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 Recent progres$ in the supcrconducting  and  normal  state properLies of  BEDT-TTF  based organic  metals,  including fi-
(BEDT-TTF)2X and  rc-{BEDT-TTF),Cu(NCS)2,  arc  presented, In addltion  to the  lew- and  high-TL states,  wizh  TL ==  1 K
and  8 K, respectively,  a new  superconducting  state  with  7r,=''2K Nvas  t'ound jn S-(B[!DT-TTF)2l/,. DC  Hall efi'ect of  the
low-TLstateot'6-(BEDT-TTF),l,,hasbeenstudicd.TunneTingspectroscopyonrc-(BE･)DT-TTF),Cu(NCS)2singlecrystals

by a  lovL'-temperature scanning  tunneling rnicroscope  (STM) js reported.  In addition  to  the  Shubnikov-de  FEaas and  de
1il aas-van  Alphen  efiects, a  new  oscillatory  phenomenon,  diseovered in Lhe  angular  dependence of  rnagnetoresistance  in
fi-(BEI)T-TTI')2IBr, and  e-(BEI)T-TTF),I/,, is shown  to be a  new  powcrful too] to study  Fcrmi surfaces  of  quasi two-
dimensiona] electronic  systems.
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gg. Entroduction

  Superconductivity of  BEDT-TTF  based organic  metals

has been  found  to be quite sensitive  to defects, disorders
and  impurities, In quasi-one dimensional metals,  such  as

(TMTSF)2X, the  conduction  path  of  e]ectrons  along  the

stacking  donors  can  be seriously  disturbed by the
presence of  defects or disorder, However, in two-dimen-
sional  system  like BEDT-TTF  satts,  electronic  condue-

t{on  path  forms  a two-dirnensional network  so  that the

presence of  point defects cannot  cause  a serious  efilect on

the electrical conduction,  Therefore gt is not  obvious  why

the superconductivity  oi' BEDT-TTF  based organic

metals  are  so  sensitive  to the presence of  non-magnetic

impurities and  defects, Two  outstanding  character!stics

of  the BEDrF-TTF  based organic  superconductors,  i,e.
superconduetivity  at ambient-pressure  and  relatively

high-7}, are  advantageous  features for an  extensive  aiid

quantitative study  of  superconducting  properties in these
organic  metals.

  In this paper  we  report  on  the progress made  in the FY
1989 at  EIectrotechnical Laboratory in the  study  of  the
superconducting  and  normal  state  properties of  organic

superconductors  (BEDT-TTF)2X.

g2. Correlation between  71 and  Resistivgty in fi-(BEDT-
    T[[]F),x24,2s)

  First, we  show  some  typical exarnples  where  supercon-

ducting transition  temperature  (71) and  resistivity  seems

to be closely  related  with  each  other  in fi-(BEDT-TTF)2
X, which  forms  an  isostructural famiiy of' organic

metals.  An  important  structural  feature of  6-(BEDT-
TTF)2Ii is an  incommensurate lattice modulation,')

which  appears  below 175K  at  ambient  pressure. The

presence of  this incomrnensurate superstructure  is con-
sidered  to suppress  its 7L from 8.1K  to 1.1-1.5K.
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Another irnportant feature in fi-(BEDT-TTF)2I3 is the
presence of  di,sordered ethylene  group  as  designated as

A-type vs  B-type2) (or staggered  vs  eclipsed3))  at one  end

of  the molecuge  and  the ordered  group  at  the opposite
end,  The  iatter additional  structurai  disoTder can

possibly be eliminated,  as was  confirmed  in fi-(BEDT-'rTF)2IBr2
 and  fi-(BEDT-']'TF)2I2Br,`) where  the former

