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I got a Ph.D. in physics from the University of Tokyo in 1977. The title of my Thesis is 
“Surface current effect in bismuth and a new method of observation for quantum magneto-
oscillation. Such a surface current effect is so-called the static skin effect which has been 
predicted by Prof. Mark Ya. Azbel (1962). At that time, Ph.D. students wrote a Ph.D. thesis 
either in Japanese or in English. I wrote it in Japanese.  

After I graduated from the University of Tokyo, my interest shifted from the static skin effect 
in bismuth (surface current effect, transverse magnetoresistance at low temperatures) to the low 
dimensional phase transitions on the graphite intercalation compounds and random spin systems. 
So I had no opportunity to translate my thesis from Japanese to English.  

I came to the USA in 1984. After doing researches at the University of Illinois at Urbana-
Champaign (1984-1985) and the Schlumberger-Doll Research (1985-1986), I got a job as a 
professor of physics at the State University of New York at Binghamton (1986- present).  

Recently I had a chance to read again my Ph.D. Thesis with some excitements which I 
experienced as a graduate student. Although the thesis was written in 1977, and the concept of 
the physics may be old, I still thought that my Thesis must be deserved for putting in my web site. 
So that, someone can read it. I tried to translate my Thesis from Japanese to English several 
times, but unfortunately I failed it. Since the thesis was written in Japanese, I first hesitated to put 
it in my web site. However, consequently I decided to put a copy of my original Ph.D. Thesis 
(hand written). The explanations of figures in my Thesis were given in English. I wrote 3 papers 
which were published in Journal of Physical Society of Japan and Japanese Journal of Applied 
Physics. The contents of my Thesis is essentially the same as that of these papers So that those 
who are interested in physics but cannot read Japanese, may read my published papers in English. 
A part of my results seems to violate the parity conservation law for the magneto-resistance for 
special experimental configuration. I had some difficulty in convincing Referees of my Thesis in 
this point. It is amazing to me that I worked on the static skin effect (surface current effect in Bi) 
about 40 years ago before the role of the skipping orbits is really recognized in the new topics of 
the topological insulators.  

Finally I am indebted to Prof. Sei-ichi Tanuma (the late, Institute of Solid State Physics, 
University of Tokyo, my Thesis adviser) for his invaluable suggestions for various kinds of 
experiments. Prof. Tanuma was ingenious experimental physicists. My experimental works for 
my Ph.D. Thesis is greatly owed to him. By the way, the Ph.D. thesis of Prof. Tanuma was on 



the thermoelectric power of Bi-Sb alloys. These systems have been experimentally investigated 
in relation to the topological insulators. 
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, E:f,rrt${,*tofaffTb to(x x6 \ o lt
&rf'4n't o 6(-Y+tsofr1 q tx6) r.h+,
r * tuL:fr, E rttLl bo

(F)€,:nd-6 € n*z \ F ,EE ri f, , €fr E EFA
fr, l: jtrLT€a Y Eff ,k 6€,itrc,t H il 8'6)
fEAlirr +f $fi4F,log Xfu^L4tbE, f FH
il x r)ffiEl:rr yS+At 6)xx 6i[.4*x
:nhh" ffid jbL,-&fuWtrLq H$-rrf
E*, re n,#e r'-- ff i. ( D h,F ,{t L, W.rfr, R $a r.-

ff t ( ftn r fr v'o
(c) {v) & ,) x 70 tr 7' a jfl H- r- P^^ {s) fy fr*rfu F.,

$ai.ftltit-^firr>& t L, E(A)ktf,qtt
h. FFt, Ekffix#r.a1 LcXrotr>7',ff
,t- ( #*4 0) X Y fu 6) + rr: 4t^f- ) r' q E )fr"bb
rf frmF,:ft, otq4T sdf )fr€ q qPrlEE rEL
L r &tf fJv\,

frh,ffit' y$tAfiri(P/rgr *\ C1\ brftE Krt t

ts3.itr,3. l?pfitt((1\A fi) tiTHYTo
n 7-:ttfotr l"{1 4LFrf,Rf$'rrflbo tp

=r= fL-10 (zaxto)



NO. T3

tr f^^(y) rtd'{lER$ercf'f, r r , x z"o -z'
qrft,6 tirt {Ffiftti, f F y jo tr 7" qrfre.
rr rf, $ftf Ji. fd' 6 

^

-b, lli 6t *4# tt H ll f qrkE tc fP b n ( !1 F

f\', E*ffit Y t fu Fl ,*fr q q t6r rt fFna I fc

ffiE ri t, , " *fuW)fr,E#tE*.,fuefu titf t (
ct t+ ft,ft t , E-nn fu, r. t-t L r rr &4t lr rr ;r
" , k \^ 1tr.get* a) t\ r) JE \- k 7r\ f z.z.l
d) *.86X#F [ , EFI i tT tr ru' 2 t! o

1.1.3.2 ert*t,ift H // t, rlYe
#E-

H // t, T// Y otffiE q ffiE#h-+e+fr, rt Hl/{
L//X arEE o r h EtF h [i.F fr' a. lfl 3.30

3.3t , 3.3* tg,4' 3.35 {) F.E€ fr6R. t + frl J b z.

)k. orL, r- bb 6

(viilPys(t)tttX 7" B-T T't x T"Er 7" F

t , fr*hilR $a lc F\ L ( ffffir b t , t 70tr

r'rt&E rrl ,EhtfrR*r.if r rfffif,'r
hao

Oiii)Pyutgtrf,XTo B 7" u,f ?E 7"rFlb46
t63o

(ix) F,jn A fi q,F sz r. tf' t (, f,ryff) r, E{ZrftR

ffi,e q-* * IR rE t t v. rc L r (vii)^ (ix) r FFXX
-lazrkq r ) tifJb c

(B) R 6 65 r{ fr rft w rii- rt 6 #- t -f", E' -ru rt dt #l
o &t t-6F+4jfir- *Ar.:lri,t^ b. €,;fr'

ata rL-lo (28x1.6)
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EFtf H r f: rr E o) nSa ti ft L ( 6 A r h b

