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ABSTMCT

fhe acceptor growrd.-state in gernaniun was stud.ied by means of the ultra-

sonic attenuation measltrement. The attenuation vas measured. in Ga-d^oped. Ge

rq tA -?vith concentrations ranging from 3.5 x IO-' to 2.5 x 10*- cm " and. with dis-

location d.ensities of the order of t03 "t-2.
Ttre temperature depend.ence of the attenuation in the absence of the nag-

netic field. was measured in the temperature range 1.3 to l+5 f at several a-

coustic power 1eveJ.s. fhe attenuation increases with tlecreasing the ternper-

ature belolr L5 K. Ttris increase is ascribed to the resonanee absorpti.on of

the ultrasonic rraves causecl by the ho3.e transitions between the split J.eve1s

due to the internal stresses. The attenuation at lolr temperatures ilecreases

vith increasing the acoustic power: the saturation effect in the ultrasonic

attenuation appears. \

Ttre nagnetoacoustie resonance attenuation (UAnq,) rras observed under

strong magnetic fieltls. The attenuation was stud.ied. in detail by varying

the acoustic frequency, the teuperatr:re, the magnetic fie1d. d.irection, the

acceptor concentration,.the acoustic power, the acoustic mod.e, the propagation

d.irection, andl the r:nia:cial stress. Ttre ercperimental results are explained.

semi-quantitatively in te:ms of the acceptor-hol-e-lattice interaction in the

effective uass approxination by taking accowrt of the presence of the d.istri-

butecl local- splittings and the quad.ratic Zeeuan effect in ad.d.ition to the

linear Zeeman effect. Consequentlv, the Zeena,n-splitting paranneters of the

gror:ncl state in Ga-tloped. Ge are obtainedl. Ttre g-values are. gUZ'= -0.1h 1O.O?
+

uta gSiZ' = 0.02 t O.O3 for H // l}OJ-l. Ttre diserepancy between the present

results andl the results d.erivecl from the nagnetooptical absorption by Soepangkat

and. Fisher is resolved. by proposing a ne'rr assigrrnent of their m,agnetooptical

spectra; fhe coefficients'of the quad.ratic Zeeman effect are q2 = (0.5 t 0.2)

x 1o-b K/kGz and e3i= -(,0.6 t o.e) x ::o'5 t</ne2. Ttre present g-values, whieh

calculations, seem to benre very s7nn■ ■ oompnreo with the effective 7nass
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conJistent with the measured. nagnetotherual conductivity antL the present status

of the ESR study. From the line shape of the MARA' we eYaluated. the initial

splittings of the acceptor ground.-state. l'lhen r^re assume that their d.istributi-on

is representecl by the Gaussj.an form, the average splittinS AO and. the variance -

o are obtained as -0.02 t 0.006 K and0.03 - 0.05 K, respectively.
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ZUSAMMENFASSUNG

Es wr:rd.e der Akzeptorgrwrd.zustand im Germanir:m nit d.ie UJ.traschall-

aiiryfr-rng untersucht. Die Dtmpfrrng wurd.e in Ga-ged.opt Ge nit Konzentrationen

zwischen 3r5 x tO15 una 205 x rO16 
"*-3 

rmd^ nit Dislokationdensitllten (n 1g3

-2,cm / gemessen.

Ohne magnetisches Feld" wurde d.ie Temperaturabhijneiekeit der Schal-l-

ai'rnpfr:rlg fiir Temperatr:ren zwischen l-r3 r:nd lr5 unter einigen Akustikintensi-

tSten gemessen. Unterhalb 15 K wi,ehst d.ie O?rmpfqng nit abnehmender Temperatur

a;n. Diese Anwdchse werclen der Resonanzwechselwirkung d.es Schalls von den

inneren Driicken verursachten Aufspaltungen des Akzeptorgrwrdzustandes

zugeschrieben. Au$erdem v'urde d.ie Intensititsabhilneigkeit d.er Scha1ld.fimpfr:ng

beobachtet.

Die magnetoakustische Resonanzddmpfi:ng'(MAoo) wurde in starken Magnetfeld.

beobachtet. MARD rnude genau gemessen, dabei wurd.e d.ie akustische Frequenz,

d.ie Temperatur, d.ie Richtung des Magnetfeld.es, die Akzeptorkonzentration, die

Akustikintensitii,t, clie Akustikmodeo die Richtung d.er Verbreitr:ng urd das

uniaxiale Druck venrandeJ-t. Die experimentellen Ergebnisse verden halbqualitativ

durch d.ie .Akzeptor-L5cher-Gitter-Wechselwirkwrg erkld,rt, clie r:nter einer

Effektivmasse6,nniherrxrg mit Riieksicht auf verbeilte Aufspaltwrgen r:nd den

quadratischen Zeeman-Effekt sovie auf den linearen Zeeman-Effekt berechnet

wird. Daraus verden d.ie Parameter.fiir clen Zeeman-Spalten d.es Akzeptorgrund-

zustandes in Ga-ged.opt Ge bekonmen. Die g-Werte sind. gt/Z'..=,-0;1h t OrO?

