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The propertiesof five newhighly conductingsaltsof TMTSF, (TMTSF)2X,
X = PF~,AsF~,SbF~,BF andNO~are reported.Themeasurements
included.c.andm.w. conductivity,thermopower,optical reflectivity,
magneticsusceptibilityand

19F—NMR.Preliminarystructuraldataindicate
uniform donorstacks.Metalto insulatortransitionsin four materialsoccur
below 20K,wherespecificconductivitieshigherthan l0~(~2.cm)~are
observedfor two salts(X = PF~andNOD.

1. INTRODUCTION (TMTSF)
2X,X beingPF~,AsF~,SbF~,BF~andNO~

RECENTLY, it wasshownthatat temperaturesbelow (seeFig. 1).
15 K andat 10 kbarhydrostaticpressure,thetwo chain 2. EXPERIMENTALRESULTS
systemTMTSF—DMTCNQexhibitsspecific conduc-
tivities [1] in excessof iO~(~2~cm)_i. Similarly in the Single crystalsof the solidsin questionwere
one chainsystem(TSeT)2Cl a phasetransition [2] at preparedby electrochemicaloxidationof neutral
pressuresabove6 kbar takesthe systeminto a highly TMTSF in CH2Cl2 at constantcurrent.The actual
[a> l0~(fZ-cm)’) conductingstate.Both solidsat currentusedwas sufficiently low to ensurethat the
ambientpressurehavecharge-transfer~, (TSeT)2Cl by crystallizationratewas determinedby diffusion, and
stoichiometryandTMTSF—DMTCNQasdemonstrated not activetransportof materialto the electrode.
by diffuse X-ray techniques[3]. However,the Tetraalkylammoniumor -phosphoniumsaltsof the
commensurabilityof the chargedensitywave (CDW) appropriateanionswere usedassupportingelectrolyte.
set up in thesecompoundswith respectto thelattice,do Since the stoichiometryof the newcompoundsin
notenhanceTc of the Peierlstransitionhigherthan to questionis crucial for the commensurability,multiple
42 and 24K, respectively,at ambientpressure. microanalysiswith standardsbetweenconsecutiveruns

In this paperwe reporta seriesof five commensurate were obtainedfor eachnew salt, resultingin perfect
saltsof TMTSF (~2.2 -bi-(4,5-dimethyl)-1,3.diselenole) 2: 1 stoichiometrywithin experimentallimits (0.5%).
of the type (TMTSF)2X, four of which exhibit T~well The structureof (TMTSF)2PF6 hasbeeninvesti-
below 20K,andtwo of which reproduciblyexhibit gatedin somedetail (seeTable 1 andFig. 2).Thestruc-
conductivitiesin excessof iO~(~2-cm)~,the highest ture is characterizedby uniform donorstacksin sheets,
reportedsofar in organiccompoundsat ambient separatedby anionsheets.The donormoleculesrepeat
pressure. by a pseudotranslationof perioda/2 alonga,andare

Earlier,(TMTSF)~halidesand pseudohalideshave nearlyperpendicularto a (tilt angle1.7°).In our
beeninvestigated[4] , aswell as somesulphur preliminarydatawe find no indication of the slight
analogues[5] of thepresentcompounds,bothseries dimerizationin the donorstacks,whichhasbeen
being“metallic” only in avery narrowregimearound reportedfor a verysimilarsulphurcompound
roomtemperature. (TMTTF)2Br [5,6]. In (TMTSF)2PF6 thedonor

The compoundsreportedanddiscussedare moleculesare overlappingsymmetricallygiving riseto a
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Table 1. Structuraldatafor Se Se
(TMTSF)2PF6 PF~ AsF~ SbF~.BF~, NOi

Tricinic P1
____________________________________________ TMTSF

a: 7.297A a: 83.39°
b: 7.711A fi: 86.27°
c: 13.522A y:71.01°
______________________________________ Fig. 1. Constituentmolecules.
Interplanarspacingalonga: 3.65 A.
Tilt of donorplane relativeto a: 1 .7°.