n*Zyktr H // E ). pR t I t x fu " ff; ? q t 6f r'.-

fFT,ntK htft6'r* t (E)qtrt4
2.2 q *.F,frf6-R s, EFI i t1" rcfJ 2 E,

MEhh+e#,qA+ffi s ) riltt'b (t)tr a R.ge
1*nr'4+b +{Fb.'t T#t.)SEj 1'f tY
rf , (B) 6) EIERS;r.*t L ( $:rt,ffffrntrrft L fJ
!\ v \^ ) A+ti rz,h,fix FFt€6lrEE h i' h lE \'

kFba. \ nI^d. qfgfr#x-v i+. I.1.2$
,Sa"t\ C1 ft fr#R. E 6) ttsts ) , (q)H //lj
ffi r r // X (T-r.5K) o,F'l ,FEe,g,G Ffr+6?*K
tv-R q S L' Trr A i u, t\EW*. (., t F (I) H //
XX&r I{Y (T=l'5k) otFl ,eff.,fr-rlfff 6t
-ftrf fu# q s.t.
,h A o \ \ T'F"lf* v. f{'6 q tt , ffitf (a)o reF
ri 6)uffi6r&-Rtt-Rn h t'r(b) qfra lLrs-t-
L' fS 1\ t\ V \r ) I Y f b b, \ d) f: h:ft ffi f-
rt€fdt'*Rf?* q h\t k4+ E^R#t t, r itlr
{q) A.tr" (b) q rR. q q nfu e T f\ ,) A
ltr' Eri r^f ho

4. 1.3.3 L- 7( 7 K {i b' V a ffiflih*..Ffif
rR () 6fr' q {-HE"tt

I4.i. l. I &+" {1. l, 1.2 riti \\(Ffr,r.*!rF S

i ri,€+6bArfttR,t,'6fr-tb FbFtf ,,
k0rkq z1qk4+"*)fitrt n(\\ btY'*tx
hb. tPt,

Jr= fE-lo (2BXr6)(-



No. 75

(4) tr^ + E .'E lLfr" f,*f 4s 6 th T b \' y 
c,

ts)G.tE h E-'5.ti H q t Y r, Exll Afulr 6
&:nnr'#fnT a r Y 

^
ts" K ( r qffi6 r FF. rr U) qh4* tf rfi f,.- t n r
\\ 6 o (n) q frl+ /x)f; t. t h r \\ A f X. ) /1'x, rt
rff*eit (q, b, cA+&u h,E+L^"+y
l. ) o h q 1 l.i*r$ ( LIq. Uu. ul Aa'V',) o)

a'rha6 z t+ r < ffi$d-g a r y r.- r ) +lJ .rF r.
{ao.

O n t 6tr.+ 7' tL$ ffihR , qtr+& L

L, ur= 3vn^ (&+t;,t/.) ra6 t, i=
n e t/ rt *{.*+ c ,tft Kr fu ti ti {} a l' t) 7 l. E'. r,t
Z €"tT 6. A3 li 6'\\ (, L" 7 v K rr ffis,
+n4AqfFerft+ T" q i'',) 7 t jEE q-ftt,a#x

oHttt 6.fi E, ftt E // X,, H // yX ffi, (D)E

// Y, H //8 Xfu, qz a)tfuE ri':r\TH
,i{-f a.
(t)E// X, H /l Y f fr a) ti66
B+.t2ri Ehtfrrt" yx66q Etfu1 r|6l;\
(-\\a Ytq, A, b, C €+A{I.Eit,o h'.

r) 7 F.'LH'Etrl fr'Tb q \tTTqq*4hq rf,

r= cElH T h e. EI +.13 ri rt I,' t) 7l F,n
Ab$tFr7 F)Lu q l'l trY47rtil,tu

Efl rc f 4T fJ rI, a q Fl rfi 4fr6 t$. 'rt n r ,h. r !\

ba r t) E q #4&6,
q) Y 8 & q 4Eh q 6*,rftt fi ri- s\ ( , tFxFl t:

T ffiti U q h!€ rtr. \\ -7 g t.o r- b a E \\ )
='Fig. 4.L2, Fig.4.13
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i u r b h, /e L q
U ) tt a u ( lt , Bl 1.12 /t\ i 0 eE d 7'ru s
) [:ExFl o A6l,i\r'7t66.t46 Hrc
v4t f+-l/,, lurt tf, 7 *u
o d fi r' rf -lz" u t rt F tJ a ,f€.t u 6.

(2)Ell Y,Hutx6,,trE
B 4. 14 ri n*tilrt" f X 6 6r q R@

r- tr 6 u' t () , A , b , C €, 3 A <,x' f-+U o il'

\ 7l'r*-H z BF 1 a o [84'15 tirf, ].[= g'ur
( uq *Ua+ tr") a) H lr Y '4T fIfI ,t- E E x lli R

Y'{T fir\a o) A Re6 +gt''fr t *^ ( \' 6. t
o El or *ttSf u .aa

(ii) H // X X tu ,)l&E, H ll Y Efrort6u

t E xH t ftf q h\i &. rt L" tr T lf fJ \\ k \\ ? t
u, T & 6 . I d) t u. ttE x H d fi tc IE tr*q

l.')71F,ft,fi'"jfuh r7 Lf a t L E€tr^
L ( t? 9 , €,+ ,1 +",E+L f'' tr*(/E 6 fr ( ,

't, -r m t r t 7 r tt, r- ffi fs;* r- b 6 r r'

: ,€ if ti e a lr- o rft '6',6* }€ d rfi l' # fFJ 'ffi rr

E x t{ o t 6 lt tH-Frft o e /st'g F T a u i'

ti) A,t,r (ii;u t t hbY^, Ex il-i d6lrr€€
jfr,o #frJb6*tftt 6r$r (4)tx6rb",/rt
atfq ktn)rX 66rxclfrifrJ. q z-eb
6. )t! atfr#. ri,r9 , \//Ytfu(E//X)
6tffiE rcrt,(=h qE*,&LtQn- r'rf;f gf tK

