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 Magnetotransport  s!udies  are  made  in the  titlc compounds  using  magnel.ic  fields up  to  40T,  The  Fermi  surface  of
BEDT-TTF  (bis(ethylenedithiolo}-tetrathiafulvalene) compounds  is found zo be nearly  cylindrical  with  a  weak  warping.

Its eross-sectional  area  is estimated  as  t3-16%  of  that of  the  first Brillouin zone.  However, unusual  featuTes diMcult to
explain  in the current  model  for this family of  compounds  are  found  iu (BEDT-TTF)2KHg(SCN}4 in the  low-tempera-
ture-low-field regime  below  about  8 K and  about  22 T. gn (TMTSF  (tetramethyltetraseienafulvalene)}2CI04 a  clear  series

of  escillation  superposed  on  the  angular  dependenee of  magneteresistance  is foulld in the  rnetallic and  magnetic-fie]d-in-

duced spin-density-wave  phases. This new  phenomenon  is interpreted in terms  of  a  multiple  inter-chain transfer.

KEYWORDS:  organic  superconductor,  Fermi svrface,  magnetoresistance,  two-dimensionaT  conductor,  one-

         dimensional Comductot

gl. Introduction

  (BEDT-TTF)2X and  (TMTSF)2X families of  organic

eonductors  have attracted  much  attention  because of  the
electronic  low-dimensionality and  the  possibly strong

Coulomb  correlation  among  conduction  electrons.  Here,
BEDT-TTF,  TMTSF  and  X  denote bis(ethylenedithiolo)-
tetrathiafulvalene, tetramethyltetraseiena-fulvalene, and
several  kinds of  anions,  respectively,  The  gapless super-
conductivity  found  in both farnilies of  compounds',2)  is
considered  to be  characteristic  of  a strongly  correlated

electron  system.  The  spin-density-wave  (SDW) found  in
TMTSF  family3'4} is typical of  a  Iow-dimensional electron
system  having strong  Coulomb  correlation.  For investiga-
tions of  possible mechanisms  of  superconductivity  in
these  materials  it is necessary  to clarify basic structures
and  properties of  electron  system.

  The  purpose  of  the present study  is to find and  ex-

amine  the topology  of  the Fermi surface  and  the
kinematics of  electrons  in BEDT-TTF  and  TMTSF
families of  compounds  by making  magnetotransport  mea-

surements  at low temperatures.  Since the Shubnikov-de
Haas  (SdH) effect  was  first observed  in (BEDT-TTF)2
Cu(NCS)2,5)  several  studies  of  

``fermiology''

 (Fermi sur-

face topology)  of  organic  conductors  have  been made  to
reveal  their eiectronic  structures;6'7] the  Shubnikov-de
Haas  (SdH) effbct,S) and  the newly  discovered angle-

dependent quaritum  osciilations  of  magnetoresistance.6,9]

We  will  employ  these methods  in the  present work.
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  (BEDT-TTF)2Cu(NCS)2, which  has polyrneric sheets
of  pseudohalide  rnetar anion  Cu(NCS)2, has first ex-
hibited the  superconductivity  above  10K.iO) The  novel

compound  (BEDI'-TTF)2NH4Hg(SCN)4 and  (BEDT-
TTI;)2KHg(SCN)4 to be studied  in the present work  are

synthesized  as  modifications  of  (BEDT-TTF)z
Cu(NCS)2.'i) They  have  a  common  Iayered structure  con-

sisting  of  polymeric  sheets  of  pseudoha}ide  metal  anions

and  donor sheets  of  zigzag  aligned  BEDT-TTF  molecules
which  forrn two-dimensional  conducting  planes (ac
planes). In these compounds,  a  weak  interlayer coupling,
in other  words,  strong  two-dimensionality  is expected
since  the anion  layer thickness is much  larger than  that  of
other  BEDT-TTF  compounds  because of  a  three-dimen-
sional  polymeric  structure  of  the  anion  sheets.

  Although (BED'I'-TTF)2(NH4)Hg(SCN)4 has a  little
iarger anterlayer iattice constant  than  (BEDT-TTF)2
K'Hg(SCN)4 because of  the difference of  the  ion radius  be-        '
tween  NHS' anel  K' 

A',
 these two  compounds  are  isostruc-

tural with  each  other  and  their iattice parameter  is also
nearly  the same  as  each  other,  Therefore, they  are  ex-

pected to have simiEar  electronic  structures.

  (BEDT-TTF)2Kffg(SCN)4 shows  metallic  behaviors
down  to O.5 K with  no  sign  of  superconductivity.i',i2)  On
the ether hand, superconductivity  with  the onset  tempera-

ture of  1,15K  was  recently  discovered in (BEDT-TTF)2
(NHa)Hg(SCN)4.'3) It is important to study  possible
origins  for the difference of  superconducting  critical tem-

perature between these  isostructural eompounds,

  In this report  we  xvill show  that  (BEDT-TTF)2
KHg(SCN)4  has an  anoinalous  state  in a  low-
temperature-low-field regirne  although  it is still open  to
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questions whether  this state  is responsible  for the absence
of  the superconductivity  in this compound.

  (TMTSF)2X has a  very  simple  and  typically quasi-one-

dirriensiovaal eiectron  system,  The non-degenerate  highest

occupied  molecular  orbital of  TMTSF  forms  one  conduc-

tion  band  resulting  from the charge  transfer  with  X, so
that  only  n  pair of  shect-like  open  Fermi  surfaces  is pre-
sent,  The  eiectronie  spectrum  is well  described by a  sim-

ple tight-binding model  with  the  nearest  neighbor

transfeT integrals along  the  es, b, and  e axes,

t.:tb:t,･==300:30:1, The  pair of  sheet-like  open  Ferrni sur-
t'aces is parnlgel to the b"c" plane (norma} to the g axis)

with  a  wcak  periodic warping  due to th afid t,･. Since tb gs

too large to be ignored, the  ¢ lectronic systcm  gs usually  re-

garded  as an  angsotropic  two-dimensionag  one.  Standard
medeEs  for the SDW  and  the field-induced spin-density-

wave  (I'ISDW) are  built on  this picture thag ignores the

efit}ct ox" finSte t,,, Realay the  angtilar  dependence of  the

threshold fieEd 
'for

 the FaSDW  phase obeys  a  cosine  law
expected  from  the two-dimensional  model.")