$uperstructure  is also  absent,

  The best example  which  demonstrates a high correla-

tion  between  TU and  resistivity is seen  in 6-(BEDT-TTF)2
trihalide  rnixed  erystal  system.  The  substitution  of  anions

in fi-(BEDT-TTF)2I3 was  found to produce  a series of'isostructuraE
 cryst,als  of  fi-(BEDT-TTF)2X, Complete

substitution  of  I3 with  IBr2S} and  Aul26) was  found  to sup-

press the incommensurate superstructure  and  realized  the
high-T} state in fi-(BEDT-TTF)2X. However, substitu-
tion  of  I] with  asymmetrgc  anion  i2Br7) did not  give a

superconductivityS'  although  the ``iattice
 pressure''

modelS)  predicted higher L  and  both  the incommen-
surate  s"perstructure  and  the disordeT of  the ethylene

group were  missing,4)  Partial substitution  of  anions  cor-

responds  to aiioying  in metals.  It was  found that  we  can

prepare fi-(BEDT-'TTF)2 trihalide  mixed  crystals, namely

6-(BEDT-TTF)2(E3)i-..,(IBr2)., fi-(BEDT-TTF)2(IBr2)i-.
(l2Br).andfi-(BED'V-TTF)z(I2Br)i..(i3).,forawidecom-
position range."}  

'I'emperature
 dependence of  electrical

resistance  in these fi-(BEDT-TTF)2 trihalide  mixed-anion

crystals  indicates that the mixed  crystals  of  6-(BEDT-
TTF)2-trihalides eonstitute  a clean  alloy  system,  where

the scattering  of  conduction  electrons  are  predominantly
due to  phonons  at temperatures  above  around  100 K
even  in high eoncentration  (1:1) mixed  crystals.  The
effect of  alloying  on  the resistivity  appears  as a difference
in the residual  resistance  ratio  or  residual  resistivity at

very  low temperatures,  From  the residual  conductivity

(aK), whgch  is inverse of  residual  resistivity, and  TL in S-
(BEDT-TTF)2 trihatide mixed  crystals,  we  can  see  a  clear

correlation  between 7L and  residual  conductivity  (ffR) for
a  wide  range  of  coxnposition,iO)  that  is, as we  increase the
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amount  of  substituent  (x or  1"x),  the residual  conduc-

tivity decreases and  the T} decreases accordingly.

Another inSeresting t'eature is the  presence of  a  ciear

boundary, at  ffR =::  6eOe  S!cm, between the  superconduct-

ing and  mon-super･conducting  sampies,  indieating the

presence of  ininimum  conductivity  (6eOO Sfcm)  required

for realization  of  superconductivity  in this system.")  li'his

value  obtained  frem the  above  experiment.  al  results  was

foulld to be in fair agreement  with  a theoretical estima-

tion based on  the weak  localization effect.i2) Also, this em-

pirieal rule  explains  why  rs-(BED'.r-TTF)212Br does not

show  stapereencluctivity.

  
'I'he

 second  example  wliieh  shows  a  correlatiom  be-
tween  Tl. and  resistiyity  is 6-(BEB'r-T'TF)2g3. itself in

which  two  superconducting  stat.es  are  known  to ex]st at

ambient  pressure, i.e. the  Iow-7L  state  (7L,=1.1-1,S K)

and  the high- TL state  (T} =:  7-8 K), The  differcnce between

the two  states is considered  to be thc inconrmesu.sctrafe iat-

rice modulastion')  which  appears  bclow 17S K, where  tem-

perature dependence  of  resistance  changes  its slope  or

derivative,ii'i3) Figure g(a) shows  a  temperaturc

dependence of  resistance  (R), and  Figure 1(b) showg  a

temperature  derivative of  resistance  (dRfdT)  of  fi-
(BEDT-TTF)ig3. At  175K  a  crossover  between the

crystal  structuifes with  and  without  the 
'meommensurate

lattice modulation  takes  place, The  former (6L) is stable
at lower temperature  while  the ratter (fitT) is stable  at

higher teillperature. And  frorn Fig. 1(a), rsL state  wieh  the

Sncommensurate  superstructure  seerns  tD have higher
resistance  than  esH state without  the superstructure  at  tem-

peratures beEow  17S K.

