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The electron-spin resonance g value, linewidth, line shape, and spin susceptibility of single crys-
tals of the @ and B phases of di[bis(ethylenedithiolo)tetrathiafulvalene]triiodide [(BEDT-TTF),l;]
are each found to show marked temperature and angular dependences in the temperature range
from 5 to 300 K. In both phases, a Dysonian line-shape characteristic of conduction-electron-spin
resonance is observed at room temperature when the microwave electric field is applied parallel to
the quasi-two-dimensional conducting plane of the crystal. In the superconducting phase of B-
(BEDT-TTF),I; with appropriate crystal size, it is found that when the microwave electric field is
applied perpendicular to the plane a Lorentzian line shape observed at room temperature is gradual-
ly converted to a Dysonian line shape with decreasing temperature. These phenomena are discussed
in comparison with the transport parameters derived from the reflectance spectra and the conduc-
tivity measurements. The spin diffusion constants in the a and B phases are estimated to be about
0.2 and 0.3 cm?s ™!, respectively. These constants are in agreement with the carrier diffusion con-
stants evaluated independently by the analysis of the reflectance spectra. For the a phase, it is sug-
gested from the temperature dependences of the g value and linewidth that there is a strong interac-
tion between the triiodide and BEDT-TTF ions and the magnitude of the interaction changes sud-
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a and B phases of di[bis(ethylenedithiolo)tetrathiafulvalene]triiodide [(BEDT-TTF),I;]

denly with the metal-insulator transition.

I. INTRODUCTION

Bis(ethylenedithiolo)tetrathiafulvalene =~ (BEDT-TTF),
which is the basis of several ambient-pressure organic su-
perconductors, has been shown to form many cation radi-
cal salts with inorganic anions, X, exhibiting wide
structural and stoichiometric varieties for each anion,!—3
whereas tetramethyltetraselenafulvalene (TMTSF), which
also is an ambient-pressure organic superconductor, forms
essentially isomorphic compounds with the unique
stoichiometry of (TMTSF),X.*

Among these BEDT-TTF salts, those of the form
(BEDT-TTF), I, are especially interesting, because they
are semiconducting or superconducting at low tempera-
tures, while all show metallic temperature dependences for
the conductivity in their high-temperature phases. To our
knowledge five phases of (BEDT-TTF),I, have been re-
ported; the a phase of (BEDT-TTF),I; and §-(BEDT-
TTF)I; are semiconducting below 135—140 K (Refs. 5—7)
and 130 K (Ref. 3), respectively, while the B8 phase of
(BEDT-TTF),I,,~1° y-(BEDT-TTF)¢(I;)5,>!! and e-
(BEDT-TTF)4(I3),(Ig),>!? are superconducting at low
temperatures under ambient pressure. This remarkable
polymorphism in the BEDT-TTF compounds makes it
possible to carry out comparative works on the physical
properties with varying stoichiometry and/or crystal
structure without changing chemical components.

The electron-spin-resonance (ESR) spectra of a- and 3-
(BEDT-TTF),I; have very recently been reported by
Azevedo et al.'3~15 However, the reports did not give a
detailed discussion of the g tensor of the crystals, the
characteristic parameters of conduction-electron-spin res-
onance, and the nature of the phase transition occurring
in the a phase. In this paper, therefore, we report the
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electronic properties of the a and 3 phases of (BEDT-
TTF),]; studied by means of ESR measurements on single
crystals and discuss the spin and carrier diffusion in the
crystals in comparison with the transport parameters
evaluated by the analysis of the reflectance spectra report-
ed previously.'® We also discuss the g tensors of both
phases with regard to the donor molecular geometry in
the crystals. Finally, we suggest that there is considerable
interaction between the triiodide and the BEDT-TTF in
the a phase.

II. EXPERIMENTAL DETAILS

Distorted-hexagon plate-shaped single crystals were
prepared by electrochemical oxidation of BEDT-TTF in a
benzonitrile solution on a platinum anode under a con-
stant current of 1—2 pA at room temperature. Tetra-n-
butylammonium triiodide was used as the supporting elec-
c*

(normal to the plane)

(in the plane)

(in the plane) b’
(in the plane)

FIG. 1. Morphology and relation among directions of princi-

pal axes for the single crystal of B-(BEDT-TTF),I;. The static
field was rotated along the a-b’, a-c*, and b’-c* planes.
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FIG. 2. Morphology and relation among directions of princi-
pal axes for the single crystal of a-(BEDT-TTF),I;. The static
field was rotated along the a’-b, a’-c*, and b-c* planes.

trolyte. Both the a and 8 phases were crystallized in the
same batch, in accordance with the result reported by
Kaminskii et al.> Either phase could easily be identified
from its distinct morphology as shown in Figs. 1 and 2.
Typical sample sizes were 1—2 mm in width and
0.05—0.07 mm in thickness.