Table2. Conductivityand dielectricconstantdata

X alt (d.c.) 011 (35 GHz) a~(d.c.) a~(35 GHz) 012 (d.c.) T~(K)t

ci~cm’, T= 300K

PF~ 540 310 1.5 3.5 0.015 19
AsF~ 430 — — -- 15
SbF~ 500 — — — — 17
NO~ 780 240 — — — 12
BF.~ 540 460* — — 39

* c1 (35GHz,20K)=250.

t As obtainedfrom thermopowerdata.

j filled band,ratherthan a formally ~ fIlled bandin the
dimerizedsituation.We do howeverwish to point out
that sucha weakdimerization,as claimedin thesulphur
compounds[5] , is only expectedto influence the
propertiesat very low temperature,wherethermal
motion is lessimportant.

The presentseriesof materialsis remarkablein
certain features:(1) thecompoundsare commensurate;
(2) despite(1) the Peierlstransitionsin 4 materialsare
foundbelow 20K and(3) absolutevaluesof conduc.
tivities in at least two materialsare > i0~(~.cm)’
indicative of meanfree pathsin excessof 200 inter-

molecularspacings(~—700 A).
In two materials(TMTSF)2PF6 and(TMTSF)2NO3

we infer, from the analysisof the transportdata,that
we havecrystalsof high quality. The AsF~and the~ are assumedto havethesameinherentproperties

as thePF~salt,but thecrystalquality is probablynot
asgood.(TMTSF)2BF4 is distinctly different from the

otherfour materials.The crystalquality seemsto be
reasonable,but (TMTSF)2BF4 exhibitsan extremely
sharpphasetransitionat 39 K.

2.l.Conductivity

D.c. conductivity measurementswere madeusing
Fig. 2.(a) View alonga. (b) View along b. standardfour probetechniques.In severalruns minor

contactproblemsoccurredshowingup asjumps into
moreresistivevalues.The bestresultswereobtained
usingevaporatedgold contacts.Figure3 andTable2
summarizethe results.
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Fig. 3. D.c. resistivity vs temperaturefor typical samples
of (TMTSF)2X.Note the logarithmictemperatureand
resistivityscales, resistivity canbe fitted to p Po + bT

2 with Po close
to zero,indicativeof good crystalquality. (TMTSF)

2NO3
The d.c. resultswere confirmedby microwave(m.w.) exhibits the samegeneralfeatures.PRT/Pmin rangefrom

measurementsat 35GHz [7], in whichalso thermal 130—400.The phasetransitionoccursat anevenlower
contractionaswell asthe temperaturedependenceof the temperature(- 12K). Again p = Po + bT

2 is observed
anisotropywas determined.In the insulatingstateof at high temperaturewith Po closeto zero.Interestingly,
(TMTSF)

2BF4 the dielectric constante~wasestimated, a distinct changeof slopeis seenin all crystalsof the
Resultsare given in Fig. 4 andTable2. NO~salt (bothby d.c.andm.w.)at 45K, indicative of

Roomtemperatureconductivitiesrangefrom a transitioninto a moreconductivestate.
500—800(~2-cm)~.In Fig. 3 we showresistivity data Preliminarymagnetoresistancedatain a field of 4 T
for typical crystalsof eachmaterial, perpendicularto a wereobtainedfor (TMTSF)2PF6 and

The resistivity of (TMTSF)2PF6 decreasesmono- (TMTSF)2NO3. At 20K (still in the metallic regime)the
tonically 130—200X from the room temperaturevalues resistivity is enhanced20%.
to the minimumat 18K. Fromthe maximumslope of (TMTSF)2AsF6 and(TMTSF)2SbF6are less
the curve we infer that a phasetransitionoccursat 15 K. interestingsofar. Bothexhibit Peierlstransitionsaround
This transitionprobablyreflectsthe openingof a Peierls 15 K (asthePF~salt),butthehighresidualresistivities
gap.The crystalsdo notgo insulating,but retain obtainedin thep Po + bT

2 analysisaswell as the
resistivitieswell belowtheroom temperaturevalue lowerresistivity ratios(~20—50)indicatethat the
downto the lowestmeasuredtemperatures(4K). This crystalquality is moderatecomparedto the materials
is very likely causedby impurity statesin the very describedabove.
narrow gap.At hightemperature(> 100K) the (TMTSF)

2BF4 exhibitsan extremelysharpmetalto
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Table3. Drudeparametersfor bothd.c.andm.w. techniques.At room temperatured.c.
(TMTSF)2PF6 revealspi/p1~= 300 and pu/p1 = 3 x i0~.The mw.

anisotropywas measuredasa functionof temperature.
F P11/P!1 increasefrom 100 to more than 1500 at 20K,

cm cm thus confirmingthe one dimensionalnatureof the solid

2.54 10,050 1220 in accordancewith the structuralfeatures.