  U'he high-T'L statc  without  the  irtcornmefisurate
superstructure  (fiH) can  be realized  by  relcasing.  th ¢

pressure at  low temperature  after  cooling  undef

pressure.i4･iS)ATnorcdirectdiffeTenceinresistivitybetween

fiH and  fit states  were  reported  by  I{amzic et aL  
`'}

 in which
they  observed  an  abrupt  resistance  increase due to a first
order  structural  phase transition from the rnetastabie  rsH
state  to fiL state when  the  fiH sarnple  was  warm ¢ d up  to

about  130 K, altheugh  they  do not  mention  the differencc

{n residual  rcsistivity  at  Xow temperature. A  difference in
residual  resistivity  at  low temperature  between  the  two

states  was  reperted  by Ginodman  et  ag.i6) [rhe result

shows  that the resistivity  of  metastable  Eii state is much
lowex than  that jn 6i. state at  low  temperatures,  m-

 dicating that correlation  between 7'L and  residual  resistiv-

 ity also hoEds in this case.

 g3. geC RmgE Effect of  the Lew-T, state ef  ys-(BEmpT-
     

'g'[g]F)2R32G}

  T' he Hall effect was  studied  in fi-(BEDT-T'TF)2Ii in

 order  to survey  the probgem  of  the low- 71 and  the high- 71,

 states and  the general interest to the Fermi  surface  of  this

 material,  i) Our  measurement  revealed  tkat  this material

 is a metal  with  almost  constant  hele numbers  down  to 20

 K. By  the  esvimate  of  RH=- ifnec, th ¢  hole number  seeffns

 to be less than  one  per unit  cell.  ii) In the temperature

 dependeiice o!" RH  in detail, we  found  a pronounced step-

 wise  decrease by g%  in Hall voltage  when  temperature is

 lowcred through  175 K  but not  through  aleK, iii) Fur-

 t.her, below  20 K, HaM  voltage  was  found  to decrease,

M. ToKuMo'ro  et  aL

o,7 

6
 o6

sas
 O,5kix-nc

 04

O.3

Z40

  oZxic

aso   aso 2oo

TEMPERATURE  iK?220
240

g. 8I"c')'T

 6gffk4igkE2

o

s-･iSEDT--TTF)2E3

    ope
  sft

              :,,n
             "ttst- rp
            P.  he.
            N -t)
                  dto            e "-e
          As di n'.

       -.,ts`{' 
"ke

                     
tc:

       
"gV

      "  -p,

     "bl 
di-:-A

   """  
'om
 
..v

 :;,   s   op  o"  v
 "#-"

1

'

o aae 2oo
TEMPERATURE  CK]

300

Fig, ], (a) Ternpcrature dependencc  ef  resistance  CR) ot' rs-(BED'r-
 TTF),g,. (b) 

'
±
'emperature

 dependence oi' dRldT  of  fi-CBEDT-
 TTF)2Is･

  As  shoux,n in the  inset of  Fig. 2, the current  terminals

were  placed at  both ends  in full widtk  to achieve  a

uniform  current  along  the a-axis. The  Hall voltage  was

taken  by the  difFk rence  in voltage  in fields between +  and

-5  T during cooling.  Part of  the results are  shown  in

Y'ig. 2. Figure 3 shows  the temperature  dependence of  the

Hall voltage,  which  is the  di fference between 5 T  and  
-5

T. Two  distinct transitions are  noticeable,  One  is a step-

wise  decrease in RH  begow i7S K, The  othcr  one  is
depicted by the sudden  start of  decrease in the  Hall

voltage  beiow 20 K.

  The  absolute  value  of  the  Hagl coeracient  of  6-(BEDT-
TTF)!Ii is consistent  with  the erude  model  of  metals,

which  consists  of  one  electron  charge  transfer  i'rom two

BED'I'-TTF  mogecules  to one  ii. However,  upon  more

precise examination,  the  absolute  value  ef  the  apparent

carrier  number  itself seems  to be  smaller  than  1 per unit

ccll. By lowering ternpcrature through  17S K,  where  the

structural  transition  takes place, the  Hall coeMcient

decreases by  8%  in a stepwise  way.  This result  proved

that  the  175 K transition is aceompanied  by a  transition
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Fig. 2. }Iall voltagefcurrent  of  fi-(BEDT-TTF)2J3 as  a  t'unction of

 temperature. rhe  difference in the  vertical  seale  between the  higher

 dots(in field ef  5 T) and  the  lower dots (in fields of  -5 T) is the  Hall

 voltage  signal.  Insez shows  the  configuration  of  currenl  and  fields.

