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Summary

The hot-electron  magnetophonon resonances in n-type
germanium under high magnetic fields are investigated by using
the formalism of nonlinear response theory developed by Ryu et
al.. The resonance originates from the difference in the effective
mass between the initial and final states of the intervalley
scattering by phonons. These resonance peak positions are shifted
to the higher magnetic field side as the electic field is increased.
The results obtained here are in good agreement with those

available in the literature.



2}7] Ei= Fw(magnetophonon resonance MPR)A & H2}e] o]k A
N7, A 853 £4%A), A9 X=gte] AJE L 7Idg A H
59 AE 4 &A#H(Nicholas, 1985), 2% A7|Fd 7IAF U» FEF
(intra-collisional field effects : ICFE) &3 (Barker, 1973) 282 z}7] A%
o] 271 & Ago] Y F7IM(Eaves T 1975)¢] Qa3 d X= odux 2 F
I} B oAy £4 AFE ZAEEH /4T svo2 F g4 A o
T AN BT A7 FdeA ALY o] A3 ALY Ex=9 oY A7}
% Landaudlzl 99 ztole] A4ulzh @ o E=o oA e W

o)
Aol WASE Aoz 1 FWEL

L -

-

flo

ﬁ(UL =P R w = PﬁeBp/m*, P=1,2,3,"' (1.1)

o

oz FolAth oA m e WA fEAZOD, 09 0 e 27t Ao

ZREE A%+ A2 A X=(L0) AFFeoln, Bpe 3% 2A71Felt
ol21 gk ot 713l Aol B A7] ¥ ¥ A A(ordinary MPR)E 3aH¢d
AztAlel tsia A R ol2AHA #FHAM P A JdAFHAS
{Nicholas 1985, Eaves % 1975, Futagawa % 1993). 28y HId 72§ A7
Zato M= 27 AL A2 27l X FEHEAAQ hot-electron 7] ¥
= Z9&EH7t nnn ' —GaAs FZA(Eaves 5 1984 )9t n'n n —InP 3
Z7Al(Payling & 1986 ol A #ZA =AY, A717e] A77F 42 o A7) AEE
o] FRFE 2A71Z BpollAl A AR A1 AZ17E FTHEA S A g
2b7] Fw= FHY FAUS o & A|H Koz olFdn EF A 2]
T 3799 FAR Fol = g2 nzx ¥y ezt g4y 2 £ g

HIZol ol2id A4F 2 hot-clecron 27l ¥ WA g FH)
(valley) 25 2t nd® Zlitvbirol dlisiA] 43 R o] &2 BHNAM I3
2o #4L 7FAA =HAH(Nicholas 1985, Eaves & 1975, Futagawa 5 1993).
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Sha

n® AZoubirel Al 2y = AN ANue MPHP TR AL
Aztel g AV A 5

(Portal & 1974, Hamaguchi & 1983). A3t 2l7] ¥+= TWaAA}E &2 254 7]
W A& (intravalley scattering)oll A vF B2 Auk ¥i= WE Ao Ay =
#713F AP (intervalley scattering)2 =& hot-clectron 2}7] ¥ 2w F a7}
AujHo g FEG orel4 A M FHlol Kamata® 19 EFRE
(Kamada & 1992, Yamada %5 1992, Futawa % 1993)2 n& AlzvlgoA 7}

ME A FREE AL e FAIA O RAL Al|ZRER YL 7

—

o

ol(intervalley transition)w] ol o}F X33}

2”2 Aol 93k hot-electron A7) = FHANE B AsYc)
a2 A7 A7lel F#3F hot-electron A7) Xi= Ty gyol Fwx
(resonance fields)-& £%3le A3 A9 vjm BEAsYe. 2159 A
He AE Aot F AdxEA 23 A A hot-electron G E ol A nj S
TY A¥ET = Y F=F AnEs nddA fUttE dFHol UG
(Suzuki 1992). 2122 B =fdrc 23 A7 7107 WP 354 &
g 112l 8te] hot-electron A7) ¥= FHEIAE HAYsln, T U 252
Aol 7IQlsle WA WMEE xAFla], o] 4% A (Kamada % 1992,
Yamada & 1992, Futagawa & 1993)8} vjn B AMsl712 %t

2 =AM 23 2']7]"013}“’“*]94 S A F4ol&(Ryust Choi, 1991)
< EUZ 3o, & Ry v2E e 2AAY hot-electron A7) Ex 3
BRI HiF ol&E& HFEHsaL, o] ol Abgste] n¥ A z=elmol ArF
ko] Bl <100>, Bl <110>, Bl <111>8k ko] 2 g3le 2o ot
hot-electron 2}7] X = ZH ARG A stz g

woEie S e 2 NFCME 2 AANA 2 23 A=)
Aetol M Ao mdlg 7l&sta, [HIZoAME uME S0 ol AHE olf3}
o elA 3k Mzt F3¢Ee YA THAE ALEs A7 Zo) o=
e ol AR MY 27 AEEE ANSD, IVRAAE U»
TEZ ANV YEY T olgtgt 2 RE hot-electron 7] X W zAL
2Nt VE3el s nd AzZotgol tgd £XAANE AAS oj23 A

