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Optical, spin resonance, and high-field magnetoresistance studies of the organic charge-transfer

salt (tetrathiatetracene)2(iodide)3 [(TTT)213] have been carried out. This material is a single-

carrier system consisting of segregated linear chains of TTT cation radicals and tri-iodide ions

which are incommensurate with respect to each other. The I3 chains exhibit considerable disorder

perpendicular to the chain axis. (TTT)2I3 has a high room-temperature conductivity

cr(300'K) —1000 0 'cm ' along the chain axis and is metallic down to —100'K where a possi-

ble phase transition occurs. The nature of this transition is discussed. Belo~ 30'K, (TTT) 2I3 ex-

hibits semiconducting properties indicating that the low-temperature ground state is nonmetallic.

I. INTRODUCTION

One of the fundamental problems in the study of
quasi-one-dimensional (1D) organic metals is the sta-
bilization of the metallic state against electronically
driven instabilities which may lead to nonmetallic
behavior. Some of the factors which aA'ect the stabili-

ty of the metallic state include interchain coupling,
disorder, and commensurability energy. Most organic
compounds which exhibit metal-like properties to low

temperatures (T —30—100'K) contain both electrons
and holes as charge carriers. Thus, the recent report'
that (tetrathiatetracene) r(iodine)3 [(TTT)rlr) is a

stable organic metal down to 3.3'K is of considerable
interest. This material is of additional interest be-
cause: (i) unlike other organic metals, TTT is not a
derivative of tetrathiafulvalene (TTF), (ii) there is
only one type of charge carrier (holes), associated with

the TTT cation radical stacks, (iii) the TTT and iodine
lattices are incommensurate and the iodine chains ex-
hibit considerable disorder, ' and (iv) the conductivity
peaks in the vicinity of 50—100'K,"and then drops
to a value of the order of (0.1 —0.01)oar at 4'K, a re-
latively high value for this temperature.

Recent studies of this compound have suggested
that (TTT)2I3 is: (i) a stable organic metal down to

3.3 'K, ' (ii) a metal down to -50—90'K where a

phase transition occurs leading to nonmetallic
behavior with disorder reducing the interchain cou-
phng, thereby, making the system more one dimen-
sional, ' and (iii) a disordered semiconductor with

strong interchain coupling at all temperatures wifh no
phase transitions. In view of the diversity of these
suggestions, we have measured the electrical, magnet-
ic, and optical properties of (TTT)r13. We wish to
present evidence supporting a metallic state at high
temperatures, but also supporting a nonmetallic state
at temperatures below 30 K.

II. EXPERIMENTAL

The crystals studied in this investigation have an
orthorhombic crystal structure with lattice constants of
a =18.424 A, b -4.957 A, c -18.323 A, and cx P
y =90', ' in agreement with the structure determined
by Smith and Luss. ' The b axis is the stacking axis.
The TTT and iodine sublattices are incommensurate
with respect to each other and their lattice spacings
yield a stoichiometry of (TTT)2(I3)i 04 or TTT-Ii 5,. This
is similar to that reported by Isett' and Mihaly. How-
ever, Kiminskii et a/. report a homogeneity range of
TTT-I, where 1.50 ~ x ~ 1.55. The diffuse lines due
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WDL
= 6/ + Kite

where

Cdg, /(Ccl —l Cd/T) (2)

to the disordered iodine chains seen for compositions
with x ) 1.50, revert to spots for x =1.50, indicative
of ordered iodine chains. All of the crystals examined
in this study exhibited diffuse lines due to disorder in

the iodine lattice.
We have measured the electrical conductivity of sin-

gle crystals of (TTT)&13 using the conventional four-
probe technique with aquadag contacts. The room-
temperature conductivity along the needle axis
cr„",.(RT) is -1000 0 ' cm ' giving a mean-free-path
A. of the order of two lattice constants. We have also
measured the anisotropy in the conductivity at room
temperature by the Montgomery technique and find
that cr„/cr„—160. This value is low compared to the
ratio cr„/o „—300—500 observed' in (tetrathiaful-
valene) (tetracyanoquinodimethane) TTF-TCNQ (the
a axis in TTF-TCNQ is perpendicular to the donor
and acceptor sheets). Thus, there appears to be
significant interchain coupling in (TTT)2I3 although
not as much as is observed in the stable organic sem-
imetal hexamethyltetraselenafulvalene (HMTSeF)-
TCNQ, where o c, /cr„—30 + 10."

