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In t roduc t ion

The Esak i  k ink  e f fec t  i s  a  phenomenon d is -
covered by  L .  Esak i ' '  on  b ismuth ;  the  cur ren t
vs .  vo l tage re la t ion  shows a  sharp  k ink  a t  a
cer ta in  vo l tage when the  spec imen is  sub jec-
ted  to  a  t ransverse  magnet ic  f ie ld  a t  1ow
tempera tures .  The cause o f  th is  e f fec t  i s  ex-
p la ined as  fo l lows.  As  shov /n  in  F ig .  1 ,  the
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F ig . l  T ransve rse  d r i f t  o f  ca r r i e r s

electrons and holes dr i f t  in  the t ransverse
di rect ion i f  the e lect r ic  and maqnet ic
f ie lds are appl ied perpendicular Íy ,  as long
as the scat ter ing can be neglected.  When tÁe
dr i f t  ve loc i ty  reaches the veloc i ty  of  pho-
nons.  s t imulated emiss ion of  phonons begins,
h inder ing the fur ther  r ise of  the veloc i ty
of  carr iers in  the t ransverse d i rect ion,  ihr rs
increasing the current  in  the d i rect ion of
t he  e lec t r i c  f i e l d .

Ir\ this study we looked for the same ef-
fect  \n  graphi te,  and could c lar i fy  a pe-
cul iar  feature of  th is  mater ia l  in  th i l  e f -
f ec t2 )  .

Experimental

Since the Esaki  ef fect  is  a h igh f ie ld
phenomenon and the e lect r ic  conduct iv i tv  of
graphi te is  rather  h igh,  prevent j -on of  Lhe
temperature r ise dur ing the current  pulse is
important .  I t  was necessary to make the spe-
c imen very th in and expose i ts  sur face d i -
rect ly  to  the coolant .

Specimens r^¡ere prepared from single crys-
ta ls  by c leaving a long the basal  p lane to
below one thousand angstroms,  cement ing to a
t ip  of  g lass s l ide and cut t ing in to a four
terminal  s t ructure under a microscope.

The current-vol tage curve was obla ined by
apply ing sguare current  pulse of  d j_f ferent
value to the specimen,  and observ ing the
vol tage and current  on an osci l loscope at  a
determined t ime af ter  the star t  o f  tñe pulse.
The k ink ef fect  needs a f j_n i te bui ld-up t ime;
each exper imenta l  curve is  thus a funct ion of
the pulse length.

AI1 experiments were done by dipping the
specimen in l igu id n i t rogen or  a i r ,  in  other
words,  at  about  80 K.

Resul ts

I t  was found af ter
that  the behavior  of
drast ica l ly  wi th the

many runs of  exper iment
the k ink ef fect  chanses
carr ier  mobi l i_ tv .

F i g . 2 s h o w s a t y p i c a l
m o b i l i t y  - s p e c i m e n s .  H e r e ,
l .  0  x  1 9 4  g Í t z / v ,  s .  r n  t h i s

r e s u l t  o f  l o w
the mob j - l i t y  i s

f igure, the th¡o
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Fí9.2 Kinks of  a 1ow mobi l i ty  specimen
curves under the magnetic f ield have only one
kink each, becoming parallel to each othér
at  vo l tages above the k ink,  just  in  the same
way as in  b ismuth.

I t  is  a lso seen that  the curves remain un-
changed f rom 0.5 to 4 us.  This means that  the
bu i l d -up  t ime  i s  qu i t e  sho r t ,  be tow  0 .5  us .

The veloc i ty  of  phonons,  s ,  that  cause the
kink can be calculated as equal  to  the t rans-
verse component  of  the dr i f t  ve loc i ty  of  car_
r iers at  the k ink as,

s  =  ( E / B ) / t L  +  ( r " t  ) - 2 1
where E is  the e lect r ic  f ie ld,  B the magne-
t ic  f ie ld,  urc the cyc lot ron f requency and t
is  the re laxat i_on t ime of  carr iers.  0r . . r  mav
be determined f rom the magnetoresis tañce.