wrd 03/2' = 0 ;O2 + OrO3 fiir fr // [OOf]. Die Unterschiede.zvischen cliesen

g-Werten und denen von Soepangkat und Fisher verden durch neuen Vorsehlag

der Zuteil-wrg fiir j-hr Magnetooptik-Spektrum gelb'st. Die Koeffizienten fiir
-l' 2

clen quadratischen Zeeman-xffekt sind er= (O.5 t 0.2) x 1O-* KlkG' d {S

-(o.e t O.2). x to-5 K/kc2. Die obengenannten g-Werte, d.ie sehr kleiner a1s

die von Effektiv;;seberechnungen sind., kijnnen sich nit der beobachteten

Magnetothermal-Leilfdhigkeit und dem heutigen Zustand- d.er ESR-Untersuchung
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vertragen. Mit dem Liniegestalt von IvIARD schdtzt rnan d.ie anfiingliche Auf-
spaltung d.es Akzeptorgrrlrd.zustandes. Die durchschnittliche Aufspaltung AO

und d.ie Abveiehr:ng o'betragen -0102 I 0'006 K rrnd. OrO3 _ 0rO5 K, venn marr

d.ie Aufspaltungsverteilwrg als eine Gau6ische vorarrssetzt.
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I. INTRODUCTION

The electronic states of shal-low impurities in semiconduetors are repre-

sented by the hydrogenic states. When the average d.istance annong the inpurity
atoms is larger than their effective Bohr rad.ius, we ean neglect the interaction

anong them in the first-ord.er approximation. The localized. shal-low impr:rities

interact with acoustic phonons strongly. Ttris has been seen as a reuarkable

inerease at 1ow temperatures in either the thermal resistancel-lO or the ultra-
sonic attenuation. l1-l-9

The thermal resistance and. the rrltrasonie attenuation in l.ightly d.oped.

n-type Ge and n-type Si at 1or,r temperatures have been understood. rather vell-:

Tlrey are e:qplained. by the interaction of the acoustic phonons with the local-
ized. d.onors whose electronic states are represented. by the effective mass

r-lr^u-r6 \
approxlnati.on.-

localized. aceeptors' has rerin unsettled..

The strong increase of the ultrasonic attenuation in p-Si as d.eereasing

the temperature below 20 K vas first aseribed. to the effect of free holes.U
rA

Pomerantzr*" however, pointed. out that the holes are frozen into the acceptor

gror:nd-state in ad.optetl experimental cond.itions. Suzuki and. Mikosfrita (SU)19

proposed. a nodel to ercplain the ultrasonic attenuation in lightly cioped. p-Si

at lov temperatures: (a) they calculated. the coupling of the ultrasonic vaves

with the acceptors in the.regime of the effective nass approximation.2O,2I

(t) mey assumed. the presence of the randonly d.istributed internal stresses,

which split the fourfold.-d.egenerate acceptor-ground.-state i-nto tr,ro I{ramerf s
22doublets.-- The observed. ultrasoni.c attenuation in J-ightly d.oped. p-Si at

1ow temperatures as functions of the teupe""t*"ru'23'2l.+ the r:niaxial stressr25
- - 2t+ -?6 2Lthe magnetic fieldr- ''-- the d.isloeation d.ensityr'r and the acceptor concent-

2l+ration- are consistent with the SM-mod.el. This model- is a].so consi-stent with

the thermal conduciiuityzT and the heat-pulse propagatiorr28 in p-si. rn p-Ge,

this model is useful to'ercplain the tenperature d.epend.ence of the thermal
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conductiity27 and the he就―p‐se propagati品 :28 cah■■is and Ha■ bo,29 howevと r;

have relported that this mnde■  is inaaequate fOr the ana■ ysis of the magnetic

fie■d dependence of the therma■  conductivity ■n′―Ge. They proposed that

the existence of the■ ow―■ying Stttes att tO theャ n譴直c 」ahn_Te■■er efFect39

shou正 a be taken into accounte

ln Order to c■ ariFy the anomЯ ■ous 7nngnetOtherma■  ё6nductivity in p_Ge,29,3■

we l■easllrea the 7nngnetic fie■ a dependence oF the u■trasonic attenuation in

Ga―doped Ge.  Then, we found a resonance atten"ntion under stro■ g magnetic

fie.a, 2 which was Obsさ rved in neither B― dopea Si nOr zn_dopea GaP。  3  The

resonance attenl]ntion seemed to be exp■ ainea by an extension of the SM-7n∩ dё■3

we haa taken the quadratic Zeemnn effect of the acceptor groundPstate ■nto

account32,33 in aatttiOn tO the ■inear Zeetnan efFect whose paraコ eters are

rep9rtea by sOepangkat ana Fisher (SF).34       
ヽ

We have eⅨtendea thさ experinlents of the mngnetoacOustic resonance attenu―

ation (MttRA)by Varying the ac6ustic frequency, the teコ peratllre, the magnetic

fi9■d direction, the acceptor concentration, the acOustic power, ana the acoustic

