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MAGNETORES ISTANCE OF THE ORGAN1 C SUPERCONDUCTOR 
(TMTS F)zC 1 O4 :KOHLER’S RULE 

J. R.COOPER, L. FORRO AND B. KORIN-HAMZIC 
I n s t i t u t e  o f  Physics o f  the University,POBox 304, 
41001 Zagreb, Yugoslavia 

Abstract  - We repor t  a study o f  Kohler’s r u l e  f o r  s i n g l e  c ry -  - (TMTSFfzC104 I n  the  temperature range 2-2ZK and ffelck 
up t o  7.8T f o r  cu r ren t  f l ow  p a r a l l e l  (a) and perpendicular 
(c*) t o  the conducting chains. 

I NTRODUCTI ON 

Recent magnetoresistance measurementslD2 on s i n g l e  c r y s t a l s  o f  

(TMTSF)zC104 i n  the relaxed (R) s t a t e  show tha t  Kohler’s r u l e  (KR) 

i s  obeyed f o r  411~*, yII$’ bu t  no t  f o r  Jllg, 111.“ . 
KR f o i  lows from the Bol tzmann equation descr i  b lng  t ranspor t  by 

e lec t rons  a t  the  Ferml surface (FS) I n  the  re laxa t i on  t ime (Z) 
approximation. The d e f l e c t i o n  o f  c a r r i e r s  between c o l l i s i o n s  de- 

pends on the product H Z .  I f  p o d %  as i s  usua l ly  so f o r  metals, 

then the r e l a t i v e  change i n  r e s i s t i v i t y  (by) over the  zero f i e l d  

value (p,) i s  a universal  f unc t i on  o f  H/Jo. 

The observat lon o f  KR ind ica tes  t h a t  several features o f  the ex- 

perimental r e s u l t s  can be understood w i t h i n  the framework o f  a c l a -  

ss i ca l  theory based on the Boltzmann equation, as used f o r  o rd ina-  

r y  metals such as copper. A t  the present t ime i t  i s  no t  a t  a l l ,  

obvious t h a t  o ther  p roper t ies  such as anomalous o p t i c a l  r e f l e c t i -  

v i t y 5  and NMR data can be accounted f o r  i n  the  same p i c t u r e  a l t -  

hough t h i s  may i n  f a c t  be poss lb le  . I n  any case the methodology 

described here and I n  o the r  papers lDZD8 should be o f  i n t e r e s t  and 

perhaps a lso  re levant  t p  o the r  organic metals e.g. the  BEDTTF ser l -  

es . 

3 
4 A textbook example o f  KR f o r  magnesium i s  shown i n  F igure  1. 

-1 

6 

7 

From Figure 2 i t  can be seen tha t  p, Is s t rong ly  increased by 
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0.4 r 
J .  R. COOPER ct al. 

4 FIGURE 1 Textbook example showing Kohleras rule for magnesiwn. 

a magnetic f i e l d .  i n i t i a l l y  we thought tha t  t h i s  was the  e f f e c t  we 

had been looking fo r ,  namely an increase i n  "one dimensional i t y "  
9 w i  t h  magnetic f i e l d  . But we l a t e r  disregarded t h i s  i n t e r p r e t a t i o n  

because i t  seemd to be incons is ten t  w t t h  the KR behaviour and a 

c lass i ca l  s ing le  p a r t i c l e  p ic tu re .  However recent t heo re t i ca l  work 

lo"' indicates tha t  t h i s  i s  no t  t r u e  and does indeed a t t r i b u t e  

the f i e l d  induced spin densi ty wave s t a t e  t o  an increase i n  "one 

dimensional I t y "  w i t h  H, but on l y  f o r  ,HI \  &* and no t  f o r  till b'. 
Pc*, o f  R samples shows changes i n  slo- 

pe on a log- log p l o t  a t  25K and 3.5K both o f  which are  reproducib128 

Although Pc* samples can be as small as 0.3xO.2xO.l m3 along 3, 

- b' and s;* and a re  thus d i f f i c u l t  t o  contact they general ly do no t  

show i r reve rs lb le  resistance jumps on cool ing.  