= '' Fig. 4 ,L4 , Fig. 4 . L5



No. 7T

ttfrqfi#Ta\-Y/r{t T&l{//XXffi(E
l/ Y ) o ffiA li.rf , X+fif ltlE 116,<4rF."nk
ffitfr1 rr a u t€+At#"Rt{# o 6f,* \ fs r,,.'
i v. ff h"KYx 6)7 r rL\604f4lbrrlE
1trt *\ h o

r 6)ffiRqi.+,t j4. l.sRt2't'(4+6hR
R.qfrfr*R li s I t * s n T \\ a " sft(tr\ r"'5*4A
zi* .EEB r: { $u A 61 z. fr1

r \ ail-# r" trf;+6r*R+tF.qyf fi a?{E t
(\\azfr, €..qnr-itS+t.E tII"ttR 6
fr \ ti!1 i rrn'* h/7 h o t o) 6 -f"t o.lF6 tc

a 1r (tI^F"eB/6Er tf,t+r'"

4.t.3.4 *63,,{t tt1 F^ tL'7tY
)L 6 € )ft, o, fR, ilE

it ffi q (i) A- 1,, 1ii) k 6) H
xffi. r// X, T=l.5K,F)H// XXfr,r//\
rT =1.5 K o ts0,8-f. n,=-Si4b,t *{lr f - /1 .

f ) Y tL ( fui (H),

1\( qft1 #ttft FE'4i) . 83.+J (drf l=l'5
K r' qU)q Ef-,rEr" q Pyx{H) oEh,&ft84etr'&
T b ), [g s.{l {q) rt (p) q Ee,ff r" q P.H (H] " €
*t r'b bo E 3.+l (a) uE 3. 15(e) E F,btr c

X t< Ftcb.Htf,,83..fl {a)rrtt-/L'7

E 3.45 (a) G rt ff ffi ( ,p^x (-H) = &r (H) ) T b 6
v !, 1i y r hh. ff'ftf4.srilf tr$6ErRafI
b rt AI a) *. u, 'y y

ar= rk-ro (zexro)
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L

L

L

*( A ff,fr Y -f*.3 a o

tT'PYrrr)oJtttrr2;1 T,ftHnb " *t
*1 rid.Srrr 6trrBE (// x)at^'EktAH(//
x ) t tPtllT bY t, \ 4.1.g,3 T$..t.fc x )
li ( E1. lz (a) q 0=0o oW6?F, ) ) lE-}Lrf Y

$gA6rcr o.a,t,t'b,cffttv l-rf ,(q Yxtu
t{q x$&I)+16ooo Aqaatt30n,d f,itt.
h'r) 7l.nao ro)Eb y$*f,6f ri{)h6€
.:A,rYftfrTA \- EtcrJ A o \o) t v tt Al S

') fux(s).so r'b 6 t k Eta*T ho \- h k

P ur {8) f.* i6- +^6b tc I r* (s): 4 {ux (z) / 6i.* G)
('+i. b hh \-k/"b, PHxrE)lf,ff A;Ia
l,t* (X) Ao' Pu, ( x) li bE r T {F tH' ti rl' t
\kf\fnf+tft6( A I r.h.\\(, []=lsroe
, Te E ?x lo-lt Bec , (h= ( X ldlz Sec L t.fi k

t, P^* LE)= Po, (I) ^' { mflon, Pux(E)=
o,o2.rnga^ ), FfffrtJFjf rt [Prr(f)f-o
a 4O tnj2crnt a 5OO ( P yr ({)l n^l^ ( l} = lF t<Oe )

r- ,b ,lt|6g rr ff Fl n\ A c ,lE t. tI ls" Fl 1,,

i.. t fi ,{th k fi A o \ o T - *. at }g 6 N - r} (
7.. t* #, fR.pH rc b' 1, ( ,t H+ r. h ) , * Et E, r tr

ri A th*fi.* E -2 T. ,> 6 o

tF P*^(-H)=-Pu^(H) fH// YX ffi)a
*funilFbftofin -, \) <fr *n ao E+-ts li H d-

6:n+'E x H t ft1 a) lT t) 7 F..t& A'a q Y x
6 ru T q A p,fX6,l.gfr";6 t h ( 1\ 6 o gI. l{a
tI i q g E t v rc t ( , H // Y X fu a) rft6 E

E*'fu n$: r: *+ L ( E l' t) 7 F{E-rL () d;oarlx'X.
!r') Fig. 4.L6



r-!o s'] ri,F4LT6t']t tH{6tri6 Lrr Lo r'
ti6o ExlH n6r q) h,7 FrBFfiI ,Q'{t6f2&
tfis r\f\L tiHhbJL'ar't>a' gJ4-lz
f,'), [4- A 6 rc,rx
rh" h lyx 6 o t q H€rA rtfi*tft R+ tr ff L (
( n t fq t r FR
7 f ,t-r[ fr\,Q. G 1r '-' rr c t t Ji fi*rftfi$e rr

rt L ( R.#-; 6 " ) ).4 L x ,) , r *\t Al ri
tr i? A #ffi zfr b , rf-5 p f, yx (-H)= - fu* tH)
(. h h r y f\ XH{+ 1 4t a " r or r r tt t F
Pr* ({J)E - Prr(H) r h 4 t k E es*.T 6 " t
ittk \4R.ffffi'{'*it 7r lt-r'6qFf 'hoa

)k ri P^, (-H) = f^, fi) (H // E X ffi \ q

+rr #6? rI * F* ti -7 L\ T 4 H f A, 8 4.t( FW
t-l ll x X tu q r&6 e E*
F $-tn t ? l- /1, rlv x' q f 7 ti S 4b, T a ,l' r fr
\Ft, a f.bh o lgrcA-L,Cf,A.a*@ r*t
q'+H tr rf T 6 lH t 6: n u rxH d 6j o l"'l 7'l

,8-F r" hb. ff,,tfi$tAFrrXd.ttlJ'*tf ts
ritfi
rt F$e I r o-i u t'J 6 rtr FxFl t 6 "'r]€dg
tt t q t t r & /b t. ffi v'r r o t r 1' , 6xl-l
t 61 0) N t) 7l- €,)fu "d€.rv,fifrrftaSarr tts t

rirtW *SrsrH4f;o ha i ktvRtt6lcrE6tl
t 6 r r at t "X ri h' \^ (. fSffi 4t rt 7 r /t { fu
n Rb'fe q4t\ t t', (

=t= =L-ro (zaxro)
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L
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4. l, f E* h,&+ iafit q *+ t u,EF,jFtl€ -
ffig a A )t ,: ns,-, bLeB.,4 u