ESR spectra were recorded over the temperature range
5—-300 K by using a JEOL JES-FE1XG X-band (9.2
GHz) ESR spectrometer equipped with an Oxford Instru-
ments ESR-900 continuous-flow cryostat and a DTC-2
temperature controller. The temperature was measured
by using an (0.03-at. % Fe)—gold—Chromel thermocouple
and controlled within +0.5 K. In this apparatus the
resonant cavity was always kept at room temperature and
hence its quality factor did not change. Therefore, it was
necessary only to correct for intensity variation due to
changes in the modulation width and amplification ratio
in the calculation of the spin susceptibility for a signal of
symmetric line shape. In the case of a Dysonian line
shape, we only derived the peak-to-peak linewidth of the
pure-absorption portion by assuming a linear combination
of Lorentzian absorption and dispersion, and did not at-
tempt to calculate the spin susceptibility, because it was
rather difficult to estimate the skin depth with high accu-
racy. The sample was placed at the center of a cylindrical
cavity in the TEy;; mode. The microwave magnetic field
B, was always in the vertical direction and the static field
B was in the horizontal direction. The sample was rotat-
ed around the vertical axis by using a homemade goniom-
eter. Prior to the ESR measurements, the crystal axes
were determined by measurements of reflectance spectra.
The crystal was rotated around three orthogonal axes as
shown in Figs. 1 and 2. The g value was determined by
comparing the resonance position with that of Lit
TCNQ™ (g=2.0026). The modulation width was always
kept much less than one-tenth of the linewidth to prevent
distortion of line shape due to overmodulation.

III. RESULTS AND DISCUSSION
A. g value, linewidth, and line-shape anisotropy

1. B phase

The g value and the peak-to-peak linewidth are found
to be anisotropic for each phase, while the intensities are

isotropic within our experimental accuracy. Figure 3
shows the angular dependence of the g value observed for
B-(BEDT-TTF),1; at 296 K. The direction of B was ro-
tated as illustrated in Fig. 1.7 The open circles, the open
triangles, and the crosses represent the g values measured
by rotations of B from the ¢* to the b’ axis (8), from the
¢* to the a axis (@), and from the a to b’ axis (w), respec-
tively. The g value exhibits one maximum at 2.0103(3)
(hereafter, the figure in the parentheses is the estimated
standard deviation given in the last decimal place) and one
minimum at 2.0026(2) for 180° rotation in the c*-b’
plane. The angular dependence of the g value is qualita-
tively in agreement with that reported by Venturini
et al.'> However, the minimum g value observed by us is
smaller than that reported by them. This discrepancy is
not surprising because they varied the direction of B from
normal to the sample plane (parallel to the ¢* axis) to an
arbitrary direction in the plane (the a-b plane). Therefore,
the minimum g values do not necessarily coincide with
each other, while the maximum g values should be nearly
equal to each other as actually observed. Since the report-
ed minimum g value of 2.0042(1) is an intermediate be-
tween minimum g values observed for c*-b’
[£=2.0026(2)] and c*-a [g=2.0059(2)] rotations in our
experiments, the field direction in the a-b plane employed
by them would fall between the @ and b’ axis, being near
the middle of these axes.

The angular dependence of g value of the crystal is well
interpreted by taking into account the principal values
and axes of the g tensor of the BEDT-TTF cation radical
and the manner of the molecular stacking of BEDT-TTF
in the crystal. To determine the principal values and axes
of the g tensor, we carried out a least-squares fitting to
the equation
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FIG. 3. Angular dependence of g value and peak-to-peak
linewidth AB for B-(BEDT-TTF),l;; open circles, open triangles,
and crosses represent the data obtained at 296 K by c*-b’, c*-
a, and a-b’' rotations, respectively. Calculated g values for each
rotation are shown by solid lines. Angular dependence of g
value in the ¢ *-b’ plane at 5 K is also shown by solid circles.
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FIG. 4. Relation between the directions of the principal axes
of the g tensor and crystal structure of B-(BEDT-TTF),I;. Note
that g,, g,, and g; are oriented approximately parallel to the
long, short axes of the BEDT-TTF molecule and perpendicular
to the molecular plane, respectively.