The k ink appear ing in  our  1ow mobi l i ty
specj-mens gives on the average 8 km/s as the
transverse dr i f t  ve loc i ty  of  carr iers.  This
va1ue.  corresponds roughly to the propagat ion
veloc i ty  of  t ransverse la t t ice v ibra l ións,
which is  actual ly  L2 km/s in  the lonq wave-
length region.

From th is  resul t  we can say that  in  low
mobi l i ty  specimens,  that  is ,  in  defect ive
mater ia l ,  dr i f t ing carr iers in teract  s t ronq-
ly with transverse phonons

Next ly ,  F ig.  3 represents the resul ts  of
measurement done on specimens of intermediate
mobi l i ty .  Here,  the curves show somewhat  com-
pl icated behavior .

-  Fo r  a  sho r t  pu l se ,  0 .5  us  i n  t he  f i gu re ,
there appears a weak kink or the lor,r¡ f ield
k ink at  f i rs t  in  the course of  vo l tage in-
crease,  wr i t ten as K for  the curve o i  g.6 kG;
then the curves approach st ra ight  l ines.  The
point  of  in tersect ion of  the in i t ia l  ohmic
curve and the h igh f ie ld s t ra ight  l ine g ives
the second k ink,  shown as Kr  in  case of
9 .6  kc ,  wh i ch  may  be  ca l l ed  h igh  f i e l d  k i nk .

On the other  hand,  when the pulse is  suf-
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F i g . 3  K i n k s  o f  a n  i n t e r m e d i a t e
sDec ln ren

f i c i e n t l y  l o n g , 1 5  p s  i n  t h e  f i g u r e ,  t h e
curves  become another  se t  o f  s t ra iqh t  l ines
s t a r t i n q  f r o m  t h e  1 o w  f i e l d  k i n k .

T h e  Í o w  f i e l d  k i n k  i n  t h e  f i g u r e  c o r r e s -
p o n d s  t o  t h e  k i n k  i n  F l g .  2 ,  b e c a u s e  t h e  c a 1 -
cu la ted  dr i f t  ve loc i ty  has  the  same va lue  o f
about  8  km/s ,  and moreover  a f te r  a  long pu lse
every  curve  approaches a  fu11y-deve loped
E s a k i  c u r v e  w i t h  a  s i n g l e  k i n k .  T h e r e f o r e ,
t h i s  k i n k  i s  d u e  t o  t h e  i n t e r a c t i o n  o f  c a r -
r ie rs  w i th  t ransverse  phonons.  But  the  long
bu i ld -up  t ime ind ica tes  tha t  in  th is  mater i -
a I  t h e  i n t e r a c t i o n  i s  w e a k .

The h iqh  f ie ld  k ink ,  wh ich  had to  be  de-
te rmined by  ex t rapo la t ion  in  the  above f ig -
u r e ,  i s  c o n s i d e r e d  t o  c o r r e s p o n d  t o  t h e  i n -
te rac t ion  be t 'ú reen car r ie rs  and long i tud ina l
l a t t i c e t  v i b r a t i o n s ;  t h e  v e l o c i t y  o f  r e l e v a n t
p h o n o n s \ w a s  c a l c u l a t e d  a s  1 7  k m / s .

] t  i s  to  be  no ted  here  tha t  the  in te rac-
t ion  w i th  long i tud ina l  phonons is  so  s t rong,
t h a t  e v e n  0 . 5  p s  p u l s e  i s  l o n g  e n o u g h  f o r
t h e  f u l l  d e v e l o p e m e n t  o f  t h e  " h i g h  f i e l d "
k i n k  e f f e c t .