Az} v A9, #07 VIZdqA:s 2L 9y,

o
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II. Ao 24

24 AN X 43 AAAY A HYEUF ( H)e

= HE +th +He~phv (2.1

Hy = 22X Calhylada,a,, (2.2)

Hy = Zhaw, (b b, +1/2), (2.3)
q

How = X [ Calr,ladb,+<al vyl a>bt] ava, (24)
q

aa

]

sh gro] Folalth el7|M Hpsh hopt 22t BRAAS slLEYts ¢ 2}
slREUee  Ushii, ot wAdA  nggdel pAW  ofxaoln)
d'y (@) Az AA@DANA otk £ Hyy, ohH, & 22t T 9

PEUMM  HAxiet ¥zt A3AE Hudd uigsle dUEYtelx,
7. (=C(@exp(* ig- v)E T i WANE H52E A2 (q)

juic)
_D

£ Azst Twere) 45ag sadold b L(b)E 7t &% Fol A g aluA

bR, Eee) QA (AT Ak kol

A @26 A @ Az swiEyelel g FAAA EAS Uegulr] 9
A UBEE FRABS 2E Axel quANE BAMRT Yen, F2e 22

o2 Fow, zFZo zZAvrE AN AAANA B = B(sinb, 0, cosf)(BRE
(1A) #x)7 FUdg AR A7 E = Ey o] 288 u v Azl s gL

o
heE'C



1 1/m, 0 0
heg=§( pteA)| 0 1/m, /0 (p+ A)+eEy (25)
0 0 1 m,

2 vehd £ gl o714 AL WEFAAEL, p2 EF AdAelH, m,9}

me 2tz Axdle glPha Ay xdHe) digh A2t 7l fEAGE AL Jerg
o, W g sl de] i3t Landau gauges
A= B(—ycosd,0, ysin@) (2.6)

st gol daln, Al s AN BY Axe) FARD DHBE oluA 1
#AE 27 7w

Cr|Asd =<r | Nk,k,, s> = UP(rF( r), 27N

Ei= Ej (ko k) = &—eEvi+ -2l VAt E, (28)
Zmu
. 2 .
&= (N+1/2) o+ (LB—Q)?, (2.9)
ZmB

y; = —ﬁ—[ m,k,sin @—mk cosﬁ+m] (2.10)
A eBmsB ez x 5 .

<+ dE 5 Ak o7 N(=0,1,2,--)2 Landau &9 AFE Jeldln, 4.9}

ket 72t Abel xsh 28] sauE Aol 7% se WAool e =

B

Y

719 A%E A, V,(= E/B)e A4 4 fE&5eln, Eje s 2w

o] HAAUAE 7teldvl, w,(=eB/m. ) mye 24zt s IRIMAM Q] Ato]Z

REE AESs 214 warel FEAFE dehdch l7lM m s mie



2 .2

l‘Z - c0528+ sin 9, (2.11)
m; m, LY

my = m,cos°0+m sin’é, (2.12)

9} 7ol Aol (Futagawa 5 1993) 2714 Wake] upel ztzte] A Ao M
e & 5 AHEE UB) #FF). 4 @Dl FoAANe UF(r)e s 8719

Bloch $4:0lH, X &34( envelope function) F(r)e

F(») = vﬁ;{w(y—yj)exp(ik,x-kik,z) (2.13)

o2 FoAth 7lA gu(y—3De 34 € ANE ZHATAY DAH4olT,
LSh L& 22 xsh 2999 #2485 4ot gozt Tagss FA4 18
B (N ko, k)oz Yehdla, A+15  (N+l, k., k)& HEF712 g}

Bloch®47} Al EF7] F¥ojA] zxte] m4me] ket A71ZH 7142 Al7)d)

Fasitdn 7HRsA(Allan 5 1986), Bloch 34 @9 A¥¢ 712 3l g2
W3le ghaeolxgh Xetghae a9l ¥ vla] nj$ HA] Wale P47 Aok

wetA Bloch #4 U (7)€ @9 AXEoA, 2334 Fi(r)e 2R 27

fCU"( rYU(r)dr = &, (2.14)

faF;( r )F( f)dar = 0sx = ONNOu¥.Onhr, (2.19)

s} o] A3 Ao ArIH CE DM ES AFHoln, Q(=L,L,L,)= AT

A 2R AL ouigct 4 (28)9 AAIES 2A7FstAM FAsE Fol
UAE e, widel Aok AL 2kzh 43k A21gste Aat F el
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EAsE Ao gl SFoUAE debdh 4 (22)9] @Y Azt slL Bt
A A7) el EghEe= Ak olulx] AagERe) p o] 2EE AAS: 2L 3}
A, A 23)elM A FAYAAE o)Es ke AL FEatoo} ot 2}
ZIMEETE A (28)0 FolAE Tl Az n{AE X AYF 47t
HE 47 B 4 dsd A 71Ee g ZoA sr|2 gk



