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The out-of-plane elecüronl 'c overlep Parámetor'
y. , appeerlng ln tha bánd theory of Slonczevskl' and
l,¡álss, Introducss many cornplexLtles Lnto the alectro-
nlc structure of graphl ' te. The most str lklng effect
ls that the constsnt enargy surf,aces become warped

\.r l ih threa-fold slmnet¡y sbout tha vert lcal edges of

the Brl l louLn zonE. Uslng a sdrnpltf led ¡node1 of the

anergy surfacEs and uaklng Y, - 0.29 eV, tha eff,ect
of thls tr lgonal warplng on the conductLvlty tensor

components dxx and o¡¡y \rás cslculaüed(l¡z). Based

on thls caLculatLon, the present p¡¡per dlscusses the

affect of trLgonal warpJ.ng on: l .)  the f, t61d depan-
dsnce o f  the  low tempeúatura  Ha1 l  coa f fLc lan t ,  2 . )

lor 'r  f teld conductLvl, ty data and carr ier densLtLas
derlved from such data, 3.) carr ler dansLtl 'es dar{v-

ed frorn an Lntegral of d¡¡¡ over the fLeld, and 4')

ühe pressure dependenca of tha basal conductLvJ.ty of

graphite.

Hal1 Coeff, lclent--- 
I,larpiQE an energy suface cán exert strong

effects on ths Hal1 coeff,lcLant at veak and I'nterme-

dlatE ftelds. At strong ftelds warplng never af-
fects the Hall  coeff lcient and Lt asynptotes to the

valus of R- - l /(P-N)e. For gtaphlter the rnodel re-

sults lndicate ühat tülgonel varplng vlll hevE onlv
a emal1 effect on the Ha1l coefflcl'enü et vteek
fialds. I lo\tav6r, Lt can have a latge effact at in-

te¡nedlate f lelds tendlng to make the Ha1I coeff l-
ciant, becoma posJ.t lve (for the model-caleylaüLont
the  Ln termedtaüE f le ld  fenga ls  .02  !  u t  :  2 ) .  Th ts
poeltive-gol,ng tendancy may ceuse a sJ.gn ¡everEal at
inter¡nedl.ata flelds. The reagon ühl's tanda¡rcy oc-

curg ls Ehaü portLons of, negat: lve curv¿tuüa on the

croes sactlon In FS.gure 1 becoma lnPotüánü ln deter-

ninlng the Hall  coef,f l 'c ient.
A tendency lo¡ ühe l la1l coaff lciant to becoma

positJ.va at lntermadlate f lelds ls, . ln facür obser*

ved aü 4K and 77K as 11lusür¿ted ln Fl 'gure 2. At

29BK thermal broadenLng raducas the Effact of ürlgo-
nal narping. PrevLous \,torkars hava ütLed to explaln

the flald dependancles shown ln Flgure 2 ln tErms of
moblle minorlty carrLars dornJ.natlng the vEak-flald
bahavLor. I lol tsv€t, the fol lor^r lng dtff tcr l l t lEs aül 'se

with ühls IntarpretaüLon: 1.) the graphlte band
modal predlcts the exlgtance of mlnorlty holes '  but
the weak-fleld data J.n Flgure 2 cannot ba axplalnad
wlrhout both mLnorl. ty Electrons and holEs 2.) the
s\.rftch from a rnlnorlty alscüton to a uilnotLty hole
at 77K as the specJ.rnen ls charrged frorn pytolytlc to
natural graphLte cannot be explalned and 3.) ühe
plessure dapendance of the vaak-f leld Hall  coef,f t-
clent predicts extrern¿¡l area changes of ühe rnl'norlty
pockat whLch are qulte dlf fetgnt ühen the pressure

áepandence of mJ.norLty cárúLaü da Haas Van Alphen
osc iL la t lons .

A consisüent explanaü1on of üha data {n Flgure

2 Ls reached 1f tha posLtJ've excursLons aü I'nt6fi[e-
dlate f lelds are lnteÍpreüed ln terrns of tr lgonal

warping. tha vaak fleld behavl'ors are explálned ln

terms maJorlty carr iers, and ühe chánge betr^taen
pyrolyt lc and natural graph:l te at 77K ls explalned
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by dlffetencos ln sceüteülng mechenlsng.

Lor,r Fteld Cond¡tc!t¡4!!¡
@ng nodulates the veloclty of

carf lers on thg Favrnl surfaca, such th¿lt th6lr evsr-

age velocLty lncreasas. Thts cauÉ¡os e conductJ.vJ.ty

enhencen¡ant 8s replesented by the factor É 1n,
o . ( lFfP)elrB(Y,,3) (1)

vhara N and P are carr ler densltJ.as, ü Ís an averega
nobtltty wlthout ürlgonal warplng, 4nd ühe avel¡g.

on B denotss a Fermi eurface everege. As l l luatrst-

ed ln Flgure 3 for the psrt of the model calculet lon

deallng wtth the electrons, B ts large at vteek ftelde

and thEn esyrnPüotes üo e strong f{eld lirntt somevh¿¡t
greater than unlty. The rnodal uses non-varped hole