* @ W)ft, Y o) F\ 'ffi
lfr *A"+et.+r. r,, 6 4+ 6 A fr *.ffi E ;tr,tt* r" r*l

T 6 F FR #A& F # i' ;,

to)t:ft,q,:f,vtttX, H // f E6(T=r.iK)o
6eEr Dtt*+6) X f A rcflnhFf,€"*=4
)L ri F.AT a11eE,* (Vgx(H) )

(b) t"jft,Wtfi.i ll Y r H // E X ffi (T=l.sk) D

EL,E r- q ;trkf q X Y rh rc ,E-'r. fi F *€ ,t :r 4

tL tc, ft, g t bfu€-t ( Vxyr H))
otzarffiE R-L\r, !3. l. I o R.€€6SR
c) *furBl'',+,#,xA * -f ao *€,.f 'r 4 )L r.,f,e F
t q #,-h -T b X t : n" A u t ( , ;{,*1 fr r q

A mE,rilt?f, ri r a E r\ ) fr+f*.f 4 * k I a

ti i tt , (a\ qffiE ri rt*Rg: 4 )L tr * f, rstg
€. t 

^ 
#l 4+ t /r, t li (ii) q,ft ,A ti rf €t F. U rr

ft,-L Itr v\ t q Y X L b hb, r r f rr*itu
*fi,.U 3A tL, tr.ft,-t.T aftLE,,{ rfiffi€li(rk D

lF\ ,ffi lr-, 1\ <fr9Ft a q

*A$ = 4 tL ti E,*-J a f&Et VE^(H) o,Xltr-
ffRA*33,J.2. J icnt*\-( \\A" Vtx(H) c)

#'4# ( E 3.to) x,-S*1 f a v-;ft r, €t) ( 4 4.
(i) VrxtH) rtiR.t :r 4 )L li kT"A tjft,€.E. t dil

#t ti tfL L fr t n 07 FJ {R +tr f r" Lock-irL L r 1+

t Kh A)ft,4#3 r, Eefr.€+*R6o*nArvfF
)t= f t-10 (28xr6)



N". tl

z+ c L,sfr ti h b h h b b

E ri rx G.;rt,4A? d iz'tr r h A ,

(ii) Vrr (H) a) rF +R.€t*p A rt d*E n*a n E1 t < iF
r-tfit (" b a,(S ti H fZ x tl+ r" ra H o esa
ri tFi L t rE lr'R ffi *ft ti ri a), #1,.m. f,atp a rc

-2 \r T tt , |l q *42
(iii) Vr x ( H) a) a{zit& + +F 6? # A,, +E'IA fi H il X

r#utr
fiv)&',,, dif 'h. H = 0 rr tz' r' ( 6 ft T 6 .

+ T'(i)€fr r b. E4.lTtt j+, 1.3 $ ,'t
hb,hl. Fl ( xorrftAo,f aa"HqAftn

fd- -f a *. fu 'F" ;'ft, 
q 4t,f A u' t r4 e fr -r " #l€

e t H ( // x) o -R4G-s E,E-t U ( t"' t €rA
t 6 r E n$< r t h

r: f?' 1\ ( +E qE-ffir ff t r €,.:n q t#f € it
t = "\.4trt r t X 4gA {fu ti;iO l,t 6. r ,) f#,6

+I*qt6t r\+d':fi*firtE+.ta. tF-E "
€'.,*cfJ r. ( itErtrt qf,SP
-x+st'6-r r.ifi. *\ a o t r) 16

6 tt EeR rr e r' b o trt-= c 3{t1 6) X $St-Eus-
tin, lE tt)RW ffix fp to L F l6lF rr rt , Ht#l
r8*p 6t tr$fr AIqtr'fifia Lfrt;nE';ft,YFlt'
FI ;rf & q jE 11rR Ek *'t\ -5 T' A r u r. ru 6 . (

B+.tr((c)). ffi,f -a4 )L lrb-t"afuB4fi:'ffi
fi.q B+lb] 4ffi.'n( +i i *1 A."u,a'b rftE€,f
\/ tr H{Rff { q rES*iR€,E. ( V < ptntzrcf tD
(-t7ho {t1 ft I+f LocK-intFct&6rctt4E*

=r Fig.4.L7
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5't\rF-, h A b t\' , 2J r- LocK-irr L F )Aa {i, tt4$
Srf,,lTrfiu\o

* ti (ii) tft L h. E +. 17 (Dri-BL, ( n*ffiz
-H o H-/G.sER-tu ( b rE.r&ttul z. reR
*zrrt bftatfrt h o +E o €,rtr.*$'L r
€,:fi, q ttPA t* g = o r(t'f-:o + X Ss,a fE rctfu
,h A o t amtr +x$sf f6J ti -d qffiff1 a''"&

{A. f,t E .aW, ffircff trFyfr,qjq.spa
tf, E = o /t:t r -x$tt 6 rr,tfL ft b o r offi
E + t +dg 6li. t d qffiR^'*e-f'h o ( W+
.l?(d)). { htft tr| qtftAY H r&.A k

r tt ,E*fr 6 qltia 
'Et',f $ay b t v frt'ltt,4

, K, ( (i) {) !&6 {. n*# rctf ,g f, I )L rr fr.T"
6,tg€,t rt lEl JRSf j q Esl)'RiE,E r E 6 /r\' ,4t
*a rtTc fs'q.F 6 o ( V oc siru(2rc{t +)r)) " tL1T if r- LocK-int?t Y t o4iiaffi+ tf,

tH afrAY Flk4i3 rffi+',*S.r.tJ6oEl
3. lo ti b' 1, r z +81648 ? a, Vrx (H) rr , 6*,fr R
*ritt't ( EFW t:,f,tfffiLttti tfJ\, 0, ts:
4 lL rt Ft€ o) F rEfEt (i J A o ..- o i L 1f, E
3, lz at R FFf6* fi\ b,S-** EE u 6 +\ a. ( E 3

lZ ri h- r\ ( , a. t1 tL o 4t. ,€ E ffirH q"X Y fr
q t r" tr' i f b rt b t u, rc. x , t il)ffifi&+
&9q q *,R,1€ itr t fr" u\ li uh t
ff a q Ek tfu,lk 6 ,lh 

^^' 
Ji r

ikri(iii)tfria, AZ ti 6'\\(A-rL,I r
$nr1tr1$*fia) fItTT" c) r H// yZ 6 o)fiao
{_L@ rtJ ri 6' rF a rE tL €, :m, n -r^' F. + W tn o ,Q

t- =t= lL-to (zaxro)