  On  the othem  hand, the unusuaE  artisotropy  of  the

metallie  phase magnetoresistance  suggests  the three-

dimensional  nature  of  the system.if''i6)  The  angular

dependence of  the rnagnetoresistance  or  thc  FISDW  insta-

bility could  be affected  by  this effect."''g)  Boebinger  et al.

reported  the  enhancement  of  the  FISDW  structures  m

the magnetoresistance  of  (TMTSF)!CI04 at the special

field angges.i9) Naughton  et  al,  observed  several  struetures

having no  dependence  on  the  field strellgth in the

ftnagfietoresistance  anisotropy  im the metaElic  and  FESDW

phases,2o)
  We  wila show  that these  phenomena  are  explained  in

terms of  a  kind of  resonance  effect for the  field direction
when  the effect ef  t,, i.e., the three-dimensionaEity, is
taken  into account,  It is a  commensurability  effect  (com-
mensLgrate  versus  incommensurate) between  two

periodicEties ifi the  electron  motion  along  an  open  orbit

on  the Fermi surface  wayped  by tb and  te.

  Moreover one  will  see  that  the  magnetotransport  prop-

erties are  understood  on  the  basis of  a  common  model  in

both BEDT-TTF  and  TMTSF  families i- spite of  the ap-

parent difference in the  shape  of  the Fermi surface,

S2. vaF.perEmaeasts

  g{igh-field magnetotransport  measurements  were  made

under  pulsed magnetic  fieids up  to 40  T  generated by a

muki-turn  soEenoid  coil, Resistance was  measured  using

an  ac  bias current  (typicaily f=:200kHz, 4,,.k=g-O.2
mA)  and  phase  sensitive  detection (PSD) to obtain  better
signal-to-ttoise  ratio . Measurements using  low dc bias eur-
remts  were  also  done  to check  the  accuracy  ofthe  ae mea-

surements  and  to scale  the  measured  ac  data. The angle-

dependeeice of  magnetoresistance  was  rneasurecl  using  a

rotating  sample  holder in static magnetic  fields up  to 12

T. Temperature  was  varied  in the range  1,5 K-10K.

  gn the gneasurerrients  of  (BEDT-TTF)2X four gotd  lead
wires  (2S ptm in diameter) were  bonded  on  both (010)
faces (conducting ac  plane) of  plate-like single  crygtals  by

gold paint, The  typical  sample  size  was  1 × O.S × 2mm3,
GeneralEy, it is dithcult to measure  the exact  in-plane
resistance  osC this kind of  materials,  sincc  it may  contam

S. KAGosHTN{.AL et aL

the  interlayer resistance  component  due to the  large

anisotropy  of  conduetivity  and  the irregular sample

shape.  Therefore, in most  of  measurements,  we

measured  the inter-Iayer resistance  using  the  bias current

parallel to the b'k axis  (perpendicular to  the conducting  esc

plane).

  In (TMTSF)2CI04 dc magnetoresistanee  was  measured

with  a  current  of,  typically, 10e paA along  the es axis  (one-
dimensi.onal conducting  axis).  The typical size of  the  sam-

ple crystals  was  4xO,5 × 0.3mrn3. The saffnples were

sustained  by four leads of  gold (25 "m  in diameter) bond-
ed  by  gold paint. To  achieve  the 

``veEaxed
 state'' wSth

suthcient  ordering  of  the orientatiofl  of  Cle4- anions,  the

samples  were  cooled  with  speeds  less than 50 fnKlmin
near  the anien  ordering  transition temperature, 24  K.

g3. Resugts amed Dgscussions

3.1 OveraU 
.features

 of the magnetoresistance  and  the

    Skubnikov-de Haas  edTect in fBEDTi-T7]l7?21\
3.1,1 Overalt.features

  Figure 1 shows  the  high-field longitudinal

magnetoresistamce  traces at several  temperatures  under

magnetic  fields applied  perpendicular to the conducting

ac  plane of  <BEDT-TTF)2NH4Hg(SCN)4,2`} The

background magnetoresistance  increases rnonotonically

with  increasing rnagnetic  fields tending  to saturate  above

10T,  Shubnikov-de  Haas  (SdH) oscillations  are clearly

visibre  abovc  13 T  at  1.S K.  The  SdH  amplitude  grows  up

rapidly  with  increasing fields, and  reaches  50%  of  the

whoie  magnetoresistance  above  30T  at 1.S K.

  The  SdH  oscililations are  pcrfectly periodic against  in-
verse  magnetic  fields as shown  in the inset of  Fig. 1. The

spin  splitting  of  each  oscillation  peak  is not  visible  in the

present temperature  and  magnetic  fieid ranges.  Although

the magnetoresistance  of  the isostructurag cornpound

(BEDT-TTF)2KHg(SCN>a shows  large decrease and  a

sharp  kink structure  after  the saturation,T2)  this com-

axlasoo=se,vaut9eugeso

oo

'

"L-
iO 20 30  40

  Magnetic Ftelei (T)

Fig. 1. The  longitudinal rnagnetoresistance  of  (BEDT-TTF)2CNH,,)
 Hg(SCN).  at  various  temperatures  under  the  fields app]ied  perpen-

 dicular to the  eDndueting  plane. The  hiset shows  the  SdH  osciJlatio]

 part as  a  function of  the inverse magnetic  fields,
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Fig.
 2. The  transverse  magneloresistance  of  (BEDT-1'TF},

 KHg(SCN)4 under  the fields applied  perpcndicu lar to  the  eonducti[ig

 plane.     The  kink structure  is indicated by the  large arrow.  The  oseilla-

 tion  peaks of  the  SdH  effect are  marked  by smail  arrows.

 pound  shows  no  anomalous  feature in the present field
 range.