where [ is the direction cosine of principal axis. The g
values calculated are shown by solid lines in Fig. 3 and are
found to be in good agreement with the g values observed.
The directions of the principal axes of the g tensor in the
crystal thus obtained are shown in Fig. 4. It is clearly
seen that the directions of g,;=2.0111(2), g,=2.0065(2),
and g3;=2.0025(2) are nearly parallel to the molecular
long axis, the short axis, and the direction normal to the
molecular plane of BEDT-TTF, respectively. The princi-
pal values of the molecular g tensor of TTF derivatives
are known to be g; =2.011-2.014, g, =2.006—2.009, and
g3=2.002—2.003 for the directions of molecular long
axis, short axis, and normal to the molecular plane,
respectively.!® Furthermore, an average of the principal g
values (§=2.0067) observed for B-(BEDT-TTF),]; is al-
most equal to the g value of the BEDT-TTF™ radical in
solution (g=2.0073), as listed in Table I. These results
suggest that the g values of the crystal of B-(BEDT-
TTF),I; are essentially determined by the g tensor of the
BEDT-TTF cation radical.

The g value anisotropy in the c*-b’ plane at 5 K shown
by the solid circles in Fig. 3 is qualitatively similar to that
at 296 K. A maximum of 2.0094(2) and a minimum of
2.0024(2) are smaller to some extent than those at 296 K.
The maximum g value in the a-b (i.e., a-b’) plane at 10 K
is reported to be 2.00750(5) and the minimum is
2.004 35(5).!° These values are very close to the g values
of 2.0068(2) and 2.0046(2) observed at 296 K by us. Al-

though the local displacement of BEDT-TTF molecule
and triiodide ion occurs below 200 K,!° the g tensor of B-
(BEDT-TTF),l; at 5 K is not very much different from
that at room temperature.

Figure 3 also shows the angular dependence of the
peak-to-peak linewidth AB observed for pS-(BEDT-
TTF),I; at 296 K. In our crystals, a Dysonian line-shape
characteristic of conduction-electron-spin resonance was
observed only when B was rotated from the a axis to the
b’ axis, i.e., in the a-b plane. Therefore, AB of the pure-
absorption portion of the Dysonian signal is shown for
this case. On the other hand, Venturini el al.'® observed
the Dysonian line shape when B was normal to the plane.
The reason why the Dysonian line shape was observed
here solely when B was in the a-b plane will be discussed
later, together with the temperature dependence of line
shape.

The angular dependence of AB is somewhat different
from that of g value. First, the directions exhibiting max-
imum and minimum AB do not coincide with those giving
the maximum and minimum g values. Second, the aniso-
tropic part of AB is not simply proportional to the square
of Ag =g —2.0023. These would imply that Elliott’s rela-
tionship between AB and the g value for the anisotropic
case?®?! is not directly applicable to the interpretation of
the angular dependence of linewidth for B-(BEDT-
TTF),l;.

2. a phase

Figure 5 shows the angular dependence of the g value
observed for a-(BEDT-TTF),I; at 296 K. The direction
of B was rotated as illustrated in Fig. 2.2> The open cir-
cles, open triangles, and crosses represent the g values
measured by rotation of B from the ¢* to the b axis (),
from the ¢* to the a’ axis (¢), and from the b to the a’
axis (w), respectively. The g-value anisotropy for c*-b
rotation is quite similar to that for ¢*-a’ rotation within
the experimental errors, while the g value is almost isotro-
pic for the b-a’ rotation. These results suggest that the g
tensor of a-(BEDT-TTF),l; is axially symmetric around
the c¢* axis of crystal.

The g-value anisotropy of a-(BEDT-TTF),l; is also
well interpreted in terms of the g tensor of the BEDT-
TTF cation radical. The principal values and axes of g
tensor of a-(BEDT-TTF),;I; were determined by least-
squares fitting to Eq. (1). Since the g tensor of crystal is
axially symmetric, only g;=2.0113(3) is obtained. The

TABLE 1. Principal values of the g tensor for some BEDT-TTF compounds at room temperature.

Compound g 81 82 g3
a-(BEDT-TTF),I; 2.0060 2.0113 2.0033
B-(BEDT-TTF),I; 2.0067 2.0111 2.0065 2.0025
(BEDT-TTF),SbF¢* 2.0070 2.0115 2.0070 2.0026
(BEDT-TTF),AsF¢* 2.0069 2.0116 2.0067 2.0023
BEDT-TTF* in PhCNP® 2.007 37
BEDT-TTF* in TCE® 2.007 34

