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ABSTRACT

The principal objectives of this work were the design, synthesis, and preliminary
characterization of new organic conductors and superconductors. Electrocrystallization facilities
were constructed that accommodate 96 crystal growth cells. Crystal formation takes place in a
temperature-controlled (0.1 C), vibrationally-isolated, (vertical isolation efficiency at 10 Hz in
60-90%), inert-atmosphere environment. A variety of radical-cation salts of
bis(ethylenedithio)tetraselenafulvalene were grown and characterized by crystallography, tight-
binding band calculations, electronic transport, magnetic properties, and a number of other solid-
state methods. Significant findings include the discovery of a tetrachlorogallate salt that is a
superconductor with a transition temperature 5.5° higher than any previously known organic
material containing selenium and magnetoresistance studies on mercury thiocyanate salts that
suggest that strong electron-electron interactions are important in promoting and enhancing
superconductivity in organic superconductors. A new organic conductor precursor,
bis(ethylenedithio)tetrathiohaphthalene, was synthesized and several of its conducting salts were
investigated in a preliminary manner. Numerous collaborative studies were undertaken.

RESEARCH SUMMARY

A. Facilities Development.

With the aid of the departmental electronics, computer, and mechanical services groups,
crystal growth facilities were constructed that accommodate 96 electrocrystallization cells. The
cells are housed in 150-1b. thermostated (25-80°C, £0.1°C) boxes (12 cells per box, dry nitrogen
or argon available) constructed of angle iron and chip board and lined with acoustical foam
composite. Each box rests on a Technical Manufacturing Corporation Series 64 table-top
vibration isolation system (vertical isolation efficiency @ 10 Hz: 60-90%). A 96-cell constant
current/voltage (0-40.95uA/0-10.23 volts) system that was designed by the department's




electronics group and is computer controlled. It has a back-up computer and emergency power
sources. The electrical history of each cell is available on a monitor and is routinely recorded for
each experiment. To our knowledge, this is the premier electrocrystallization facility in the

United States.

A Vacuum Atmospheres Glove Box was equipped with six vibrationally-isolated
electrocrystallization cells. The glove box was used for growing and handling air-sensitive
materials. A helium refrigerator system was designed in collaboration with the of RMC
Corporation for resistance measurements that maintains highly stable temperatures to below 10
K. It has a double sample holder that is particularly useful for comparative measurements and
isotope effect studies. The helium refrigerator apparatus was one of our primary instruments for
screening new crystals. Additionally, AC and DC resistance measurements and AC
susceptibility measurements were made to 2.3 K with a Lakeshore Model 7110 helium cryostat

system.

B. Radical-Cation Based Conductors.
1.  Bis(ethylenedithio)tetraselenafulvalene, BEDT-TSF or BETS (1). Our interest in
BETS-based conductors arose from a comparison of the similarities and differences

(A I]

BEDT-TSF or BETS

between the organic radical-cation superconductors with T¢'s over 10 K and the high-Tc cuprate

superconductors. !

A multistep synthesis of BETS was outlined in 1983.2 Since a number of factors
suggested that the reported BETS synthesis was less than ideal, our initial efforts focused on an
improved preparation of BETS starting from tetraselenafulvalene.3 An alternative route to BETS

was published while this work was in progress.*

In preparing radical-cation salts of BETS, our emphasis was on systems that are
isostructural with known ET superconductors (e.g., K-(BETS), Cu[N(CN);}X where X = Br and
C1,6 x-(BETS), Cu[NCS],,” and B-(BETS),13).8 Because of the very limited solubility of BETS in
typical electrocrystallization solvents, the preparation of BETS salts was attempted at elevated