No. E3

fr ria 1rcHfit'R. J

u) Y

fd \\ q T ) A2 o #6

v ri tt t'flffirt t, b tt, -lic_ H tl z Y H // Y r'
q F. ) ' rE tLE-)fv o fr! ,?. E rL t' t l s : ' E
+. lS rt XY 6 ftl rcA'$A Er{,F..tflA-fl{'F+€,

,fL a A fr a) if H&! r" b b . E+LF fv\'l F )L
u. X$uL q ilTFf lf t'fr, , €.+€rrt-t7 FiL
ts -x *t v q fl f ftrLz 9. u f a Y , Ht/ z
r'(f, 9r.,€?o'-t r ?e=?o'+6'(4e( IA-a"
E' (t t h l,) ( /h t t'' . ) E fd r, €,rfr, A' Fl (

xfu) u 5*s,trgrf,t-qzt4T Sfi uttAAr'iL

') , b+EtiElfvttXYtu Hr.HttXSHf rfu

ri Y ,4T ti n *^, b o 7h" tL 'y Y , o +fr-itr,tRefi 4 fI
ii t tl r, T=1. I K rr b ir t il ,6*c/+6 ffi o €
t,B,r' }Gabrr&
r H t/ Y r- rf €'. rft, rt H{,t.+ tt E f' rs ) t€-sie
K 6 t. q r# t. i h 6. t ,ntfr r o 

'fr'A 
tt if,

, $;l*-t ft q Afurrfr*F tf, t" E u rt ) tFE = 4
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7 xfrru0"(+f$g;s) t{00 tT qaR
&, w ri t, r1 b Vxy (H) q ib +R.FoET A q 16. tt;
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= +00 6),Txffi nF r"&t, t t

(iv) d, ,, di r h" H

t

(

L

)t= aL-ro (28x16)



N"- i5

tT"(i), (ii)tr= \\(Xt6, !+. l.s qfr
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4.1.5 R.E6u.sESfty q bb$f -E*€-E|+
+R. 6a o ffi' r \t hF:Fl >* ri 6' tJ a #
rfi F,,fr o +s 6 -

9+,I],2 tc t?.\\ (, f,R,! r 4 n, tr .*. T"aA_C
€, t fr * 6 E jft, & ti uY'tt,J T b \- r & +5 +F\ L /t
o { o ffi T rt , 5 +.1,2.2 re b \\ T fr* t *t f:

*OE:fr,f. tc r ) x- a f{& ! 3. l. l o R..qtf6*
t- t*ffeg r" t a r\ t #6'fi1. b " !{-l.J A'h,'!<. I

.4 f- , H tl y f 6 q *frA ri o u *$6$ #.fr td-R
E4+) fr6€:ff,a"6ttlh r u-rt\;, H//Y
Z 6 q &6 tt 2 \\ ( ct h fr * -f b ,

4. l'5. I €++Rfu*rAlc 6rt a* A

Fl " 6H B,fl

fr @ €, )ft, J: d (+.il) ti fr' L\ c $t,Ft ls:ft, T ,€
€,)AJ tc. $48! L ( u\ A, L oA**€+fp6a*p
A' q +fi.tE',r'€ g.f,UJ o A tE u t, t rc, * a r )
ri #.,lt,t b fl tfr H j 6,

tliyoKe'1) Ii F
d tl rt' /rnq?n"to - co nJ*ctence a)

t_

L

L

L

(_

at= rL-lo (zexro)



No. D{

) a -:.o= f,, 7 , h' /\- A +Efu do"" rt)REL (-+
t n {4 6 0

/ ,. r r , 5 /&w.l/rF (_i)r.
v eJq - L,o t ' 

, Z ,z€r) fr y)e T tr (V

2

v or{n / zti& Io .-\ ,lcFSe rr lrt 6w, '/ I e{ H 1)

\ n / 6ut,\ l
\2Er) )

\r. I l,/

\t f 6o (t 6D:(4roe"/rrnf w: r) r-t>,
sr 6 E*rft H rt g. G_ rj 7 r )L \' fu q tr}[h,*n m

f*r hb. flo rr4 4t4* tFg ) q +84d.ErY, )
rf z\= (erd{-T/,fw") , D rt 7 fo iAfretr+
(. rr=, l? iil. (,rnr* /m,) (.. h ), 2 rt r to )
't E+ T' b b, Vrsl tt *ttl = t/ ait'hr ri b

Hffirt26" O (+, til q t jq+ qtzrR,E
/- u, T b o Xtf, ) a 7'- r.7.f" /\- 7*Rfuq
&E*p a + k 6 tft f t) h . A fr t
Q, ti' fo". t-- ffi 4X t ;t H + A E A L' ir t E lr -+
tvn,AF+,

t2
^{

Aaol
-ty , t v ?r)(r f t v \ i , .- 

./

fE4. lo(o)t:ffiE,t 6u)6o E,6y(<6o at-,zz q
ffiA l:'z\r <fr *.a o

(i)Qy)Qs offiA )

Js tr>kt r'€ L b ,lt a.

+r
(ir)Qv<<u. qtr6 )

3tZ :rL-10 (28x16)



N". 88

L

J. rtrk{T -5 L 6 Aho
.\ r 'Js::J Lt E" ) -J\r q" trr*rr/ \ti<v
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El' a E p q E&* rF+ +R-84 *P 6 q fr F"t4,E, q fu

tE t.', A€,fr,,JIc yY.,i7!' 6 i v E f L

(ts3. 1r-ERfl)
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fru zE+*R.hqif A q 8ft.6if-_n, *FtEA y

u-t q E*ffilLa k € *'b, i {Af. t T ef (f'.
1t r" 5 Z i ,11 b x Aa * q,{t6r *tS L
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Fig. 4.2I, Fig. 4.22



,fnJ/Uo =o.o (f T r>h o

) a. 7" = 2. 7 ' li' /\ 7 ffi.4A q ,fr* 
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bf 6 L , 6 = 2. ( K t fd 6. E 1.21 k 84.
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.'..Table"2.1

The diurensions of the specirnen and the distance between probes, d(i),

- in unit of run, where i indicates.the direction normal to the surface.