*Reference 23.
"Benzonitrile.
€1,1,2-trichloroethane.
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FIG. 5. Angular dependence of g value and peak-to-peak
linewidth AB for a-(BEDT-TTF),I;; open circles, open triangles,
and crosses represent the data obtained at 296 K by c*-a’, ¢*-
b, and a’-b rotations, respectively. Calculated g values are
shown by solid lines. Angular dependence of the g value in the
c*-a’ plane at 5 K is also shown by solid circles.

values of g, and g3 are averaged at 2.0033(3) in the a-b
plane. The principal value g, obtained for a-(BEDT-
TTF),I; is in good agreement with that of B-(BEDT-
TTF),1;, (BEDT-TTF),SbF,, > and (BEDT-TTF),AsF;,?
as summarized in Table I, and the direction of its princi-
pal axis is found to be nearly parallel to the ¢* axis. In
the a phase, the long axis of the BEDT-TTF species is ap-
proximately parallel to the c¢* axis as shown in Fig. 6,
while there are large dihedral angles between their molec-
ular planes, 59.4(5)° and 70.4(5)°.*2 Therefore, the direc-
tion of g; is nearly parallel to the molecular long axis of
the BEDT-TTF species. This is strikingly similar to the
result obtained for S-(BEDT-TTF),l;.

The nearly isotropic nature of the g value in the a-b
plane of a-(BEDT-TTF),l; is possibly due to zigzag orien-
tations?? of BEDT-TTF species along the plane. As men-
tioned above, g, is essentially determined by the g, of
BEDT-TTF species because of approximately parallel

a

T

FIG. 6. Relation between the directions of principal axes of g
tensor and crystal structure of a-(BEDT-TTF),I;. Note that
that g, is oriented parallel to the long axis of the BEDT-TTF
molecule.

alignment of the long axis of BEDT-TTF in the crystal.
On the other hand, there are the magnetically inequivalent
stacks due to the different orientations of molecular plane
of BEDT-TTF. In this situation, ESR absorption would
split into three lines, if the exchange interaction between
the stacks is not so strong as to average out the absorp-
tions due to the inequivalent stacks. However, only a sin-
gle absorption line is observed in the whole temperature
range examined here. This indicates that there is an ex-
change coupling between the stacks. Then, the variation
of g value as a function of rotation angle may be
described by an average of g values of BEDT-TTF species
in the unit cell. The molecular planes of four crystallo-
graphically independent BEDT-TTF species are tilted
from the b axis by approximately —35°, —35°, 28°, and
40°.2 In the a-b plane, the g value of BEDT-TTF species
is mainly governed by g, and g;. We calculated g values
for a rotation of B in the a-b plane in terms of an average
of g values of the four magnetically inequivalent BEDT-
TTF species in the unit cell. The result indicates that the
g value calculated is only slightly varying with a max-
imum value of 2.0052 near the b axis and a minimum of
2.0038 near the a' axis. These values are somewhat larger
than those observed for a-(BEDT-TTF),I;. However, the
nearly isotropic nature is well reproduced by this averag-
ing. A discrepancy between observed and calculated
values would be due to the roughness of the approxima-
tion and the contribution from the triiodide ions described
below.

It is to be noted that there seems to be no charge
separation or mixed-valent nature of the BEDT-TTF
species in the a phase. If there is charge separation, as
suggested by Mori et al.,>* the g-value anisotropy in the
a-b plane would have to be greatly enhanced. Based on
the molecular structure reported by Bender et al. 2 they
have suggested that two of the four crystallographically
independent BEDT-TTF species tilted from the b axis by
—35° are fully ionized, while the other two, tilted by 28°
and 40°, are neutral. Then, only the former two species
might contribute to the g-value anisotropy. In this case,
the g value would vary from 2.0025 to 2.0065, contrary to
our observation. Very recently, Leung et al. also claimed
that the independent BEDT-TTF molecules in the unit
cell are chemically equivalent.?

The g-value anisotropy in the ¢ *-a’ plane at 5 K shown
by solid circles in Fig. 5 is remarkably different from that
at 296 K. A maximum of 2.0153(3) and a minimum of
2.0039(3) are both larger than those at 296 K and aniso-
tropy is greatly enhanced. Nevertheless, the direction
showing the maximum still remains parallel to the c*
axis. This indicates that the most prominent change in g
value is related to the interaction along the ¢* axis. It is
shown that two-dimensional sheets of BEDT-TTF are in-
terleaved by a sheet of triiodide anions and the direction
perpendicular to the sheets is nearly parallel to the c¢*
axis.”2. These facts would imply that there is an interac-
tion of the triiodide with BEDT-TTF, because strong
spin-orbit coupling of iodine atoms may cause a g value
larger than that of the BEDT-TTF cation radical.