IIlode, and a■ so by app■ying the llhiaxia■  stress.  It tll摯 nea out, then, that

the ZeemanTsp■ itting parameters aaoptea previOus■ y32,33 were not adequate to

e=p■a■ n a■■ of the'observea rё su■ts consistent■ y.  We fOuna that the g― va■ues

oF the acceptor ground― state, which are der■vea by sF, l cou■ a nOt be cons■ stent

w■th oll摯 eメperimenta■ resu■ts at a■■.  In this aむ tic■e, we propose new g… va■ues

which are llSeFu■  to expla■ n Our observations and a■ so are consistent with the

ettperinenta■ resu■ts by SF:34 An a■ternative assiLュ Шent of the observed

mngnetooptica■  spectra is consistent iith the new θ…Va■ues:

The purpose of thi, artic■ e is to show the detai■ ea description on the

m as Functions oF the temperature ana so on, and to present a successfu■

interpretation of thellll.  We wi■ ■ show that the experinlenta■  resu■ts are

exp■ained by the extension of′ the sM―mode■ by taking aCCOunt of the qllndratic

Zeeコan efFect.  Froml the coコ par■son of the resonance fie■ as w■th the ca■ cu■ated

●
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energr-leve1 shifts of the acceptor-growrd.-state quartet, we have d.etermined.

the Zeernan-splitting para&eters. The consistency of these values rrith other

extrlerimental results, the rnagnetooptical 
"p."t"",3L and. the magnetothermal

2a'31conductivity r-" "* are d.iscussetl.

The techniques for the attenuation measurement are describetl 1p Sec. II.

The sample characteristics and. the experinental procedure are al-so discussed.

in this section. In Sec. III, a theoretical d.escription for the interaction

of the ultrasonic vaves vith the acceptor holes at low temperatures are presented..

Section rV contains the experimental results of the MARA under various e:cperi,-

mental conditions. Analyses of these results vith the theoretical pred.ictions

are presented. in Sec. V. In this sectionr various aspects of the e4peri-

mental results and the theoretical interpretation are a]so d.iscussecl. fn

Sec. VI, v€ discuss the results of ttre pre\ent investigation ancl the consist-

ency r,rith the otheriextrlerimental results. Sr:nmary and conclud.iqg remarks

of the present study are given in Sec. VII.

●

●
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II. EXPERIMENTAL TECHNIQUE AND PROCEDURE

A. Ultrasonic equipments and attenuation measurement

The ultrasonic attenuation vas measured. by stand.ard. pulse-echo technique.

In the present ex;leriment o the a.mFlitude of an ultrasonic echo was measured.

as a function of nagnetic fieLd" or temperature und.er a fixed. acoustic frequency

and. a fixed. aeoustic po'wer l-evel-.

Electrical rf pulses vith frequencles below BOO mtz were generated and.

received. by Matec Mod.el 5OOO rf Ultrasonic Generator and. Receiver wj-th

either Plug-in Modet 960 (rO to 310 MHz) or p]-ug-in Modet 9TO (3OO to

800 MHz). The rf pulses tuned. to the deslred freguency !/ere introduced. to

an ultrasonic transd.ucer through a matching network (witron Koshr:tra, Stub

tuner) and. converted. to ultrasonic pulses. Then, a series of the ultrasonic

eehos was set up within a salryrle. These in turn\generated. small electrical
signals in the transd.ueer, which were coupled to a high gai.n recei.ver. The

vid.eo envelopes of the .anplified. signals were d.isplayed on an oscilloscope

(sony Tektronix )+6ilr lrhich was triggered. by the pulses from the pr.rlse

generator. The video signals was stilJ- antrrlified. by a Box Car fntegrator
(pan Uoael 160). Since the gate of the fntegrator was synchroni.zed. with the

rf pulse generatorr, ve eould select one of the ultrasonic echos" The d.c

signals from the Integrator were J.ed. to a togarithm:ic Converter (IIp T560 AI{)

arrcl then vere recortled. with an X-Y recorder (ffW fype 3O:(2) as a fi:nction of
either the magnetic field or the f,,synperature. The magnetic field was monitorecl

vith the calibratecl 4,ragnetoresistance of the copper vire connected. to a

digital voltmeter (tnW fype 2501). Ttre block d.iagra^m of this system is
shom in Fig. 2-1.