   Figure 2 shows  an  example  of  the  magnetoresistance

 traces  under  magnetic  fields perpendicular to th¢  conduct-

 ing plane (a-c plane) of  (BEDT-TTF)2KHg<SCN)4.i2)
 Although  the current  direction is almost  parallel to the  e-

 
axis

 in this case, the measured  resistance  possibly con-

 tains  the b*-axis component  because  of  the irregular sam-

 ple shape  and  the  large anisotropy  of  the  conductSvity,

 As  shown  in Fig. 2, the magnetoresistance  exhibits

 remarkable  features: With  increasing magnetic  fields, the

 
magnetoresistance

 increases  sub-Iineariy  alld saturates

 around  10T,  It shows  an  unusual  negative  slope  above

 10 T. A  sharp  
``kink

 structure''  appears  around  22.5 T  as

 indicated by targe arrows  in Fig. 2,

   SdH  oscillations  are  also  seen  superposed  on  this

 background magnetoresistance.  The amplitude  of  the

 SdH  oscillations  is iargely enhanced  above  the  kink struc-

 ture. The  field position of  the kink str"cture  shows  no  
ex-

 plicit temperature-dependence,

  The  qualitative features mentioned  above  and  the field
 positions of  the kink and  the SdH  peaks  were  the same  in
 all  the  samples  although  the overatl  shape  of  the
magnetoresistance  trace and  the  amplitude  of  the SdH
oscillations  were  slightly  sainple-dependent.  Neither the
explicit kink strllctures nor  the  SdH  osciilatgons  were
found when  magnetic  fields were  applied  parailel to the
a-e  plane.
3.1.2 71he Shubnikov-de Haas  Est7/ect

  Temperature  dependence of  the  SdH  oseillation
amplitude  refiects  the  Landau  Eevel spacing.  

'The

cyclotron  mass  mc  defined by the 1.andau ievel spaclng
heBlm.  around  the  Fermi  level is evalenated  by  numerical
fitting of  conventional  formula for the Sdff effect, The
Dingle  temperature  is aiso  obtained  from  the field
dependence of  the SdH  amplitude  using  the theoretical
formula of  the Sd"  effect  in the two-dimensional  system.
We  obtain  m,lmn=]2.1  and  7b =::  1.4 K  in (BEDT-TTF)2
NH4Hg(SCN)4,2i) and  ni,lmo=l,4  and  Tb==4,OK in
(BEDT-TTF)2KHg(SCN)4,i!) These values  correspond  to

fhe relaxation  time of  T==  O,87 ps and  the  mean-free  path
m  the conducting  plane as  t-500  A  in the  former com-

pound,  and  T==O.3  ps and  l-- 350 A  in the ]atter.

  (BEDT-TTF)2NH4Hg(SCN)4 is known  to be  supercon-

                           S. KAGosH[MA et aL  383

 ptucting below about  1 K  while  (BEDT-TTF)2KHg(SCN)4
 

as
 ?ot down  to the Iowest temperature  measured,  O.5 K.

 
It
 
is
 reasonable  that the former compound  having the

 iarger cyciotron  mass  shows  the superconductivity,  since

 ]t has Iarger densjty-of-states at  the  Fermi level. This
 mass  enhancement  possibly originates  from an  increase

 of  the self-energy  due to large erectron-electron  interac-
 tion.2Z)

   The period of  SdH  oscillations  gives the cross-sec-
'11g,rtzi,s,repslg,h;i,Ff.rm;',g"tf,a,c,e･.The,ez'.bo,d,.4gYfi.2

 (BEDT-TTF)2NH4Hg(SCN)4, ancl  A(lfB)=O.OOI5T-i

f;-ai".gxeg,,i:,g,B,E,l],,T,aZ',T.F.'a\.Hg,gS%CN.2,4flViS.7,rv',g'8,15,
 Brillouin zone  of  the respective  compounds  abovc,  We

 
verified

 that the SdH-oscillation period is dominated by
the  field component  normal  to the two-dimensional
plane. Th[s is characteristic  of  the cylindrical  Fermi sur-
face that  is expected  from t.he two-dimensional  structure

and  the  electrical-resistance  anisotropy,

  Using the abovc  results  we  discuss basic electronic
szructures

 of  (BEI.)T'-'rTF)2NH4Hg(SCN)4 and  (BEDT-
1'TF),     KHg(SCN)4.  Since a  unit  cell  contains  four BEDT-
TTF

 molecu}es  on  t.he saine  two-dimensional  sheet, two
electrons  per unit cell are removed  from four energy
bands made  from the  BEDT-TTF  molecular  orbitals.
The

 observed  rnetn].lic behavior suggests  the presence of
rnultiple  Fermi surt'aces  cut  by the BrilEouin-zone bound-
ary.

 
Morj

 et aL  have  made  a  two-dimensional  tight-bin-
dlng bancl calculatic)n. They show  the presence of  a clos-
ed  Fermi  surface  imd  a  pair of  open  ones  extending
near!/ parallel to the  c-axis in the two-dimensional
Brillouin

 zone.23)  
rE'he

 cross-sectienal  area  of  the closed
Fermi  surface  is evaluated  as about  20%  of  the area  

of

tlte first Briaiouin zone,  This band  calculation  is semi-

quantitati'vely censistent  with  the present results.

3,2 AngYe-dependent magnetoresistance  and  ihe
    topoiogy  oj' the fermi suT:fbces
3,2.1

 Wtzrped-cyiindrical 1'larmi sudece  of (BED7L
      T71r:/),X

  Figure 3 shows  the  dependence of  magnetoresistance  in
(BEDT-TTF)2NH4}Ig(SCN)4 on  the  direction of  applied
mngnetic  fields of  severai  fixed strengths.  The  fierd direc-
tion is measured  by i he angle  e between the  magnetic  field

  
:i'g.dib.

:g,8oro

AngHe (deg)

Fig.
 
3.