The b-axis conductivity increases with decreasing
temperature in a metal-like fashion similar to that re-
ported by Isett. ' The resistivity can best be described
in the temperature range 100 & T & 300'K by

p(T) = po+ p~ T~ with y = 2.3—2.4 {compare to the
previously reported' value of 2.0). At -100'K, the
conductivity Peaks with cr"„„/crt'cr —2 —3. . We have
found that most of our crystals tend to fracture at
temperatures slightly less than 90'K, in spite of very
careful crystal mounting and very slow cooling. The
conductivity decreases with temperatures below 90'K
to a value at 4'K of the order of (0.01) cr&T. The
temperature dependence is not purely exponential in

this temperature range. At 4'K, the mean free path
deduced from the conductivity is much less than the
lattice constant and coupled with the temperature
dependence, indicates a nonmetallic state at low tem-
peratures.

The room-temperature polarized reflectivity of a sin-

gle crystal of (TTT)21& is shown in Fig. 1. The
difference between Rii and R& is quite pronounced,
reflecting the anisotropic nature of these crystals.
Other important features of Rii are the sharp increase
in the reflectivity near 0.6 eV, indicative o. a plasma

edge, and the prominent structure centered around
1.85 eV which is due to interband transitions. The
minimum in the reflectivity near 0.6 eV also suggests
the importance of nearby interband transitions.
Therefore, we have analyzed the reflectivity data using
a Drude-Lorentz model. The dielectric constant is

given by

and

2

ay=a, + $
(Cd, Ccl ) l Cd/T,

(3)

e, and et, are the free and bound electron contribu-
tions to the dielectric constant, respectively.
cd,', =4TTN„e'/m' is the free-electron plasma frequency,
NI, is the density of holes, m' the optical effective
mass, r = I ' the relaxation time, e,, the contribution
to the dielectric constant from the core electrons, and
~, is the frequency of the interband transition. A fit
of this model to the data using one Lorentzian oscilla-
tor yields the following parameters: e,. 2.61 + 0.27,
%o, =1.33 +0.15 eV, N'=0. 076+0.056 eV,
tie, = 1.87 + 0.18 eV, N', =0.81 + 0.04 eV, and
So„=2.94+0.42 eV. Note that the minimum in the

I

reflectivity occurs approximately at

since the free-electron plasma frequency is screened
by the nearby interband transitions. The inset shows
the real and imaginary parts of the total dielectric con-
stant, e~ and e2, respectively, as computed from Eq.
{1)where CDL = ~}+I62. From the plasma energy 1.33
eV and the density of carriers, one can estimate the
optical effective mass. Using the x-ray data and as-
suming complete charge transfer, N&,

—1.2 x 10 '

holes/cm', one finds m' -0.93 mo. For a three
quarter-filled electron band, using the tight-binding
approximation, this gives a crude estimate of the
bandwidth of -1.5 eV. A similar value was obtained
by Mihaly4 using the room-temperature thermoelectric
power (TEP). Measurements of the magnitude and
temperature dependence of the longitudinal TEP of
single crystals of our samples' yielded results in agree-
rnent with Mihaly's work. 4 The assignment of the ab-
sorption bands centered at 1.85 eV and polarized
along the b axis, to particular interband transitions has
not been made. It is possible that there is more than
one transition comprising the structure centered
around 1.97 eV, but the uncertainty in the experiment
precludes such identification. A slightly better fit to
the data may be obtained by using the Drude-Lorentz
model with additional Lorentzian oscillators. Howev-
er, in view of the uncertainty in the data, we attached
no particular physical significance to these additional
oscillators. The interpretation of this structure in
terms of excitations of (TTT)', (TTT)+, or 13 is com-
plicated since these molecules absorb in similar re-
gions. Solid-state diffuse reflectance studies by Miha-
ly8 and by Matsunaga indicate that (TTT)" absorbs at
1.61, 2.17, and 2.6 eV while (TTT) has bands at
0.78, 1.18, 2.28 eV, and a shoulder at 2.60 eV.
Diffuse reflectance studies of symmetrical tri-iodide
ions in different solids' show absorption bands for I3

at 2.16, 2.71, and 3.38 eV. Mihalys has also measured
the diffuse reflectance of (TTT)2I3 for tao +1.6 eV



