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6. Cyklotronova rezonance elektront a dér

Idea sledovani stavli kolem minima vodivostniho a maxima valen¢niho pasu v polovodic¢ich —
Shockley 1953:

Cyclotron Resonances, Magnetoresistance, and
Brillouin Zones in Semiconductors
W, BHOCKLEY

Bell Telephone Laborelories, Murray Iill, New Jersey
[(Received March 10, 1953)

NE of the basic problems in the band theory of solids is to
determine the shapes of the energy surfaces in the Brillouin
zone, A possible solution is furnished by cyclotron resonances at
low temperatures {say 10°K) in weakly doped germanium: For
this situation, (1) Maxwell statistics can be used, {2} the inter-
actions of the carriers are unimportant so that a description in
terms of single carrier momenta in the Brillouin zone is good,
and (3) the collision frequency » i3 so much less than w=2xf for
1.25.cm waves' that inertial effects dominate, and the dependence
of » upon position in the Brillouin zone is unimportant.

Some typical situations in which resonance might be observed
are illustrated in Fig. 1. The E'’s and o's vary as expiiwf) so that
the conductivity mgu is complex, The standard transverse and
longitudinal magnetoresistance configurations are represented in
{(#) and (I), & combination of (#) and the Hall effect in (¢H]}, and
circular polarization in {g).
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Some of the resonances may be illustrated by spherical energy
surfaces with a single (relaxation) frequency » and wy=g¢H /m*c.
We find that gy, pr, and p; are independent of 1

wm=pa=m=g/{m*(r+iw)}, (4)
pesr =qlriw) / {m*[ (i) +wn®]), (5)
pe=glv+i{Lwtwp) 1/ {m* [ (v +wr]}. (6)

The plus sign in g. holds when the field rotation and cyclotron
orbit have the same direction. If w> 10, as may be achieved in
Ge at low temperatures, the resonance peaks observed at wy®
ws e — 3% will be within 1 percent of that proper for m* alone. If »
is & function of &, then the mobility expressions should be based
on finding =, vy as functions of E; and E; and averaging over the
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Fic. 1. Some tyvpleal situations for observing l;"‘rl:ll;}tﬂhn resonances: (£,
conventlonal fransverse magnetoreslstance conliguration; (I}, conven-
tional lengltudinal muﬁusemresislmlm configuration: (¢H), a transverse
gituation it which Hall effect comtributes to realstance; (), circualarly
polarized electric feld.

carriers with a weighting factor of &; for a constant mean free
path, this will lead to the customary factors of 8/3x, etc. and to
a small magnetoresistance in g, This averaging does not affect
the conclusion that if w=cs, pe reduces to w0, 0) for the wave
rotating in the cyclotron direction.

Herman's calculations® suggest that the energy surface for the
conduction band in Ge consists of six ellipsoids of revolution lying
on [1007] directions with a longitudinal mass m, and transverse
mass ms The valence band is probably triply degenerate with
surfaces of three sheets of nonellipzoidal shapes.? For these sheets
we can define “tubes,” cach having its characteristic mass s, and
corresponding cyclotron frequency.*

For an ellipsoidal energy surface given by

E= (P 2ma) +(P# 2my) + (P &/ 2Ims) (7)

and a magnetic field with direction cosines «, 8, A, the effective
cyclotron mass is

m* = [atgtisgin o (o +my 80wyt 0 (8




Separate resonances should be observed for each different orienta-
tion of ellipsoid to H. Thus, for H parallel to [100] for the six
ellipsoids, m* will equal (myma)t four times and my twice; there
will be no longitudinal resonance. For H parallel to [1117], m*
= g 3emy Sy  2oeg) JF six times, and for () we find

gy ( 2oy Fmna) [ (o i) Fon ™o/ (2iey = mea) () 2mea) ]
= Fumymeg (e o) [ (v o) ag®]. (9

Similar, but generally more complex, expressions apply to other
Cases,

Evidently, if the surfaces are ellipsoids, the determination of the
resonance field for several conditions will give a unigue deter-
mination of the mass parameters and hence of the energy surface
shapes,

For the triply degenerate surface, a distribution of masses
from zero (at the conical contact of the outer surfaces) to infinity
will be present, If the inner surface is nearly spherical, & strong
isolated resonance will ocour, For this and the doubly degenerate
case, it appears likely that the predicted resonance behavior will
require difficult numerical calculations, However, it also appears
probable that a numerical fit based on the three parameters? will
be unigue.