 
1'1]e

 ansrle-dependence  of  maglletoresistance  of  (BEDT-TTF),
 (NB,a)Hg(SCN)4 y,,hen  i'he lie]d is tilzed from  theb'" axis  to the a' -1-c
 direction at several  fixc,d field strengths.
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and  the  b" axis (normal to the  conducting  plane). 
'I'he

magnetic  field is tilted from the b"' direction to the  a'+c

direct.ion (the a'  axis  is perpendicular to both the b" axis

and  the  c axis), It is seen  that a  garge angle-dependent

oscillation  is superposed  oll  the  background

magnetoresistance  having more  moderate  field

dependence. The  angle-dependent  oscillatlon  appears  
as

a  series of  peaks  and  the angle  e ==  O is one  ef  the  angles  oIA

minimum  resistance.  The  oscillation  is perfectly periodic

against  the  tangent of  tbe  angle  O.

  The  angge-dependent  oscillation  of  magnetoresistance

was  discoveTed in e-(BEDT-Trff]F)2I3") and  fl-(BEDT-
TTF)?.XBrz`) independently, lrhe angle  dependence of

magnetoresistance  observed  in the pres¢ nt experirnent  is

very  similar  te those  observed  in the  above  two  com-

pounds.
  Yamaji 

'found
 that this oscillatory  phenornenon  could

be ascTibed  to the warping  of  the  cylindrical  Fermi  suf-

face characteristic  of  two-dimensional  electron

systems:24} The  energy  spectrum  of  the  quasi-two-dirnen-

sional  system  with  a weakly  warped  cylindrical  Fermi

surface  undeT  magnetic  fields is composect  of  a set of  Lan-

dau subbands  with  some  dispersion aEong  the  ficld direc-

tion. When  the magnetic  field is tilted from  the normal  to

 the twe-dimensional  plane, the Landau-subband  width

 near  the Fermi level oscillates against  the tilting angle.

 This leads to an  oscillation  of  conductivity  along  the  field

 directionbecause the transpoTt aiong  the field direction is

 dominated by  the  Lafidau  subbands.2j)  This model  is very

 simigar  to that  fer the new  type  of  quant'um  magnetic

 oscillations  discovered recently  in the two-dimensional

 electron  gas formed in a  GaAsfAl.Gai  ..As heterostruc-

 ture with  a  weak  gateral periodic potential.2e･?')

   Recentgy, a  semi-classical  calculation  of

 rnagnetoresistance  was  made  for this t.ype of  Fermi sur-

 face using  Shockley's tube  integrai formula.2B} The

 calculated  interlayer magnetoresistanec  reproduces

 satisfactorily  the observed  angEe-depgndence.

   Assuming this model,  we  can  dircctiy obtain  the  Fermi

 wave  num.ber  kF from the  oscillation  period for each

 direction in the  two-dimensional  plane; A(tan O)=nfbkF

 in the measGrements  along  principal axes  ef  a  Fermi  sur-

 face's elgiptical  cross-section.  fiere b denotes the  in-

 terlayer spacing.

   Our results  tell that the  cross  sectiofi of  the  Fermi  sur-

 face is nearly  circular,  and  that its radius,  ki, is about

 o.13 A' i in (BEDT-TTF)2NH4Hg(SCN)4. This is consis-

 tent wixh  the cross-section  of  thc cylindrical  Ferrni sur-

 face evaEuated  from  the Shubnikov-de  Haas effect,

   ln thg other  compound,  (BEDT-TTF)2KHg(SCN),t, we

 found anornalous  features iii the angle-dependent

 magnetoresistance:  Figure 4 shows  the  dependence of

 magnetoresistance  on  the direction of  the magnetic  field

 measured  at several  temperatures.  The pattern of  tke

 angle-dependent  oscillation  is found t.o
 be ternperature

 dependent: Above  about  8 K  the  pattem  is similar  to 
i:hat

 of  (BEDT･･TTF)2NH4Hg(SCN)4 but in the  lower tempera-

 ture  regime  it appears  to be reversed  upside-down.  A  dip

  in the high temperature  regime  turns  into a peak  in the

  gow tempeTature  one.

   Also as  functions of  thc field strength  the  oscilgation
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Fig, 5. Field-clependence of  magnetoresistance  of  (BEDT-TTP')2
 KHg(SCN)4  measured  at several  ti]ting angles  from the  b' axis. Tlie

 iiiset shows  rhe  angle  depcndence  derived from these  data evaluated

 at 12 
'T

 and  30T.

pattcrn changes  into the simiiar  one  to (BEDT-TTF)
2NH4Hg(SCN)4  when  the field is higher than  about  20  T

as shown  in Fig. 5,

  Thus, one  eaR  say  that (BEDT-TTF)2KHg(SCN)4
shows  anomaious  features in thc  low-temperature-Iow-
field regime  below about  8 K  and  20 T.

  Keeping  the above  problem  in mind,  we  can  tentatiyely

evaluate  the Fermi wavc  number  ki, from the  oscil]ation
                                     p

period at the high  temperature  regime,  kF.-e,13  A-L, lt

is the  same  as that of  (BEDT-TTF)2NH4Hg(SCN)4 within
the experimental  error.

  gt is to be noted,  however, the oscillation  period of

(BEDT-TTF)2KHg(SCN)4 depends  en  the  direction to

which  the  field is tilted from  the  normal,  We  found that

kF measured  along  the c-directiQn  is about  a  half of  that

d¢ scribed  above,  which  was  measured  agong  the  a'-direc-
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 tion. Therefore the cross-sectionul  area  of  the Fermi  sur-

 face of  (BEDT-TTF)2KHg(SCN)4 estimated  from k],. and
 kFe is a half of  that  evaluated  from the Shubnikov-de
 Haas effect although  these two  methods  give the sarne

 result  in the  case  of  (BEDT-TTF)2NH4Hg(SCN)4.
   Sasaki et at. have found  an  antiferromagnetic  state in

 
the

 above  low-temperature-low-field regfirne of  (BEDT-
 
TTF)!KHg(SCN)4.2')

 This state may  be responsible  for
 the anomalous  features found  in this compound.  We
 have
      found, however, no  satisfactory  explanation  to

 ascribe  the anomalies  in magneto-transport  measure-

 ments  to the magnetic  state,  This problem  is left for
 future studies.