I ol g3t5sl Bad vdd 47 Axx

o] ZAollMt 4 277 4 (28)2 AlEdld U 254 ANE JER}E o)9F)
ok BAE NAdE 2] Aex s FErIR ok Aol &8I AN Az}
7170l 288 u AfF vy 7] A= M AdvtA Hef(Ryust Choi, 1991)

L

-

/(61) —fley) PA',)(E/)
—€&x (E;—E i~V (E) 45 (E)

o AE) =%§;<M;M MA'FdAD

(3.1)
2 Folal=d 99 A 537 YAl Ewo] €3 #H3AH vk 7HA s
Aok A7IA k,I=2x,v,2 E2 A7E (=x,y 2)A4%0l1, ;& [ vste)
9 A AFAE Jabas Jdehdle, E e ¥4 1S 2te 9d Aake) oy
A BEFACD, Aee A @9l Ulgse Ak oux nEA g0l Ol
Fermi-Dirac ¥ X% oltht. vt 'e zbzk dxte] AU s A4yl 34
& FIERA dolAe MM x7|Fe) &= AIMEP Mol%(line
shift)? 4 ¥ (line width)& Yebth(Suzuki, 1992). oleld Zalde 23 A7 Z
oAl M7 FeR Folxmr AdHA M Ui 254 AHE 72A g
Ak grel 7)) M717F oF3k FSole AdAAA R FE52 antis ¢lo)

An ve N 27 47189 Alrls 28g 29EYY HolEx MEo] @)
NI WY 259 Avol Z1AY VIS 242t 9y AR F Landau F
9 AR A Ko(=E,, —E)RT ¢ Aon sbgstm, & PN 7@

g4 A n{gse duA nRKAE 4 G diydstd Aalsm

we
uf

e

IZ f(sﬁ) f(é‘,{) F&'x’.&c(E)

~ A -
0 (E) = WZA:AZIMSIJ\.IA3> pppry (Ei-E)

(3.2

st o] Folh watx MUY 2] AvR ¢ (E)e 28 A7l Az
st EAtelel FEHA 71AF o|f4s [y (E)oll Malge & 4 Ut 4

- 8 -



(32l Fojz HHY 27 AxEE 7] AeM: @Y Ha AFUYE A4z

YBBA4o} oldste I (E)& Alatel Mg sjojo oy,

A

R, 4 27D 4 (2138 AFgsle] el Ax AFUE Ao YR AE

T3k

CASIJJA'S >= KN, ke ky s | (—e/m)p,| N,k k,, >

= [ad UCHFP] ((—elm)p )l Us( r)Fi ()]

= 8k A N (—e/m)p | AD+8 s | (—e/m)p,| s> (3.3)

3 3ol £ REoz bl £ A3, § & Ul Fur)e 7238 27449 7]

AT 4 @B AA Fe izt TR Ao g MEES Jehyx,
FR7IE Aol MY EE vehdd, 2eR g da AFUE o

“

date) GAeAE MUl wal 7tz w1 Ads Baolul Ao el

(elpwN2)’ (N+D)8 n.ne1 +NS v i) Okt On w0y
(EA 71y 4t ah)
I<As 7,1 A's>|*=
G(s, sV 1 x (S A1 A
(3.4)

& 9E F A% AU Gls,s)= 1 <s 10> 2e Qnsim, /5
(A /mw)'e 712489 Landau AEWNRE  ooain, & 7)3(

-9 -



ON MO hk Ork, .05 AYES YepIT
ogoll, a2t AEHl [ A5,09 | A359> Alol9) Holo HAE A7 Fo) &&=
olgt 3t IME)e 38 Q4 1z Born ZAMIA 4wz oz

Figas(E) = 722 (N () +1/2£1/2)S . (35)

9} o] FolzthRyust Choi, 199D). }71A T Ei=ol 2xolal, N (T)& o

U7t fw R Ei=9] Bose-Einstein ¥ 3 40ln], S, &

+|</{3S3|)’ |/1]S]>| 26(E E:Zt ﬁwq)]

oz FojAth 4 (357 4 (36)F 471 YAsA Uwrstd Langevin $EYH AL
A3t} Mol E=3te] Aaatgo] <falthe 7S AT YoM AZEHUR
o], 4 N3 A (28l FolW Az AUA BFFFd AUARRFAE 4
(36)el 2 galm 4 359 olggtsE AN Fel EFie AL 4A ¥ &
tho 4l 36190 B = s FRTlAIAMS 222—— ansta, 4 (36)2] & el

