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I . Introduction

Hi9h1y or iented pyrolyt ic  graphi te was i r radia-
ted h/ i th fast  neutrons at  -90oC in the NBS reactor
(Ga i t he rsbu rg , - I d )  t o  doses  0 . I 8 -2 .9x l 017nv t (e> lMeV)
o r  O .29 -4 .6x1Qr  / nv t (E>JMeV)  .  ca l vanonagne t i c  e f f ec t s
(Ha11 resist i -v i ty ,  pyx,  and magnetoresistance,  pxx)

rrere ¡rpasured between 1.2 and 4.2K in the $/ater-cooled
sol-enoids at  NRL ( ! ' iashington,  D.C.)  in f ie lds up to
gTesla (9OXg¡.  t lescr ipt ion of  star t ing specimens used
in the present work and detai led measurements of  ga1-
vanomagnet ic measurements are gj -ven elsewhere(I )  .
F rom the  res i s t i v i t y  r a t i o  ( p298 /p4 .2K  =  14 .2 )  t he
present specimens are of  h igh qual i ty .

2 .  Resu l t s  f o r  Oxx

From these data the conductivity components oxx
and oxy were obtained.  Cfassical  Theory (2)  predicts
th¿rt  Oxx Bz should saturate in h igh f ie lds,  B>>Bt,
where n!  is  the f ie ld at  which the resist iv i ty  is
doubled.  As seen in f igure 1 th is condi t ion is  sat is-
f ied for  a l l  speci-mens at  9Tes1a but  i t  is  ox¡g ¡¡¿¡
saturates for  a l l  specimens.  This behavj_or has been
observed in pr is t ine graphi te by a nuraber of  workers
in this temperature and fi.el-d range (See ref 1 for
discussion) .

3.  Resul ts for  Oxy

Classical  theory a lso predicts that  oxyB should
saturate and th is behavior  is  observed ( t ig.  2) .  The
l imi t ing value of  OxyB al lovrs the number of  acceptors
NA to be cal-culated from the for¡nulae:

( o x v B ) n > > n l  =  ( P - N )  l e l  t l l

NA  =  (P -N )  l 2 l
b/here PrN are the densi t ies of  holes and electrons
respect ively.

I t  is  noted that  values of  (p-N) should also be
given from the limiting value of the Hal1 parameter
(ru l+(OxyB)- I  for  B>>Br,  accordins ¡q t l leory) .  Hor^rever,
RH does not saturate at high fietds because the 1i¡n-
i t ing value of  RH is predicted on the basi .s that
pxx<<pxy or  oxx((Oxy in h iqh f ie lds.  Nei ther of  these
condi t ions is  sat is f ied at  h igh f ie lds,  and RH did not
saturate.  Ear l - ier  workers (3)  had est imated (p-N)
from Hal-l data at ambi.ent temperature at refatively
l ow  f i e l ds  ( e9  B -0 .5T ) .  The i r  es t ima tes  f o r  t he  num-
ber of  acceptors per uni t  dose leve1 would be severaf
times higher than that given here for the same data.
For instance,  using the value of  RH at  9T,  and com-
par ing wi th data for  oxyB,,we obtain:

No .  o f  ( 1412 )ppm, / IO r /nv t (E> lMeV) -oxy  da ta
accePtors =

per dose (3O1IO)ppm,/ l -017nvt(E>IMeV)-RH data.
If Hall- data were used at l_ower fiel-d the cal-

culated value of  NA woul-d be even hiqhe:r-

4.  Shi f t  of  Shr: lcnikov de Haas Osci l lat ions in the
ó r r ¡ n  l r r n  r

In f j -gs I  and 2 an osci l la tory component of  the
conductivity components can be seen-the Shubnikov de
Haas osci l la t ions.  As the ¡ru¡nber of  acceptors in_
creases the Fermi level_ should fa]l so that the ex_
tremal posi t ions of  these oscj- l la t ions should shi f t .
Cooper et  a1(4) measured these shi f ts  in the f iefd
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region up to -25T for specimens irradiated to
1.2xtOI7nvt(no cr i ter ion given for  neutron energy).
Since (i) the Shubnikov de Haas frequencies for hol-e
and electrons in graphi te d i f fer  only by a factor  of
-1.5 ( i i )  i r radiat ion increases the scat ter ing of
carr iers and ( i i i )  shi f ts  of  f requencies are snal l  in
th is dose region,  the present work concentrated on
the shi f t  of  the qr¡antum l imi t  osci l la t ions which can
be observed ¡t¡cre readily without recourse to compii-
cated curve-f j_t t ing proceedures.  (An analysis show-
ing the di f f icul t ies inherent  in Cooper et  aI  t  s  work
i s  g i v e n  i n  r e f  5 ) .

