1.366(7) C13—Ci2—S813  129.6(4)/128.5(4)
2 —C3 1.355(8)/1.361(8) Ci3—C12—S11  117.3(4)/117.3(4)
C4 —C5 1.539(9)/1.508(8) S13 —Ci12—S11  113.1(3)/114.0(3)
C7 —C8 1.346(8)/1.358(7) C12—C13—S14  128.3(4)/128.8(4)
C9 —C10 1.528(9)/1.525(8) C12—C13—S812  117.0(4)/115.5(4)
Cl —S1 —C2  95.4(3)/ 95.3(3) 514 —CI3—S12  114.7(3)/115.5(3)
Cl —S2 —C3 95.5(3)/ 95.7(3) C15—C14—S813  113.9(4)/113.9(4)
C3 —S3 —C4  101.8(3)/101.5(3) Cl4—C15—S14  112.5(4)/112.4(4)
C2 —84 —C5 99.5(3)/ 99.3(3) ET molecule ‘C’ distances & angles
C6 —85 —C7 95.2(3)/ 95.4(3) :
C6 —S6 —C8 95.4(3)/ 95.5(3) 521 —C22 1.743(6)/1.756(6)
C7 —87 —C9  102.5(3)/102.4(3) S21 —C21 1.752(6)/1.765(6)
C8 —S8 —CI10  99.8(3)/100.1(3) 522 —C21 1.750(6)/1.748(6)
C6 —C1 —S1  123.1(5)/123.4(4) $22 —C23 1.766(6)/1.769(6)
C6 —Cl —S2  121.4(4)/121.2(4) §23 —C22 1.747(6)/1.753(6)
S1 —Ct —S2  115.5(3)/115.2(3) 523 —C24 1.799(6)/1.816(6)
C3 —C2 —S1  116.1(4)/117.4(4) $24 —C23 1.758(5)/1.749(5)
C3 —C2 —S4  127.9(4)/126.6(4) 524 —C25 1.814(6)/1.819(6)
S1 —C2 —S84  116.0(3)/115.7(3) C21—C21 1.353(9)/1.360(9)
C2 —C3 —S3  129.4(4)/130.3(4) €22—C23 1.322(8)/1.358(7)
C2 —C3 —S2  117.5(4)/116.2(4) C24—C25 1.529(9)/1.517(8)
$2 —C3 —S3  113.0(3)/113.5(3) C22—821 —C21  95.6(3)/ 94.7(3)
C5 —C4 —S3  113.0(4)/113.6(4) C21—822 —C23  94.7(3)/ 95.3(3)
C4 —C5 —S4  111.2(5)/111.5(4) (€22—S523 —C24  101.9(3)/101.8(3)
Cl —C6 —S5  122.9(4)/123.3(4) C23—824 —C25  100.2(3)/100.7(3)
Cl —C6 —S6  121.8(4)/121.6(4) C21—C21—S22  123.5(6)/123.1(6)
S5 —C6 —S6  115.2(3)/115.0(3) C21—C21—821  121.7(7)/121.5(6)
C8 —C7 —S5  117.2(4)/117.3(4) §22 —C21—S21  114.8(3)/115.3(3)
C8 —C7 —S7  129.1(4)/128.7(4) C23—C22—S523  129.5(4)/128.4(4)
85 —C7 —S7  113.7(3)/114.0(3) C23—C22—821  117.2(4)/117.9(4)
C7 —C8 —S6  116.7(4)/116.4(4) §23 —C22—S21  113.3(3)/113.5(3)
C7 —C8 —S8  128.0(4)/128.1(4) C22—C23—S524  128.0(4)/128.1(4)
S6 —C8 —S8  115.4(3)/115.6(3) C22—C23—822  117.6(4)/116.4(4)
Cl0—C9 —S7  113.1(4)/113.9(4) $24 —(C23—822  114.4(3)/115.3(3)
C9 —C10—S8  112.2(4)/113.2(4) C25—C24—823  112.9(4)/113.4(4)
C24—C25—8$24  112.9(4)/113.0(4)

“ Estimated standard deviations are enclosed in parentheses.
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FIGURE 1 The packing motif of ET molecules in the ab plane for a-(ET),l;. The
six nearest ncighbors to the central ET molecule (which is A1) are labelled A2, A3,
B1, B2, C1 and C2. The view is along the normal to the ab plane and nearly along
the long in-planc molecular axis of each of the three unique ET molecules (A, B and
C). The S+ - - S contacts less than the van der Waals radii sum (3.6 A) are indicated
by thin lines.

periment, all of the ET molecules in a-(ET),I; are chemically equiv-
alent with expected charges of +0.5¢. All molecules (and the ethylene
groups of the ET molecule) in a-(ET),l; are observed to be com-
pletely ordered at 298 K and 120 K, in contrast to the positionally
disordered C(9)-C(10) ethylene group in B-(ET),l;.?