 
3.2,2

 euasi one-dimensionat  corrugated  Flermi sunyface
       of(TM71SE)2CIO,

   (TMTSF)2CI04 is known  to be a quasi one-dimen-

 sional  conductor,  whose  one-dimensional  axis  is a,  For
 magnetic  fields rotated  in the ac'  plane, the
 
magnetoresistance

 anisotropy  in the metallic  phase
 almost  obeys  a  cosine  law, The  c"  component  of  the

 magnetic  field dominates the magnetoresistance,  This is
 characteristic  of  quasi one-dimensional  conductors.

  However, when  the magnetic  fields are rotated  in the

 b".c" plane, which  is perpendicular to  t,he conducting  a

 axis,  the magnetoresistance  shows  a  large deviation frorn
 a  cosine  law as  reported  already.iS,i6)

  Figure 6 shows  a plot of  the  angular  dependence  of  the
a
 
axis

 
resistance

 at  1.5 K for several  fixed rnagnetic  fields.
The

 
field

 direction in the b"c" plane is measured  by  the
angle  e between the c" axis  and  the field direction, At  this
temperature, the system  undergoes  the transition  i'rom
the metailic  phase  to  the field-induced spin-density-wave

phase. It occurs  with  the  steep  increase of

magnetoresistance  at  the threshold field B,h==6.1 T under

fields along  the c" axis  (e=O"). In Fig. 6, the  resuits in
the metallic  phase  are  plotted by closed  circles and  those
in the field-induced spin-density-wave  phase  by open
circles.      The          threshold angles  that separate  the metallic
phase and  the FISDW  phase are  indicated by  large
downward  arrows.  Their positions satisfy the cosine  Iaw
Bcose=Bth(e=O)==6.1T  as expected  t'or two-dimen-
sional  systems,i4)  ,

  
f>s

 is found in the 4T  and  6T  curves  in Fig, 6, the
resistance  in the  metatlic  phase  shows  the unusuai

angular  dependence deviating from the cosine  law: It

  

gn.

/7,i
'

Fig.
 6. Magnetoresistance anisotropy  of  (TMTSF)2CIO, at several

 field     values.
 The  filled and  open  circles stand  t'oT the data in the

 
metallic  and  FISDW  phases. The  downward  and  upward  arrows  in-

 dicate Lhe  FISDW  threshold  and  the  fine struetures,

S, KAGos}･TIMA et ai.38S

 
takes

 locai minima  for the  fields aiong  the b' (e==90e)
 
and

 
e'

 (e='50) axes,  where  b' and  c' are  the  projections
 of  the  b and  c ax"s  onto  the b"c* plane, In                                    addition,  we

 find weak  dip structures  indicated by the small  upward  ar-

 
rows

 at about  48" and  65O in Fig, 6, The  position of  these

 fine structures  is independent  of  the strength  of  magnetic

 fieids, lt is contr{".stive to the threshold  strueture  of  the

 
field-induced

 spin-density-waye  transition, The dips at
 abou!  48" are  considered  to be the same  ones  observed  by
 Boebinger  et  ai. aiid Naughton  et  ag,'9･20)

   We  concentrate  on  these fine structures  of

 rnagnetoresistance  anisotropy.  IR addition  to the struc-

 
turcs

 marked  by arrows,  much  weaker  undulating  struc-

 
tures

 
are

 
superposed

 on  the curves  in Fig. 6. By  taking

 the  second  derivative of  these  curves,  one  can  find these
fine structures  more  clearly as a series of  peaks as  shown
m  P'ig. 7. The hatched peaks correspond  to the threshold
f'or fierd-indueed spin-density-wave  and  transitions be-
tween  its subphases.  Evidently the positions of  the fine
sSructuTes

 are inde.pendent of  the field strength.  In addi-
tion,

 
even

 in the FlSDW  phase the fine structures  also ap-
pear at the same  positions as  in the metallic  phase.
  These facts suggest  that  the fine structures  originate
n,either frogn the field-induced spin-density-wave  transi-
tgons nor          from t.he 

``fast

 oscillations''  peculiar to
(TMTSF)2X,3") but from some  type of  topological effect
related  to t]ie e]ectronic  strueture,

  We  find that the fine structures  appear  when  the frac-
tional.condAtion tan  e::: 1.I plq  is satisfied,  where  p  and
G  

are
 integers,  Here, we  set  p  ==q==1  for the Iargest peak

at
 
48O.

 
In

 Fig. 7, each  peak is labeied by the fractionplq.
The right  inset of  l]ig. 7 shows  the tangent of  the  peak
angles

 plotted against  the assigned  fractionplq.

  Why  does the magnetoresistance  show  a dip structure
at these 

``magic

 angles"?  The  well-known  oscilEatory

TTIT'rnvrr-----F

E
tb'/

]r:2

Anglee(deg)

Fig.
 7. Second  derivatlve traces  of  the  anisotropy  patteTns of

 <TMTSF}2CI04 at  different field values.  The  data in the                                        FISDW

 phase are  plotted by  the  open  circles,  The hatched peaks correspond

 
to

 
the

 
FISDW

 transitions. The angles  that satisfy tan e== 1,Ip!q are

 
shewn.

 
1'he

 right  inset shows  the plot  of  the tangent of  peak  position

 yersusthe fraction pfq.  The  semiclassicaj  electron  motion  on  the  FS
 is also  shown  in the left inset.
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phenomenon  in magnetoresistance  anisotropy  
is
 

obT

served  in the  metals  having  a multiply  cennected  Ferm]

surface.  Another  phenomenon  is found, as discussed

above,  in the  quasi two-dimensional  (BEDT-TTF)2X hav-

ing the warped  cylindrical  Ferrni surface.6'9} [E/he fin¢ struc-

ture  t'ound in (TMTSF)2CI04 is different frem  them

because (TMTSF)?CI04 has only  sheet-like  Fermi  sur-

faces.

  1.ebed and  Bak  have first presented a theory to explain

this magnetoresistance  anisotropy.'S)  Beyond  the  relaxa-

tion  time approximation,  they  estimated  the  electron

relaxation
 timc  assuming  the following; a  three-dirnen-

sional  balld gnodel  with  two  interchain transfer  integrals

tb alld t,･, amd  an  electron-electron  scattcring,  Their theory

could  reproduce  the overall  anisotropy  such  as local

minima
 for the fields neariy  parallel to  the  b' and  the  gf

axes,  but lead to peak  structures  at magic  angles  gnstead

of  the dip structures  observed  experimentally.