Al e Ard Ao ¥ie] WA F4E stk 6 e A jF U
2L Agejol Al & &t gl Aelzt gloldt uf M4 FEHAe A% X=
o F4o EoAC dlg olulA] nEE vebdig olejg oy nEAL Azt
7V Az1Zo 2 BE oUAE Fgedle] Aoyt dold u A9 ouyA] Wzle X
=] oAt #Al S, olZle]l Aw SI(E)7F vrE3¥ ul, hot-electron 2}7] ¥ 1=
& A g ek ABH A M1 MZIE E— 0= HEE, 3§ A
71l digh At A7) ¥ FWAYNA dojude T4 X Fod $E0A
o] g]a1, A7 Hel g N FE4 A doluA g

_]0_



[V. Hot-electron A7) = 3 ay

o] Aol MW FERAFE ks FRACAM AA A7 3 A7
Z3lo 412 hot-clectron A7) ¥ie B AL Fal712 o)
A (36)oll A FolR Habel =ikl AT AL dakxie] YRR AE 4 (27)9)

BER

| ATy LAY 2= 1O 1 Tw(e) | 28k 208 k1208 s
(4.1)
+ | Fe( @) 4]

2 Folduh o714 Fo( @9t | Janw(a) | %3z bzt

Fol(q) = <lexp(tig- rv)lsD 4.2)
l] ( 2 Nn' . Na—N. Nu—-N, 2
w() |5 = Fr exp(—u)u [ Ly (1) (4.3)
3 o] Heolgn, iz

u = (BH[ A+ (mim my)*(mq,sin—mg,.cos6)?] (4.4)

°li, N,=min(N,N) , N,=max(N,N)olv], L (u)= A3 Laguerre ¥

2] o]t} (Gantsevich®} Ryzhik, 1965).
4 282 g A oA afaek 4 (4109 Hzbel Ei=zhe] AbE AL
AabAel BALAS A (36 ujelsle] Axah,

ST = (2/8) 1 Claq) | 2;::] | T p20) |26 Pa)x—(u:,)

(Z71U} 4-h)  (45)

_11_



s

ST = 21 A 'E( & T [+ 1 F ()| P8 n)

X8 (N +1/2)8 @ = (N1 k we+ (mom VA2)X(1/mi —1/m3) ¢ ko]

(BRI Ad)  (46)

3 gol 2ALHo 2 FAII A} IR 4Fo U 4 U

4 453
2l (48)0 Folze B 7z
wi=w teEls/k, 47
By=m/w Je, (4.8)
w,=w,reEly k, (4.9
By=Qw//e) | 1/m~1/m]]|, (4.10)
15 imaw ] '? (4.11)
Py, = ([ ImeB o/2)( mi+y{m?), (4.12)
olal, P )9 Agolth 4] (459 4 (46) 2719814 t}2o Tl
Vi3 =, (U + 1 )/2 (4.13)
Vi ==y, + 135 )12 (4.14)

& AMESlaL, g ¢ 3 kg slA o AAE] S olgy) wRe ¢

- 12 -



gt 9] Taylor 4 27114

Mx+a) = 20(—1)"(a/x)"é‘(x) X 8x) (forx>a) (4.19)

£ ol&3yut wet uAE 2] ANE Q] hot-clectron A7) ¥i= ZH AL
4] (32), A (35), 4 (45), A (46)0.: iy

Po,=w, (7T AH) (4.16)

(N+1/2)h w, = (N+1/2) 8w+ (mm VY2)(Ums—1/m3) + ko’

Q

. (ER 7] Akeh) (4.17)

R

o] dE Atk A (4163 4 417DelA B 4 Qe A Ay, Aw Mze)
¥E=zhel 57712 Aol A hot-clectron A7) ¥ FHzALe AL Mape) e
et 1E AdelAtele] KA A alolgl My Avlel AatA ) EaAw
A7 Aol A 9] hot-clectron AH7] ¥ ZHzAL FRAZgE sl
717 Al 7Tel wel 1 o)) a7} ol FEE & 4= Q)

A:

(417l A F=o] 2 hot-clectron AH7] X Wz AoA A7)Zel 7|2 E — (

v

o

2 58 sk Aap 2r] i ¥wzol flu, £33 4 (4179 hot-electron
7] = gzelal E— (0 1kl gl 7ui: Futagawa 5(1993)0] o]z

How gk ubsh Bl 4 o 4 Ay

- 13 -



V. FAA

ol Aol & AelAl g FRU AFH FRIIZF Ao g
hot-electron #}7] ¥ FWx21g X P&yl diala uEw FaHRS 2
T n¥ AlZekrel A 8ste] £XAMNE 72 Ik SEY BEY ouyx BE
o oAl n& AZekre] 2Ate) FH W e FAo|zE A@de 7tz e X
Aol e ¥i=g &322 (Payne, 1965), 7b58 ¥ =(Nilsson®} Nelin, 1971)&
IHLLO— TO (37.7 meV)], X% TO(34.2 meV)], X338 TA(9.93 meV)],

