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Sample dependence of dimensionless thermoelectric figure of merit (z7') and power fac-
tor (PF) were determined for the non-stoichiometric organic conductor (TTT),I5,s (TTT =
tetrathiatetracene, 6 < 0.1) with the simultaneous measurement of the electrical resistivity
(p), thermopower (S') and thermal conductivity on small single crystals. Both the z7" and PF
show large sample dependence between 10 and 310 K, even though all the samples have
nearly stoichiometric composition of TTT:I; ~ 2:1 (6 ~ 0). It was found that both the elec-
trical conductivity (o = 1/p) and S increase at room temperature as disorder — that is phase
mismatch among the iodine chains — becomes more pronounced. This behavior contrasts
the usual tendency that the S decreases as the o increases in conventional conductors; and
suggests a new strategy to improve the z7° and PF by introducing an appropriate type of

disorder.

1. Introduction
Thermoelectric materials directly convert low-grade thermal energy to useful electricity.
Their performance is often evaluated by the power factor PF = 0-S? and the dimensionless

thermoelectric figure of merit z7,

S? PF
a7 = -2 (1)
K K

*yoshino @sci.osaka-cu.ac.jp
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Here o, S and « denote the electrical conductivity, thermopower (Seebeck coeflicient) and
thermal conductivity at a temperature 7. The PF reflects the ability of power generation,
while the 7T represents the efficiency of conversion from heat to electricity.

For practical purposes, zI' > 1 is a kind of the lowest limit; and even z7' > 3 in a wide
temperature range is required for thermoelectric materials to compete with other energy-
generation technologies.? To achieve such high zT is, however, very difficult since, for ex-
ample, a material with higher o usually shows higher x and smaller S. Thus one needs a
strategy to manage such contradictory requirements.

The title compound (TTT),I3,5 (6 < 0.1, TTT = tetrathiatetracene, Fig. 1) is a quasi-one-
dimensional (Q1D) organic molecular conductor made of the segregated stacks of the TTT
donor molecules and iodine (I3) chains parallel to the most conducting b-axis.”® It is known
that its o along the b-axis — up to 1000 S-cm™'or even more — is the highest of molecular
conductors at room temperature.”'?

Casian et al. theoretically pointed out the possibility of obtaining rather large z7' (> 2) by
tuning the band filling of (TTT),ls,4,'*!> which is abbreviated as TTT-I below. Huewe et
al., however, reported the experimental zT' of TTT-I3 amounts to only 0.03 — it is far below
the theoretical expectation — at room temperature.'®

TTT-I; is, however, known to exhibit large sample dependence of physical properties

2.8.10-12.17.18) For example, a chemical analysis showed

due to its non-stoichiometric nature.
that the ¢ of iodine content (3 + &) changes between 0 and 0.1,'” while the crystal density
measurement implied that the ¢ scatters around 0.02; and some crystals might have even a
minus value of 6.!?

In addition, the sample dependence is due not only to the ¢ but also to the disorder ob-
served as diffuse sheets perpendicular to the b-axis in X-ray diffraction.?6 111219200 The
disorder reflects the uncorrelated phases among iodine chains and its degree changes from
sample to sample as well as temperature.

Thus, in this paper, we studied the sample dependence of z7" and PF to find the condition

s——s
s——s
TTT

Fig. 1. Structural formula of TTT.
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Table I. Original size of samples of (TTT),I3,s.

sample

A (#1602)  0.90 x 0.060 x 0.084 mm?®
B (#1704) 1.48 x 0.098 x 0.036 mm®
C (#1701)  0.48 x 0.070 x 0.034 mm?

of achieving higher performance of this potential candidate of the molecular thermoelectric
material. In combination with the X-ray diffraction measurements, it has been revealed that
the disorder basically governs the sample dependence of the transport properties, while almost
no change in the ¢ has been observed for the present samples.

As reported previously, it was observed that the disorder enhances the o at room temper-
ature. The most remarkable thing of the present results is that the S also increases as the o
becomes higher. The tendency is completely opposite to that observed for conventional elec-
trical conductors; and provides a potentially new strategy to improve the z7" by introducing

an appropriate type of disorder.

2. Experimental

The sample preparation and transport measurements were carried out at Osaka City Uni-
versity (OCU). Black needle-like single crystals of TTT-I; were grown in the nitrobenzene
solution of TTT and I, with slow cooling from 100 °C to room temperature for about 20
days.?!