The comparison of the ET and I;” molecular structures in a-(ET),1;
above and below the MI transition reveals only minor changes. Thus,
it is important to investigate whether or not this transition is accom-
panied by a significant change in the overall crystal packing or some
other structural feature.

INTERACTION GEOMETRIES AND ENERGIES OF
ET-MOLECULE PAIRS

The essence of the 2D packing motif of the ET molecules in a-(ET),I;
at either 298 K or 120 K is depicted in Figure 1, which shows that
there are two different ET stacks (i.e., I and II) per unit cell. Stack I
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contains molecules with the geometries of molecule A, and consists
of dimeric units (i.e., A1-A2) that repeat along the crystallographic
a axis. Stack II contains pairs of non-parallel molecules of other
geometries (i.e., B and C) that alternate along the a axis with uniform
spacings. The adjacent ET planes are parallel in stack I, but have a
dihedral angle of ~11° in stack 1I. Due to the arrangement of
ET molecules in the unit cell of a-(ET),I;, there are seven unique
pairs (i—j) of nearest-neighbor ET molecules: (A1-A2), (A1-A3),
(A1-B1), (A1-Cl1), (A1-B2), (A1-C2), (B1-C1), as in Figure 1.
In order to analyze the structural changes that accompany the 135 K
metal-insulator transition of o-(ET),l;, we list in Table IV several
geometrical parameters that describe the relative arrangement of each
(i-j) pair of ET molecules. Included in Table IV are the shortest
§ - - - S contact distances in each (i-j) pair, and the three parameters
R,, &; and AY,, which describe the relative position of each
(i-j) pair,?? as shown in Figure 2. Here, R; = [(AX)? + (AZ)*]'?
and ¢; = tan~'(AZ/AX), where the displacement of molecule j with
respect to i is (AX,AY,AZ) in the Cartesian system defined in 1.
These geometrical parameters show minor changes in crystal packing
upon lowering the temperature through the MI transition, which is
as expected, since the 2D ET network does not undergo a large
structural modification.

Also listed in Table IV are the HOMO interaction energies
By = (U;| Heg| W) calculated within the extended Hiickel method?® for
the (i-j) pairs of ET molecules. Here ; and ; are the HOMO’s of
molecules i and j, respectively, constructed with single-zeta Slater

AY,,

FIGURE 2 The relative orientation of one ET molecule to a neighboring one within
a given sheetlike network can be described by the geometrical parameters R, ¢; and
AY, (see text).
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type atomic orbitals.?® Upon examination of these HOMO interaction
energies, which are mainly responsible for the electrical properties
of a-(ET),I; and other (ET),X salts,”® we observe that relatively
stronger and weaker interactions alternate along the ET molecular
stacks that contain molecules A1, A2 and A3 of Figure 1. As shown
in Table 1V, the B; value for the ET molecular pair A1-A2 is ap-
proximately 0.09 eV, while B, for the A1-A3 pair is only —0.02 eV.
In summary, of the B; values of Table 1V, there are two sets of
interaction energies, those with 8, nearly 0.10 eV (i.e., the stronger
interactions) and those with B; nearly 0.01 eV (i.e., the weaker in-
teractions). As schematically illustrated in Figure 3, the inter-cation
motif that is obtained for o-(ET),I; is a zigzag array of relatively
stronger interactions (connecting lines in Figure 3) that do not prop-
agate directly along the stacking (a axis) or interstack (b axis) direc-

a

A

FIGURE 3 A schematic illustration of the connectivity (thia lines) of the interactions
between pairs of ET molecules in a-(ET),I; that have B, values of ~0.10 eV (see
Table 1V), which zigzag throughout the ab plane.
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tions of the ET molecular network. As expected from the constancy
of the geometrical parameters R, ¢, AY,; and the S - - + S contacts
in Table 1V, the B; values also do not display any large differences
upon lowering the temperature. The B, values calculated by using
the double-zeta Slater type atomic orbitals,?” which are not included
in Table IV for simplicity, reveal the same trends as described above
for the single-zeta basis calculations.