OPTICAL, SPIN-RESONANCE, AND MA ~NETORESISTANCE STU DIES. .. 2855

80—

70—

t- 60—

I 50 ~

40

30—

20

I l l l
10 i I I t 1

N]
0 I

l-5-
I

-10-
I

2~0~4~
t

15i I i I i I I

0.0 0.5 1.0 1.5 2.0 2.5 3.0
PHOTON ENERGY (eY)

10—

0
0.0

RJ ~Ja - ~ ak JkkJlaa~g jL+

I I l l

0,5 1.0 1.5 2.0
PHOTON ENERGY (eV)

2.5 3.0

and finds an absorption band at 2.23 eV and a should-
er at 2.73 eV. Thus, he finds no sign of the (TTT)
absorption at 1.61 eV and concludes that only (TTT)+
and/or I3 are absorbing. Our broad band at 1.87 eV
could reflect contributions from (TTT)0 (1.61 and 2.17
eV), (TTT)+ (0.78, 1.18, and 2.28 eV), and I3 (2.16
eV). How'ever, the absence of the (TTT) and I3
bands at 2.6 and 2.7 eV, respectively, cannot be ac-
counted for. Intriguingly, Gabes and Stufkens'0 meas-
ured the diN'use reflectance of tetrabutylammonium
tri-iodide [(butyl)NH41il and observed an absorption
band at 1.85 eV which they assign as a charge transfer
transition. Thus, the optical absorption of (TTT)2I3 is
not quantitatively understood at present. The optical
reflectivity, however, provides additional evidence for
metallic behavior at room temperature. Far-ir meas-
urements would be useful for confirming the metallic
nature of the reflectivity.

In order to gain further insight into the charge tran-
sport process, we have studied the electron spin reso-
nance (ESR) and high-field magnetoresistance of
(TTT)ii). The ESR measurements were carried out
on six oriented single crystals using a conventional
Varian (E-12) X-band spectrometer with a rectangular
cavity operating in the TE~oq mode. The temperature
was measured using an Fe chromel-Au thermocouple
and controlled with an Air Products cryotip and
Heli-Trans (Model ADP-B) temperature controller.
The crystals were mounted on a quartz fiber using
vacuum grease which was then inserted into an
ESR tube. At room temperature, for the orientation

(Hollc, H, liQ, a relatively broad line having a

Lorentzian line shape is observed with a linewidth of
155 + 5 G. This large linewidth is what one would ex-
pect in view of the large spin-orbit coupling constant
of iodine (A —5060cm '). The g value was measured
by using the hyperfine lines of Mn'+ in ZnS as a
marker. The g value for this orientation at 4.2'K is
2.0052 + 0.0006) and is independent of temperature
up to 300'K. The temperature dependence of the
linewidth is shown in Fig. 2. The linewidth decreases
linearly with decreasing temperature down to
-105'K. This temperature dependence, as well as
the Lorentzian line shape, is suggestive of spin-lattice
relaxation processes in a metal, and thus, corroborates
the conclusions deduced from the reflectivity and the
temperature dependence of the conductivity. A sharp
drop in linewidth occurs near 105'K, the same region
where the conductivity peaks. Note that this behavior
is roughly similar to that observed in TTF-X, " X is a
halide or pseudohalide, but quite dift'erent from that
found in TTF-TCNQ. " The linewidth continues to
decrease linearly with decreasing temperature down to
-30'K. The linear nature of the temperature depen-
dence in this temperature range (30-110'K) is puz-

zling in view of the positive temperature coefhcient Of

the conductivity. If a transition has occurred at
-100'K, it is obviously not of the metal-to-insulator

type, but may be a metal-to-metal or metal-to-
semimetal transition. Below 30'K, the linewidth be-
comes temperature independent suggesting additional
changes occurring in the electronic structure.

The g value for the orientation Holi a, H~ll b has also
been measured. It is 2.0002 + 0.0006 and independent
of temperature from 4—300'K. The linewidth is iso-
tropic for Ho in the a-e plane (H~ll1) at 4.2'K and
room temperature. The orientation from Holi c to
Holi a was done manually while the crystals were at
4.2'K and, therefore, is approximate. More accurate
studies of the orientation dependence of the g value
are scheduled.