2.3. Optical results

I I Polarizedsinglecrystal spectrain the range from
5000—16,000cm_i havebeenrecordedfor
(TMTSF)2PF6 and (TMTSF)2NO3. The spectraare

~‘ nearlysuperimposable.In the highly conducting
direction,R11 dropsrapidly from the infrared to a

~ •~ minimum at 8200cm
1.We interpretthis reflectivity

20 . ~ - edgeasa metallic plasmaedge.At higher energythe
~ ~ reflectancerisesmonotonicallyaswe enterthe regionof

~ ~ moleculartransitions.Perpendicularto the stacksR
1 is

~ ~ ~ nearlyconstantthroughoutthe regionmeasured.The
~ featuresin thevicinity of theplasmaedgeare analyzedin

10 - - a Drudemodel for th: dielectricfunction:

~ c11(w) = — w(w+ iF)

L~ wherew~is theplasmafrequency,
6b thebackground

dielectric constantand F therelaxationrate.Since the
o - presentmaterialsare simple 1-chainsaltsof charge

+ transferp = ~, w~,canbe usedto estimatethe band-
* ~ TMTSF)

2 NO3 width W. Assuminga uniform chainwe get for a cosine

* (TMTSF)~- BF~ band [9]:
+ • TMTSF)2 — PF6 2 — e

2a2 sin (~pir) W

-10 0 TMTSF)
2- SbF6 - ‘~‘~‘— 2~re0h

2V~ 2
* X + TMTSF)

2 - AsF5
where V~is theunit cell volume.

A valueof approximately1 eV for W is obtainedin

the analysis.This valueis substantiallylarger thanthe
X estimatedbandwidthsin most TTF—TCNQ salts

-20 - (~0.5eV) [9, 101. Table 3 summarizesthe opticaldata.
I I 2.4. Thermopower

100 200

TEMPERATURE IN) In Fig. 5 we show the thermopower(S)of all the

Fig. 5. Thermopowervs temperaturefor typical materials.In the metallic regionsmallpositivevaluesof
(TMTSF)2X samples. S falling linearly with temperatureandextrapolatingto

zero are found.We notice,however,a slight curvature
insulatortransitionat 39 K. From them.w. datathe againstsmallerS in all materials.This could be indicative
dielectricconstant,�1 , wasobtainedfrom 20—35K. A of collectivephenomena.If we for simplicity assumea
nearlyconstantvalueof 250 is found.We emphasize singleparticleapproachwe find for a highly anisotropic
that this value is anorderof magnitudesmaller than in free electrongas,a bandstructurecontributionto the
TTF—TCNQ [8] . At presentwe await crystallographic thermoelectricpower [111 in a ~ filled band:
information of (TMTSF)2BF4 which appearsto be /
distinctly different from theother4 materials.However, S = ir

2 —

the high temperatureresistivity is againdescribedby a ~ e W
P = Po + bT2 relation. From the slopeof S(T)we estimatebandwidthsof

2.2. Anisotropy 1 .0eV in accordancewith the optical results.In the plotof S vs I IT (Fig. 6) anomaliesindicativeof phase
The anisotropyof (TMTSF)

2PF6 was measuredby
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Fig. 6. Thermopowervs inversetemperaturefor the samesamplesasin Fig. 5.

transitionsare clearlyseenatthe sametemperaturesas Theactualsusceptibilityof thematerialdependssome-
in theresistivity data.Below T~thethermopoweris what onaging,as it was foundin thesulphurseries[5].
indicative of semiconductingbehaviour.The resistivities Thehighsusceptibilityis somewhatconfusing.The value
obtainedin this regioncanbe interpretedsimilarly since is 3—4 timesthePauli valueas calculatedfrom the
in thesmall-gapmaterialsquite few impuritiesmay give bandwidthestimatedabove,andcertainlymoreexper-
riseto deviationsfrom idealsemiconductingbehaviour. imental information isneeded.