 The  value  above  175 K  corresponds  to  O.50 t.,O.OS holes per unit  cell

 for this sarnple,  when  n=ifRHec  is used,
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Fig. 3. Hall ceeMcient,  RH, orfi-(BEDT-'I'TF),i]  asa  function oftem-
 perature. Stepwlse reduction  of  R.  through  17SK,  and  steep

 decrease below 20K  are  significant. Closed circles  were  taken by

 reversing  fields during cooling,  Open eirc]es are  the  difference in R.,.

 voltage  between these  at  5T  and  
-5

 T  of' the temperature sweep,

dependence ef  resistance  (i,fc") of  fi-(BEDT-TTF)2I]
due to annealing.  The  resistance  decrease by  as  much  as
10%,  indicating that the new  2 K  state has lower resistiv-
ity than  the  original  low-Tl state,  Figurc 5 shows  tempera-
ture dependence of  resistance  of  fi-(BEDT-TTF)2I3
before (･ ･ ･) and  a,f'ter annealing  (- ), A  vertical iine at
I06 K in the figure indicates the decrease in resistance  by
annealing,  This arznealed  2 K  state w'ith  lower resistance
gs also  metastable,  and  gradually goes back to the
original  low-Tl (l,1-1.5 K)  state with  higher resistance

when  the  sample  is warmed  up  to about  120 K  as  seen  in
Iiig, 5,

  Now,  what  abowt  the residual  resistance  at low temper-
ature?  Surprisingly, t,he temperature  dependence of

resistance  in Fig, 5 shows  that the  difierence in the
resSst/ance betweeu the two  states, which  is as  much  as
1O%  at around  1Oe K,  eompletely  disappears as  tempera-
ture  goes down  to below  40 K. More  or  Iess the same  tem-

perature dependence was  observed  for resistance  with  cur-

Tent  fiowing parallel to the conducting  plane (i"a).20} It

3.g.

S3,R=e-weZ3,1<t}iasmtu3.o

a,%

  Annealing  Time  (hr)

Fig, 4. Time  depcndeuce  of  resistance  (ific') of  P-(BEDT-TTF)2I3
 due to annealing.

in the electronic  state. The  decrease in Hall coeMcient  Ss
contradictory  to the suppression  of  T, from  8 K to l K, if
we  recognize  the difference of  the high-71 and  low-7L
states  as  a  difference of  the density of  states  and  if the
association  of  carrier  number  with  density ot' states is al-
lowed. At  temperatures  below 20 K, the Hall coeMcient

starts to decrease significantly.  The  possibility of  a  fiuc-
tuating phase below 20 K  is proposed.

gaj. 2KSllperconductingStateEnP-(BEDT-[e/TF)2I3i"･25}

  Recently, annealing  at about  11O K  was  found to result
in a change  of  the  incommensurate  superstructure.M  It
was  also  found that  a  new  superconductgng  state  with

71=2  K  appears  as  a  result  of  annealing,'S']9) although  its
origin  or  structural  difi'erence responsible  to the change
of  71 has not  been identified yet, Anneaiing  at 110K  is
also  accompanied  by  a  decrease in resistance  in addition
to the  change  of  incommensurate  superstructure  and  ap-

pearance  of  the 2K  state.  Figure  4. shows  time

cr.3

theO.2oanwcrxpwo.iec

o-50
      aoo
TEMPERATURE  (K)