282 XA (LA-LO(29.8 meV)lel Ath2 (24) #7). 128 nu 71g

8l 37l el A e Azl 27t 0 kV/iem, 1 kV/em, 10 kV/em@t e #
3k A SRV (3) Hx),
A9 12 2719 gye] B (LY wl, &7 FHr)elre HAate) §EA

F mi7t 0.099mola, Yz Hslr)olae) Ao} GE MY m 7k XA el dis|A

= 036m, I'gol dizirz 0.099me s Folx= A$o g hot-electron A7)
X &1 ol YAE ouxg 2ol sl JeERd Aol AMe
TR A e AAte) Landau olulA) £9E 7bel7ln, HMe Azl LE=g W
gta] UE 712 AASRE Mo Landau Ao wWhE o] AElES o nlsig),
714 FET He XYM 271 279 fAALN U 2R SaA
Fol Mz gz Iyere Agn UF A7) fFaAT0 gormg X4
Me AFH 1F A28 FEAY Aol AsA BRI Argde] )21 %
A7) X Fel dolya, MHelre L3 Utz &7)1te) a4 20)7}
7] el E571d] Aol Y1913 #y] i Fwo] Aojus "k AMI u
Ao mapg e 27l Fe vy selal YAE Jgyl=dl ArRe) A 7)7}
0 kV/ecme w= Futagawa %9 ol§ (Futagawa 5 1993)# Ssti, 7]
ol A7I7E F7hgtel whal il dolAe] 9A7F o)BIE U 4 el o]A:
Futagawa &9 4% ZA3(Futagawa % 1993)9} 2 2l g},

a9 2= A7 wao]l B (111> i, 27] R o)Ae) Hzje) S5

F m7b 0.082meln, UE ZaslelMe] Ao FEAYEm I XA UEA

_14_



= 0.207m, IAlel didliAi= 0.082mell "Ik hot-clectron 2471 3= g ujo)a ¢
25 A ek apz)gel disiA] ekl Aoy, AAe 7] #7loAe Azte
Landau oy = &94& 71y 71an, #a8 At E=8 gEsle) U3 x84t
& wel Landau A gol wiE oluxgulE ouigig. 2214 whako)
B (110> wet vpzb7bAL XHolMe g8 UF A7) sad% &
olZ dsfiAl  EFHIE Abeke] 7|1 FWol dolum, MFelMe MSH UF
TH IS FRAZG o]zt ¢yl Wil BRIl At 7% 2] Ee Fg
o] ‘-’JO]‘C‘;C}. :Lvlﬂ 71742 A717F 0 kV/em<?) 9l hot-electron 2t7] X¥i=
el f A= Futagawa 69 ol&3 FUsa, A7149] A717b Z7}3Ho)
et &1 Fol=ie] |7} o]F sz o] A= Futagawa $(1993)2) 413 ZAze}

w £ oy

a9 32 A7 wEe]l B 10002 w, S UF A7 HA &
AAE m7t W 0.135mo 2 FolA= Z9-o uld hot-electron A7) ¥ =2

WodlolA A E olulX| 9} Alvigel tisla]l vkl Zolth AME 27| Z&7)0)
A1e] Azkel Landau ol Al 9180 71y 710, bAoA x7b Eied wEsle) U
AR APARE Wl 2 Landau Aol wlit ou] A A i ou]slt) o]litglo g

oA lel A RG] (1Y) ulltel X4ah IAfelAl #4712 Abd o 7]

T3

ANz 27l Aie FWE Mz WASIAL 9dal, TYolAl #7ul Ahdo 2 7]}
= AR s ek delde e} ZldlE g zely Futagawa $(1993)2] 418 7 3}
of wpwd #srul AbGo R YIQlglh 2br] Xie W I AFo . 7]QIj
A7 A= '::"‘é’ﬁ.ﬂﬁf WREA gzl R AFor 71018 2] ¥i=
T A e BRI fEAY) $dstrg JguAgaA . 2yl
Ahgto it 7191k Alv] ir o] <loluyx] 9= o)fi= BlalzbA] Watala] 9u)
olelgh o]-fi3r Futagawa ‘sol 2128 ujel gro] rsz|U)e} #4023} 4bgre) o]m
Fatel  ZIRIgE Zloi  avidd. w3k Avige A7k 0 kV/em  w)
hot-clectron 2b7} ¥3= g #lo}A A& Futagawa 52 o]@&3} Fesln, 27
Aoy A7I7E o el e gy mlolae] 9A)7) o) F e o 4 Uk