(40-55°C) temperatures. This modest change in reaction conditions greatly facilitated the
synthesis of BETS conductors. Several solvents were screened for electrocrystallization
(1,1,2-trichloroethane (TCE), TCE -ethanol mixtures, 1,1,1-trichloroethane (1,1,1-TCE),
TCE:1,1,1-TCE mixtures, chlorobenzene, and benzonitrile). TCE-ethanol proved to be one of the
most useful solvents. Over two dozen salts were screened: Cu[N(CN)2]X ™ where X-=Cl, Br, I,
Cu(NCS)3, GaCly, SbFg, CF3503, CH3503,NO3,13,1Br,, AuCly, GaBr 4, TICl4, TIBr 4,
Ti 7, TiI4(I3)-, FeCly, FeBr , InBr 3, Inl 3, Hg 318, KHg(SCN)4, and NH4Hg(SCN)4)3:9:10.11
Multiple stoichiometries and crystal packing motifs were observed for several of the anions.
Many of the salts were characterized in detail [X-ray structures at 100 K and 300 K, resistivity
measurements from 300 K to 15 K (some to 2 K), AC susceptibility from 300 K to 4 K (some to
0.2 K with RF penetration depth measurements), 31011 tight-binding band calculations, and
pressure studies at 4 K (0.5-5 kbar)]. More detailed measurements (critical field,
magnetoresistance, magnetization studies) were carried out on a few systems in collaboration with

several physics research groups (listed in parentheses).

As a class, the BETS conductors are quite interesting; many are metallic (resistivity
decreases with temperature) at room temperature and remain so to at least 10-15 K. k- and
8-phases, which have yielded the ET superconductors with the highest T¢'s, abound. No x-or

8-phases were superconducting, however.

We succeeded in preparing K-(BETS), Cu[N(CN),]Br,? which is isostructural (300 K,
95 K, and 20 K) with the radical-cation superconductor x-(ET)2Cu[N(CN),]Br (T, = 11.6 K).5
The resistivity of k-(BETS), Cu[N(CN);]Br decreases monotonically from 300-4 K, but a
superconducting state is never achieved.! Complementary RF penetration depth measurements
(~500 kHz) failed to detect superconductivity at 0.5 K (J. M. Williams and G. W. Crabtree).
Structurally, the most significant difference between Kk-(BETS),Cu[N(CN),]Br and
k-(ET), Cu[N(CN),]Br is that one of the ethylenedithio groups of the BETS component is
disordered to at least 20 K (C. E. Strouse and S. I. Khan). It is likely that this disorder is
responsible for the lack of superconductivity in K-(BETS)2Cu[N(CN),]Br. Pressure (0.5-5 kbar
at 4K) does not induce superconductivity (J. E. Schirber).

Our most significant finding to date is the discovery of superconductivity in
A-(BETS),GaCls.10 We reported the synthesis and resistivity profile of k-(BETS)2GaCly in 19923
A relatively sharp resistive transition is observed in the A-phase material with an onset of about
7.5 K, a midpoint of 6 K, and negligible resistivity below 5 K. Superconductivity was confirmed
by AC susceptibility (onset 5.1 K, midpoint 4.5 K, AT = 1K). X-ray crystal structures




(P1) at 300 and 100 K show that the BETS dimers (nonequivalent BETS molecules) pack in a
zig-zag fashion (denoted A) in the ac-plane in layers, alternating with GaCly~ layers. Pressure
measurements (J. E. Schirber) have demonstrated a negative pressure effect on T (dT./dP ~
-0.3 K/kbar). Several samples had much broader resistive transitions with higher onsets (>9 K).
It was also found that the application of gold paste can raise the onset of superconductivity as
measured by AC susceptibility by several degrees. The effect is reversible (onset, sharpness), but
the final absolute susceptibility after removing the gold paste is lowered somewhat. These
interesting observations are being examined further. Tight-binding band calculations (M.-H.
Whangbo) suggest that A-(BETS),GaCly has both 1-D and 2-D Fermi surfaces, the most
prominent feature being a closed hole pocket centered at X accounting for ~33% of the first
Brillouin zone. STM and AFM measurements on A-(BETS),GaCly have been completed (S. N.
Maganov) and the results are being compared with theoretical electron density calculations
(M.-H. Whangbo).