' Ttre block d.iagre.m for the ultrasonj.c ueasurement vith frequencies between

1 6.nd 2 GEz is shor,m in Fig. 2-2. An rf oscillator (iVitron Koshr.rha) of I to

2 GHz was triggered. by th.e pulses from a pulse generator (Itr uoaet 21hA) ancL

generated' the electrical rf pulses. The pulses were passed through a circulatoy

●
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(western Microwave, Model 3A-1020) ana were introduced. to the sample through
the matching network. After the refleeted signals from the santpl-e were passed o

through the eirculatoro they were mixed- with reference signals from an rf
oscillator (IP;S5rha) and arrr:1ified. by a n:ixed. arnplifier (strinaaa Rika Kogyo).

The signals vere nnplified. by Matec Mod.er 6ooo rr Receiver with plug-in Model

950' The video envelopes of the anFlified. signals were treated. as before and.

record.ed. on the chart.

rn the present experiment, prrlse repition-rate of 50 - 1oo Hz anci

pulse dr-rration of 0.5 - 1.0 Usec were used.. The overa].l nonlinearity of the

apparatus vas J.ess than 5 %.

B. Ultrasonic transducer

We used a Zno-piezoelectric film transduce"$ in ord.er to avoid. grving

stresses to the sa^lrp1e. iThis transducer was not affected. by the nagnetic

fieJ-d up to 120 kc.

We fabricated' the ZnO-piezoelectric film transducer on one of the ;.

parallel faces by an rf sputtering technique as fo].lo.ws. Alunlm:m film
with thickness of 5oO - 1oo0 i. *"" evaporatecl onto one face of the polished.

surfaces und.er pres/sure or to-6 Torr. Prior to the evaporationo the surface

vas uod.erately baked' at the teuperature of 70 - 1OO C in ord.er to degas from

the surf,ace. Gold. wires with dia^meter of 50 |ln were ultrasonically bonded.

at a corner of the ah:minum film. the fil-n and the wires act as a growrd.

el-ectrod'e and' leads of the Zno fiJm, respeetively. 1hu sarnFle with the filn
vas set on a sannple hold.er of the sputtering apparatus so that Zno was

sputtered. on the alu:n:inr:m fil-n. We set the sarnFle surface parallel to a face

of a ZnO targec'to prepare the transd.ueer for the longitud.inal waves as

shown in Fig. z-3(a). To prepare the transducer for the transverse lraves,

the sample vas set inc1ilrgd.against the Zno-target face by an angle of about

'30o as shom in Fig. 2-3(b).- ftre sputtering was carriecl out by rf field of

●
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13.6 MHz in the atomosphere of argon gas vith pressure of about ].O-2 Torr.
o

Ttre sputtering rate vas about :O ,X/nin and. the fi]-m thickness rras 3O0O - SOOO ;..

The sample was cooled during the sputtering by passing water through the

samsrle hold.er. After the sputtering, another alumlnum film was evaporated. on

the center of the ZnO filn in the shape of a circular plate with d.ia.meter

of about h nm. Finally, go1d, wire (:o prq) was cemented by a conducting

silver paste (UpO-fnf hfT) on the a}:ninrrm film with area of 150 - eOO Un2.

The ZnO-piezoel-ectric film transducer prepared. by the above procedure is

shom schenatically in Fig. 2-\. We could. generate and. d.etect either the

longitud.inal or the transverse waves in the frequency rapge 0.3 to 2 GFrzby

one transd.ucer in the rrntuned condition. The conversion loEs r,ras estimated to

be below 50 dB includ.ing losses due to i-mped.ance mismatch of the circuit.

Co Samp19s lnd Sample prapalation

Five aifferent samp■ es of Ga― doped

were estimn:tea by tie res.stiv.tiさ s. 6

itt Tab■ e 2-■ 。.

The crysta■ s were orientea within ■° of the desired direction by X… ray

ntethode  We cut thelllt in a shalpe of rectangu■ ar lparaュ■e■epipedso  The end faces

norma■  to the prOpagation directlon OF the uLtrason■ c waves were ■appea by

success■ve us■ ng of e■ther carbOrunallm or a■ 1lm.na powders of lllesh s■ ze Nos.

■000, ■200, 20oO, and 4000`  Fina■ ■y, we pO■ ishea with o.o5 油止CrOn a■ 117ni na

powde■  Para■■e■ism Of the Faces was ■0 … 20 seconas of arce  ln the saコ p■e  _

ノ■5LC, whibh was used for the llleasllrelllent of the un■ aぶia■ stFess dependence,

the ena Faces perpendicu■ ar tO the uniaⅨ ia■ stress direction were a■ so ■apped

and po■ished by the sanle procedure to within para■ ■e■isllll of■ mintte of arc.