11, 2, 30lA Mz nbkg) gFo) hot-clectron AF7] ¥y Ev so]A ) 94
Azke) A I Al dE Al Atele] FR AW ajolst M7 Alv|e] WA
welo] Q& 9 4 qar, Wk vy wlolA QA A A 47| 7h EvhEle] uw)

b vl G A o ol gtk 418 9 4 dut

_15_



60 < =
~“ \\ - - gennt —
AN A Tl
50 ¢ e ™
— ‘-.\."(T. ._.’_;_’.‘:—«f__‘ ——’-’__’—b":—’
%J 40 =T ".E;\:f:;‘;:_;-_:::-—-—-'ﬂm:;g:—:ﬁ'-;;'*—\'1
E = ) -\: _——===========‘=:‘==:=
N R K
>30 ~-~._._10kVicm _. 1
S =0
w e ,,".” — 0
c20 e T 1
w LT _ kViem.. _ig
e e o T T 0kViem
10
B//I<110>
0 i R

5 10 15 20 25 30 35 40

Magnetic Field B(T)

Fig.1 Energy diagram of n-Ge for B | <110). The guantum number of the
Landau level is indicated for each line. The dash-double dotted, dashed,
dash-dotted, and dotted line are, respectively, for X3-point, X -point, X,
-point, and [-point, depending on the strength of the electric field given by 0
kV/em , 1 kV/em, and 10 kV/em. The solid and dotted lines and another lines

are for m; = 0.099m and m,=0.36m, respectively. The result at 0 kV/em

agrees with the theoretical values of Futagawa et al. However, as the electric
field is increased, the present theory gives the better results for the different
Landau levels .
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Fig.2. Energy diagram of n-Ge for B | <111>. The quantum number of the
Landau level is indicated for each line. The dash-double dotted, dashed,

dash-dotted, and dotted line are, respectively, for X 3-point, X |-point, X,

-point, and I™-point, depending on the strength of the electric field given by 0
kV/cm , 1 kV/cm, and 10 kV/cm. The solid and dotted lines and another lines

are for m:,=0.082m and m;,=0.207m, respectively. Comparison with the

theoretical values of Futagawa et al. is the same as that in Fig.l.
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Fig.3. Energy diagram of n-Ge for B || <100>. The quantum number of the
Landau level for m;=0.135m is indicated for cach line. The dash--double
dotted, dashed, dash-dotted, and dotted line are, respectively, for X j-point, X,
-point, X 4-point, and I™-point, depending on the strength of the electric field

given by 0 kV/cm, 1 kV/cm, and 10 kV/cm. The result at 0 kV/cm agrees with
the theoretical values of Futagawa et al. Note that, according to Futagawa et
al."s experimental results, neither intervalley nor intravalley MPR is observed
for B <100>.
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HE (3) 0 AR Alo) ALL-E v v e Y] SER o

hb=1.054*10"(-34)(xFZ & =1 AF4=%)
e=1.6%107(-19)(x X 2} 2] 1 3}+)
m=9.1%10"(-3D)(x A 2} ] A i»)

mt=0.082*m(*A] & 7 2 =)

mci=0.099xm(xB//<110>:31 & Alo| 2 REZ 2 2x)
mcf=0.360*m(*B//<110>:14 % Alo| 2R EE Aok

f[B_l=Table[{(n+1/2)hb*e*B/mci}/(1.6x10(-22)),{n,0,6}]
pl=Plot[Evaluate[f[B]],{B,0,40},Frame->True, GridLines->Automatic,

PlotRange->{0,60}, PlotStyle->{AbsoluteThickness(1]}, AxesOrigin->{0,0} ]

ba={2%9.93*1.6%10°(-22)*mci*mcf/(mcf-mci)}/(e*hb)
L=(1/2 )*((hb/(mt*exba))(1/2)) *((mci)~(1/2)+(mcf)"(1/2))//Simplify
j1=Table[{(n+1/2)hb*c*B/mef -1/(2*mt) {(mci) " 2-(mecf) 2}x~2/B 2+
exx*L} /(1.6%107(-22))+9.93(n,0,1}1/.x->0 (*B//<110> electric field OV/cm,x3%)
j2=’I‘ablc[{(n+1/'2)hb*c*B_/mcf-1/(2*mt){(mci)‘2-(mcf)”Z}y“Z/BA2+e*y*L}
/(1.6%107(-22))+9.93,{n,0,1 })/.y->100000 (x13//<110> clectric ficld 1000V /cm,x3*)
J3=Table[{(n+1/2)hb*c*B/mcl=1/2*mUO{(mei) 2= (mef) 2} 2" 2/B 2+ exzx L)
/(1.6%107(-22))+9.93,{n,0,1 }]/.z->1000000(*13//< 110> clectric field 10000V /cm, x3%)
p2=Plot[Evaluate(j11,{B,0.01,40} Frame- >True,GridLines->Automatic,
PlotRange->{0,60},