I n  Figure 2 p,(T) i e .  

An example o f  Kohler p l o t s  f o r  pc* i s  shown i n  Figure 3 .  The- 

se are newer resu l t s  f o r  a c rys ta l  from another preparat ion batch, 

w i  t h  the more usual morphology, the la rges t  face being an (001) p la -  

ne, i n  the R s t a t e  (6 hours from 42 t o  4.2K). The corresponding re- 

s u i t s  f o r  P c * ( T )  and the quenched (Q) s t a t e  are a l so  given i n  the- 

se Proceedings . It i s  reassuring t o  see tha t  KR I s  again obeyed. 

bp/po i s  about a fac to r  of 5 smaller than before', but  t h i s  on ly  
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MAGNETORESISTANCE OF (T?v~TSF)~CIO,: KOHLER'S RULE 123 

. Q stote 
R stote 

P A  /*- 

n-701CI 

n:o 

M 7 k G  

H-U 

1 
1 10 100 TfK 

FIGUPL? 2 
f o r  (TMl'SF)2C104 from ref. 1. 

corresponds t o  z being 2.2  t lmet smal ler  and indeed agrees w i t h  

the r a t i o  o f  the measured values o f  

Gverall vim of resist ivity data forpLfg*) and f,, fa) 

4 1 ( 2 ) .  

CALCULATION OF ,(H) 

Following the observatlon o f  KR we made a n a l y t i c a l  ca l cu la t i ons  

o f  the conduc t i v i t y  tensor f o r  an open t i g h t  b ind ing  FS using the  

standard formula . 12. 

Here Ids i s  an 

one over kL, Vk 

n tegra l  over the FS which can be transformed t o  

s the FS ve loc i t y ,  n Planckk constant and e the  
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124 I. R. COOPER ct al. 

- AR 
. Ro 

- I  

1.8K-bb 
d 

H.632 kG 
+ H.49 kG 
O H  3Q8 kG 

AT=U K 
a T= 10.5 K 
rT.4.2 K 

FRXIFJIT 3 
the relaxed s t a t e ,  f o p  111 b.' 

e lec t ron  charge. V k ( t )  i s  determined from the t ime dependence o f  k 
caused by the Lorentz force. I n i t i a l l y  we assumed orthorhombic sy- 

m e t r y ,  but l a t e r  i n  an attempt t o  account f o r  Paa(H) v i a  a non 

zero value o f  Cab,(0), we took a 4 b  - 70' wh i le  the o ther  two 

t r t c l i n i c  angles were s t i l l  taken t o  be 90'. The physical  I ns igh t  

given by these ca lcu la t ions  complements recent numerical workt3 ta -  

k ing  the f u l l  t r i c l l n t c  symnetry i n t o  account. I t  may be important 

t o  use an accurate a band s t ruc tu re  as possible" because cab* (@)  

Kohlep p l o t s  for pel, fo r  a crys ta t  of (TMTSF)~CZO~ i n  
A sketch of the stmrpze $6 

the largest  face be&g an 001 plane. 
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MAGNETORESISTANCE OF (TMTSF),CIO,: KOHLER'S RULE 125 

seems' t o  be s e n s i t i v e  t o  b* zone boundary e f f e c t s .  The main r e s u l t  

i s  t ha t  f o r  HI\ b' 

Equations"* f o r  the o the r  components o f  LT w i l l  n o t  be repeated 

here. 

Using the simplest  approximation t h a t  Z i s  independent o f k a n d  

o f  the d i r e c t i o n  o f 1  ( i .e. the d i r e c t i o n  i n  which the FS i s  d i sp la -  

ced from equl 1 i b r i  urn) 

3 

I f  

where a=3.638, b~7.688 and ~ ~ 1 3 . 3  8. 
i s  indeed a constant than the r e l a t i v e  change i n  bc,c, 

1 depends on 

ecH 4 
II ecH V J  = - 

I S C '  RC' 

( 4 )  

where C*  i s  the v e l o c i t y  o f  l i g h t .  Note t h a t  i n  t h l s  slmple appro- 

x imat ion the anisotropy i s  also temperature independent. 