The X-ray diffraction analysis — also carried out at OCU?? — confirmed the same type
of crystal structure as reported.>® The analysis could not be, however, completed due to
existence of the diffuse sheets along the a*c* plane at room temperature. This shows that the
iodine chains are uncorrelated with one another.? Note that the chain direction is taken not
as the b-axis but as the c¢-axis in some literature.>*>

The electrical resistivity p, thermopower (Seebeck coefficient) S and thermal conductivity
k were simultaneously measured on each single crystal in Table I to determine z7 and PF.
Figure 2 shows a schematic view of our sample holder to measure the p, S and « of a small (~
1 mm) sample simultaneously. The three samples are all that we could complete the transport
measurements since it is rather difficult to make all wiring on a sample without any damage.

The both ends of the sample (a) were attached to an annealed gold wire (b, 100 ym in
diameter, Tanaka Kikinzoku) and the Manganin wire (c, 100 um in diameter, Nilaco) with

carbon paste (Fujikurakasei XC-12), respectively. The other end of the gold wire was con-
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nected onto the gold deposited surface of a large copper block (d1) with silver paste (DuPont
4922); the gold wire supported the sample and Manganin wire above the block with a gap of
~ 2 mm. Another annealed gold wire (e, 10 um in diameter, Tanaka Denshi Kogyo) was used
to connect the Manganin wire (with carbon paste) to a small copper block (d2) (with silver
paste) electrically.

The contact points of two pairs of Chromel-Constantan thermocouples (f1 and f2) were
attached to the sample with carbon paste. Similarly the contact points of other two thermocou-
ples (f3 and f4) were done so to the Manganin wire. The open ends of these thermocouples
were connected to the solder-coated ends of eight copper wires (g) with silver paste. The
copper wires coated with polymer were glued to the surface of the d1 copper block with
varnish to achieve the good thermal contact to the resistance thermometer (h) measuring the
temperature of the contacts between the thermocouples and the copper wires on the block.

Finally, the contact point of the last thermocouple (f5) was attached to the right end of
the Manganin wire with epoxy resin. This thermocouple worked as a heater, to which DC
electrical current was supplied via two small copper blocks (d3 and d4). Joule heat as well
as positive Peltier heat were supplied to the Manganin wire with the appropriate direction of
DC current.

The p was measure by the DC four-terminal method. The electrical current /; was supplied
through d1, b, a, ¢, e and d2 as in Fig. 2. Then the DC voltage was measured using each
Chromel leg of f1 and f2.

The temperature gradient along the Manganin wire and sample was generated by applying
the heat current I, with the heater, while the I; was turned off. After the steady state was
achieved, the temperature differences on the sample and Manganin was determined by the
thermocouples. The « of the sample was determined relative to that of Manganin.?®

At the same time, the thermoelectric powers were measured between the Chromel legs as
well as between the Constantan legs of f1 and {2, respectively. Then the thermopower S was
determined by the so-called direct method.

There are three major paths of heat leak giving overestimated «; namely, the leaks 1)
through the remaining air around the sample holder, 2) through the thermocouples, and 3) by
radiation loss above 200 K, respectively.

To suppress the influence of the remaining air, the sample holder was placed in a vac-
uum chamber. The inside pressure was monitored by an ionization vacuum gage; it indicated
less than 107'° Pa during the measurement. To suppress the leak through the thermocouples,

we used the thinnest thermocouple wires (12.7 um in diameter, Omega) commercially avail-
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Fig. 2. (Color online) Schematic of the sample holder for measuring thermal conductivity. a - sample, b -
thick gold wire, ¢ - Manganin wire, d1-d4 - copper blocks, e - thin gold wire, f1—f5 - Chromel-Constantan

thermocouples, g - copper leads, h - resistance thermometer.

able. The effect of radiation is difficult to suppress in the present measurement. Despite these
difficulties, the magnitude and overall temperature dependence of the « is very close to that
reported before.!® We will discuss the accuracy of the « later.

To determine p and «, we used the cross-sectional area Ag; and the thermocouple distance
Ls regarding each crystal as a cuboid. Note that each of Ag and Lg appears twice from p and
kin zT = §°T/(pk) and cancels in the denominator with each other. Thus we can neglect the
ambiguities from the sample dimensions in determining z7'.

The present measurements are essentially the same as described in literature.>*2>

After measuring the transport properties, we examined the iodine content in each crystal
by X-ray diffraction measurement at Kyoto University. The gold-evaporated parts of the three
samples (#1602, #1701, and #1704) were cut out before the measurement, and the size of the
crystals was reduced to 0.26 x 0.08 x 0.06 mm?>, 0.27 x 0.07 x 0.04 mm? and 0.20 x 0.10 x
0.04 mm?, respectively.