I and S represent the direction of the current and the surface state

of the speci.rnen, tespectively. B(i) neans that both surfaces

perpendicular to the direction't i n are rough and 0(i) means that

one of the surfaces is rough.

sample z Y X d(x) d(Y) d(z ) I s
A 2.O 5.0 r0.5 l+5 & x B(Y)
AA 2.5 2.0 t7.1 13.4 X B(Y )
B 2.6 33 7.7 x
BB 2.0 2.0 17.8 12.7 x c(Y )
c 2.3 0.9 r6.t 9.5 11.3 X

D 2.2 1.5 16.2 8.3 12.1+ X

E 44 3.7 9.9 4:l 5l* X c(Y)
F 2.2 7.1 t 7.3 7.3 134 X

G 2.2 09 9.6 l+1 x
H 2.6 2.7 t0.2 4.6 64 X

I 1.95 9.2 l+-1 5.5 Y B(X )

J 2.3 3.6 9.5 5.1+ X

K 3.4 3.1 8.8 5.5 60 X

L z8 z7 16.5 l*.2 X

N 3.3 3.1+ 93 5-7 53 X

o r.95 9.2 4.6 48 Y

P 2.0 9.7 2.1+ 6.0 Y

R 1.95 9.2 lr.1 5.9 Y

S 1.95 9.2 16' lr.5 Y o(x)
d 2.6 9.6 33 9.6 Y
p 2.6 9.6 33 5.3 Y

T 2.6 96 3B 5.6 Y

,J 2-6 9.6 2.8 5.1 5.3 Y

T 1.95 9.2 l+.1 68 Y B( X)
M 2.2 7.1- 1.7.3 5.5 7.3 134 X
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Fig. 2.5:

The example of the de llaas van Alphen oscillstion of Bisnuth

by the frequency nodulalion nethod (H /l X, T = 1.5 K, f = 3.5 kHz ).
This signal corresponds to Otu /a fr ..o(= ztt1 h / Hz .

h = 70 Oe, F = !.2L Tesla
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Fig. 3.1 (a): The crystal structure of Bisnuth.
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10 20 30 t0 50
MAGNETIC FIELD ( kOe)

Fig. 3.3:

:
The nagnetic fieLd dependence of the voltage induced in the

detecting coil (H tl z,T // x, T = 1.3 K, f = to-s kHz ).
The detecting coil is arranged arround the sample so that ils axis is
parallel to tlne Z axis.

H ilZi tt x
T=1.3K

hh h h

! ? ? I

f =10.5 kHz
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Fig.3.4z

The nagnetic field dependence of the vol.tage induced in the

detectingcoil (ttt/ vri lf x, T= 1.3K, f = tkHz ).The*detecting ,

coil is arranged arrowrd the sample so that its axis is parallel.to
the Y axis.
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MAGNETIC FIELD ( koe)

Fig. J.6:

L .' The nagnetic fietd dependence of the voltage induced in the

detecting coil when the ternperature is varied as the paraneter ( H l/ Z,

,i tl x, f = 1o kHz ).
t, t
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TEM PERATURE DEPEN DENCE
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itt x
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FOURIER SPECTRUM

T=l*2K T=3.7 K

T=2.1K T=1.3K

FREOUENCY ( TESLA)

Fig. 3.7:

,The Fourier spectrun of fig. S.e .( H ll Z,i // X, f = t0 kHz ).
' Fh=6'34Tesla

The nunrbers on abscissa are relative intensities of F 6 and F 26 .



ls

L/

110

(H ll z,

10 kHz.

IV

\r-

ar'_

' l0 '2a 30 rc 50 'r'

yAGNETIC FIELD(kOe)
U-

Fig.3.8:

(, 
. - The ungnetic field dependence of the voltage induced in the

detecting coil when the frequency is varied as the Parameter

i ll x, T = 1.3 K ). A = 30 kHz, B = 17 kHz, c = 15 kHz, D =

,
U

{r

rl



11 t

CURRENT DEPENDENCE
HilYlll x
T='1.3 K
f =5 kHz

20 30r0
MAGNETIC FIELD(kOe)

. Fig.3.9:

The nagnetic field dependence of the voltage induced in the

! - -----: ^J.detectingcoilwhenthesquarerooirreanvalueisvarriedasthe

parameter (H ll Y, i ll x, T = 1'3 K' f = 5 kHz )'

A=40mA,B=60rnArC=80tnA,D=I.00nA,E=140il,F=160rrA.
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Fig. 3.10 (a)

Fig. 3.10 (a), (b) and (c)

Thenagnetic fielcldependence of Vtr1 (H) (# J,T /l X, T= 1.5 K,

f = 4.7 kEz ), Magnetic field direction is in the YZ plane. VO is

the signal level without the rnagnetic field. In this case, V0 = 90fl\r.
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Fig. 3.11 (a)

Fis. 3.11 (a) and (b)

firenagnetic field dependence of Vg1( H ) (* n,T il X, T= L.5 K,

f = 4.2 kHz ). Magnetic field direction is in tll.e YZ plane.

V = 90Fv.
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-Ttre nagnetic field dependence of V11 ( H )
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Fig. 3.t4:

The nagnepic field dependence of Vtr1 ( H ) ( # J, i $ X, T = Vl K,

f = 4.7 kHz ). Magnetic field direction is in the yz plane. vq = 70Fv
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Fig. 3.18 (a)

Fig. 3.18 (a) , (b) and (c)

Ttre nagnetic field dependence of R, ( H ) neasured in the Z probe

I t = l.S K ). Magnetic field direction is in the YZ plane

(a): # D, (b)::# D and (c): # E.
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Fig. 3.19 (a) and (b)

Ttre magnetic field dependence of f.r,,( H ) measured in the y probe
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The nagnetic field dependence of R*( H ) measured in the Y probe

( T = 1.5 K ). Magnetic field direction is in the YZ plane- ( # H )
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The nagnetic field dependence of f**( ff ) measured in the Z probe

( T = 1.5 K ). Magnetic field direction is in the YZ plane. ( # E ).
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The de Haas van Alphen effect of Bisnuth in the yz plane ( T = 1.s K ).
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Fig. 3.se (a)

The torque de Haas in the yZ plane" ( I ).
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1,93
1,93
2,n
2,0
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I,7
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Table 4.1

;

Table 4.2

Table 4.1
i

i , r I DingLe tempdrature ( frequency dependence ). a

r.J Table 4.2

| : Dingle tenperature.