ároes sectlons and thus nlnl¡nLzes the enhance¡oent of

d-- dus to watplng of the hole Fe:ml eurface' Even

rü-tn" model ylslds a 602 enhancement of o**(o), ln-

dlcatlng that trlgonsl \^tarplng strongly influences

the r¿eak f l .eld conducüfvlty behavlor. Flgure 4

shows the observad behavLor usfng the slope, n, of a

1og-1og p loü  o f  loxx(o) /oxx(B) ]  -1  versus  u8 '  The

enonoulous veak fleld behavlor has ptevJ.ously been

lnterpreüed Ln tarns of ¡aoblLe nlnorl ty carr l 'ers'

uor,revár, ühe estlmated density of ralnorl ty cerr l 'erg

Ls üoo lor¡ for them to ba strongly affect lng dxx'

FLgure 4 also ehovs the predlct lon of ths nodel

calculaiLon. Although the magnltudas are dlf ferent '

thls sho\rs thát ürlgonal warplng can produce a nlnl-

mum Ln n at the same f{eld reglon as the obsarved

¡nLnimum.
fhe effect of varp{ng on dxx at 1ov fteldE tn-

dl,cetes that use of equation
N * P ' d x x ( o ) / e u -  Q )

to calculata carr l .er denslt les r,r l11 result ln error '

Trlgonal warplng tends to Lncrease both dxx(o) ¿nd

ü. Sincs ühese Lncreeses opPose eech other ln cal-

culatLng I, l*P, the net result fs very sensitLve to

üha exacü form of the warplng. The nodel calculE-

t{on ylelded En ovet-astlmatlon of N*P on the order

of 102. The maJor effect of warplng ln uslng aqua-

tton (2) ls then not thl 's error '  but the variatfon

on n et weak flelds sho\ntn ln Flgure 4. This varla-

ülon of n makes l t  lmpossfble tó deftne ü r^rtthout

arbl¿rerLnesB ( 3) .

Cart ler Pensltfeg Bared on
n (2) ¡¡htch has been

used !o derl .ve canle¡ denslt les ls based on

N+P =. lu l8**u, (3 )

fhe enhance¡nent of d¡¡ caüBéd by warpi'ng lndlcates

theü N+P wll l  be oversstLnated r^¡ l th thls formula'

The model cálcúletLon ylelds an overestfu¡et lon of

227. However, a mote setLous problern aEsoclated

wlth ühe appllcatlon of (3) ls that Ú¡¡ does not

esymptote to e B-z dependence et htgh ftelds as re-

qulted ln detdvatl .on of (3). EvLdence of thls pro-

b l e ¡ n  { s  l n d l c a t e d  t n  F t g .  4  v b a r e  e t  U B ' 8 ,  n  o  1 ' 6

lnsteed of a value nea¡ 2. Flgure 4 also lndfcátes

that this htgh ffeld behavlor 1s not caused by tr l-

gonal warplng. At-hlgher f lelds d¡¡¡ eslmptotes to

approxfunately a B-¡ dependence. Beceuse of thls'

eq"atton (3) cannot presently be meanlngful ly ap-

pl lad to graphlte.
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6 0 f Lona shon ttret dlnB/dln1, I  1. ThÍs rasult fndfc¡-
tates thst the verlat l ,on of conductl ,vl ty wlth pres-
sutra cennot be eatlefactorl ly lnterpreted vrl thout
the B ter¡n beceuee d0nt/dp l ,e on ¡he order of
dtnN/dp.
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- Equatton (1) slows rftat-il!-ona1 waiptng tn_
troduces a üerm (d[nB/dr,ny3) (dtny,/dp) tn the-log-
arlthntc derLv¡t lve of the conduci lviry wftt  preá-
sutrc. The calculerlon of thLs teriú le dtf f lcult
b¡cauee both B and dtnB/d0ny? vary along tha veft l ,-
csl .dge of rhe Bri l louln zoñe. ihc noáel celcul¿-

ll¡urc 1. Croee c¡cti.oa of thr rloctron Fergt
Eurf¡cl, b¡e¡d oo Y¡ - 0.29 tV. Th. vactor K
Pol¡ts to a regl,ou 'of 

ncaattvc curvstufe.
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Flgurc 2. Th¡ H¡ll coefflcl.onte of grrphl,te for
pyrolyülc ('.-) rad nrüut¡l (-) spacfuenc.
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Flgure 3. Th¡ nora¡llaed conductlvlty for üho
¡lectro¡ Felui surf¿c¡e for cl,rcular, dyyc, and
trl,gon¡lly warped, d¡o,r, ener¡y surf¡ces.

p.B
Fl.gure 4. Vsrt¡tton of the rlopc, ¡r of, a log-1o¡
plot of [o:oc(o)/o**(E)l -1 vqlaus !8. cuwcs sre for
e:qperlnenüal drte for pyrolyttc grephtte ¡t 4.2K (¡),
and ¡¡odel celculetlon reeulte, elsctron eurfrce only
(b) and both eurfsces (c).
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