Data shor"ring the quantum-Ii¡nit oscillations for
specimens used i -n the present work are given in f ig.
3.  At  each of  the extrema, the Ferrd level  is  in
coincj-dence with a magnetic energy level (Landau l-ev-
e1 ) .  S i nce  t he  c -ax i s  l a t t i ce  spac ing_ i s  changed  by
less than 0.02? for  doses less than ]Orunvt  i t  is
reasonable to assume in i t ia l ly  that  band over lap
para[¡eters do not  change wi th i r radj-at ion.  A cal-
culat ion was made of  the shi f t  of  the n=1,2 (e lectron)
and n=l (hole) extrema rdith acceptor fevel- and com-
par ison is  r ¡nde wi th the exper imental  data in f ig.
4 using values of  NA calculated f rom t l l  and t2 l .

5.  Conclusions
The follor,¡ing conclusions follow from the pre-

sent  srork.
(1)  The shi f t  of  the coincidence f ie l -ds for

electron 1eve1s general ly  fo l lows the predict ions of
the r ig id band model ,  but  the shi f t  of  the hole level
is much smaller than predicted. Agreenent cannot be
obtained by employing a scal ing factor  for  the accep-
tor  level-s calculated using [1]  and [2] .  Thus a
rigid band model does not appear to be appropriate.

(2)  A calculat ion was made to assess the change
of coincicence f ie lds wi th band over lap paraneters.
The data could not  be f i t ted wi th a reasonable set  of
parameter changes.

(3)  t 'ne shi f ts  of  the coincidence level ,s are
generally in agreement wi-th a band model in which the
parameter Y2 is  negat ive.  (6)  This is  j_n agreement
w i t h  Coope r  e t  a l r s  r esu l t s (4 )  bu t  i n  d i sag reemen t
w i t h  Sou le ' s  r esu l t s  on  bo ron -doped  g raph i t e (Z ) .

(4)  In the low dose region the abrupt  shi f t  of
the n=l  e lectron level  wi th dose is  d i f f icul t  to ex-
pla in unless changes occur in phase-shi f t  parame.ters.

(5)  The absolute increase in the ampl i tude of
the n=L,2 (e lectron) osci l la t ion for  sample #2 is
c l i f f icul t  to expla in.  Since the introduct ion of  ac-
ceptors should increase the scattering probal:ilities
absolutely,  as shown by changes in conduct iv i ty ,  an
absolute decrease in the amplitude of the Shubrrikov
de Haas osci l la t ions should be observed.
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oxx.B versus f ie ld p lot .  Hours in the reac-

tor  for  these specimens are given in f igure

3.  Doses can be interpolated di rect ly  f rom

exposure t ime and dose of  specimen i r radia-

t ed  t o  32  hou rs  ( #7 )
(2 .  9> ¡ t - 0 I7nv r  (E> t l 4eV)  ;  . 1 . 6x1Of7nv t (E> . IMeV)  )  .

F í9 .  2 .  Oxy .B  ve rsus  f i e l d  p l o t .
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- 1 . 5 T  - 5 . 9 f
I  (oppro¡ lmoi ! )

Fig.  3.  Osci l la tory components of  pxx af ter  mid-
l ine dr i f t  subtracted wi th a buckrng s ig-
nal .  In these data,  smal l  magnet cal i -
brat ion errors,  which di f fer  f rom samole
to sample,  are not  corrected for .  Values
in bracl iets re ' ler  to hours in the reactor .

F r g . 4 . Sr.nunary plot  of  the shi f t  in  the coin-

c i dence  f i e l ds  IE ,2E ,2H  (E  and  H  re fe r

to e lectron and hole)  wi th (P- l j )  ob-

ta ined f rom oxyB data.  Theorct ical
curves based on the r iq id band model-  are

shown. Double curves refer  to spin-

spl i t t ing which can only be resolved ex-
per imental ly  for  the pr is t ine sample.
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