INTERMOLECULAR CONTACTS WITH THE I; ANIONS

In order to conclude the description of the 298 K and 120 K crystal
structures of a-(ET),I;, let us examine the packing of the I anions
in their layers which separate the 2D ET networks. Figure 4 is a
stereoview of an ET network and an adjacent 1; layer, and shows
that the I; anions form two unique chains along the a axis, with two
sets of I - - - I contacts as listed in Table V. The lengths of these two
I - - - I contacts, which are typical values for polyiodides,? are ~0.42 A
shorter than the van der Waals radii®® sum for two iodide ions (4.30 A)
at room temperature and contract by unequal amounts (0.05 A versus
0.01 A) upon temperature lowering to 120 K. This situation parallels
that of the pairwise separations within the ET network, which also
contract by unequal amounts (compare the R; values for A1-AZ vs.
Al1-A3, A1-Bl1 vs. A1-B2 and A1-C1 vs. A1-C2 in Table V).
As expected from the 0.05 A contraction of the ¢ axis upon lowering
the temperature from 298 K to 120 K (see Table I), the ET-anion
contacts along this direction, namely I - -+ Sand I - - - H, contract by
amounts within the range 0.01-0.07 A. Table V lists the I - - - S and

FIGURE 4 A stereoview of the packing arrangement between an ET network and
an adjacent layer of I anions in a-(ET),I; viewed along the crystallographic ¢* axis.
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TABLE V
Interaction distances in a-{ET),l; at 298/120 K

A. Aniog—Anion I---1 contact distances less than the van der Waals radii sum of
430 Az

Contact 298/120 K value
2---12 3.882(1)/3.833(1)
14 ---14’ 3.885(1)/3.874(1)

B. AllI---SandI--- H distances less than the respective van der Waals radii sums
of 4.00 A and 3.35 A.»

Contact 298/120 K value Contact® 298/120 K value
14---84 3.976(2)/3.914(2) 12 --- H4A 2.85/2.83
I1---824  3.976(2)/3.944(2) 14 --- HI4A 2.90/2.89
I13.--88 3.991(2)/3.973(2) 12--- H9A 2.93/2.91

I4 - - - H24B 3.02/3.03
I3---HI4A 3.13/3.09
12 - .- H24A 3.22/3.16
I1---H25B 323/3.17
I4---HI9B 3.23/3.16
It --- H4A 3.27/3.26
I3--- HI0A 3.28/3.23

2 The van der Waals radii®® used here are: 2.15 A for I; 1.85 A for S; and 1.2 A for
H.
® The H atom positions were calculated using 1.09 A C—H distances.

I+ H contact distances that are less than their respective van der
Waals radii?® of 4.00 A and 3.35 A, respectively, at both tempera-
tures. There are many I - - - H contacts with distances less than 3.35 A
(see Table V), and each terminal I atom of both I; anions has two
I - -+ H contact distances in the range 2.9-3.0 A. Since these I+ - - H
distances are very short compared to the van der Waals radii* sum
and they do not contract by a significant amount as the temperature
is decreased from 298 K to 120 K, there is likely a significant ET-
anion interaction via these I - + - H contacts even at room tempera-
ture. Future neutron diffraction studies of a-(ET),I; will be very
useful in ascertaining the precise H atom positions that are necessary
to accurately describe the ET-anion interaction.

BAND ELECTRONIC STRUCTURE

To probe the nature of the 135 K MI transition of a-(ET),l;, we have
carried out tight-binding band electronic structure calculations®® for
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FIGURE 5 Electron energy dispersion relations for the four bands derived largely
from the HOMO's of the ET molecules of a-(ET),I, (A) at 298 K and (B) at 120 K,
using single-zeta Slater type orbital basis. The boundary points of the first Brillouin
zone are: (a*/2, 0, 0) for X, (0, b*/2, 0) for Y, (a*/2, b*2, 0) for M and (0, 0, 0) for
T.

~

the 2D ET networks determined at 298 K and 120 K. Our calculations
employed both single- and double-zeta Slater type atomic orbitals.>-*’
Since a-(ET),l; has four ET molecules per unit cell (i.e., molecules
Al, A2, Bl and C1 in Figure 1), there occur four bands derived
mainly from the HOMO’s of these four ET molecules. Figures 5 and
6 show the dispersion relations of these four bands at 298 and 120 K
calculated with single- and double-zeta basis sets, respectively. Due
to the formal oxidation of (ET); , there are six electrons that remain
per unit cell to fill the four bands. The essential features of the band

'8.0 T % \ T

a

-8,5-\—_\'11 / ) \>

BN

7
Y r X M Y v T X M Y
() (b)

FIGURE 6 Electron energy dispersion relations for the four bands derived largely
from the HOMO’s of the ET molecules of a-(ET),I; (A) at 298 K and (B) at 120 K
using double-zeta Slater type orbital basis. The boundary points of the first Brillouin
zone are the same as shown in Figure 5.
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electronic structures of a-(ET),I; shown in Figures 5 and 6 can be
summarized as follows:

(i) Atboth temperatures, the four bands span a very narrow energy
range (i.e., ~0.3 eV and ~(0.7 eV for the single- and double-zeta
basis sets, respectively).