BeFoFe preparing the znO― piezOe■eatric fi■m transaucer, we washea out the

sattp■es with chemica■ s, き1.g。 , the コ己xture otF ethy■ ether ana lllethy■  a■ cohO■ ,

aceton, etc.                ^

●

●

Ge vere used.. The concentratlons /t/

The sa"mple characteristics are listed

●

●

_8_



'o

Table 2-1. Characteristics of the sa^mples.

Sample Resistivity EPDa Ga-concentrationb Propa,gation Dimensionsc ftd

(ohn-cn) ("r 2) ir (ct'3) direction ("*-3) til

)' #$LL 1.1-1.2 NToo (3.5t0.?)xro15 . [oor] r.o2xo.6txo,59 4oB

#L5LB 1.L-1.2 1,Too (S.5to.T)*r015 lnol O.71xO,5gxo.63 l+o8

#:r5LC L.1-1.2 n700. (S.5t0.7)*1015 [no] 0.62x0.63r:,.6'f \08

#r5n o.5o-0.55 tu9oo (T.oto.6)*rot2 loorl t.ol+xo.55xo.6t 32)+

#::6L O.t9-0.20 ",,400 (2,5t0.51"r015 togrJ I.OBxO,6:rxO.6z 2I2

uUpo d.enotes the etch pit density.

'lI/ is estinated. from the resistivity after Ref. 36,

"fh" *irunsion in the propagation direction is given first.
da = (S/t*nw)I/3 d.enotes the aver.age distance a,nong gal]-ium acceptors.

"ftr" dir"nsion in the r:niaxial stress direction ([oor]) is given third.

●●●



fhe average d.istances p = (3/\r,rN)L/3 ur" hOB, 3zh, and zrz "A in #:L5Lo

#]j5n, and. #15L, respectively. The effective Bohr rad.ius a*, which ind.icates

an exbent of the acceptor-ground.-state vave-function, is estirnated. to be
o

3?.8 i in the effective mass theory.zr since R > 6ax is satisfied. in our

sa.lrples' we may regard the aceeptors isoLated. in the first-ord.er approximation.

Ttre samSrles were set to the samFle holder of the cryostat with great

care in ord.er to avoid. glving stresses except for the case measuring the

stress d.epend.ence.

D. Magnetic field apparatus3T

static nr.agnetic fields rrp to 120 kG were supplied, by using a Nb.sn

superconducting nag11s1 (fCC) and a d.c cupent power supply (fCC Model 15OS).

Figure 2-! shows the schematic d.iagram of the sulprconducting magnet (H)

mountecL in liquid. helium,and. nitrggen dewars (g) vhich were made of stainless-

steel (S.S.) (Janis Research Co. fnc., innermost d.ia,meter of B inch, length

of hh inch). On a d.ewar cap (S), we attached. the fo]-].owing materials; tr.ro

terminals for current supply to the magnet, two guitte-tubes for l-iquid.

helium transfer and for retu:rr of vaporized. helir:m gas, a guicte-tube

for the insertion of the ■iquid「he■illm ■eve■―indicater, severa■  term直na■s for

monitoring magFletic field. and. coiJ. voltage, etc. Three S.S. tr:bes

(C) (fO 
"an o.d., 9.b um i.d.) vere attached. to the lower face of the eap (B)

for supporting the magnet. Four alr:minr:m shield plates (sr)-(s4) vere fixed

to the tubes (C)in order to reduce the vapoFiZati6n of liquict hel.ir:m

by ther:na,l- ractiation. Cables (.f ) for introd.uction of the magnet current

to the uagnet consisted. of three parbs: 1200 vires (o.r m-aie.meter polyester-

coatecl copper wire) fron (B) to (s1), 600 wj-res rrorn (sr) to the sipport ring
(w), S5O wires fron (N) to the terminal of the @gnet. fhese cables were passed

tnro.leh .' the gtride-tup:,e,p fol return of the vaporized. helir:m gas ancl

hence were cool.ecl by the helir:m gas.

●

●

●

●
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IIhe hysterisis was 6bserved in the re■ation between the mngnet current
●

ana the mngnetic fie■a strength as shom in Fig。  2-6.  on thё  other hana,

the hysterisis did not exist in the magnetoresistance Of the cOpper wire

which wa, wound in the mngnet as shown in lig。  2-7.  Therefore, 十e monitOrea

l         the fie■ a strength by the ■attef device.  The mngnetic Fie■ a strength in

these FigureS Was lrleasllred by ■ntegrating the induced vo■ t,ge On  a  search

c。.i duri.g■8o。_rotation。  7                                      、

E. Cryogenic equipments

AJ-thougit the superconducting magnet itself was fully submerged.:.n \.2 t<

o liquid. helir:m, the temperature of the sarnI'le was changed. in the range 1.3 to
)+.2 t< d.uring the extrreriment in the rn,agnetic field. Figure 2-B shows one of