The angular dependence of the linewidth AB observed
for a-(BEDT-TTF),l; at 296 K is qualitatively similar to



34 CONDUCTION-ELECTRON-SPIN RESONANCE IN ORGANIC... 121

that of the g value, as shown in Fig. 5. For our crystals,
the Dysonian line shape was observed when B was rotated
in the a-b ?lane, contrary to the result reported by Ventu-
rini et al.”® Therefore, when the Dysonian signal is ob-
served, AB of the pure-absorption portion of the signal is
given in Fig. 5. For the measurements with B normal to
the plane (along the ¢* axis) and the microwave magnetic
field in the plane, the ESR line shape has no dispersive
component (pure Lorentzian abson;ption), being in good
agreement with the result reported.!

a-(BEDT-TTF),I; shows an extremely broad ESR sig-
nal, the maximum linewidth at room temperature being as
large as 123 G (1 G=10"* Vsm™2). This would also be
due to the strong spin-orbit coupling caused by the in-
teraction of the triiodide with BEDT-TTF. The above
fact, together with the large g value at low temperature,
indicates that there is considerable interaction of the tri-
iodide with BEDT-TTF.

We found that ESR linewidths of a- and B-(BEDT-
TTF),IBr, at room temperature are 60—70 and 17—20 G,
respectively.?® The narrower linewidth in the dibro-
moiodate (IBr,) salts is probably due more to the weaker
spin-orbit coupling of bromine than it is to the coupling
of iodine. Note that the room-temperature linewidth for
a-(BEDT-TTF),I; is 4—6 times as large as that for B-
(BEDT-TTF),I;. A similar relation is also observed for
the two phases of IBr; salt. Therefore, the interaction be-
tween trihalide ions and BEDT-TTF species is stronger in
the a phase than in the S phase. Therefore, the strength
of the interaction seems to be mainly related to the differ-
ence in crystal structure, although the two a phases are
not strictly isostructures.?>?’

B. Spin and charge diffusion in the metallic phase

In the highly conducting phase, the a and B phases of
(BEDT-TTF),l; exhibit the Dysonian line shape when the
microwave electric field is applied parallel to the quasi-
two-dimensional conducting plane (i.e.,, the a-b plane).
The sample and field geometry for this case is shown in
Figs. 7(a) and 7(c). B is rotated in the y-z plane and B, is
always perpendicular to the plane. Therefore, the mi-
crowave electric field E perpendicular to B, is always
parallel to the plane. The penetration of the electromag-
netic waves with z polarization is determined by the con-
ductivity o, and the penetration with y polarization is
determined by o,. Hence the skin depth § for propaga-
tion in the plane direction is determined by the equations
172

8= |—2 (2a)
[00 ;00
and
172
8: = 2 ) (Zb)
Ho0y@

where p, is the permeability of free space and w (rads™!)
is the angular frequency of microwaves.

Conductivity measurements suggest that both phases
have nearly isotropic charge-transport properties in the
a-b plane at low frequencies. At room temperature, o’s

of a and B phases are reported to be 60—250 (Ref. 6) and
30 (Ref. 8) Scm ™!, respectively. Consequently, the classi-
cal skin depth § is estimated to be about 0.1 mm for wave
propagation along the plane from Egs. (2a) and (2b).
Dyson?® has shown that there are two different skin ef-
fects: one is the classical (normal) skin effect, where field
penetration is controlled by 8, and the other is the

X
a
_t. @
c* B,
, E
2 | '
81_0 " .

—= B
B,
E
. 3 /I/iz
1 .
e |/ ¥
y
A (d)
B
b Bl
, T/EV
—Q
81 & _Z.'_ z
E. %
y

FIG. 7. Sample and field geometries used in the discussion of
Dysonian line shape; (a) and (b) are for B-(BEDT-TTF),I; and
(c) and (d) are for a-(BEDT-TTF),I;.
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anomalous skin effect, where the penetration is controlled
by the mean free path A of carriers. From the measure-
ments of reflectance spectra, we have previously shown
that A’s of both phases of (BEDT-TTF),I; are 4—7 A
(Ref. 16) at room temperature. Therefore, there is a rela-
tion 8 >>A, which induces the normal skin effect. This
means that the change in penetration depth is controlled
by the variation of skin depth. The size of crystal plane
used here is 0.6X2 mm? for the 8 phase and 1X2 mm?
for the a phase. Thus the penetration depth is smaller
than the crystal size even at room temperature. As the
temperature is lowered, 5§ becomes much shorter as a re-
sult of the increase of o.