The X-ray diffraction images were accumulated by Bruker SMART Apex II CCD diffrac-
tometer with graphite monochromatized Mo Ka radiation (50 kV, 30 mA) at 85-300 K under
nitrogen gas flow. To obtain the diffuse scattering image without detector saturation, the ex-

posure time was set to 100 sec, whereas the oscillation angle of 0.25° was adopted to reduce
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the background level. The accumulated photographs in the full sphere experiment were pro-
cessed by Bruker Apex3 program to generate the precession images utilizing the similar unit

cell parameters reported by Lowe-Ma et al. with Cmca (Cmce) space group.?

3. Results
3.1 lodine content and disorder

Hilti and Mayer reported the determination of ¢ using the difference in periods of TTT ()
and I (b") chains.? Here b is the distance between neighboring TTT molecules; and b’ =~ 2b
corresponds to the period of the I3 unit, respectively. The 6 is zero when b” = 2b, while b’
becomes shorter than 2b for ¢ > 0.

Figure 3 shows the precession images of X-ray diffraction at room temperature for the
samples #1602, #1704, and #1701, respectively. The layer lines corresponding to b’ =
9.9 A were observed by rotating the crystals around the b-axis. The overall feature of the
layer lines is similar to that reported before.5 !1+17:19:20)

The continuous diffuse scattering in the layer lines, two of which at k&’ = +3 are the most
pronounced, indicates the weak correlation of the I arrangements in the ac plane. Since
the Bragg spots originating from the TTT lattice are overlapping with the diffuse lines from
the I5 one, the compositions of our crystals are concluded to have TTT:I = 2:1 within the
experimental errors.?

It should be noted that the Bragg spots from the TTT lattice should overlap with the
diffuse lines from the I7 one only at even k’ since b’ ~ 2b. The clear spots at k" = +3 suggest
that the TTT lattice is modulated by the IS one and the real period of the former is doubled.”

On the other hand, it was found that the observed diffuse lines are most pronounced for
the #1602, while the least for #1701. It means that the sample #1602 is the most disordered or,
in other words, it has the most uncorrelated iodine chains of the three. Below we call #1602,

#1704 and #1701 the samples A, B, and C according to the degree of disorder.

3.2 Electrical resistivity

Figure 4(a) shows the temperature dependence of p. The overall temperature dependence
is similar to that reported before.'"'? At 300 K the o = 1/p is 1400, 1000, and 840 S-cm™!
for A—C, respectively. Namely, a more disordered sample has a higher o~ and this relation is
consistent with that reported by Khanna et al.'V

Below 300 K the p is weakly metallic, but gradually turns into semiconducting. The

temperatures of the resistivity minimum 7,,,;,, where a numerical derivative becomes zero
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A (#1602)

(b)

B (#1704)

(c)

C (#1701)

Fig. 3. Room-temperature X-ray patterns of (hk0) observed for the (TTT),I3.s samples (a) A (#1602), (b) B
(#1704), and (c) C (#1701), respectively. The horizontal arrows indicate the Bragg spots from the TTT lattice

overlappong with the diffuse lines of ¥* = -3, 0, 3 from the iodine chains.

(Fig. 4(b)), are determined as 90, 95 and 120 K for A—C, respectively. These Ti,i’s correspond
to “low-" or “middle-quality” samples reported by Hiliti and Mayer.? Again the relation
between the sample quality (disorder) and Ty, corresponds to that reported before.

Below about 50 K the p starts to increase rapidly with lowering temperature due to a
metal-to-insulator (M-I) transition'!"!%17-29 or localization caused by the iodine disorder.®2”
The transition temperature 7y;_; determined as the peak center in Fig. 4(b) is about 41, 44,

and 41 K for A, C, and B, respectively.
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Fig. 4. (Color online) (a) Temperature dependence of the electrical resistivity of (TTT);13+s for the samples
A (red), B (green), and C (blue). (b) Numerical derivative of the Arrhenius plot of the same data in (a). The

thick arrow at 197 K indicates anomalies associated with a phase transition.

Besides the M-I transition, another change was found as an anomaly in the derivative at
197 K (the thick arrow in Fig. 4(b)). It was observed for A and B, but not for C. Megtert
reported that, for one sample of TTT-I3, the diffuse sheets in X-ray diffraction at room tem-
perature progressively change into spots.?? This is also the case with another sample from the
same batch as the present ones. The change in the diffuse sheets suggests that the correlation
between neighboring iodine chains develops on cooling. The newly found anomaly at 197
K seems to imply such a structural change also includes a discontinuity in addition to the

progressive temperature variation.

