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I  n troduct i  on

Several  years ago,  the t ransverse magneto-
res i s tance  was  measu red  i n  so f t  ca rbon  hea t
t reated between 1000'C and 3200'C for  temperatures
a t  l . 7 K  a n d  4 . 2 K 1 1 , 2 ) .  O n e  u n u s u a l  b e h a v i o r  f o r
t he  magne to res i s tance  was  a  pos i t i ve  magne to res i -
s tance  fo r  d i so rde red  samp les  o f  l ow  hea t - t r ea t -
men ts .  Th i s  was  a l so  measu red  i n  an th ra thene
char heat  t reated between 800'C and 

. l200'C 
for

tempera tu re  a t  4 .2K  [3 ] .  F rom the  ana l ys i s  o f  t he
temperature dependence of  the e lect r ica l  conduct-
j v i t y  o ,  t he  pos i t i ve  magne to res i s tance  was  asso -
c ja ted  w ' i t h  t he  va r i ab le  range  o f  hopp ing  conduc -
t i on  be tween  l oca l i zed  s ta tes  i n  amorphous  ma te r . -
ia l  descr jbed by Mot t [4]  for  whjch o ' -  exp(-$y ' r t ] ,
Tg  be ing  a  cons tan t .  Fo r  more  comp le te  expe r ime-
n ta l  unde rs tand ing ,  a  sys tema t i c  s tudy  o f  t he  cha -
nges  i n  t he  pos i t i ve  magne to res i s tance  a t  l ow
heat- t reatments has been undertaken for  temperatu-
res  be tween  l . 4K  and  4 .2K  i n  t he  wo rk  p resen ted
j n  t h i s  p a p e r .

E¡per-tleüs-L
Samples were prepared f rom a bamboo char

and  raw  pe t ro leum cokes  ( samp les  B  and  C) .  Hea t -
t reatment  of  the sampleswas carr ied out  at  tempe-
ratures between 900"C and 

. l500'C 
for  three hours.

The magnetoresjs tance has been measured by dc
method up to 60 kG. The ternperature dependence
o f  t he  e lec t r i ca l  r es i s tance  has  a l so  been
s tud jed  fo r  t empera tu res  be tween  

. l . 4  
K  and  4 .2  K .

R e s u l t s  a n d  D i s c u s s i o n

E lec t r i ca l  r es i s t i v i t y  o f  t f i q , samp les  hea t
t rea ted  a t  900oC exh ib i t s  t he  T - r l ' +  dependence ,
w h i c h  i s  e v i d e n c e  f o r  t h e  e x i s t e n c e  o f  l o c a l i z e d
s ta tes  i n  t hese  samp les .  Lóga r i t hms  o f  t he  re lq ;
t i ve  res i s tance  R1 /R4  2  a re  p lo t t ed  aga ins t  T - r l +
i n  F ig .  1 .  The  résu l i 5  o f  t he  magne to res i s tance
on these samples are shown for  measur ing tempera-
tu re  o f  4 .2K  i n  F ig .  2 .  These  resu l t s  con f i rm
those  ob ta ined  p rev ious l y .

The magnetoresis tance of  the bamboo char
h e a t  t r e a t e d  a t  9 0 0 " C  i s  p o s i t i v e  a t  a l l  f i e l d s
and  a t  a1 l  t empera tu res  i nves t i ga ted .  No  va r i a -
t j on  o f  t he  magne to res i s tance  aga ins t  magne t i c
f i e l d  d j rec t j on  j s  obse rved .  The  magne to res i s t -
ance  i nc reases  w j th  i nc reas ing  magne t i c  f i e l d
and  w i th  dec reas ing  tempera tu re .  Log -1og  p lo t s
o f  t he  magne to res i s tance  va lue  vs .  magne t i c  f i e l d
show tha t ^ the  magne to res i s tance  va r i es  app rox ima-
te l y  as  H¿  w i th  dec rease  o f  exponen t  a t  h i gh
f i e l d .  Dec rease  o f  exponen t  becomes  app rec iab l y
w j th  dec reas ing  tempera tu re .