In contrast to the results mentioned above, both phases
exhibit the Lorentzian line shape at room temperature
when the microwave electric field is applied not parallel to
the quasi-two-dimensional plane. The sample and field
geometry for this case are shown in Figs. 7(b) and 7(d). In
this situation, the skin depths 8, and §, are estimated
with o, and o, respectlvely, by usmg Egs. (2a) and (2b).
Taking 0, ~10* Scm™! and o, ~10~" Scm™"! (upper lim-
its of room-temperature values for both phases), we obtain
8,~60 um and 8, ~1.5 mm. The skin depths estimated
are comparable with or slightly larger than the sizes of
crystal employed here, dy=50—70 um and d,=0.6—1
mm. Therefore, no skin effect is expected for this case.

As the temperature is lowered, 8, and hence the
penetration depth of the electromagnetic waves, become
smaller than the size of the crystal of B-(BEDT-TTF),I;
because of an increase of . The Dysonian line shape is
characterized by a ratio A4 /B between the maximum and
minimum of the derivative of ESR absorption shown in
the inset of Fig. 8. Below about 200 K, as shown in Fig.
8, A /B increases to a small extent from unity characteris-
tic of the Lorentzian line shape. Below 100 K, 4/B in-
creases more and reaches a constant value of 2.6—2.8. In
the B phase, o increases continuously down to about 2 K
by 1000 times o at room temperature.”’ From the tem-
perature variation of o in the 8 phase, §, at 100 and 200
K can be roughly estimated to be 17 and 37 um, respec-
tively. This indicates that the electromagnetic waves be-
gin to penetrate incompletely into the crystal between 100
and 200 K, and a significant skin effect is expected below
about 100 K. This estimation is qualitatively in agree-
ment with the result observed here. On the other hand, in
the a phase, o increases only by a factor of 2—3 from 300
K down to 135 K, where a metal-insulator transition
occurs.’~7 Consequently, the penetration depth remains
comparable to the crystal size. In fact, we could not ob-
serve the Dysonian line shape with the crystal of the
phase for the geometry of Fig. 7(d) in the whole tempera-
ture range examined.

The time T, that it takes an electron to diffuse through
the skin depth & is determined by the equations’’

5 2ne?
R A ... o —
D, D, ~ poo,0,0W, (3a)
and
53 2ne?
T e >
%7 D, peo.0,0W, G0

where n is the density of conduction electrons, e is the ele-
mentary charge, D is the diffusion constant, and W is the
bandwidth for each direction of propagation. The band-
width WJ||b of a-(BEDT-TTF),I; in the quasi-two-
dimensional conducting plane is estimated to be 0.44 eV
(1 eV=1.602>< 101 J) from the analysis of reﬂectance
spectra'® and 0.35 eV from the theoretical calculation.?*
W can also be evaluated from the temperature dependence
of thermopower S by using the equation for the = -filled
band,’!

ds 272k
dT ~ 3ew ’

where kjp is the Boltzmann constant. We estimated W
for the directions parallel to the a and b axes in the plane
by referring to the results reported by Merzhanov et al.:*?
W||b~0.49 eV and W||a~0.22 eV.33 Since these values
are approximately equal to each other, we take
W,=W|b=05 eV, o0,=0|b=10> Scm~!, and
o,=0l|c*=10"" Scm™' for the sample and field
geometry shown in Fig. 7(c). Then, Tp =0.12 s. The

minimum ESR linewidth observed for the geometry
(AB||b) is 70 G. Thus, T, <108 s. Therefore, we con-
clude that the condition T >> T, is well satisfied over the
entire temperature range of measurements.

The diffusion constant D, for the spin propagation
along the b axis in the conducting plane may also be
evaluated by Eq. (3b). Taking §,=1.5 mm, we obtain
D,=0.2 cm®s™!. The carrier diffusion constant can be
derived independently from the equation

(4)

D =vir, (5)

where vy is the Fermi velocity and 7 is the relaxation time
of carriers. These quantities have already been evaluated
from the Drude analysis of reflectance spectra:!'®
vp=1.8X10°ms~ ! and r=2.4X 10~ s. Then, D=0.78
cm?s~!. This value roughly agrees with D,.