3.3 Thermopower

Figure 5 shows the temperature dependence of the S in the whole (a) as well as in an
enlarged scales (b), respectively. On cooling, the S is metallic below 310 K and turns to
non-metallic below about 50 K. The values at 300 K are 50, 49 and 47 yV-K‘1 for A—C,
respectively. Data scattering of the S was slightly larger for B than for the others above 50
K, but its standard deviation amounts to only 0.04 £V-K~! at room temperature. Namely, the
sample dependence is very clear even in the metallic region. The absolute S increases as the
disorder develops at room temperature (Fig. 5(b)).

The sample dependence becomes much more distinct below 50 K. The S increases rapidly
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Fig. 5. (Color online) (a) Temperature dependence of the thermopower of (TTT);,13,s for the samples A (red),
B (green), and C (blue). (b) The same data in (a) in an enlarged scale. The data for A and B are shifted by +20

and +10 uV-K~!, respectively. The thick up arrow indicates the anomaly associated with a phase transition.

and reaches its maximum, 170, 185 and 210 uV-K~! at 20 K for A—C, respectively, while the
data points are rather scattered due to the large sample resistance in the non-metallic region.
Note that the relation between the disorder and S at 20 K is opposite to that at 300 K.

The overall behavior of the present S is very similar to that reported before.!!-!%20
Khanna et al. claimed that the peak height at 20 K decreases from about 270 uV-K~! of the
least-disordered samples to 40 uV-K~! of the highly-disordered ones. The present samples
correspond to the “medium-disordered” ones in the literature

At 300 K, however, the relation between the disorder and absolute S does not show simple
correspondence to the previous result. Khanna et al. claimed that the disorder suppresses the
S, while it is opposite in the present case. We will discuss this apparent contradiction later.

On the other hand, a hysteretic anomaly was observed just below 200 K for A and B (Fig.
5(b)). The temperature of the anomaly in the S’ exactly corresponds to that in the derivative of
the p (Fig. 4(b)). The hysteresis strongly suggests the existence of a first-order phase transition
never reported before.

It should be emphasized that the observed hysteresis is not spurious one caused by the

different sweep directions of temperature with a rapid rate. For example, for B in this temper-
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Fig. 6. (Color online) (a) Temperature dependence of the thermal conductivity of (TTT),I3,s for the samples
A (red), B (green), and C (blue). Black solid curves are extrapolations of the data below 200 K to higher
temperatures. (b) Rough estimates of the lattice and electronic thermal conductivities «j, (black) and k. (pink)
of A, the latter of which was estimated by assuming Wiedemann—Franz law. (c) The ratio of the electrical

conductivity to thermal conductivity o /«.

ature range, the sweep rate was +10 K-hour™' with sampling period less than 5 min; the tem-
perature difference to determine the S was about 0.5 K, while the transition width seems to be
about 4 K. The reason why such an anomaly was not reported in the previous works®:11:12.16.26)

is likely due to rough data interval and/or because their samples are similar to C.

3.4 Thermal conductivity

Temperature dependence of the « (Fig. 6(a)) is very weak above 100 K and the values are
almost within 4 + 1 W-K=!-m~! for all the samples. Note that the upturn above 200 K is due
to the radiation loss of heat. Black solid curves are extrapolation of the data between 175 and
200 K to higher temperatures by fitting a function «(7') = c¢y+c;/T, where ¢y and c; are fitting
parameters. The overall behavior is very similar to that determined by the thermal-diffusivity

measurement.'?
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In addition to the radiation, the heat leak through the thermocouples is unavoidable in the
whole temperature region. This results in an overestimate, which depends on the dimensions
of a sample and a reference as well as length of thermocouples. Therefore, the accuracy of
the absolute values of « is not so good as compared with that of the p and S . Nevertheless, the
curves in Fig. 6(a) are very similar to one another suggesting the small sample dependence
of the «.

Figure 6(b) shows the rough estimates of the lattice (ki) and electronic (kx.) thermal
conductivities of A. The k. was calculated from the p = 1/0 in Fig. 4(a) assuming the

Wiedemann—Franz law,
ke = LooT, ()

with the Lorenz number Ly = 2.44 x 1078 W-Q-K~2. The «j,, was obtained by subtracting the
k. from the smoothed data of the total thermal conductivity k(= «) of A. The ratio of the
Kia tO K, is about 3 in the metallic region. This is also the case with the samples B and C.?¥
Namely, the lattice contribution seems dominant in the temperature dependence of the «.

This is also shown by comparing the o/« as in Fig. 6(c). The errors in determining sample
dimensions are included in each of the « and o in the same manner, but they are canceled in
the o/, while the influence of the heat leaks is still remaining. Again, the large differences in
the absolute values and shapes of the curves in Fig. 6(c) clearly show the substantial contri-
bution of the lattice to the heat conduction since the electronic component k. should be scaled
by the o at each temperature.