  We  propose  another  model  to understand  possible

 origins  ef  locak minima  and  dip structures  at the rnag]c

 angles:  We  einploy  the relaxation  time  approximation

 and  consgder  the folgowing band model  with  mu}tipge  in-

 terchain traRsferg near  the  Fermi ievcl ef  a  quasi one-

 dimensional system.

 E(k)  ==  in'i,(kx r  kF) rr Zm.n t.., cos  (nlbky rrF nck,),  (1)

 where  b and  c are  interchain distances aiorEgy  and  z dtrec-

 tions,  tm. represents  the interchain transfer  integrag associ-

 ated  with  the  lattice vector  re,..=(O,mb,nc), and

 t-rn-n=tmn･ Omly  several  g,rt,t with  small  m  and  n  have                                             '
 finite values  and  otheT  t.. are  negligibl}r  small.  The Fermi

 energy  is assumed  to be larger than 2Zm,.ttnn, so  that

 there exists a pair of  sheet-like  open  Ferml  surfaccs

 perpendicular to the one-dimensionag  axis  (x-axis) 
as

 shown  in Fis,, 8(a).

   First, 
'we

 consider  the electronic  state under  the

 magnetic  fields. Semicaassically, under  the magnet]c

 fields, an  electron  moves  along  the  edge  of  the Fcrrni sur-

 face eross-section  perpendicular to the magnetlc  field in

 the  k space  as  shown  in Fig. 8(a). gt carrics out  a corre-

 sponding  orbital  motion  in the  reag  space  as  in Fgg. 8(b).

 When  a  rnagnetSc  field B(g, B  sin  e, B  eos  e) is applied  in

 the  yz-paane perpendicular to the one-  dimensional axis,

                                       v-(11h)the semiclassical  equations  of  motion,

dE(k)f  dik, h(dk!di)= 
-ev

 × S !ead to

  v.(k,  t) ==sEgn  (kr)vL･,

  (11[ 
((:i
 il) ==  ;l, 1,.(t"mfh) ((:9)

            xsin{6,..x(t)+mbk.,+nck,,}.

(2)

<3)

la)

2/;l'

S. K,KGosl･TiM.rt ei aL

 ,'bl

         
zl,

          
ii

 ./B

  -,-KN.  iY

x"  ttssa["J 
'y'it

Fis,. 8. (a> Sheet-like open  Fcrmi  surfaces  ot' Lhe  quasi-one-dimen-

 sional  svstem  in thc  extended  k spaee,  It show  the  scmiclas$ical  etec-

 tron  traj ectories  when  the  magnetic  field is applied  paratlel  
to

 
the

 
laL-

 tice vector  ren. (b) Open  orbit  motion  ot' the  electron  in the  real

 space.  The  orblt  h carrjes  the  current  along  the fieid direetion.

Here, G..=eB(mbcose-ncsine)!h,  x(t)=sigit(k.)

vi,t, and  k==(k., k,, k,) is the electron  position in the k

space  at  t== e,

  For  gesteral field directaons, the  electron  around  the

Fermi  level carries out  an  open  orbit  motion  with  the ve-

locity vL along  the one-dirnensionaE  axis in the  real  space

as  th¢  orbit  a  in Fig, 8(b). This open  orbit  motion  con-

sists of  the  (m, n) Fourier components  escialating  in the

remn direction with  the wave  number  G.. (or the frequency

viG..)  and  the amplitude  proportional  to tmnR,"n!Gmn.

The wave  numbers  6,n. of  these  connponents  are  general-

ly incommensurate to each  other.

  However,  the transverse (y-z) component  of  v  takes a

non-oscillatory  constant  vaiue  causing  a  drifting motion

in the x-B  plane (x-R., plane) when  the  field diTection

satisfies 
``the

 resonant  eondition,''

           G,,,=O (ortane=pb!ac) (4)

for a  certai]  (p, q)  with  a finite t,,, This means  that  the

open-orbit  motion  makes  the clectron  drift in the  y-z

plane when  the rriagnetic  field B  is parailel to one  of  the

 lattice vectors  as., with  the finite t'.,.

  As  described below,  this motion  can  carry  the  electric

 current  along  the es directioti, causing  the resonant  in-

 crease  of  the dc  longitudinal eonduction.  For  exampSe,

 the real space  orbit  b in Fig, 8(b) has a  fingte average  ve-

 Eocity in the es direction in contrast  to t'he orbit  ec. The

 wave  numbcrs  G.,. where  (ma,n)f(p,q), of  the

 oscMatory  (m, n)  components  of  the open  orbit  are  com-

 memsurate  with  each  other  leading to a periodic open  or-

 bit.
   This can  be described in t'he quantum  mechanica]

 words  as the folEowings, The  effective Harniltongan in £he

 Landau  gauge  A  ==  (0, Bx  cos  e, -Bx  sin  e) is written  as

              "e,i=hVF(rrid!dXuakt)-Zm.nemnCOS{(ln"iX+Mb(ridfdY)+nC(ridfdz)}.  (5)

We  negiect  the Zeeman  term, The eis,en  energy  and  the  envelope  function are  obtained  
as

     Eff=hVF(K}-kT)-Z;n,nt,rtnCOS(MbKy+}ICKr), (6)

     Ai (r) ==  Y-`i2 exp  {tK' l'+i  sign  (K..) ZLI. ,, (t..fhvi G.,.) gin  (Gn,nx+mbKy+nCKz)}･ (7)
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part of  the semiclassical  velocity  v(K,  t) in (2) and  (S),
  For  general field directions, the spectrurn  Ei  ̀degenerates witin  respect  to K), ai!d  K,. This means  that  aEI the open  or-
bits are  equivalent  since  one  trajectory runs  through  all points on  the  I'termi sLtr('ttce in the  reduced  zone  sch ¢ rne.  Since
Ek  depends  only  on  K･, vg  has only  the  x-cornponent.  This corresponds  to tEie open  orbit  motion  restricted  in the x-
direction, However,  at the field directions satisfying  the resonant  condition  (4), E.he spectrum  has aiso  the  K, 1(L-disper-
sion  along  the  B  ciirection, so that vg  has a]so  a  component  in the  re dgrectgon. Thi:s rneans  that the  electron  can  move  in
the xB  plane by the open  orbit  motion.