T am indebted to J. K. Galt, C, Herring, . Subl, and R, F,
Wick for several stimulating discussions,

1 Marked electron me.rLl'l effects with o 0% 0,2 at 160°K have boen re-
ported for electeons in é:ermamum by T. 5 Benedict and W. Shockley,
PPhys, Rew, B9, 1152 (19

£F. Herman, Phys. Rev B8, 1210 (1952): F. Herman and J. Callaway,
Phye. Hev. B9, 518 (1953),

1YW, Shockley, Phys, Rev, T 173 Ell:l,m]
VW, Bhockley, Phys, Rey, 79, 191 (1950),

W. Shocklevy, Phve., ey, 90, 491 (1953).

Pohyb (kvazi)elektronti a dér v magnetickém poli v aproximaci parabolickych pasu (tedy

efektivni hmotnosti); zatneme s izotropnim pasem

Klasicka pohybova rovnice pro ¢astici ve statickém magnetickém poli s intenzitou H a
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harmonickém elektrickém poli s amplitudou Ey a frekvenci o je
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kde 7je sttedni doba mezi srazkami (za kterou se vynuluje driftova rychlost v zptisobena
vnéj$im polem). Predpokladejme magnetické pole orientované ve sméru osy z a linearné
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polarizovanou harmonickou vinu podél X. Harmonicka ¢asova zavislost driftové rychlosti pak
ma amplitudy ve sméru x a Y, splilujici diky pohybové rovnici (6.2) vztahy
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= : ) 6.4
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je cyklotronova frekvence. Protoze sledujeme nemagnetické materidly, je magnetickd indukce
B rovna pfiblizn¢ intenzit¢ magnetického pole H. Znaménko v (6.5) vybird smysl rotacniho
pohybu, ktery je pro elektron a diru opacny.

Ptedchozi vztahy jsou ve stale pouzivané soustavé jednotek cgs; v SI je cyklotronova
frekvence

eB

@, =t mf : (6.5)SI

Orientace ve velikostech dulezitych veli¢in:
vhodné frekvenéni pasmo je 24 GHz (ptipadné 9 GHz), tedy

@, =151E9 rad/s; T.=27/w,=42 ps; A, =CcT.=1.3 cm; he, =0.095 meV.

Intenzita magnetického pole pro rezonanci je pak

H =860 Oe=6.8E5 A/m.

(Horizontalni slozka zemského magnetického pole v Brné je asi 0.2 Oerstedu nebo 16 A/m.)
Dale posoudime polomér R. cyklotronové orbity: pro stfedni termalni rychlost

<v>=,/§ k-l,: ~4E6cm/sprom =0.1m, , T =4K
7 m




je

)T
R =T 300 nm.
T
Je tfeba si uvédomit, Ze pravidelny pohyb po cyklotronovych orbitach je ptidavkem k

chaotickému termélnimu pohybu.

Driftova rychlost nabitych castic je odpovédna za proudovou hustotu; ta ma také harmonickou
Casovou zavislost, ve sméru X je to

2 -
(0= Nevers= T 0 g gia 66
m o} +(iw+1/7) '

kde N je koncentrace nosi¢u. Podle (6.4) je ovsem amplituda driftové rychlosti tamérna
amplitudé elektrického pole a mlizeme zavést (komplexni) vodivost jako konstantu imérnosti
mezi proudovou hustotou a intenzitou elektrického pole:

oo Ok o 1+iot
E, l+(a)C2 —a)2>72 +2iwr (6.7)
kde
Ne’r
S (6.8)

je staticka (@w=0) vodivost.

Energie odebirana ze stiidavého pole je imérna redlné casti komplexni vodivosti (je to
Jouleovo teplo vznikajici diky tlumeni pohybu nosi¢ti ndboje s relaxacni dobou 7). Frekven¢ni
zavislost absorbované energie je vhodné vyjadrit pomoci bezrozmérnych veli¢in:

Re{o} 1+r?+r
= ——— f=on L =aor (6.9)
O (1-r*+r?) +4r

Vysledek v tomto tvaru umoznuje posoudit Sance na pozorovani rezonan¢ni absorpce energie
pro o= ax, viz nasledujici obrazek.
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Frekvencni zavislost absorbované energie; z Dresselhaus, Kip, Kittel, Phys. Rev. 1955,