The discovery of superconductivity in A-(BETS),GaCly is noteworthy from several points
of view. It is the first superconductor derived from BETS. The onset of superconductivity at

7.5 K is 5.5° higher than any other organic superconductor containing selenium. 12 There are only
four other radical-cation based superconductors that have higher T's than A-(BETS)2GaCly.!2

Kobayashi and coworkers have published resistivity data and a room temperature crystal structure
of A-(BETS),GaCly.13 Their results are in complete experimental agreement with our work.

The vortex dynamics and pinning parameter, o, have been examined recently for A-
(BETS),GaCly (C. C. Agosta). The pinning parameter is 44 N/m2, almost three orders of
magnitude less than the layered cuprate superconductor YBCO. It is readily conceivable that
pinning studies like this on organic superconductors might be of considerable value in

understanding pinning phenomena in the copper oxide superconductors. 14

In an attempt to understand the variable T¢'s in A-(BETS)2GaCly, nine different crystal
morphologies we isolated from the electrocrystallization products of BETS and
tetrabutylammonium tetrachlorogallate.1> The morphologies were examined by X-ray

crystallography and electrical transport measurements and have been assigned to several
different crystal systems: K-, A-, and K'-(BETS)2GaCly, o.-(BETS)3GaCly*TCE, and an

incompletely characterized semiconductor. Anisotropic pressure studies are continuing on this

system (J. S. Brooks).




Two BETS salts, a-(BETS)2MHg(SCN)4 (M = NH4 and K), were prepared that are
isostructural with the BEDT-TTF compounds o.-(BEDT-TTF);MHg(SCN)4 (M = NH4 and K).16
a-(BEDT-TTF);NH4Hg(SCN) 4 is a superconductor (T¢ = 1.1K); a-(BEDT-TTF),KHg(SCN)4 is
metallic to at least SOmK but is not a superconductor. Both BETS compounds are metallic to at
least 0.4K but neither exhibit superconductivity. Tight-binding band calculations were published
comparing the BEDT-TTF and BEDT-TSF systems (M.-H. Whangbo). 17 The calculations
suggest some interesting differences in the Fermi surfaces of the BEDT-TTF and BEDT-TSF
(BETS) systems, that should be possible to verify experimentally employing angle-dependent
magnetoresistance studies. Such experiments are in progress (J. S. Brooks). Simple
magnetoresistance studies on a-(BETS)MHg(SCN)4 (M = NH4 and K) have been completed (C.
C. Agosta).18 Cyclotron resonance studies are also being performed on the BETS salts (J.
Singleton). The results of these studies to date suggest that strong electron-electron interactions
are important in promoting and enhancing superconductivity and enhancing superconductivity in
organic superconductors. Electron-electron interactions are greatly reduced in BETS compounds

compared to their isostructural ET relatives.

A. Bis(ethylenedithio)tetrathionaphthalené (BEDT-TTN) 1). Recently, the synthesis
of the potential organic superconductor precursor, BEDT-TTN, was achieved. The seven step

synthesis is shown below.



S,Cly, SO,CL, AICI;
—

60°C

Cl Benzoyl Peroxide)
CH;0CH,CH,0CH;
cl ClI
Cl (o] Cl
Ssg
I
Cl (o] s10°C Cl
cl1 Cli
R
e O
Cl Cli Cu(acac)2
* N2 " phor
Cl Cl 132°C
S—S
R
R = Bu

Cl

Cl

ct cCi

65%

§—S
l . Cl
Cl

§—S

75%

##

Ar Ar

89%




| Ar Ar Ar Ar
> Q® >
N
cl OO ci DME-THF/15°C  Ph” OO ~"ph
>
B
Cli Cl 2, ph/\/ r Ph/\/s S\/\Ph
S S S S
Ar><Ar Ar><Ar
73%
Ar Ar Iii Ar Ar
s><s ;. N S><s
/THF
S S S :
e b
/\/Br
Ph/\/s ) ] S\/\Ph 2.B S | I S
Ar><Ar Ar><Ar
77 %
Ar = BU—O—
Ar Ar
S><S —_—
(L) St S
>
THF-CH3OH (10:1) j
S S Bu,NH,PO, S S
S S S—-§
N./[O,]
Ar><Ar 60%

1

All of the steps proceed in 60-89% yields, and optimization of the reaction conditions is

continuing.