2SO

Fig. 5. Teinperature dependence  of  resistance  of  17-(BEDT-'I'TF)2Ii
 before {･ ･ ･) and  at'ter  annealing  C ). A  vertieal line at  le6 K  in the
 figure indicates the  dee,rease in reslstanee  by anncaling.
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Ss, however, consistent  with  the ESR  linewidth result  as

shown  in Fig. 6. It is well  known  thar  structural  disorder

in S-(BEDT- TTF)?X  provides an  additiona!  scattering

mechanism  for the carriers  which  incr¢ ases  the residual

(low-temperature) ESR  linewidth.2') It :t's
 also  reported

that  in 6-(BEDT-TTF)]I3, the linewidth in 5H state  is

much  nnrrower  than  that of  6i, state,22)  }?igure 6 isdicates

that annealing  at  1OO K eauses  an  appreciable  decrease of

the ESR  ISnewidth at high temperature, but the  reduction

of  line-,Sdth due to annealing  is much  smaiEer  a'L low !em-

peratures, in centrast  to  the  case  e]" high- 71, (8 K) state,22)
These  observations  seem  to indicate that  thc  change  of  7L

js not  accompanied  by  the change  of  the  low-ternperatuT¢

residual  resistance,  or  scattering,  in the case  of  2K

superconducting  statc. These  resutts  suggest  that  we  must

look t'or other,  reasons  which  can  be relai'ed to the change

of  T', in thls case. The  reduction  ot' thc  crit{cal field

anisotTopy  in 2 K  state20)  could  give us  a  elue  to obtain  a

better uncterstanding  of  the efi'ect of  annealing,  The

anisotropy  of  ff1], ftcwlffc2± , is reported  to show  a

significttnt decrease from 2e,9 to a4,S, caused  by  anneal-

ing.2])
  It has been fourid by  reeent  magnetjzatien  mcasure-

n]ent  that an  extefided  annealing  at about  t 1O K  r¢ su!ts in

appeaTallcc  of  appreciable  amount  of  the 
``high-71''

 statc

w'tth  fl =:7.5  K, while  the  bulk 2 K  state  gTadually  loses

its volumc  fractgon.i9) Figur¢  7 shows  annea!illg  condi-

tions, i.e. aitnealing  temperature  (7L) and  annealing

time, for each  step  of  anneaging.  The  efferv't of  anncaling

 performed in 17 steps  in total ean  be classiil¢ d into three

 stages, En the first stage, i, c. steps  1 through  7 where  lO7

 Ks  ?l, s･ 1 11 K, we  obseryed  coexi'stenc;e  of  two  supercon-

 ciucting statcs  with  7L =2  K  and  7.S K, as showri  in Fig, 8.

 The  diamagnetic shielding  of  the 2K  state  is quite }arge

 (-1.3× 10m[emulg･Oe)  corresponding  to the whole

"EiiNoxl.
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(/:･) oi' fi-

samplc  voiume.  I" the second  stage, i. e. steps  8 through

12 where  g12 Ks  7}, s  118 K, we  observed  engy  the 7.5 K

statc  as shown  i" Yig, 9. In the third  stage,  i.e. steps  g3

through  17, where  120 Ks  71,s 126 K, further annealing

started  to ruin  the 7.5 K  state  and  decrease the supcrcon-

ducting volurne  fraction without  apprecSable  decrease in

7L. The  structural  difference between these  superconduct-

ing states  with  different 7L has not  beell clarified  yet, and

needs  further study  on  the  superstructure  and  ethylene

ordering.
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g5. STMMeasurementsofSupercondaictingProperties

    in K-(BEDT-TTF)2Cu(NCS),27･2X}

  Tunneling  spectroscopy  on  gc-(BEDT-TTF)2Cu(NCS)2

single  crystals  by a  low-temperature  scanngng  tunneling

microscope  (STM) was  studied.  The  superconducting

gap at 1.9K, estimated  from  Fig. 10, was  2A  
==4.8 ± 1.1

meV.  Both its magnitude  and  temperatuve  dependence,
as shown  in Ffig. 1 1, were  consistent  with  the  BCS  theory.