The magnetoresis tance of  the cokes heat  t reated
a t  900 'C  shows  comp l i ca ted  va r i a t i ons  on  bo th

magne t i c  f j e l d  and  tempera tu re .  The  magne to res i s -
t a n c e  j s  p o s i t i v e  a t  a l l  f i e l d s ,  a n d  v a r i e s  w e a k l y
a g a i n s t  m a g n e t i c  f j e l d  d i r e c t i o n .  T h e  r e s u l t s  o f
t h e  s a m p l e  B  a r e  s h o w n  i n  F i g . 3 ,  w h e r e  ( l p l p ) r ^ "
and  ( ¡p lp ) ¡ ¡ i ¡  a re  t he  max imum t ransve rse  magne tó ' :
r es i s tance  and  the  m in imum a t  t he  same magne t i c
f i e l d .  I n  t h i s  a n d  o t h e r  s a m p i e s ,  m a x i m a  i n  t h e
mean t ransverse magnetoresis tance vs.  temperature
a t  cons tan t  magne t i c  f i e l d  a re  obse rved .  The  mean
t ransve rse  magne to res i s tance  i s  de f i ned  by  t he
mean  va lue  o f  t he  max imum t ransve rse  magne to res i s -
tance and the min imum. Temoerature at  the maximum
is  abou t  2K .  Th i s  behav io r  i s  assoc ia ted  w i th  t he
onse t  o f  t he  an j so t rop i c  nega t i ve  componen t  wh i ch
í s  s t ronge r  a t  h i ghe r  magne t i c  f i e l ds  and  l ower
temperatures

The  an i so t rop i c  nega t i ve  magne to res i s tance
can  be  a t t r i bu ted  to  cha rac te r i s t i c  o f  t he
g row ing  g raph i t ' i c  c r ys ta l  I  j t e ,  t he  reg ion  o f  t he
pseudo -me ta l l  j c  conduc t i v i t y .  The re fo re ,  t he  res -
u l t s  o f  t he  samp les  o f  cokes  hea t  t r ea ted  a t  900
"C  sugges ts  a  s t ruc tu ra l  mode l  o f  t hese  samp ies
invo l v i ng  reg ions  o f  t he  pseudo -me ta i l  i c  conduc t i -
v i t y  connec ted  by  t he  va r i ab le  range  o f  hopp ing
conduc t i on ,  as  t he  mode l  p roposed  by  Hami l t on ,
C ross  and  Adk jns  f o r  amorphous  ca rbon  f i lms [5 ] .

The pseudo-metal l  jc  conduct ion becomes domin-
an t  w i$ f , i nc reas ing  hea t - t r ea tmen t  t empera tu re .
The  T - r l +  dependence  o f  l n [R1 /Ra  2 ]  i s  no  l onge r
observed for  the samples of  the óókes heat  t reated
above  l l 00 'C .  The  nega t i ve  componen t  o f  t he
magnetores ' is tance becomes remarkable wi th increas-
i ng  hea t - t r ea tmen t  t empera tu re ,  wh j ch  can  be  i l l u -
s t ra ted  i n  F ig .  3  w i t h  t he  resu l t s  ob ta ined  fo r
the  samp le  B  hea t  t r ea ted  a t  l l 00 "C .

For the samples of  the cokes heat  t reated at. l 500 "C ,  
t he  magne to res ' i s tance .  i s  nega t i ve  a t  a l l

f i e l ds  and  a t  a l  l  t empera tu res .  l , l i t h  i nc reas ing
magne t i c  f i e l d ,  t he  mean  t ransve rse  magne to res i s t -
ance decreases at  f i rs t  and then tends to saturate
a t  cons tan t  t empera tu re .  I t  dec reases  w i th  dec re -
as ing  tempera tu re  a t  l ower  f i e l ds ,  wh i l e  i t  i nc re -
a s e s  a t  h i g h e r  f i e l d s .  T h i s  i m p l j e s  t h a t  t h e
pos i t i ve  componen t  due  to  hopp ing  conduc t i on
supe rposes  on  the  nega t i ve  magne to res i s tance  o f
t he  g raph i t i c  l aye r  p1ane .  The re fo re ,  amorphous
r e g i o n s  s t i l l  r e m a i n  i n  t h e s e  s a m p l e s .
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