Over a dozen radical cation salts of BEDT-TTN were prepared by electrocrystallization.
Three salts, (BEDT-TTN) ClO4, (BEDT-TTN)3(SCN)2, and (BEDT-TTN)al3, were
characterized by four-probe electrical transport measurements, ESR spectroscopy, and X-ray
crystallography. The 1:1 ClOy4 salt is a semiconductor [E; = 262(15) meV (323-270 K)] as
expected. (BEDT-TTN)3(SNC);'s room temperature conductivity is six orders of magnitude




greater than that of (BEDT-TTN)CIOy4, but it is also a semiconductor [E; = 93(7) meV (290-180
K), Ea = 62(6) meV (180-70 K)]. The first metallic system is (BEDT-TTN)I3 [Tm = 170K, E,
= 88(4) MEV (170-90 K)].

C. Collaborations.
In addition to the collaborations noted in sections A and B (affiliations noted below),
three manuscripts on organic conductors and superconductors were published with Professor

Joseph Brill.

1. AC Calorimetry at Charge Density Wave (CDW) and Spin Density Wave (SDW)

Transitions.19
The specific heats at the SDW transition in x-(BEDT-TTF)Cu[N(CN);]Cl and the CDW

transition in (TMTSF)2ReO4 have been measured. No anomaly is observed in the SDW
transition. For (TMTSF)2ReO4 there is a sample-dependent latent heat associated with anion

ordering.

2. Electric Field Dependence of Young's Modulul of (TMTSF),PFg.20

The Young's modulus (Y) and internal friction (1/Q) in (TMFTSF)2PFg have measured at
5.5K as functions of electric field. No changes (AY/Y, A1/Q <2 x 10-4) are observed at fields up
to 100 ET, the threshhold for SDW depinning, in contrast to what is observed for many sliding
CDW materials. A possible explanation is that bulk depinning of the SDW is not observed.

3. Thermodynamics of the Anion Ordering Transitions in (TMTSF)2ReQ4 and

(TMTSF)7BF4.21 The heat capacities were measured by AC calorimetry.

Major collaborators in this grant and their affiliations were:
J. W. Brill, Department of Physics, University of Kentucky
" M.-H. Whangbo, Department of Chemistry, North Carolina State University

J. E. Schirber (retired), Sandia National Laboratory

J. M. Williams and G. W. Crabtree, Divisions of Chemistry and Materials Science,
Argonne National Laboratory.

C. C. Agosta, Physics Department, Clark University

J. S. Brooks, NHMFL, Department of Physics, Florida State University

S. N. Magonov, Materials Research Center, Albert-Ludwigs University, Germany

C. E. Strouse and S. I. Khan, Department of Chemistry, University of California, Los
Angeles

J. Singleton, Clarendon Laboratories, University of Oxford, United Kingdom
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ABSTRACT:

The principal objectives of this work were the design, synthesis, and preliminary
characterization of new organic conductors and superconductors. Electrocrystallization facilities
were constructed that accommodate 96 crystal growth cells. Crystal formation takes place in a
temperature-controlled (0.1 C), vibrationally-isolated, (vertical isolation efficiency at 10 Hz in
60-90%), inert-atmosphere environment. A variety of radical-cation salts of
bis(ethylenedithio)tetraselenafulvalene were grown and characterized by crystallography, tight-
binding band calculations, electronic transport, magnetic properties, and a number of other solid-
state methods. Significant findings include the discovery of a tetrachlorogallate salt that is a
superconductor with a transition temperature 5.5° higher than any previously known organic
material containing selenium and magnetoresistance studies on mercury thiocyanate salts that
suggest that strong electron-electron interactions are important in promoting and enhancing
superconductivity in organic superconductors. A new organic conductor precursor,
bis(ethylenedithio)tetrathiohaphthalene, was synthesized and several of its conducting salts were
investigated in a preliminary manner. Numerous collaborative studies were undertaken.
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