The large sample dependence of the o/« is caused by the o, while that of the x remains
small due to the small change in the dominating «,.. This explains the major part of the sample

dependence of the z7 and PF as shown below.

3.5 zT and PF

The zT = 0S?T/k and PF = oS ? of TTT-I; are calculated by combining the data in Figs.
4(a), 5(a), and 6(a) after smoothing them.

The highest z7" (Fig. 7(a)) is 0.025 at 290 K observed for A, but it will reach 0.029 at 300
K, if the upturn of the « can be corrected as in Fig. 6(a). This is very close to that reported by
Huewe et al.'® The zT of the other samples B and C is almost a half of A.

The zT has a peak at about 35 K, which is higher than that of the § at 20 K and rather close
to that of the derivative of p at 40 K. This is also the case with the PF (Fig. 7(b)). The peak
values of PF range from 390 uW-K=2-m~! for C to 730 uW-K=2-m™! for A. Above 100 K, the
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Table II. Typical values of zT, PF, o, S, and k of (TTT),I3.s.

T zT PF o S K

K] (W -K2m™ '] [S-ecm™'] [uV-K'] [W-K'm']
A (#1602) 35 0019 7.3x10? 59x 10> 1.1 x 10? 1.4

290 0.025 3.4x10% 1.5x 10> 49 4.0

300 0.028" 3.4 x102 14x10° 50 3.7"
B (#1704) 35 0.012 6.0x10? 4.0x10>  1.2x10% 1.7

300 0.013  2.5x10% 1.0x 10° 49 5.7
C#1701) 35 0.011 3.9x10? 1.5x10>  1.6x 107 1.3

300 0.015 1.9x10% 8.4x10> 47 3.8

* Values roughly corrected the enhancement of the thermal conductivity « due to the heat radiation.

0.03 | (TTT),lL;, 5
LOTIb
s "2 A disorder
0.01 | /&
800 : : ‘
TE "\ A (b)
o 600 | % disorder ]
M : \ A
= \ B
=200} i |
& C
0 L2 ‘ ‘ ‘
0 100 200 300
T /K

Fig. 7. (Color online) (a) Dimensionless thermoelectric figure of merit z7' and (b) power factor PF of
(TTT),I3:s for the samples A (red), B (green), and C (blue). Black solid curves in (a) are the extrapolation
of the data below 200 K to higher temperatures.

PF remains almost constant because of the compensation of the increasing S and decreasing
o. Thus the increasing zT in the metallic region is mostly attributed to the temperature factor
in eq. (1) since the « is nearly constant.

There is a tendency that the z7 and PF are higher for more disordered samples except for
the z7T" of B and C near room temperature (Fig. 7(a)). We will discuss this below.

The typical values of the transport parameters are summarized in Table II for all the three
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samples studied.

4. Discussion
4.1 Origin of sample dependence

As shown in the previous section, the sample dependence of z7" and PF is not due to the
change in ¢ but due to the disorder. Namely, more uncorrelated iodine chains seem favorable
for higher z7" and PF in TTT-I;.

Disorders usually suppress the electrical conductivity of metals by increasing the scatter-
ing probabilities of electrical carriers. In TTT-I3, however, when the iodine chains become
more correlated or ordered to one another, intermodulation of TTT and iodine chains oc-
curs.®29 Tt will result in complex band folding and lowering the o

Effect of the disorder on the thermopower seems different at low and high temperatures.
Khanna et al. suggested that the suppression of the S peak at 20 K shows smearing out of the
M-I transition by the disorder.!"” On the other hand, they also claimed that a more disordered
sample tends to show smaller S at 300 K. This is opposite to the present result (Fig. 5(b)).
However, the ¢ and/or the period of iodine chains are unclear in the literature, while the
present samples are considered to have almost the same ¢ as described in 3.1.

Although much more systematic studies are needed to reveal the relation among the ¢,
iodine-chain correlation and S, here we adopt the present result showing that the disorder
increases the absolute S at room temperature when the ¢ is unchanged. If it is the case, TTT—
I; would be an exceptional material whose S increases as o does. Its mechanism is unclear,
but when the iodine chains are more ordered, a resulting energy gap and thermally excited
carriers will suppress the S if the contribution of electrons becomes relatively large.

As for the thermal conductivity, it is difficult to discuss the precise sample dependence
due to the low accuracy of its absolute value. Nevertheless, we can expect that the sample
dependence of the « is negligible as compared with that of the o as discussed in 3.4.

By comparing the sample dependence of the three transport properties, we conclude that,
at room temperature, the increase in the z7' and PF is mainly due to the increase in the o,

which is enhanced as the iodine chains are more uncorrelated.