The same analysis is also applicable to B-(BEDT-
TTF),l; for the field geometry shown in Fig. 7(a). The
bandwidth W||[110] is estimated to be 0.52—0.66 eV from
the Drude analyses of reflectance spectra,'®* 0.5 eV from
the theoretical calculation,?* and 0.48 eV from the tem-
perature dependence of the thermopower.’! Since these
values are approximately equal to each other and
Wib~W]||[110], we take W,=W|b=0.6 ¢V,
o,=0l||b=10> Scm~!, and o,=0]|/c*=10"" Scm~.
Then, Tp =0.08 s. Again, the condition Tp >> T is well
satisfied, because T,~10"7 s is estimated from the
minimum linewidth of 5 G. Taking §,=1.5 mm, we ob-
tain D,=0.3 cm?s~!. This agrees with D=1.5 cm?s~!
derived from the values vp=2.3%X10° ms~! and
7=2.8X10~!5 s, which have been obtained by the Drude
analysis of reflectance spectra.'® Under the condition
Tp>>T,, the ratio A/B should approach 2.7.3° The
values of A/B at low temperatures are found to be
2.6—2.8. Therefore, the condition Tp >>T), is also sup-
ported by the line shape at low temperatures.

As mentioned above, the temperature and angular vari-
ations of the ESR line shape observed for the highly con-
ducting phase of a- and B-(BEDT-TTF),I; are well
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described in terms of Dyson’s skin-depth theory. The
skin depth § is found to be much larger than the electron
mean free path A, and the spin-diffusion time T is also
evaluated to be very much larger than the spin-spin relax-
ation time 7,. Under the conditions §>>A and
Tp>>T,, the ratio 4 /B characteristic of Dysonian line
shape is predicted to be 2.7,%° which is actually observed
for B-(BEDT-TTF),I; at low temperatures. The spin-
diffusion constant obtained from the results of ESR mea-
surements essentially agrees with the carrier diffusion
constant evaluated independently from the analysis of re-
flectance spectra. This fact, together with the fact that
the ESR line shape is well described in terms of Dyson’s
theory, is consistent with the metallic behavior of conduc-
tivity observed for a- and S-(BEDT-TTF),I;.

C. Temperature dependence of g value,
linewidth, and spin susceptibility

Figure 8 shows the temperature dependence of AB for
the crystals of B8-(BEDT-TTF),I; measured with the field
and sample geometry shown in Fig. 7(b) (i.e., B||b’ and
B,||a). The linewidth at low temperature is the peak-to-
peak linewidth of the pure-absorption portion of the mea-
sured Dysonian signal. The linewidth increases approxi-
mately linearly with increasing temperature up to 300 K,
although a slight change in slope appears around 150 K.
This behavior is in good agreement with that of AB mea-
sured with a different field geometry, B|/c* and
B,||(001)." Furthermore, the values of AB measured
with both geometries coincide well with each other, as
shown in Fig. 8. Therefore, the temperature dependence
of AB in B-(BEDT-TTF),I; seems to be isotropic in the
whole temperature range 10—300 K.

A linear broadening of AB with increasing temperature
is expected when the spin-lattice relaxation of
conduction-electron spin in metal is dominated by modu-
lation of spin-orbit coupling by lattice vibrations, if the
direct (one-phonon) process is assumed.’® The nearly iso-
tropic and linear temperature dependence observed is con-
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FIG. 8. Temperature dependence of peak-to-peak linewidth
AB and ratio A /B between the maximum and minimum of the
derivative of absorption (see inset) for B-(BEDT-TTF),I;. The
result reported in Ref. 15 with different field geometry (B||c*)
is shown by the dashed line.

sistent with this relaxation mechanism. Therefore, it is
concluded that B-(BEDT-TTF),I; has metallic character
in spite of the relatively low conductivity’ at room tem-
perature as an organic conductor.

In Fig. 9 the temperature dependence of the g value and
linewidth, and the spin susceptibility, for the single crystal
of a-(BEDT-TTF),l;, is shown. These data were taken
with the geometry of B||c* and B,||b, for which the tem-
perature variations of g value and linewidth were most
prominent. A significant feature is the shift of g value to-
ward the larger-g-value side with decreasing temperature.
As shown in Fig. 9, the g value increases gradually from
2.0113(3) at 296 K with decreasing temperature and ex-
hibits a sharp maximum of 2.0167(3) just above the
metal-insulator—transition temperature 140 K. Below
140 K, the g value becomes temperature independent with
g=2.0151(2). These g values are considerably larger than
those observed for other BEDT-TTF cation radical salts
and free BEDT-TTF™ ions in solution. As described in
the preceding section, the g-value shift is caused by the in-
teraction between the triiodide and BEDT-TTF. From
the temperature variation of the g value, therefore, it is
suggested that, in the high-temperature (metallic) phase,
the interaction becomes stronger with decreasing tempera-
ture. In the low-temperature (semiconductive) phase, the
interaction becomes independent of temperature and there
still remains considerably strong interaction. At the
phase-transition temperature, the strength of the interac-
tion changes discontinuously. As suggested in the preced-
ing section, the strength of the interaction seems to be re-
lated to the difference in the crystal structure. Therefore,
the discontinuous change of g value implies that the
metal-insulator transition is incorporated with a structural
change in a-(BEDT-TTF),I;, although crystal structure at
low temperature has not yet been fully determined.’’
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FIG. 9. Temperature dependence of g value, peak-to-peak
linewidth AB, and spin susceptibility I for a-(BEDT-TTF),l;.
The solid lines are guides to the eye and the dashed line
represents g, for B-(BEDT-TTF),I; at 296 K. The discontinu-
ous decrease near 140 K agrees well with a similar decrease in
conductivity.
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The spin susceptibility in the metallic phase decreases
gradually with decreasing temperature, contrary to the
slight increase observed by Venturini et al.!* Merzhanov
et al.’? have also shown that the static susceptibility de-
creases with decreasing temperature. At 140 K the spin
susceptibility I decreases discontinuously by a factor of 2
and, below 130 K, it can be fitted to an exponential equa-
tion of the form