PlotStyle->{{AbsoluteThickness[ 1], AbsoluteDashing[{7,3,0.5,3,0.55}]}.
{AbsoluteThickness[1], AbsoluteDashing[{7,3,0.5,3,0.5,5}1},
{AbsoluteThickness[1], AbsoluteDashing[{7,3,0.5,3.0.5,5}]}}
1(xB//<110> electric field OV/cm,x3*)

p3=Plot[Evaluate[j2],{3,0.01,40}, Frame->True, GridLines->Automatic,

PlotRange->{0,60},

{AbsoluteThickness[ 1], AbsoluteDashing[{7,3,0.53.0.55}]},
{AbsoluteThickness| 11, AbsoluteDashing[{7,3,0.5,3,0551}} |
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(xB3//<110>electric field 1000V/cm,x3*)

p4=Plot[Evaluate[j3],{B,0.01,40},Frame->True, GridLines->Automatic,

PlotRange->{0,60},

PlotStyle->{{AbsoluteThickness[1], AbsoluteDashing[{7,3,0.5,3,0.55)1},
{AbsoluteThickness{1], AbsoluteDashing[{7,3,0.5,3,0.5,5}1},
{AbsoluteThickness[1], AbsoluteDashing[{7,3,0.5,3.0.55}1}} ]
(*B//<110> electric field 10000V /cm,x3*)

p5=Show[p2,p3 , AxesOrigin->{0,0}, PlotRange->{10.40}.{0,60}}]
(*B//<110> electric field,0,1000V/cm, ,9.93mv, x3*)
ba={2%29.8+1.6*10"(-22)*mci*mcf/(mcf-mci) }/(e*hb)
L=(1/2 )*((hb/(mt*exba))*(1/2)) *((mci)~(1/2)+(mcf)*(1/2))//Simplify
j4=Table[{(n+1/2)hb*e*B/mcf-1/(2*mt){(mci)"2-(mcf)"2)x"2/B~2+exx*L}
/(1.6%107(-22))+29.8,(n,0,1}/.x->0(*B//<110> electric field OV/cm,x1%)
j5=Table[{(n+1/2)hbxexB/mcf-1/(2*mt){ (mci)"2-(mcf) 2}y “2/B 2+e*y*L)
/(1.6%107(-22))+29.8,{n 0,1 }]/.y->100000(xB//< 110> electric field 1000V /cm,x1*)
j6=Table[{(n+1/2)hb*e*B/mcl-1/(2*mt){{mci)"2-(mcf) 2)2"2/B 2 +exz*L}
/(1.6%107(-22))+29.8,{n,0,1}1/.2z->1000000(*B//<110> electric field 10000V /cm,x1%)
p6=Plot[Evaluate(j4],{B,0.01,40},Frame->True, GridLines~>Automatic,

PlotRange->{0,60},

PlotStyle->{{AbsoluteThickness[1],AbsoluteDashing[{6,3}]},
{AbsoluteThickness(1],AbsoluteDashing[{6,3}]},
{AbsoluteThickness(1],AbsoluteDashing[{6,3}1}}]

(*B//<110> electric field OV/cm,29.8,x1%)

p7=Plot[Evaluate[j5],{B,0.01,40},Frame->True,GridLines - > Automatic,

PlotRange~>{0,60},

PlotStyle->{{AbsoluteThickness[1],AbsoluteDashing[{6,3}1},

{Absolute Thickness[1],AbsoluteDashing{{6,3}]},
{AbsoluteThickness{1],AbsoluteDashing[{6,3}]}}]
(*B//<110> electric field 1000V /cm,x1%)

p8=Plot[Evaluate(j6],{B,0.01,40},Frame->True, GridLines->Automatic,
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PlotRange->(0,60},

PlotStyle->{{ AbsoluteThickness! lLAbsoluteDashing[{6,3}]1},
{AbsoluteThickness[1],AbsoluteDashing[{6,3}]},
{AbsoluteThickness[1],AbsoluteDashing[{6,3}1}}]