Karimov et at. "have made magnetoresistance
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FIG, l. Optical reflectivity of a single crystal of (TTT)2I3.
R ii and R~ are the reflectivities for light polarized parallel and

perpendicular to the conducting needle b axis, respectively.

The solid line represents a fit of Eq. (I) to the R,
~
data. The

inset shows the real and imaginary parts of the total dielectric

constant e1 and e2, respectively, as computed from Eq. (1)
where ~DL l + 2.
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FIG. 2. Temperature dependence of the ESR linewidth of
oriented single crystals of (TTT)213, {Holi c, H~ II b).
The solid-line is to facilitate viewing and is of no physical

significance.
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FIG. 3. Magnetoresistance of a single crystal of (TTT}213

as a function of temperature. The solid line is a fit to the

equation hR /R 600/T2. Inset shoes the magnetoresistance

as a function of applied field.

measurements on single crystals of (TTT)tli in fields
up to 55 kG. %e have carried out similar measure-
ments in fields up to 102 kG throughout the tempera-
ture range 4 ~ T ~160'K. Four-probe magnetoresis-
tance measurements with evaporated gold contacts
were performed with the current i along the conduct-
ing axis, both parallel and perpendicular to the mag-
netic field. %e find no measurable magnetoresistance
down to -22 'K (sensitivity was +0.5% of the zero-
field resistance). This is consistent with the expected
magnitude of the magnetoresistance of a metal where
hR/R is of the order of (ao, .r)'. Using the values of
m'and v obtained from the analysis of the reAectivity
data, we find (ai, r)' —. 10 ', in agreement with the
lack of observation of a measurable magnetoresistance
in the metallic state. At T & 22'K, a large and posi-
tive magnetoresistance is observed which varies with

temperature and magnetic field as -(H/T)' (see Fig.
3), in agreement with the results of Karimov er al. "
The magnitude of the magnetoresistance is indepen-
dent of crystal (and current) orientation with respect
to the magnetic field, and does not obey Kohler's rule.
The increase in hR /R with decreasing temperature is

not simply a reflection of the zero-field resistivity as in

the metallic system HgAsF6, ' since the resistivity in-

creases with decreasing temperature for (TTT}~13
below 22'K.

The magnetoresistive behavior may be contrasted
with that observed in TTF-TCNQ. " In TTF-TCNQ,
the magnetoresistance is also independent of orienta-
tion, but is small and negative. Also, a sharp peak in

hR/R is observed at the onset of magnetoresistance,
a feature which is believed" to reflect the mean-field
temperature dependence of the Peierls gap. No such
peak was observed in (TTT)tii.

There are some similarities between the resistive

behavior of (TTT) tli and that observed in semimetal-
lic HMTSeF-TCNQ. '6 The magnetoresistance of
HMTSeF-TCNQ is positive and of the order of 3'/0 at
zero-pressure and 28 ko, the maximum field for
which measurements were reported, and it does not
follow Kohler's rule. There are, ho~ever, some
significant diN'erences in the resistive behavior of
(TTT)tii and that of HMTSeF-TCNQ. The zero-field
conductivity ratio tr4t/aar, in (TTT)ili, is at least a
factor or two smaller. Moreover, the tendency
toward leveling off of the low-temperature con-
ductivity (at zero pressure) in HMTSeF-TCNQ is not
evident in (TTl)tli. Furthermore, the magnetoresis-
tance of HMTSeF-TCNQ does not foliow the expected
H' law as it does in (TTT)ili. This latter feature in

HMTSeF-TCNQ and the lack of adherence to
Kobler's law have both been attributed'~ to the pres-
ence of holes and electrons along the two-chain sys-
tem. There is, however, only one set of conducting
chains in (TTT) ii).

Additionally we call attention to the large magnitude
of the zero-pressure magnetoresistance in (TTT)tii,
-35% at 4.2'K (at 102 kG). In summary, the lack of
adherence to Kohler's law in the single-chain system
of (TTT)il3 argues against the existence of a simple
metallic state belo~ 30'K. Furthermore, while there
are some similarities in the magnetoresistance
behavior of (TTT) ill and that of semimetallic
HMTSeF-TCNQ, there are significant differences
which we believe are reAections of diN'erent modes of
charge transport.