The magneticbehaviourof highly conductingquasi
2.5.Magnetwsusceptththty .

one-dimensionalsystemsisdiverse.TMTSF—DMTCNQ
The magneticsusceptibilityof (TMTSF)2PF6 was [121andHMTSF—TCNQ [13] are stronglydiamagnetic

measuredby the Faradaymethod.A ratherhigh, at low temperature,whereasthe nearlytemperature
temperatureindependentvalue of approximately independentparamagnetismof (TSeT)2Cl [2] agrees
4.2 x l0’~emu per formulaunit is found.Below 30K reasonablywell with the estimatedPaulivalue.
a persistent,sampledependentCurie tail is observed.
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PreliminaryEPR measurementsindicatea g-value resistivity in (TMTSF)2PF6 and (TMTSF)2NO3.
of 2.033 typical of g1 in a TMTSF-stack[14]. A rather TMTSF—DMTCNQunderpressurealso exhibits this
broadline, 250G,is foundat room temperature. feature.In that materiala crossoverfrom l-D to 3-D

[1, 12], and that a moderaterangedefectpotential can
2.6. iVMR suppressmultiple scattering[121,was suggested,or

Measurementsof 19 F—NMR linewidths [15] of alternatively,that a collectiveeffect is important [1]
solid (TMTSF)2PF6 indicatethat above70K the PF~ (c) Thereis no obviouscommensurabilityeffects
ionsare disordered.Below 70K the measurements observedin thepresentmaterials.Thereis, however,
indicatesomeordering,but still free rotation.At even sometheoreticalwork indicatingthat CDW’s are not
lower temperaturesthe measurementsare obscuredby necessarilystrongly lockedto the underlyinglattice
the paramagneticimpurities. It is not clearto what [18, 19] . (d) At high temperature(> 150 K) the
effect dynamicdisorderof the anionsmayhaveon the investigatedmaterialsshowstrongsimilarities.The
transportpropertiesof (TMTSF)2PF6 butwe do notice resistivity is reasonablywell fitted to p = Po + bT

2.
a slight S-shapeat 70 K in the resistivity plots.Similarly The systemsshouldthusbe attractivein testingvarious
the anomalyat 45 K in (TMTSF)

2NO3 could arisefrom existingtransporttheories[20,21] asthey haveonly one
freezingof the NO~ions, conductingchainandexhibit veryhigh conductivities.

We do howevernote a discrepancybetweenthe Especiallyin the investigationof thermalconductivity
NMR-dataand thestructuralresults,which indicates it shouldbe possibleto distinguishelectronicfrom
that the PF~ionsare orderedat roomtemperature. lattice contributionsat lower temperature.(e) The
Alternatively a changeof electronicstatesat 70K could strongeffect of the transversemagneticfield is
influencetheNMR-linewidth. unexpected.In (TSeT)2Cl a minor effectwas observed

[2] . The two-chainsystemTMTSF—DMTCNQ (20K,
3. CONCLUSION 13kbar) behavequantitativelyvery similar to the

In theclassof pseudoone dimensionalconductors presentmaterial.In TMTSF—DMTCNQ it wassuggested
that thestrongeffect is the result of a break-downof atheone dimensionalelectronlattice instability at

2kF

is a dominantfeaturein most examplesleadingto 3-D collectivestate [1]
Additional studiesof diffuse X-ray scattering,

order at lower temperatureand semiconducting
behaviourdueto a staticenergygap at the Fermi surface. magnetoresistance,magneticcharacteristicsand pressure
In certaincasesimpurity statesin thegap or a transition dependenceof the transportpropertiesshould help to
into a semimetallicstate [2, 16] canlead to fairly give us a betterunderstandingof theseintriguing new

materials.
conductingsolids below T~.In the presentsaltswe
observea loweringof T~relativeto other reported
materialsand especiallyrelativeto thenearly isostruc- Acknowledgements— We thank E. Pedersenfor perform.ing magneticsusceptibilitymeasurementsand
tural sulphuranalogues[5] . The largebandwidth M. Wegerand D. Jeromefor valuablediscussions.CSJ
(-‘ 1 .0eV)and longmean free pathsplace the present thanksthe DanishNaturalScienceResearchCouncil for
materialsin the metallic regime,whereCoulomb a grant.
correlationsarepresumablyunimportant.The phase
transitionsobservedmay be Peierlstransitionsat
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