\
the cryostu,t", vhich was designed. and. assembl-ecl by K. Kajimura. This cryostat

consisted of tvo S.b. tufes (outer tube (F) was 32 mm o.d. and 31 m i.d.,

inner tube (a) z6 nm o.d. and.25 rmr i.d.). A valve (A) ana a S.S. tube (f)
(7 * o.d., 6.\ m i.d. ) were used. to evacuate a vacuum jeket up to

/
10-o Torr. (C) was a teflon spacer in ord.er to avoid. eontact of the two

o tubes (o) ana (r). Liquid he].ilun was transfered. into a sample room by

*rrrni'g a fine!-threaded. S.S. screw-tip (c) trrro'ugh a handle (g). The precise

"8description of this system has been given by White.J"

Teuperatures above l+,2 l< lrere controlled. by Jor:le heat of a Cu-Ni

vire-heater (Cu 3A /,,0.2 m d.ia,neter, 1p ohm/cm at room temFerature) which

was wound. on a sa.mple holder. Ttre tewperature was monitored. by a calibrated.

germanir:m themometer (CryoCal .fnc., CryoResistor). Temperatures below )+.2 t<

a were obtained. by forced. vaporization of the liquid. helium in the saynpl.e room

by using an oil-sealed. rotary puq) whose pumping rd,te was 900 liter /nin. The

teuperature was measured. by the observation of the helir:m gas pressure near

the sa-mtr:le using .iifru" a calibrated. absol-utb pressure gauge (Naganokeiki)

or a Mcleod gauge (strinbzu)

―■3-
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FIG. 2-8. Schematic representation of one of the
cryostats used. in the measurenent of the temperature
d.epend"6h,ee of the u-l-trasonic attenuation.
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FIG. 2-9. Schematic representation of one of the
cryostats used. in the ultrasonic measurement. This

was set in the eryostat of Fig. 2-8.
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One of the cryostats for the ultrasonic measurement is shown in Fig. 2-p.

Ttre electrical rf pulses were guid.ed. frorn a BNC connector (a) to the sr.mFle o

(ri) tn"ough a coaxial cable (c). TLre cable (C) consisted of a o..5 rqn-dia.neter

S.S..wire, a teflon tube (S rn o.d., 0.5 m i.d.), and a S.S. tube (h n:n o.d.,

3 mn i.d.). f\,ro 50 pnQ gold wires (G) connected. the coaxial cable end. to the

electrode leads of the transducer. A l/2 inch brass-verlve (g) was used to

measure the helir.rm gas pressure througlr a s.s. support (n) (? r* o.d.o 5.4 nn

i.d.). Two polished copper radiation shields (O) ve". attached to (U).

Te::minals (C) weru connected. to the terninals on the plate (f) ty the enamel-

eoated.0.16 mn-d.ia:neter copper wires. T?re copper wires li'ere used. as the

lead wires to monitor the teqgeratr:re and. to supply the current to the heater (f). o
The sa,rntrrle (H) was ful1y submerged in the tiquid helium during the ex-

periment at teuperatures below \,2 f. ft should\e notetl that the transuission

of the ultrasonic waves to the liquid helium can be negLected.: The ratio of

the acoustic impedance of the liquid helium (ru3 * fO3 g/cn3.sec) to the

germanir.m crystal (*3 * fO6 g/"n3.sec) is estimated. to be 1O-3. The trans-

mission of the ultrasonic vayes to the liquid, helil:m is less than 0.f %.

o
F. Uniaxial stress apparatus.

The apparatus for applyipg r:niaxial coupressional stress at 1.olr

terperatures li'as deslgned to rninimize non-uniformity of the stress in the

"am$,Ie. 
Figure 2-10 shovs the stress apparatus schematically.

.'

-' The stress ffape (t{)-(f) was fully submerged in the liqui{ helir:m during

the errperiment, and. was firnly fixed. to the end of a outer S.S. tube (L)

(3e um o.d.., 31 rm i.d.). The stress fra:ne consisted. of two para11e1 98 un-
O

]-ong brass rod.s (P) (h nn &iameter) and. two brass rods (e) (32 rn* 1ong, 10

mr dia^meter) and (R) (S5 um long, lO un dia.neter). Top ends of (p) were

screwed. to a sIi&ing brdss tar (w) (ZB m long, 10 rnn vitle, B rnn thick) ana

. bottom end.s were also sereve-d to a brass base-plate (t) (s".m. size of (fV) ).

‐■6_
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FIG. 2-10. Schematic

stress apparatus.
.

representation of 'the unia:ciaI



An end of each brass rod.s (Q) ana (n) were f]-at and. perpendicular to the axis

of the rods. A top roa (Q) vas fi.rmly fixed. to a brass holder (o) (:e m
outermost d.ia.rreter) and a slitting brass rod (n) was p].aced on the base plate (T).

fhe stress fra,lre was preparect vith great care in ord.er to avoid. introd.ucing

any frictions during the application of the stress.