:

i.J

t

TD(+) Tn (+ a'fi;

4,2
0,4
4,7
1,0
1,5
2,0
2.5

0,4 K

4,77
0,9
T,2
1,8
2,0
2,5

i\./ 
{



-/ bJ

0" R. R- Pz, Pz- AR AP-

-20 1.73 lX3 073 0.73 1.00 1.00
-l 0 1.74 1.74 0.75 075 0.99 0.99

0 1.75 1.75 0.76 076 0.9I 0.99
l0 1.70 1.70 0.70 070 1.0 0 1.00

20 lX2 1.72 073 0.73 0.99 0.99

30
40 r78 130 073 0.75 'l .05 0.55

s0
60 1:U+ 1.30 0.61 0.73 1.13 0.57

70
80 1.66 1.28 0.43 056 1.23 0n2
90 r.58 059 099

100 1.74 051 1.23

r10
120 1.54 1.1+2 055 0.77 099 0.65

130 1.50 0.51 0.89

140 1.58 1.1+2 0.68 0x7 0.90 0.65

150 1.73 1.73 0.76 0.78 097 0.95

Table 4.3:

The angular dependence of p in the YZ plane. p, and p2 correspond

to the p-value in the low magnetic field and in the high nagnetic field

, respectively. p* means the p-value in H > 0. aP = Pt - P2
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The static skin
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The static skin
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The position and the direction of the surface current path for the
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Y Z PLANE

Fig.4.18:

The distribution of the hole current

Tn = 6.x l0-t2 sec ). Magnetic field

Solid arrows and dotted arrows show

current, respectively.
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Fig. 4.20:

Ttre ilependence of the anplitude of the quantun oscillation in Vtx ( H )

at its e:ctremum upon the root mean square val.ue of the alternating

k0e, C = L4.2 koe, D = 1!..4 k0e, E = 9.4 k0e and F= 8.0 k0e as the

" extrerna of the quantum oscillation.
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( H ll z, T =

sinulation of the Shubnikov

1.5 K, hole oscillation ).

de Haas oscilLation, do".
X is a Dingle tenperature.
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log H

Fig. 4 .26:

The nagnetic field dependence of the transverse magnetoresistance predicted

by the theory of the static 'skin effect. ( by Azbel, ). a
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the nagnetic field dependence of the non-oscirlatory part of f"rt n I
'measured in the Z probe.( H // v, t // u, T = l.s K ). A+ co*esponds
to # A and H ) 0. n corresponds to # A and H < 0.
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Fig. 4.30:

:-. 
'The 

rnagnetic field dependence of the non-oscillatory part of fi*( H ) , s

neasured in the y probe ( # F, T = 1.5 K, I // X ). Magnetic field

'' direction is in the YZ Plane
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, Fig. 4.322

Ihe nagnetic field dependence of P**(' H ) measured in the Y probe

( # H, T = 77 K, I ll X ). lrtagnetic field direction is in the YZ plane.
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Fig. 4.33:

' The uraglretic field dependence of the non-oscillatory part of fi,*t H I
'measured in the Z probe ( # B, T = 1.5 K, T. ll Y ). l{agnetic field

direction is in the ZX p1ane.
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The angular dependence ofp ( # B, T= 1.5 K, I l/ Y, Zprobe and X

probe ). Magnetic field direction is in the ZX plane. 
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The nagnetic field dependence of flf f H ) neasured in the x probe .(

f 8, T = 77 K; r //Y ). Magnetic field direction is in the ZXplane.
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Fig. 4 .36:

The angular dependence

is in the YZ plane.
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Fig. 4.37:

The magnetic field dependence of the electrical resistance fiarallel
to the Z axis on the p'lane parall.el .to.the uragnetic fiel.d for the

reversal of the etectric field direction . ( H // z, t // x, T // z, T =

1.5 K ). A = 14.7 klirz, B = 9 kHz, C = 4.7 kHz.
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Fig.4.38:

The distribution profile of the carrier concentration on the plane

perpendicular to the Current direction.
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Fig.4.42:
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The temperature dependence of the carrier density of Arsenic, Antinony

and Bismuth. ( by Issi ).
4

i

Ne

(cm{ )

; 1018

1020

19
10

1017



3/0

r(K)

(t
o
v)

tJ

L-

t-

t,

t-_

L-

(_

L

(*

0 -1 .2 .3 .I+ -5

,
i

Tn( K" )

Fig. 4.43:

The temperature dependence of the hole

electron-hole reconbination tine (eh in

relaxation tine (t*a tn"

Bisrnuth. ( by Issi ).



3ll

f\

x

,53
gJ
'Or

v
il

lt
G1

l-l

/l'a

ooc)
J1 (\I

tt
He. oollooc

Ftd
!d F{.vA

llx.-N t?:tr c)
-FirJ r^ +J

Lr-.| :F tsJ:Fii-=(99- i6z. vt

orntr$oO .r-{
O\J.PtroofiQ)
'O $itr = 

.r.{o 'r3F{.oE
iO F{oc)
l{lntdcd sl i+{

3.clbO O .r{
Cl')+rrd\oo

Lolrb0
tcd
Fil=

a

ssl

=r

bo

r

ol-l.Ja t.\
Z- - .-y.{. lro
d i;"

O--x:
N

E(,
c
5

{



3{2

! o
x

l-,Y
. taJ

^etlvtr
't{
vt

ll .rl

o. .r{
.P
oo (1)Ot{j4 .F{
Etn

F{ 'O
F{lto
.F{:c q.r

vU
.rl,^ +,
c)

Hts
b0\Jt6

'teq .j,
\o

C{
Oi

Oloov
oll
'oCC'ogi
(l)A

'IJ \o
t{
R,O

=.d)oOOrtr
tr.dclOd
O\J&tx
FIIN

rn
1
=l
bo

.H
tr.