4.2 Comparison with theoretical predictions
The theoretical predictions by Casian and Sanduleac'*!> motivated the present study,
but the experimental z7" at 300 K is smaller by two orders of magnitude than the maximum

theoretical values. It is, however, not surprising when we consider the condition giving such

13/18

il



A Self-archived copy in

—Ea Y, RBREFHER)ES bY
I #ﬁ ﬂ( ? Kyoto University Research Information Repository %

KYOTO UNIVERSITY https://repository.kulib.kyoto-u.ac.jp

J. Phys. Soc. Jpn.

large zT reaching 1-2. It should be emphasized that the calculated z7 strongly depends on the
filling of a quasi-one-dimensional band, which is varied through the chemical composition
TTTI;.

In a tight-binding model, the energy bands are made of the highest-occupied molecular
orbitals of TTT molecules, whose formal charge of +0.5 for the 2:1 composition corresponds
to the 1/4-filled hole band. In this case, the calculated z7 seems less than 0.1 in the litera-

1415 jt is reasonablly close to that observed in the present study as well as that reported

ture;
by Huewe et al.'® The remaining difference is attributed to the «i,, namely, Casian and San-
duleac adopted ~1 W-K~!-m™! in their calculations, while the present authors and Huewe et
al. observed 2-3 W-K~'-m!,

On the other hand, the calculated z7" of 1-2 is obtained for e.g. the 2:0.5 composition
(1/8-filling of holes). This is mainly due to the larger S than 100 uV-K™! at such small hole
concentrations. In addition, Casian and Sanduleac also discussed the effect of the sample
quality introducing the carrier scattering by impurities. They claim that it results in the vio-
lation of the Wiedemann—Franz law and also enhances the z7 by ~30%.!% 152 Note that the
concept of the “quality” is different from the “disorder” of the iodine chains; they affect the
o in the opposite ways.

Namely, one can expect that the crystals with less iodine contents, giving larger S, and
with less impurity contents, giving higher o/, are favorable to increase the z7" on the ba-
sis of the theory. Although the present study shows that not the S but the higher o by the
uncorrelated iodine chains enhances the z7, this is the result obtained for the samples with
0 ~0.

Thus, further studies are needed to find a way to reduce the ¢ below zero to compare the
experimental and theoretical results with each other, while the composition of the crystals as
grown in a nitrobenzene solution or in a gas phase varies only around 2:(1+0.1).!%!” One
possible way is heating crystals in vacuum. Actually, Kaminskii e al.'” reported decrease in
the 6 from 0.10 to 0 by heating at 150 °C for four hours. It would be worth trying it at higher

temperatures and/or for longer time to achieve a large minus value of ¢.

4.3 Comparison with other organic conductors

As organic materials for thermoelectric applications, much attention seems to be paid
for conductive polymers in these days. They are mechanically flexible and suit for mass
production. To the authors knowledge, z' = 0.42 (room temperature) of PEDOT:PSS is
the highest of the conductive polymers,’” where PEDOT and PSS are the abbreviations
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of poly(3,4-ethylenedioxythiophene) and poly(styrenesulfonate), respectively. The material
also shows the high PF of about 470 uW-K=2-m~! at room temperature. Note that these
zT' and PF was obtained for a cuboid/block sample. On the other hand, Wei et al. stud-
ied the anisotropy of the transport properties of the thin-film PEDOT:PSS and obtained
zT ~ 0.0085 and PF ~ 24 yW-K=2-m! for the in-plane direction; and zT ~ 1.6 x 10~
and PF = 0.81 uW-K=2.m™! for the through-plane direction, respectively.?"

As for single crystals of the molecular conductors, Huewe et al. reported the thermo-
electric properties of p-type TTT-I; as mentioned above; and also those of n-type (DMe-
DCNQI),Cu (DMe-DCNQI = 2,5-dimethyl-N,N’-dicyanoquinonediimine).'® Their results
on TTT-I; are similar to those observed for A, while they adopted the 3w method to measure
the «. Furthermore, Huewe et al. claimed that z7' > 0.15 was observed for (DMe-DCNQI),Cu
for T <40 K.

Some of the present authors ever determined the z7 of other molecular conductors
with the 7-type molecular packing.’*** Among them 7-(ETO-R,R-DMEDT-TTF),(AuBr,),,
showed the highest z7 (0.044 at 190 K) of the 7-type conductors ever reported, where ETO-
R,R-DMEDT-TTF is ethylenethiooxy-R, R-dmethylethylenedithio-tetrathiafulvalane).