SAMPLE GEOMETRY 

I n  deal ing w t t h  such an iso t rop i c  conductors the concept o f  the 

equivalent i s o t r o p i c  samplets ( E I S )  used dur ing  e a r l y  work on TTF- 

TCNQ16, i s  o f ten  convenient, 

about the cur ren t  d i s t r i b u t i o n  i n  the an iso t rop i c  sample. The E I S  

i s  generated by a coordinate t ransfarmat ion according t o  the form- 

ulae x i  =liJ-i , (J= 3,/- , whereRi i s  the sample 

dimension along the i - t h  p r i n c i p a l  ax i s  o f  g. Examples o f  E I S  a re  

shown i n  F igure  4 f o r  the t y p i c a l  c r y s t a l  shapes used i n  our work 

for pc. and pa w i t h  t y p i c a l  anisotropy r a t i o s  500:10:0.2 &?m)-' 

I t  provides a simple way o f  t h i n k i n g  

15 I 
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126 I. R. COOPER a al. 

"-P I / 
%* 

FIGURE 4 
samplee, on the r i g h t ,  w i t h  those of the crystals ,  on the l e f t ,  f o r  

dimensions a,b,' c* of 0.3x0.2x0.1 mm for mc4 and 3xO.2xO.l mn 
for ma, and conductivity ra t ios  of 2500:50:1. 

I t  i s  c lea r  t h a t  f o r P C *  samples the d i r e c t i o n  o f  A, i .e.  the geom- 

P b '  e t r y , i s  b e t t e r  def ined than i t  i s  f o r  pa ( o r  f o r  t h a t  mat te r  

S t r i c t l y  speaking the concept o f  an E I S  i s  no t  v a l i d  i n  a magnetic 

. f i e l d  because o f  the H a l l  f ie ld ,and I d e a l l y  the cur ren t -vo l tage di- 

s t r i b u t i o n  should be worked outl'ab i n i t l o "  i n  the plane I t o  H. 

However I t I s  reasonable t o  assume t h a t  the EIS concept holds un- 

t i l the H a l l  f i e l d  (Lorentz force) becomes an appreciable f r a c t i o n  

o f  the app l ied  e l e c t r i c  f i e l d .  I n  p r a c t i c e  we a l so  checked exper i -  

mental ly t ha t  f o r  pc* samples w i t h  cur ren t  contacts I n  the 2 d i -  

rect ion,  there was no detectable vol tage a t  low T and h igh  f i e l d s  

which a l so  confirms t h a t  the E I S  I s  long and th in .  

Comparison of the ahapes of the equivalent isotropic  

cC4 (upper) and %(lower). The samplgs are drawn t o  scale for 
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MAGNETORESISTANCE OF (TMTSF),CIO,: KOHLER’S RULE 127 

COMPARISON WITH EXPERIMENTAL RESULTS FOR P,*(H)AND ,P:(H) 

According t o  the above argument 4 i s l l  t o  g* i n  a magnetic f i e l d  

for the pc* sample. I t tu rns  ou t  t h a t  the o f fd iagona l  (Ha l l )  com- 

ponents o f  W a r e  n e g l i g i b l e  so t h a t  L1/31/Pl =a2?. For the two 

samples s tud ied  i n  d e t a i l  ( ref .1 and Figure 3) a t  2K and lT,  

oy/fl=l and 0.2 respec t ive ly .  From equation 4 t h i s  imp l ies  t h a t  

&,I- 1400 a o r  620 a a t  2K. These values o f  R are I n  good agree- 

ment w i t h  those estimated from the magnitude o f  tI (2) on sampl es 

from the same batch, namely lIl =300-3000 a (17)for res idua l  r e s i s t a h  

ce r a t i o s  ranging from 200-2000. The corresponding T values ( t a -  

k ing  4 ,  60.3eV) a t  2K are  2.1O-l2 and O.89. l0- l2 secs i n  good agre- 

ement w i t h  those found13 from bbb a t  0.5K. Furthermore the  r a t i o  

o f  these values o f  T i s  near ly  the same as t h a t  o f  the measurec’ 