U,J ^ ,Oz -o1:#(L ?;xq r'
N

E
c,c
E

lrJ

(9z

!
t
I
I
I
I
I
I
I

I
,

t
t
I
I

\<
I
I
,
t

Dr'

7

I
{

L

L

L

L,

L

L

t-

t

L

t-



3t3

so
x

o
J*

tt +r
il:

g.d
'tnrvt .r{

[tr
o
+Jru
o)
t{

lD .ilOE&
'dIn ,{

'{ o)
.r-.1

n l+{

llo
.F{

q)
c
b0

Erd
z

:'E

{J\ 'o
c!

l+{
o

c)oao
OF{
ko\J€truogF:
o
Tti
t{(so

F{ \O5c)b0.trtrOaldolt{ g{
ov
.C*,Fnr{

\o
\l
r+

b0
.Fl
II.

,
{

2=E
<IJd;f
)<oaI
N

E(,

E



3 tf

o
oqo)\rs.-ro g.

dxF
olo *ll +t

19q.H

igt
O .Flo
J4€.o' t/l .H
ri +,oilo

t{
&.H €v

'or-l
c)

*.H
+.1

\J

tdl{o
J 11l{ ..-{

(D-r6
zq{F"

a
d)
o
tr
ctT,Ogq)
out
AO (\,

'td =lO
FFa
cd
FtX)b0 \O
h'6fl
O-FP

FT

;:
$
!t

b0
'r{tq

?

f.l

2 ^ €={.,;
5 = P56
LL- x lt ll tl

Nol r *" f

E(,
e
E

U

t-,

1

t

t
t

i

L

L'

L

L

\C



3t5

N
o
FI

6Xr\
GI

J.

l;o
,.\J

!Y rr

I
ll-

o.!ac).tror0
O r-{
OrPlA1 rnr+N
rn
FIO

c)
ilrrJ.C

!)
EII

trvO'Ft

N.ul
I rr .Fl

F

@trv.rto
X..Flr-x O +,

klol.o)tr+{S.l
70.\t
aoa.tr

OvFttrc)(1) ll .rl
'd q{trca(u()
O. I .r{

- o P.
\OC

t{.bOdod
|1
=b0 Otc.^cdo

ooo v r-{*-F'il o

oo

1
\l

{
bo

.r-{
l!

9:E
-.!--{-lr)
d I;

a-, -N

E(,

E

t
{



3t(

"oo
t.{5€
U)F{cdo
O .Fl
E l+{

.r{E.p
rl)cxbodE

:trx\
x

prd

l{r ;
t4ov
-t +J(9t<u1
-cE-o.F{

Xll
t'{
OF
,P
td.r-{ C)F{O

.F{ .14u.u)t
OF{
Itrllo tsF*

O..
StlloPH +(dt+r Flontp{

Ho(sN
otrod)0)
'o :lt ttr+r(I)vP{trc)o.d
€F o 'ohl<.r.ldAFltr
'JNOb0 .F{troPd.coPO'OtrEtr.rt

.F .d E

;
1
$

bo
.F{

tr.

L

L

t.

I,

L

L

ooJ
ro
lt
-

:<q
il
F

lrJ IZt
J(L

N



3t7

'o
o)
tt
'Jrdl,)FIt6(D
O .Fl
E t{.{

.Fl
E+J

0)

LFodEp

atlr
o

14
.tJ
f{ l/)
al
9rFl
XI
FlOF
.P
d.

H()F{o.r-t JZolJ tn. rn
JOFI(9*'
20

Oi.tEt c).IJ tr!h Fdl+{
o'oA

trOctF{
otrl&oq)
'O:F'ctr.uovgtr
OO.FlEP onF h' .F{
cd pi

FICtb0 .'{tro+J(It..c()
+r ()

.Dli
'dtr'.{F.r{€

o
{o
t;

b0
.Fl
tJ.

Eq3
g

,
,l

cl

t̂L
ov

to

=9qrtn
ll ll
F-

lrlz
(L

N



3lg

@s-:oo
dxJ.;

6ttr.d
.3orilv P{av

19'rI
rrr B.l 0)g
llr*r

O"{.ra
A.UI

- Cl 'F{c)
O.dJ4utO
tn.+JFtOO

(u
ll r.z ${

.Fl
!E[€
\rc)€

Fl.c)
.Fl:tr q{

oovrit()
r, ' .F{

^iJ o 't.,rq)
.C(\r b0l+'{ f\ d

o ooOv^
troil\o'ootrtaoop{i
O.€or \OO
F{tdoo
AivbO Or
tr.ll$to

lt"
O rv'
€.
t ll ,'\

t;I
sl

bo
.F{

rJ.

9^ oa=e#xlol! >\ --ltN5-
4

E(,

E

trj
(9z

t.

t-,

t

L

L

I

U



3t 7

o
.Fl
f{
P
O
o

Fl
c)

C)so
F{'tr{

,q.)
b0

.d
,+J

Fl.o

q)
.oo
trA
P
o
t{
t{
/Jr
(.) .d
+r Ftoo

.rlo({.r
doo

.F{ .r''l
P+J(so

cooo
S{ cd

E
tro€.Fl tr+)d

.Fl
Ih TIJoa'u

riaoo *.-
Fqr

N
ro
.+

a;
. F.l
l!

o
dlHx

lrl<+

bt

o
dt

ilt

?

!

o5
dIcl

I
Iaii

o

E

I

o
6l

x
,t\

t

I



L

t-

L

L.

L

L

320

Y Z PLANE
H='l koe

7"=gx10-l2s
rn=6x10-l2s

-+J

-0.5

Fig. 41 (a)

Fig. A1 (a) aad (b) :

The distribution of the hole current in the xy plane ( Te= i x lo-!' ,u",,
Ih = 6 x rd'2 sec ). Magnetic field direction is in the yZ plane.

(a): H = 1 koe, (b): H = 25 kOe. Total current is Ja and Jrl/ X, Jr = !.
Solid anows and dotted arrows show the hole current and the electron

current, respectively.
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Y Z PLANE
H=25koe
7e= 9 xldl2s
rir= 6 x1dlzs

Fig. A1
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Fig. A4:

The distribution of the

(h=oxrtlzsec,H='

YZ plane. Jxl/ X, Jr =

o
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hole cument in the yZ plane ( (" =

15 kOe ). Magnetic field direction
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l0 20
MAGNETIC FIELD(kOe)

Fig. A6:

The magnetic fietd dependence of the Ferni energy (H lt x, T = 0 K ).
The dotted line and the sqlid line correspond to the Landau le*vel of
the electron and the hole, respectivery. B: Baraff nodel, L: Lax model.
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