Although the zT of the order of 0.03 is still small, much smaller z7 is obtained for “con-
ventional” molecular conductors, e.g., zT = 1.83x107* for TTF-TCNQ*¥ and zT = 3.6x107°
for (TMTSF),PFg,* respectively. The low zT of these materials is due to their low S usually
associated with high o. This shows importance of searching for the molecular conductors
with high o and fairly large S like TTT-I.

5. Conclusions

The electrical resistivity p, thermopower S and thermal conductivity x were simultane-
ously measured for the three single crystals of quasi-one-dimensional conductor (TTT),I5,s
to investigate the sample dependence of the dimensionless thermoelectric figure of merit zT'
and power factor PF. It was found that both the z7" and PF show large sample dependence,
even though all the samples have nearly stoichiometric composition of TTT:I; ~ 2:1 (6 ~ 0),
which was estimated by the X-ray diffraction analysis.

The sample dependence of the z7" and PF is mainly attributed to that of the o, whose
magnitude and temperature dependence change through the degree of correlation among the
iodine chains. It was found that the z7" changes from 0.01 to 0.03 at room temperature when
the o grows as the iodine chains become more uncorrelated or disordered. The PF is also the

-1

highest for the most disordered sample and its maximum value reaches 730 uW-K=2-m~! at
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35 K. This is, to the authors’ knowledge, the highest PF ever reported for organic conductors.

The present z7 is reasonably close to that predicted for the stoichiometric composition,
TTT.I; = 2:1. To improve the zT to the unity, it is needed to realize the § greater than ~ 100
uV-K™! at room temperature as calculated for a composition like TTT:I; = 2:0.5. Although
such a low iodine content is difficult to realize, the non-stoichiometric nature of TTT-I; and
weak correlation among the iodine chains will pave the way to control its physical properties

to an extent. This is very unusual and unique as a molecular-based organic conductor.
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1. Sample preparation
1.1 Donor synthesis
Tetrathiatetracene (TTT, Fig. S1) was synthesized from sulfur and tetracene (= naph-

thacene).

S——S

S S

FIG. S1. Structural formula of TTT.

Sulfur (15 g) was solved in carbon disulfide (10 mL) below 40 °C. After filtering the
solution to remove insoluble impurities, sulfur was recrystallized in the filtrate recovery at
room temperature for 45 min; the precipitated crystals were aspirated. The light yellow sulfur

crystals (7 g) were obtained after dried in a desiccator for 1 hour.

*yoshino @sci.osaka-cu.ac.jp
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Tetracene (983.0 mg, > 97.0%, Tokyo Chemical Industry Co., Ltd.) and the sulfur ob-
tained above (2.02 g) were solved in N,N-dimethylformamide (25 mL) within a 50-mL flask
filled with nitrogen in advance. The solution was refluxed for 3.5 hours at 170 °C. The result-
ing dark blue solution was filtered before cooling; dark green TTT crystals were obtained.
The crystals were washed with toluene and next with hexane; and dried in a desiccator. The
dried crystals (1.42 g) was purified by sublimating at 1.3 Pa (0.01 Torr) and 230 °C. The dark
green crystals of TTT (475.9 mg) were obtained with the yield of 31%.

1.2 Crystal growth

The crystal growth of (TTT),l5,s was carried out by the method similar to that in litera-
tures.!?

TTT (17.6 mg) and iodine (11.2 mg) were solved in purified nitrobenzene (100 mL) at
100 °C so as to make each concentration about 5 X 10~ mol L™!. The hot solution (a in Fig.
S2(a)) was poured into a crystal-growth glass cell (b). The cell had being capped (c) during
the crystal growth; and placed inside a metal Dewar (d) with a Nichrome-wire heater (e), a
platinum resistance thermometer (f) and a Chromel-Alumel thermocouple (g). The Dewar
was covered with aluminum foil (h) before winding the wire heater for good thermal contact
in advance. A rubber sheet (i) was placed at the inside bottom of the Dewar as a thermal
insulator. The top of the cell was fixed with thick wire (j) not to touch the Dewar.

The cell was specially designed to have smaller diameter at lower and colder side. The
temperature at the top and bottom of the cell was monitored with the thermometer and the
thermocouple. The temperature difference was typically 10 °C during the crystal growth. It
took 20 days to cool the solution from 100 °C to room temperature by controlling it with a
PC to keep a constant cooling rate. Black needle-like crystals (Fig. S2(b)) grew inside bottom
of the cell (k in Fig. S2(a)). The crystals were filtered and dried.
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FIG. S2. (a) Schematic image of the crystal-growth cell of (TTT),I3,s. (b) Single crystals of (TTT),I54s
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2. Crystal structure

The obtained crystals were confirmed as (TTT),l5,s with the X-ray structural analysis
on a single crystal. The crystal data are summarized in Table SI; and Fig. S3 shows the
crystal structure viewed along each crystallographic axis. The TTT molecules and iodine
atoms independently form chains along the b-axis.