(ii) At both temperatures, each individual band is separated from
the others in all directions and is narrow in bandwidth (less than
100 meV).

(iiiy The upper two bands, y; and U, display maximum dispersion
along I' = Y and X — M, which are directions parallel to the crys-
tallographic b* and (a* + b*) axes, respectively. Thus, the strongest
interactions are between, rather than within, the ET molecular stacks.)

(iv) The single-zeta basis calculations show that the U; and s, bands
are separated by a small direct band gap of 13 meV at 298 K, and at
120 K by a larger indirect band gap of 35 meV (between Brillouin
zone boundaries M and Y). On the other hand, the double-zeta basis
calculations show that the {; and {, bands have indirect band gaps
that are greater than 100 meV at both temperatures.

Electron localization usually occurs for systems with narrow bands>®
such as those shown in Figures 5 and 6. If electron localization does
not occur for «-(ET),[;, the single-zeta basis calculations summarized
in Figure 5 suggest that this compound is a semiconductor with a very
small band gap above Ty, but with a larger band gap below Ty,;.
Within this picture, the apparent metallic behavior of a-(ET),1; above
135 K arises from thermal excitation of electrons across the very small
gap, which makes the two bands, {; and {5, partially filled. In this
case, Figure SA indicates that the ¢, band is partially filled and the
¥, band is partially empty for wavevectors in the vicinity of Y, leading
to closed Fermi surfaces for these two bands, as schematically shown
in Figure 7. This model is consistent with the reported 2D metallic
behavior of a-(ET),l5.17-'® Below 135 K, the presence of a larger band
gap would be responsible for normal (not activated) semiconductor
behavior for a-(ET),I;. Such a simple interpretation can not be
obtained from the results of the double-zeta basis calculations
summarized in Figure 6.

Within the one-electron picture, the above interpretation of the
MI transition based upon Figure 5 seems reasonable. But this expla-
nation is valid under the assumption that electron localization does
not occur in a-(ET),I;. However, since each of the four bands in
either Figure 5 or 6 is.very narrow and since each adjacent pair of
bands has a small energy gap, it is probable that electron localization
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FIGURE 7 The Fermi surfaces that are expected from the dispersion relations in
Figure 5: (A) the hole-like Fermi surface of the {;; band; (B) the electron-like Fermi
surface of the ¥, band. The sizes of both Fermi surfaces shown are arbitrary, and
depend on the extent of thermal excitation across the band gap.

does occur in o-(ET),I;. Then the one-electron band picture pre-
sented above may have to be modified significantly by accounting for
either electron-electron repulsion or mixed valence of ET molecules
(e.g., ATA'BC? A*A’B*CP etc. with respect to Figure 1). To
ascertain whether or not the ET molecules are in mixed- or mono-
valence states, x-ray photoelectron spectroscopic studies on a-(ET),1;
would be extremely valuable.

CONCLUSIONS

The results of the crystal structure determinations carried out above
(298 K) and below (120 K) the 135 K MI transition in a-(ET),I; show
that there are minor changes in the crystal packing based on geo-
metrical parameters R;;, &,;and AY;, and minor changes in the relative
strengths of the interactions between neighboring ET molecules based
on interaction energies, B;. However, there are noticeable differences
in the band structures calculated above and below the MI transition.
Both the single- and double-zeta basis caiculations indicate that o-
(ET),l; is not a semi-metal, but a semiconductor above and below
Tyi- In addition, the single-zeta basis results suggest that the metallic
behavior of a-(ET),l; above Ty, originates from the very small band
gap. However, the valence and conduction bands of a-(ET),l; are
calculated to be very narrow, and are separated by a small band gap
on the basis of either single- or double-zeta orbitals. Therefore, elec-
tron localization in a-(ET),l; is quite probable and the explanation
for the 135 K MI transition might require a theoretical approach
beyond the one-electron theory.
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