The strain-generation fra.me (A)-(C) was usuaLly at room temperature and

was firmly fixed, to the top end of the tute (t). Ttris frane eonsisted. of two

parts: One took part in generation of the strain and another in monitoring

its d'efo::uration vhen the stress was appliect. Strain vas generated. by turning

a rotatable alrrm:inr:m distr (A) (roo nn diameter, 10 rnm thick) against a 60 nn-

long brass roct (C) (fO un diameter). The central section of (A) was construeted.

flom a fine-threadecl brass screrr (O.fS m pitch) ancl. the top parb of the rocL

●

●

(c)

(s)

cap.

also a fine-thread.ecl screw. Four paralleJ. 201+ ynm-.[epg ah:ninr.m rods

rnm {isnsfer) vere, fixeci by a stationarlr crossheaa (g) and the clewar

ba]-].-bearing was attachecl between (A) ana (g) l" order to rotate (A)

fYeeJy. The bottom end of (C) was fixed. to the top of Load- CelI (fMf/et6

Inc.o tfpe lOL f3P1). The bottom of Load. Cel1 was attachecl to the end of
the 85 uuo-long brass roa (C) (fO un clia:neter). The ne,gneitud.e of the strain

was monitorect. by connecting the out put of Load. Ce1]. (S) to a calibratetl

tJheatstone brid.ge

Translational notion of the rod. (C) was transferett to the slitting bar (w)

througlr a S.S. tube (f) (S wn o.d., Z.l+ m i.d.) and. a 55 m-long brass roct

(U) (6 m d.ia,meter). fn order to. get rid of the leakage of the helir:m gas,

a Wil-son-t]rpe seal (J) vas used.. Since this sea]. caused. the friction for the

motion of (C), we released. this seal during the e4periment.
:

Ttre electrical rf puls5vere. guid.ed to the ser['1e (S) tfrrough a BNC

eonnector (g) asra a coaxial eabLe (I), vhich was the sa,rne as d.escribed. in
Sec. If-E. .,: .. ..

ｗａｓ
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III. THEORY

A. Acceptor ground-state

ltrtren an inpurity from Group-Iff of the period.ic table replaces an atom

in the erystal lattice of germanium, it prod.uces a set of d.iscrete states

in the forbicld.en gap near the valence-band ed.ge. Approximate energies and

vaves functions for some of these states have been ealculated in the effective

uass approximation .2]-'22'28'39-l+r The state V(i) or the shallow acceptor

ean be representect by the Bloch fwrctions O; (il of the valence-band. edge and..,1

the hydrogenic envelope functions f. (i) as
.J

●

|わ
=熱0■ , (3。 ■)

●

where j denotes the six-foJ-d. d.egeneracy of the valenee-band. edge, a three-

folct orbital ancl a two-foJ-d spin d.egeneracies. This d.egeneracy is partly

liftett by the spin-orbit interaction, which splits the valence-banct ed.ge into

a quartet and. el doublet corresponcling to the total angular rnomentum J = 3/2

and, l/2 states, respectively.

The envelopes.Fr'(i) are obtained. by extrlend.ing in spherical haruonics

r^ 'r 39-l+1 
J

Yrm(erQ)." '+ Only even 0 or only od.d. I terms contribute simultaneously

si.nce the effective uass Hamiltonian is even uder inversi on.22 Of iuportance

in the present study are the acceptor-groundl-state wave-fwrctions. Ttrese are

largely s-Iike, in.vhich case the even .C e:cpansion shouJ.d. be used.. OnJ.y the

.0 = 0 (s-].ike) ana the I = Z (d-]:ike) contfibutions are considered here.

fh.eno there are six ind.ependent envelopes, one s-like for .0, = 0 and o = 0r

ancL five d-like corresponding to 9, = 2 and m = 2, !, O, -1, -2. Of particular

interest here is the form of the wave functions of'the acceptor-ground.-state

quartet correspond.ing to the magnetic quantum numberc MJ = 3/2, I/2, -A/2,

-3/2, Ttrese aie nOrr conStructed from prod.ucts of the s- and. d-tite envelopes

antl the bases Oj(?), aicordiFg to ps..(S.f). For each Mr, these proclucts can

●
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Table 3-1. The functions 0- t'"..I' for an axis of quantization al-ong [OOf ],
with correspond.ing rad.ial functions and arnpt itud.e facto"". t
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Table 3-2. The functions 0- ""Jt for an axj.s of quantizationI
+

along [fff].'The rad.ial- functions, the anplitud.e factors,
(u \

and. 0^"''.r' are the sarne as in Tabl-e 3-L.U
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then be arranged. to form six ind.ependent f,r:nctions , ,r('r), each of which

satisfies the correct sSrmnetry of the J = 3/2 states. Suzuki, okazakio ancl

Hasegawa (SOff ;21 have d.erived these fr:nctions in the (A, ar) bases for an

axis of quantization along the [001] d.irection as shovn in Table 3-1. Here

the members in each co}:m vector are labelLed accord.ing to M, and" Mrt i.e.;
(t, t/z), (o; t/z). (-]-, t/z), (t, t/z), (0, -:./z), and. (.t, a/a), respectively.
Ra*ial. parts are given by