(*B//<110> electric field 10000V/cm,x1*)
p9=Show([p6,p7 , AxesOrigin->{0,0}, PlotRange->{{0,40},{0,60}}
1(xB//<110>electric field,0,1000, V/cm,29.8mv,x1%)
bc={2%34.2%1.6%10°(-22)*mci*mcf/(mcf-mci) }/(exhb)
L=(1/2 *((hb/(mt*e*xbc)) (1/2)) *((mci)~(1/2)+(mcf)~(1/2))//Simplify
j7=Table[((n+l/2)hb*e*B/mcf—1/(2*mt)((mCi)AZ-(mcf)“2)xA2/BA2+e*x*L}
/(1.6%107(-22))+34.2,{n,0,1})/.x->0(*B//<110> electric field 0V/cm,x4%)
j8=Tab]e[((n+l/2)hb*e*B/mcf—l/(2*mt){(mci)‘2—(me)AZ}y“Z/B”2+e*y*L)
/(1.6*10‘(-22))+34.2,{n,0,l)]/.y—>lOOOOO(*B//<l10>,electn’c field 1000V/cm,x4*)
j9=Table[{(n+]/2)hb*c*B/me~I,/(‘Z*mt){(mCi)‘2-(mcf)‘2}z‘2/B‘2+e*z*L}
/(1.6*10”(-22))+34.2,{n,0,1}]/.7,—>1000000(*B//<]10>,CleClriC field 10000V /cm,x4*)
bd=37.7%1.6x10"(-22)*(mci/(exhb)), L=((hb/(exbe))™(1/2))
J10=Table[{(n+ 1/2)hbxe*B/mci-1/(2+mO{{mci) " 2-(mei) "2} x 2/B 2+exx*L)
/(1.6*10A(—22))+37,7,{n,0,]H//,X—>O(*B//<l]O>,elcctric field OV/cm,ga*)
jl1=Tablc[{(n+l/2)hb*e*B/mci—1/(2*ml)((mci)‘2—(mci)AZ)y*2/B‘2+e*y*L}
/(1.6*10A(-22))+37.7,{n,0,1}]/.y—>lOOOOO(*B//<1IO>,electriC field 1000V/cm,gax)
j12=Table[{(n+l/2)hb*e*B,/mci—1/(2*mt){(mci)?-(mci)”2}z‘2/B‘2+e*z*L}
/(1.6*10A(—22))+37.7,{n,0,1)J/.z—>lOOOOOO(*B//<110>,electric field 10000V /cm,ga*)
p10=Plot[Evaluate[j101,{13,0.01,40}, Frame->True, GridLines->Automatic,

PlotRange->{0,60},

PlotSlylc—>{{:\bsolutcThickncss[l].AbsoluleDashing[(2,2}]},
{AbsoluteThickness[1],AbsoluteDashing[{2,2}1},
{AbsoluteThickness(11,AbsoluteDashing({2,2}]}}]

(*B//<110> ga, Ov/cmx*)
pll=Plot[EvaIualcfj12],{13,0.01,40},lframc—>’l‘ruc, GridLines->Automatic,

PlotRange->{0,60},
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PlotStyle->{{Absolute Thickness| 1], AbsoluteDashing!{2,2}1},
{Absolute Thickness| 1 LADbsoluteDashing[{2,2)1),
{AbsoluteThickness| 1 L, AbsoluteDashing[{2,2}1}}]

(xB//<110> electric field 1000V /cm,ga*)
p13=Plot{Evaluate(j12],{B,0.01,40} IFrame->True, GridLines-> Automatic,

PlotRange->{0,60},

PlotStylc—>{(Absolutc'[‘hickncss[l],Absolute[)ashing[{2,2}]},
{AbsoluteThickness(] l.AbsoluteDashing[{2,2}1),
{.*\bsolutc’]‘hickncss[1],Abso]uthashing[{‘2,2}]}}]

(*B3//<110> electric field 10000V /cm,gax)
pl6=Show(pl3,pl4 | AxesOrigin->{0,0}, PlotRange->{{0,40},{0,60}}
J*B//<110> electric field,0,1000,V/cm,34.28mv, x4%)
p17=Show(plO,pll | AxesOrigin->{0,0}, PlotRange->{{0,40},{0,60}}]

(xB//<110> electricfield,0, 1000,37. 7Tmv gax*)

t={  Text{"0",{40,23.3} {-1.51,0}], Text("17,{34.1,60},{0,-1}],
Text["2",{20.560},{0,-1}] , Text]”3"{14.6,60),{(0,-1}1,
Text{"4"{11.5,60},(0.-1}],

Text["5",{9.360}.{0,-1}],

Textl"N=... 6",{6.5,60},{0,-1}], Text["0",{40,27.1},{-1.51,0}],
Text["1”,{(40,40},{-1.51,0}], Text["1”,{40,30},{-1.51,0}],
Text["0",{40,17.1),{-1.51,0},  Text["B//<110>",(355},(0,0}],
Text["0kV/em”(35,14),{0,0}],  Text["1kV/cm",{35,18}.{0,0}],
Text["10kV/ecm” {32,30},{0,0}] }

Show([pl,p5p9pl6pl7, DefaultFont->{"Helvetica-Bold”,12},

FrameLabel->{FontForm["Magnetic FieldB(T)", {"Helvetica-Bold”,16}],

FontForm["Energy(mCV)",("I'Ielvetica'Bold",lﬁ}],
FontForm["Fig.2", {"Helvetica-Bold",16}],""}, Epilog->t,
GridLines->None, AxesOrigin->{00}, PlotRange->{{0,40},{0,60}}
J(xB//<110> electric field,0,1000,V/cm, *)
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