  The  velocity  operator  v=:(ili  h)[r, ",fr] is given by replaclng  x(t)  with  the nperator  x  in (2) and  (3). The  matrix

elernents  of  vy  and  v,  connect  ptk and  FK+c.,., wh ¢ re G.., =r-  (ei"., O, 0), sinee  <K' exp  (i Gn,nx)K> L'  iic･,K- 
(;,.,,,

 At the reso-
nant  angles,  v., and  z,, have diagonal matri'x  eiemcn  t.s and  they  coincide  with  tliey and  z  components  of  the group  veloc-

itY vg.

  Next, we  consider  the  magnetoconductivity  in the quasi ooe-dimensiona]  system,  The  complex  conduel.ivity  is
calculated  semiclassicaily  by the kinetie form  of  the Boltzmanli equation  assutning  the constant  rclaxation  time  T,

                   gi,･ (co)!(2e?! V) >:k {-df(k)ldE(A)} t,i(k,  O) v, (k, t) c`i/i-iw}[dt,  (s)
or  quantum  mechanically  by the Kubo-type t'ormuta,

             a. (ca)=(-2ihe2f y) zk,s･<Kt  ,K'><  K'viK>j-/LKEill//f-itt' 
Lll)
 Er7,= E. rmih th7:,hf, (9)

The  real  part of  the corriplex  conducl.ivity  elements  at  low tetnp¢ ratures  obtained  from (8) or  (9) are

                a.,=N(EF)(et,b)2Tf{1+(caT)2L  (10)

                (U.'l'j [lll)==N(EF),£
.,.(etsnn!h)2(;"1,ilbll,

 
";f,b,e)i.{(,,r..;,',i;L:>,}2･

 (ii)

where  N(EF)  ==  4!2rrhvF bc  is the  density of  states per unit

volume  at  the Fermi  level. The  other  elernents  (a.ry, a,y.k,

oxi,  and  az.v)  are  zero,  so  that  no  Hall effect is expected  in
the present model,  The  resistivity  along  the one-difnen-
sional  axis  p..= al'li shows  no  field dependence and,

therefore, no  magnetoresistance.  The  inter-ehain conduc-

tivity (1l) shows  the resenance-like  peaks at the frequen-
cies a) =  vF G.n. [['hese peaks  correspond  to the ``open

 or-

bit cyclotron  resonance''.

  The  dc (co==O) interchain conductivity  is the  summa-

tion  of  the  tails of  these rcsonances.  At  the  field direc-
tions that satisfy the resonant  condition  (4), one  of  the

resonant  frequencies (vT,Cl,,) is. zero  (dc). [l'herefore,
when  B is rotated  in the yz-plane, the  angglar

dependence of  the  dc interchain conductivity  shows

resonance  peaks at  the  field angles  satist'ying (4). This
:esonant  increase in the  dc conductivity  corresponds  to

6 
OY,

 

g   - 

i'ig

gg-"MJ".die

   Anglee{cieg)60

 90

the drifting motien  of  egectrons  in the B  direction only  at

the field angles  satisfying  <4),
  Cenditions for t//le resonance  peak  collcerning  Rpq in
the  dc conductivity  to be visible  are, (i) the  large enough
transfer integral t,,. and  (ii) the  mean  free path vFT  beipg
larger than  the peri･od ef  the' (p, q) component  of  the

open  orblt motion/

              ((,BRpqfft)VFT>1･ (12)

  Figure 9 shows  tLn example  of  the anguiar  dependence
o{' the  cagcu]atect  de interehain conductivity  and  resistiv-

ity. They  are  normktlized  by the z-axis  conductivity  p.. (O)
alld resistivity  a,,(O)  at zero  magRetic  field, respectiveiy.

Here, to obtain  clear  structures,  we  set  b=c  and  assume

the suMcientiy  iarge meall  free path GvFT==(eBbfk)
vL,T=='  10. As  for the  transfer  integrais, we  simpiy  set

g.,.=-V!(m21tb-Yn2,1t,･) for -5<m,  n<5,  where  th=='tTo

O.2r'v'.-T-]

It ti.yxio  til.Kio 

'''..
 . ... ...Y :

                            ,....,.±.L.-1
         

i-･6b
 
'
 

i"L'6"
 
''
 sb 

i'"'6o
 go

                Ang[eeCcteg}

T.,Z

L[-go

Fig. 9. Calculated dependence of  the  inter-ebain conduttivity  anct resisti',,ity on  the  magnetic  ficld direction.

   t,..==lf{tn2!tb+n2fi,,),whereth=tio,i,=toiand75<ma,n<S,GviT,=(eBb/h)i,ir,=10,andb=ewereassumed.Dipstruc-

   tures  on  p.,, are  inclicated by arrev,s  and  labeled by plq.  (a) }sotropic case  (zh,= t.), (b) Anisotropic ca$e  (t'b,It.;.- 10).
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and  t. =-  toi. 
'J'he

 anisot.ropy  in t.hc y:-plkne is assunieci  as

ib1 t',･ =J･  1' O.

  1'hese assttmptioms  mean  thattn' e om.e-dimensional  coti-

ducting cit' aSns  alignedi  along  the y-direction make  the

conduet.ing  layer dominated b}r t.he large trafisi'ei' tb.

These  layers are weakly  coinbined  by the  srna]l  interlayer
'ira'resfcrs

 t. /tll, tth ete. Compured  to Lhe  isetfopie case,

the  intcrEayer tral]sfer integrags iii, t`x,･･･  are  not  so

smal]. compared  to the nearest  ne:,glibor  intcriayer

transi"er integrat l,,. Since the intralayeg transfers  t,,,o cio

iiot  eoiitributte  t･o t.he z-axis conducL'ivii.y s.,,, tl,h". resonant

str-ctures  cnncer.iiing  the  igzterlayeT t-, ansters  give rnain

contribution  to azt.