The structure was, however, not fully solved due to the existence of diffuse layers perpen-
dicular to the b-axis(Fig. S3). Thus the iodine atoms in Fig. S3 were tentatively placed and
their positions along the b-axis are not correct.

The existence of the diffuse layers shows that each of the iodine chains is regarded as

an independent one-dimensional crystal and they are uncorrelated from one another. The

FIG. SI. Crystal data and structure refinement for (TTT),I3,s.

Empirical formula Ci6H615Sg

Formula weight 1085.67

Temperature 296(2) K

Wavelength 0.71075 A

Crystal system Orthorhombic

Space group Cmca

Unit cell dimensions a = 18.3591(17) A a =90°
b=497154) A B =90°
c=18.4275(17) A y =90°

Volume 1681.9(3) A3

V4 2

Density (calculated) 2.144 Mg/m>

Absorption coefficient 3.314 mm™!

F(000) 1038

Crystal size 0.350 x 0.020 x 0.010 mm?

Theta range for data collection  4.389 to 27.493°

Index ranges 23 < h<£22,-6 <k<6,-23<1[1<23

Reflections collected 7985

Independent reflections 993 [R(int) = 0.0304]

Completeness to § = 25.242°  99.2%

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 993/0/64

Goodness-of-fit on F? 1.128

Final R indices [/ > 20(1)] R1 = 0.0503, wR2 = 0.1131
R indices (all data) R1 = 0.0557, wR2 = 0.1163
Largest diff. peak and hole 1.328 and —0.819 e/A~3
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unit length of the idone chains along the b-axis is determined as b’ ~ 2b from the distance
between the diffuse layers. The thickest layers are k' = +3 (Fig. S4(a)). These features are
reproduced by calculating the structure factor for the one-dimensional crystal composed of
I units, whose I-I bond length and lattice parameter are 2.93 Aand b = 2b ~ 99 A,
respectively.?

On the other hand, the diffuse layers became subtle and new spots appeared at 100 K (Fig.
S4(b)) indicating that the correlation among the iodine chains develops at lower temperatures.

Lowe-Ma et al. studied the low temperature crystal structure of highly-disordered (h.d)
and least-disordered (1.d.) samples down to low temperatures.” They pointed out the possi-
bility that the unit cell of the 1.d. sample is doubled as compared with the h.d. one. Although
they claimed that there is no evidence for a structural phase transition between 19 and 294
K for the h.d. sample, the anomalies in the resistivity derivative and thermopower at 197 K
observed for the samples A (#1602) and B (#1704) (Figs. 4(b) and 5(b) in the manuscript)
imply that a kind of structural phase transition occurs at the temperature. Since these sam-
ples correspond to the medium-disordered crystal from the peak height of the thermopower
at about 25 K,>® we cannot exclude a possibility that an ordering transition from the h.d.-like
to 1.d.-like structures occurs during the thermal contraction of the crystals. Similar behavior

has been already reported by Megtert et al.”
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(a)

!

FIG. S3. Crystal structure of (TTT);,13,5 viewed along the (a) a-, (b) b and (c) c-axes, respectively.
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room temperature 100 K

FIG. S4. X-ray photographs of (TTT),l5,s taken at (a) room temperature and (b) 100 K, respectively. The

diffuse layers observed at room temperature became much thinner and new spots were observed at 100 K.
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3. Electronic and lattice thermal conductivities
Here we tentatively separate the observed thermal conductivity ki into the lattice i, and

electronic k. contributions as,
Kot = Kiat T Ke- (1)

We can use the o = 1/p — the p and «, were simultaneously measured on the identical

sample — to estimate the k. assuming that the Wiedemann—Franz law,

Ke

= 2
p— (2

holds; and also that the Lorenz number L is a constant,
L = Ly =244x10°WQK™, 3)

though the L often depends on temperature.®
Then the «, is obtained by subtracting the k. from the measured k. The results for the
three samples are shown in Fig. S5. The result clearly shows that the lattice contribution is

dominant in (TTT),I5,s.
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FIG. S5. Temperature dependence of the thermal conductivity ki (green) of (TTT),I3,s measured for the

samples (a) #1602, (b) #1701, and (c) #1704, respectively. The electronic contribution . (red) was calculated

from the resistivity assuming the Wiedemann—Franz law. The lattice contribution «j,; (pink) was obtained by

subtracting the «. from the .
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