III. CONCLUSIONS

%e have measured the electrical, magnetic, and opt-
icai properties of (TTT)ill. The crystals examined in
this study exhibited disorder in the iodine chains and
were characterized by a stoichiometry of
(TTT) i(l3) } 04 We believe that (TTT) ili is metallic at
high temperatures (100 & T & 300'K). Evidence sup-
porting this conclusion includes the high value of the
room-temperature conductivity, the optical reflectivity,
the temperature dependences of the conductivity and
ESR line width, and the absence of a measurable mag-
netoresistance. In addition, the TEP is small, positive,
and weakly dependent upon temperature. 4' The
behavior is similar to what one would expect for hole
conduction along the TTT chain in a three quarter-
filled electron band.

At 100 K, the temperature dependences of the con-
ductivity, ESR line width, and TEP all show abrupt
changes. %e believe that this indicates a possible
phase transition. However, the nature of the transi-
tion is unclear. The ESR linewidth continues to de-
crease linearly with decreasing temperature below
100'K and there is no observable magnetoresistance.
The conducitivity decreases with decreasing tempera-
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ture, but not exponentially. Consequently, we be-
lieve that if a phase transition has occurred, it may be
of the metal-to-metal or metal-to-semimetal type.

At 20—30'K, a metal-to-insulator phase transition
occurs. This is indicated by the onset of a large and
positive magnetoresistance, the leveling off in the
temperature dependence of the ESR linewidth, and by
recent derivative analysis of the electrical conductivity
in this region. '" Even though the magnitude of the
conductivity is still relatively high, -0.01o-RT for these
temperatures, it suggests a mean free path of the ord-
er of 10 lattice constants, and thus, is inconsistent
with metalhc behavior. Thus, we believe that the
low-temperature ground state (T (30'Io of (TTT)213
is nonmetallic.

Finally, a comment should be made concerning the
role of disorder in this material. As mentioned ear-
lier, it has been suggested that the disorder observed
in x-ray studies of (TTT)2I3 may be responsible for
stabilizing the metallic state down to 3.3'K or, when
combined with interchain coupling, may provide delo-
calized statt:s in the band gap of a semiconductor4
such that metal-like charge transport occurs. Certainly
the pronounced disorder observed in the x-ray studies
should affect the transport properties. The tempera-
ture dependence of the conductivity at low tempera-
tures can provide a useful signature for the in0uence
of disorder. Ho~ever, there is no evidence for a
Incr- —(To/T)'~' behavior, indicative of hopping in

disordered one-dimensional systems, " in (TTT)2I3.
The reported temperature dependences at low tern-
peratures, ' " vary as In a — (To/ T) '~' a—nd In o -a T.
We have not been able to fit our data to a law of the
form Ina ——(3 /T)" over any physically signiftcant
temperature range. Similarly, Kaminskii et a/. ' report
large variations in a(T) at iow tem. peratures. Thus,
more extensive low-temperature conductivity meas-

urements would be useful. Preliminary x-ray studies'
of the temperature dependence of the structure reveal
that the iodine chains are becoming more ordered as
the temperature is lowered (i.e., the diffuse layer lines
gradually collapse into diffuse spots with decreasing
temperature). Similar results have been noted in
diffuse x-ray scattering of (TTT)2I3."Thus, the de-
gree of disorder is decreasing at low temperatures.
The important parameters are the ratios of the ran-
dom potential to the electronic bandwidth (4t~~) and
the interchain coupling, and the competition between
electron localization and suppression of a Peierls-type
instability by disorder in (TTT) 213 may be quite subtle.
The elucidation of the nature of the transition near
100 K (if it exists) would shed light on this question.
X-ray studies as a function of temperature down to
25 'K are currently in progress' in order to resolve
some of these questions. Thus, the contribution of
disorder in stabilizing the metallic state or in providing
a mode for electron delocalization is unclear. In
summary, (TTT) &13 is an interesting one-dimensional
electronic system in which it may be possible to study
the combined effects of disorder and interchain cou-
pling on charge transport processes.
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