  Since crx.>>ff'.,, tiJ･K=gr.v), ",e  obtain  p,,r,r=o'J f
(a'-,o'e,z-o'v:ffr.v)=lfeJu and  pkk,>>pyy, .p...,(=-p,,/,).
There:,'ofe,, on  the a.figular  di.cpenctence ot'' s,,., t-.he

r･ esonafiee-gike  clear  dip structures  zppear  correspending

to t'ne in,.'erla'yer transfcrs.  0n  
'/'he

 othci' hanci, the  ill-
tralayer re,sistivity  pJ,, obe}･rs  aErrios'i 

'Lhe

 cosine  ls.w, refiec-
t'gng tin.e large intralayey coratributi･om.

  
'lt'xc"i:-t

 the current  directlon perfecti},r p. aral'lel to  the

xy-v)lanc  , t.he gnterlayeT resistivity p,,, gives ciominant  con-

tributf,on to the  measured  resistane".  becin' tase  of' tfiri e  large

angsetropy  fi i" tke  resistiv{i/y .p,, >> .gJ,, >> p.,, , 11n Shis n,vay,  the

large anisotropy  makes  i" casy  tts obseTve  i.h¢  present.
rcsonnnce  effbct,

  
'We

 Fshalr/ appgy  this model  
+e

 the  rriagne,toresiszancc

a"isot,'rapy ot' ('TMTS}.')2>C. Nigre ident'/t'y thg. observed

local p:-i'fiima  and  dip struct,  ure.s  as  tbe  resonant  strurw'-

tures djscussed aioove.  
'ff'he

 transfer  im.tegrcals bcSween the
nearest  ncighbor  TMTSF  molecules  m)oug  the crystal,

axes  have  bcen  esti[nated  as g.==3CO  /tjrLeV, gb==30 meV,

afiJl g,, cc  1 TvieV.S}  T, his large anigotropy  /( i'b >> i',･) is of  great
acivantage  te observe  the dip st/ructures. 

rl'fte
 conciucti'vity

anisol.ropy  ratio  has 
'seen

 reportccl  e.s

aa:gb:ve  =:  25:1:10-] at e=O.ti) A.lthgugh the L'urTcn:  direc-
tion w-.s  almost  paraglel to the fi-axis (ene-diri]ensi･onal
axis)s gn the exper'iments,  the  ineasurcd  resistance  inust･

contaifi  some  interchain eomponents  l:ec;aiise of  t.he large
anisotropy  and  the irregular sarnple  sha.p. e. Reall'y we

could  obta.ii) a  series o !-' much  st'rorigcr  dip struct.ure  as ex-

pected froan the prcsent moctel  by making  a  diy,ect
rneasurement  oi' the c-axis  resistance  a.uisc.ropy.  Ilhus we

considc.r  that  the  resonanee  mechaiiis"'t.  disciisseci above

is responsiiole  for t.he obscrved  magnetorcslstance

aRlsoLropy,

st4. C.GmecfiassEouumi

  l/n concllus;.on,  we  observed  1';oth tke  l'arg.e SdH  escilla-

tions  anci  the  angle-dependent  quant'uz,n osciliat//ons  iri
the  quasi two-dimensional  oyga.nic  supercomductoj/  a-d

its tt･avr].lli,, (BEDT-T'I'P')](NI{4)ffg(SCN),i and  (BEDT-
TTF)2K.tJg(SCN)4,  The  rcsalt  suggests  the  str･ ong  two-

d.imensi,ofgality amed  the presence of  th`w' eygindrical  Ferimi
sLirface with  weak  warping.  

'li/he
 cyL'Eotron  mass

m.=2.lmo  Df･, (BEDT-TTF)2NH4Hg(SCN)4 is heavier
s.han that, m.=='1,4neo,  of  (BEDT-TT.F)?Ki'lg(SCN)4
shoth,ing  no  supcrconductivgty.  Tbe observed  mttgne-

totr,aitspo:,'t feature$ oi[ the for, !new  f:ompounci  arp. very

``nvnrmal''
 as  expected  in a  typgcal  quasi 1.wo-,r.[ime:.sioiiul

S. K.ltc/'osm)"TtL et  al.

systerrt, compat'ed  to (BEDT-TTY)2KHg(SCN)4 tbat

shows  anomagous  feattsres in the low-temperature-low-
field regime  begow  about  8 K  and  2e T.

  {n the qrkasi one-dim.ensional  superconductor

(TMII/SF)iCI04 we  observed  fine structures  gn the

magnetoresistance  anisotropy  as a fractionaC series ot'

dips in the both metallic  and  fieid-iRdueed spin-density

ftfu'ave phases. 
'Vhe

 field angles  oP  tke  fine struetures  ob-

taimed  expeg'imentagiy  satisfy  the fractional conditiorft.

They  coi'ncide with  the magie  angRes  cxpccted  from  the

coryirricnsurability  condition  that  t･he two  periods in an

oDen  orbit  become  comrnensurate,

  wrJe find that tkis phenomenon  is ascribed  to mult.iplc

intercha{,ll ti'anst'ers: The  situation  is, smy,  a zero-{re-

quency  Eirnit of'  the  
``open

 orbit  cyclotroit  r- esonance,''  I'L
is caused  by the rcsonant  occurrence  ol' longitudinal con-

duct:,on by  the  electron  opeR-orbit  motSon  ip the fieUd
directioR. 

'rhe

 appearancc  of  this effect Sn ('scMTSF)2
CIO{  suggest,s ttine importance of  the three-dimensional

nature  of  this compound.

  This pgcture is comrnsn  to both .hc  quasi two-dirneit-

sional  and  the auasi  one-dimensional  con.ductoys  studied            '
ln the present work.  The  experiTnenta]gy  Gbservcd

magnetoresistance  is ¢ xplained  in terms  
･of

 this picture
when  it is combithed  witlt  an  experimental  situation  that･
'thc

 largest res;istance,  i.e., the  i.nterlay.k' o/' the  interchain
eiie, dorninate3' the  measured  resistance  in anisotropic

m.atergals.
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