values o f  q ( 2 ) ,  (100 and 5r !Rcrn)-’). Knowing r a n d  q a t  2K and 

Iusingequations 3 leads t o  tl = 1.1+ 0.1 meV” i n  both cases, i n  good 

agreement w i t h  theo re t i ca l  estimates1*. Values o f  tL i n  the Q s ta -  

t e  are a l so  w i t h i n  the above l i m i t s  hut a s i m i l a r  procedure f o r  the 

PF6 s a l t  leads t o  tL 00.16 mev 

As reported previously1’19 KR i s  n o t  obeyed f o r  R samples w i t h  

- HI1 c?; and .Ill 5. There are a l s o  d i f f i c u l t i e s  i n  accounting f o r  the  

magnitude o f  the observed e f f e c t .  Nevertheless there  are th ree  

po in ts  which favour some k ind  o f  s l n g l e  p a r t i c l e  explanat ion ( I )  
i n  the l i m i t e d  m e t a l l i c  reg ion  avai lable (5.5 t o  12K) the Q sample 

(iii) a t  h lgh  f i e l d s  and higher temperatures 

II 

C 

C 

C 2,17 - 

does obey KR ( i i )  i n  f i x e d  f i e l d s  Ap/p  f o r  the R samples 1 ,19 
II 11 -2 

P O  
goes as 

the r e s u l t s  f o r  the R sample tend t o  the  Kohler l i n e  o f  the Q 

samp 1 e. 

The d i f fe rences  between the R and Q s ta tes  lead us t o  be l i eve  

t h a t  magnetic breakdown across the s u p e r l a t t i c e  gap associated w i t h  

anion order in?  mas be important , 
1 

I f  one draws the s u p e r l a t t i c e  gaps on the o r i g i n a l  FS w i thou t  

halving the B r i l l o u i n  zone, then i t  i s  c lea r  t h a t  f o r  _ H I 1  CJC the 
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128 J. R. COOPER ct at. 

Lorentz force w i l l  d r ive electrons "through" the gaps. 

These gaps are not e f fec t i ve  when H IlkL which i s  why PCk obeys 

KR. However t h i s  in terpretat ion now needs more experimental supp- 

o r t .  i t  does not  seem t o  be consistent w i th  the resul t "  that  pb 
follows an H2 law a t  O.SK. For 

equivalent isot rop ic  sample i n  Figure 4 indicates that  the direc- 

t i o n  o f J  may not be very w e l l  defined unless the current contacts 

are extremely uniform and thus that  geometrical e f fects  could be 

troublesome. Note also that  we d id  not use end contacts f o r  ..J]I& 

I n  summary we believe that  several features o f  the magnetore- 

sistance o f  s ing le crysta ls  o f  (TMTSF)2C104 can be understood i n  

terms o f  the c lass ica l  p icture.  However many o f  the de ta i l s  are 

s t i l l  not understood,for example the resistance anomaly a t  3.5K. 

The geometry .Ill"*, tlllhO i s  a p a r t i c u l a r l y  good one. I n  the region 

where Kohler's r u l e  i s  obeyed, i t  can be used t o  estimate the 

mean f ree path along the chains, the relaxat ion time 2, the in-  

terchain overlap in tegra l  5 ,  and the average mean f ree path along 

c . Devlatlons from Kohler's r u l e  might be used t o  look f o r  the 

coherent-diffusive t ransi t ion19 i n  the transverse conduct iv i ty , 
changes I n  band st ructure w i th  magnetic f i e l d  (magnetic breakdown) 

o r  temperature (band narrowing), changes I n  Z wi th  magnetic 

f i e l d  or  pret rans i t ional  f luctuat ions.  

B' and dl1 the shape o f  the 

C 

2 
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