The  line shape  of  dfldV-V  characteristics  deviated
from  the  BCS  theory,  indicating sorne  distribution in the
energy  gap magnitude.  We  suppose  it is possible to inter-

pret the  previously reported  results  ot' tunneling spec-

troscopy29･30> if they sensed  subsets  of  the  distribution ac-

cording  to the  configurations,

g6. Angle-Bependence  of  Magmaetoresfistan¢ e in

    erganic  Superconductors33･]S)

  The newly  discovered angle-dependent  oscillation  of

magnetoresistance  in the fi-(BEDT･･TTF)2IBr23i) and  e-

(BEDT-TTF)il3]2) has been  found to arise from a  nearly

complete  discretization of  Landau levegs or  two-dirnen-

sionalization  of  Landau level distribution in the  vicinity

of  the  Fermi  energy.  This feature occurs  since  the Lan-
dau  leveEs lose the dependence on  the wave  nurnber,  det¢ r-

mined  only  by the Landau quantum  number.  This is
shown  by a semiclassical  argument  to occur  at special

angles  for a  weakly  corrugated  cylinder  forrn of  Fermi

surface,  as shown  in Fig, 12. These  angles  are approx-

imately given by

      ekF  tall ip :=n(n-1!4),  n=-  1, 2, 3,･･･. (1)

",here  q defines the angle  by which  the applied  magnetic

field is tilted from the normaE  of  the  conducting  plane.j])
At these special  angles  the  magnetoresistance  makes
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Fig. 10. Differential coiiductance  o{' rc-(]]D',E)T-TTF)Cu2{NCS)2

 measured  at 1.9 K. Traces of  dlldV-  V  cha}'aclerlstics ol' 60 eon-

 tinuous  sweeps  were  plotted,
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V'ig. 12, Semiclassical-orbital planes satisfying  {1) are  shown  by obli-

 que  lines, Here  the  special  angle  p corresponds  to the angle  between

 the  oblique  ttnd horizental lines,

peaks, since  alrnost  all one-eEectron  states become  local-
ized in the vicinity  of  the Fermi  energy  in the  two-dimen-

sionalized  situatioii due to the  same  reason  why  the two-

dimensional system  loses conductivity  in the quantum
Hall state. Theorerical values  of  the  angles  are  in good
agreement  with  the  observed  peak  angles,  as shown  in

Fig, l3, incluclins, the value  of  the slope  of  the fitting line.
This success  gives a  support  to the  validity  of  the  tight-

binding bands based on  a  single  HOMO  of' the  BEDT-
TTF  molecule  t'or BEDT-TTF  based superconductors.3")
We  have  also  trealed  the  case  of  the general form  of  in-

plane Ferrni surface  and  compared  the results with  ex-

periments, findi=,g a reasonable  agreement  between

theoryi5)  and  experiment.3e'3T)  These  findings open  a  new
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Fig. 13. Vulues of  tan q at peaks of  the magnetoresistance  (curve r in
 Fig. 1 oi'  rei'. Sl) versus  n-  1f4  whcrc  n  nLimbers  the  peaks  frorn the

 op=O  side.  Herc  w is the  tilt angle  of  the  magneLic  field in the  ac"

 plane t'rom the  normal  c"  of  lhe  conducrillg  plane in fi-(ET),IBr2.

method  te ctetermine the t]orm of  the Fermi surface  of

quasi two-dimensional  metals,  the first target of  which  is

the organic  superconductors.

g7. Senmoffcrvary

 Recent  progress in the  superconducting  and  norrnal

state  properties characteristic  to the  BEDT-'ff"I'F based
organic  metals,  including 6-(BEDT-TTF)2X and  es-
(BEDT-TTF)2Cu(NCS)2, aTe  presented. in addition  to

the low- and  high-TL states, with  7L=  1 K  and  8 K, respec-
tively, a  new  superconducting  state  with  71:=2K  was

t'ound in 6-(BEDT-TTF)]i]. I)C Hall effect of  thc  low- TL.

state  of  fi-(BEDT-TTF)2I3 was  studied.  Tunncling  spec-

troscepy  on  rc-(BEDT-TTF)2Cu(NCS)2  single  crystals  by

a low-ternperature scanning  tunneling micrescope  (STM)
is reported,  In addition  to the ShubnSkov-de Haas and  de
Haas-van  Alphen  effects, a new  oscMatory  phenomenon
characteristic  to a quasi t.wo-dimensional e]eetronjc

system  has been  shown  to be  a  new  powert'ul tool  in the

study  of  Fermj surface  in quasi two-dirnensional  metals.
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