Pti zadanych frekvencich @, ax je zfejmé tieba dostatecné malé relaxacni tltumeni pohybu
nosicu, neboli dostatecné dlouhd doba 7. Ta je pfimo umérna prakticky velmi €asto pouzivané
charakteristice elektrického transportu v polovodi¢ich — pohyblivosti sz

er
o, = Neu, MU= o (6.10)

Pohyblivost je stfedni driftova rychlost v elektrickém poli s jednotkovou intenzitou, jeji
jednotkou je (cm/s)/(V/cm) = cm?/Vs. Aby byla cyklotronova rezonance dobfe pozorovatelna,

musi byt @z > 1, neboli

e
7 - - (6.11)
om
Prakticky vhodné mikrovinné frekvence (f = e/2 7~ 24 GHz) tedy vyzaduji vysoké
pohyblivosti, které jsou z podminky (6.11) navic déleny efektivni hmotnosti (typicky zietelné

mensi nez jedna),

4 >11000 22 cm?/Vs. (6.12)

Podminku pro cyklotronovou rezonanci s dlouhou relaxa¢ni dobou miiZzeme S pomoci vztahu
(6.9) zapsat jako

r=r.>1. (6.13)



Redlna ¢ast vodivosti je pak rovna jedné poloviné stejnosmérné hodnoty. To je snadno
pochopitelné, protoze jsme uvazovali linearni polarizaci proménného pole, které je
superpozici dvou ortogonalnich stavli kruhové polarizace; jeden z nich (se stejnym smyslem
rotace jako kruhové orbity nosic¢i naboje) je v pouzitém piiblizeni vzdy ve fazi

s cyklotronovym pohybem, druhy naopak Vv protifazi a k disipaci energie nedochazi. Kdyby
bylo pouzito kruhov¢ polarizované pole se souhlasnou fazi, byla by v rezonanci absorpce
energie stejna jako ve stejnosmérném poli.

Pti praktickém provedeni cyklotronového experimentu je frekvence (mikrovinného) pole
konstantni, méni se cyklotronova frekvence pomoci zmény intenzity magnetického pole.
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Typicky profil absorbované energie v Ge, frekvence 24 GHz, teplota 4 K; z Dresselhaus, Kip,
Kittel, Phys. Rev. 1955.
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Typicky profil absorbované energie v Si, frekvence 24 GHz, teplota 4 K; statické magnetické
pole v roving (110), pod thlem 30 deg ke sméru (100); z Dresselhaus, Kip, Kittel, Phys. Rev.
1955.




Dulezité je nastaveni vhodné koncentrace volnych nosi¢li naboje. Osvédcila se opticka
excitace (svétlo zarovky fokusované na vzorek) s modulaci intenzity; referencni signal vyuzit
k fazoveé citlivé detekci mikrovinné absorpce.

RECTANGULAR
GUIDE

CIRCULAR GUIDE
—PICK-UP PROBE

(. kR =

} + WAVE PLATE"

Ha e
COUPLING IRIS

SAMPLE

DIELECTRIC —fc219 } caviTy
VANE

Experimentalni uspotadani pro méteni s kruhové polarizovanym svétlem; z Dresselhaus, Kip,
Kittel, Phys. Rev. 1955.

Zména orientace vzorku vii¢i magnetickému poli umoziiuje sledovat zavislost efektivni
hmotnosti na sméru.
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Sumarizace (dodnes platnych) vysledki prace Dresselhaus, Kip, Kittel, Phys. Rev. 1955:

An experimental and theoretical discussion iz given of the results of cyclotron resonance experiments on
charge carriers in silicon and germanium single crystals near 4°K. A description is given of the light-modu-
latien technique which gives good signal-to-noise ratios. Experiments with civculatly polarized microwave
radiation are described. A complete study of anisotropy effects is reported, The electron energy surfaces in
germanium near the band edge are prolate sphercids oriented along (111} axes with longitudinal mass
parameter = (L58£0.04)m and transverse mass parameter s,= ((L08240.001)m. The electron energy
surfaces in silicon are prolate spheroids oriented along {100} axes with mp= (0.97 0,02 e ; = (L 190,01},
The energy surfaces for holes in both germanium and silicon have the form

E (k)= ABRE[BH+C (k2 bR+ £ T

We find, for germanium, A= — (13002} (4/2m), |B|= (89010 {%/2m), |C]=(10.3202) (% 2m);
and for silicon, 4= = (41402 (A/2m), |B|= (1602108 /2m), |C|= (330508 2m). A discussion
of poszible gystematic errors in these constants is given in the paper.,
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