Exper iments  were  made then on  spec imens o f
h ighes t  mob i l i t y .  Somehow,  these spec imens
broke down eas i l y  when the  e lec t r j -c  f i -e ld
exceeded the  h igh  f ie ld  k ink .  Any \^ iay ,  an  ex-
a m p l e  i s  g i v e n  i - n  F i g .  4 .  T h e  m o b i l i t y  o f
t h i s  s p e c i m e n  i s  2 . 2  x  L O 4  c m 2 / v  s .  A s  s e e n
in  the  f igure ,  the  low f ie ld  k ink  i s  nov /  very
w e a k .  T h e  h i g h  f i e l d  k i n k  c o u l d  n o t  b e  s t u d i -
e d  e n o u g h ,  b u t  l i e s  a t  a r o u n d  5 . 5  V .

I t  was  found inc identa l l y  tha t  a t  e lec t r i c
f i e l d s  s l i g h t l y  h i g h e r  t h a n  t h e  h i g h  f i e l d
k ink  in  F ig .  4  the  change o f  vo l tage w i th
t ime observed on  the  osc i l loscope shows a
k i -nd  o f  two-s tep  re laxa t ion  as  ske tched in
the  same f igure .

The hump N appears  on ly  in  a  very  l im i ted
range o f  app l ied  cur ren t ;  i t  moves  qu ick ly
f r o m  r i g h t  t o  l e f t  w i t h  a  s l i g h t  i n c r e a s e  o f
c u r r e n t ,  d i s a p p e a r i n g  i n t o  t h e  i n i t i a l  r i n g -
i n g  r e g i o n .  I t  i s  a p p a r e n t  t h a t  t h e  i n i t i a l
re laxa t ion  o f  vo l tage is  caused by  the  h igh
f i e l d  e f f e c t ,  w h i l e  t h e  s e c o n d  o n e  b y  t h e
low f ie ld  e f fec t .  The re laxa t ion  t ime or  the
b u i l d - u p  t i m e  o f  t h e  f o r m e r  e f f e c t  i s  j u d q -

ed to  be  ex t remely  shor t  except  in  the  ne igh-
b o r h o o d  o f  t h e  h i q h  f i e l d  k i n k .

lmen

As shown above,  in  spec imens o f  low car -
r i e r  m o b i l i t y ,  o r  d e f e c t i v e  m a t e r i a l ,  t h e
k ink  e f fec t  appears  w i th  a  shor t  bu l ld -up
t ime when the  dr i f t  ve loc i ty  o f  car r ie rs  in
the  t ransverse  d i rec t ion  becomes about  8  km/
s .  T h i s  v a l u e  a g r e e s  r o u g h l y  w i t h  t h e  v e l o c -
i - t y  o f  t r a n s v e r s e  l a t t i c e  v i b r a t i o n s .  O n
the  o ther  hand,  in  c rys ta ls  o f  h igh  mob i l i t y
the  above k ink  o r  the  1ow f ie ld  k ink  becomes
weak and needs a  long bu i ld -up  t lme,  wh i le
a t  h igher  e lec t r i c  f ie lds  the  o ther  k ink
comes ou t  w j - th  a  very  shor t  bu i ld -up  t ime
when the  dr i f t  ve loc i ty  reaches  about  l -Tkm/
s ,  co f respond ing  to  the  long i tud ina l  la t t i ce
v j - b r a t i o n s  i n  t h e  b a s a l  p l a n e .

D r i f t  v e l o c i t i e s  o f  c a r r i e r s  a t  t h e  k i n k
f i e l d  a r e  a  1 i t t l e  s m a l l e r  t h a n  e x p e c t a t i o n ;
one reason might  be  the  d is t r ibu t ion  o f  the
car r ie r  mob i l i t y ,  wh i le  another  the  saml l -
n e s s  o f  t h e  a p p l i e d  m a g n e t i c  f i e l d .

I t  i s  conc luded tha t  car r ie rs  have a
s t rong in te rac t i -on  w i th  long i tud ina l  la t t i ce
\ ^ / a v e s ,  b u t  i f  t h e  c r y s t a l  i s  d e f e c t i v e  t h e
in te rac t ion  w i th  t ransverse  waves  becomes
a lso  i -mpor tan t .
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