I=(C/Texp(—J/kgT), (6)

where J=0.042 eV. This behavior is also in agreement
withnthat of static susceptibility with J=700 K (0.06
eV).

The peak-to-peak linewidth AB is almost constant be-
tween 200 and 300 K. This behavior agrees qualitatively
with the result reported.!*> However, the linewidth ob-
served here (120 G) is a little larger than that reported (95
G), although the experimental geometries are similar to
each other.

The temperature dependence of the linewidth in the me-
tallic phase of a-(BEDT-TTF),l; is very different from
that of B-(BEDT-TTF),I;. This difference would be in-
terpreted in terms of the interaction between the triiodide
and BEDT-TTF. We have previously shown that there is
a magnetic interaction between the TTF™* radical and
iodine atom in TTF-I;;.>®* The average g value
(§=2.013) of TTF-I; 5, is large in comparison with that
of the TTF ion in solution (g =2.008 38) and AB is very
large (180 G) at 300 K. These values are similar to those
of a-(BEDT-TTF),I;. On the other hand, in the metallic
phase of TTF-I;,; above 210 K, g is constant and AB
changes linearly with temperature.®® The temperature
dependence of AB of TTF-I; 4, is rather similar to that
observed for B-(BEDT-TTF),l;, although there is consid-
erably strong interaction between iodine and TTFT.
Thus, AB for the metallic phase seems to change linearly
with temperature, if the g value and hence the interaction
between iodine and the cation radical is insensitive to tem-
perature. Nevertheless, this does not hold for the metallic
phase of a-(BEDT-TTF),I; in which AB is nearly con-
stant and g changes with temperature. In a-(BEDT-
TTF),l;, it is therefore suggested that the line-broadening
effect expected for the metallic phase is possibly compen-
sated by the line-narrowing effect due to the decrease of

the interaction. The apparent linewidth thus becomes
nearly independent of temperature.

IV. SUMMARY AND CONCLUSIONS

The organic conductors, a- and B-phase (BEDT-
TTF),I5, have been found to exhibit metallic behavior
characterized by the Dysonian line shape in electron-spin
resonance. The spin-diffusion constants of both phases
are estimated to be about 0.2 cm?s~! for the a phase and
0.3 cm?s~! for the B phase from the skin depth obtained
by analyzing the temperature and angular dependences of
the line shape, together with the mean free path and the
bandwidth, which are derived from reflectance spectra.
These values are essentially in agreement with the carrier
diffusion constants estimated independently from the
analysis of reflectance spectra. This is also consistent
with the metallic character of both phases.

The g tensors observed for the crystals of both phases
are well reproduced with the molecular g tensor of the
BEDT-TTF* radical. This suggests that there remains
molecular character, while the transport properties can be
essentially explained by the Drude model valid for simple
metals.

There are some very distinct differences in the details of
ESR between the two phases. In the metallic region of
the a phase, the ESR linewidth is extremely broad and ap-
proximately independent of temperature, while, in the
phase, it shows almost linear temperature dependence con-
sistent with the metallic behavior. The broad linewidth,
together with a larger g value than that of the BEDT-
TTF* radical, indicates that there is considerably strong
interaction between the triiodide and BEDT-TTF™ in the
a phase. From the temperature variations of the g value
and linewidth in the a phase, we suggest that the interac-
tion increases gradually with decreasing temperature from
300 to 140 K and decreases discontinuously at 140 K,
where the metal-insulator transition occurs. In this
respect, it is of great interest to elucidate the crystal struc-
ture of a-(BEDT-TTF),I; at low temperatures.
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