●

R6彎 )=(4/r.3)■ /2eも
(■/r.),

Ri(r)=(8/45r27)■ (2r2?:5(二r/r2)s(i=|,2,三 ,435)

Ψ(■5)二
 1:: ci 

Φ
i ttJ),

(3.2)

(3.3)

(3.4)

●

orv'here the effective Bohr rad.ii :r, and ?Zaffe 3T.B and 2g.g L, respectivuly.2l
Ttren the vave functions or tne acceptor growrd.-state can be written in the

form

●

where the ci (i = o5 ■, 2, 3, 49 5)are the aコリ■itude Factors ana are ■isted

in Tab■e 3-■。 ・

The corresponding functiOis fOr the tts Of

direction can a■ sO der■vOa by the snme wayo  The

thlS Case have been derivea by Fje■ d■y, Ishiguro,

Tab■e 3-2。

quantization along the [fff]
functions ai(M) and c. in

and Elbar.rm28 as shown in

●

B. Zeeman splitting of the acceptor ground-state

Several calculations have been reported. on the Zeema^n effect of the

shallow acceptors in gedarrir:n: some of these have utilized. either the ef-
fective mass wave-fi:nctions or the effective mass foz:nalism to obtain explicit

■22-
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Table 3-3. g-values of the acceptor gror:nd-state in germaniurnunder H // lOOl].4

σ■
′l   σ21    ク■/2'  73/2′

.1^
Bj-r et aL," 5,66 -0,26 5,60 5.10 (calcr:1ated.)

.),

SoHc -1. 4l+ o ,56 -1. 30 -o .19 (ca1culated.)

Lct^io -t- . L3 o . 53 -o .gT o ,29 ( c alculatetl )

e
sp -1;?3r0.11 o.T8to.0? -1.53t0.09 o.o3to.ol+ (boron)e

-0.26t0.11 0.12to.oT -o,zzi:o,og o.o3r0.oL (uororr)f

present -0.16t0.08 o.o81o.ob -0.1\to.o? o.o2to.03 (eattlum)

●●●

aThe 
σ―Va■ues are given using t■ o notatiOns.  The re■ ationships between these

are σ■/2′ =夕■
′+キ σ2′ ana g3/2′ =g.′ 十子夕2′°

bSee Ref. 42.

CSee Rё
F. 2■ .

dSee Ref. 43.

eSee Ref。
 34.

Fsee text (Secs. ViLA alna VI―
D―■)。



g=va■ues and intensities of the Zeeman components Of the optica■  spectra.  The

first such ca■ cu■ation ■s tlat Of Bir θt αι。 2 in whici the υ_va■ues oi tie

acceplo■  grOund,state are expressed in t9rms of thOSe of the free h6■ es using

follr―coコponent wave― Functions of the Kbhn― Schechter typと 。 ・  。n.y the ■inear

Zeeman effect is cons■ dered.  IIlhe resu■ ts of Bir θt aι . are given ■n Tab■e

3-3, where the σ―Va■ues are tabu■ ated using tiO notatiois.  The g― values have

a■S9.bさ ett ca■ むu■ated by SOH. ・   They have usea an effective mass Zeeman Ⅱ,7ni■…

t6hian with six―component wave― functionS, the ■atter bei■g ёa■Cu■at9a by them

usi■ g the va■ e■ce二bana parnmeters f‐ A ca■cu■ation identica■  to that of SOH,

but us■ng f01】r_cO=pOnent wavettfunctiOns Of Mende■son and 」nmes, ° has been

血de by Linttchung and Wa■ iis tLcw):43  These resu■ ts are also given in Tab■ e

3-3.       ‐

For lle Sludy Of the Zeettan effeCt Of the acё eptor state in germanillm and

li■iCOn,Bhattacharjee ala ROdriguez(BR)44 have五 五。ptea.group thと :retica.

treatIIlent.  BR have der■ vea the exact zee7nnn H角 7ni■tonian tO obta■ n express■ Ons

for the energies oF the Zen7nnn Sub■eve■s。

The alpp■ ication 6F the Ynngnetic fie■ d H introduces a new terrl in the

HЯ7ni■tOnian of the acceptor ho■ es.  This additiona■ terlll constitutes the

2とe血nL五itonian45     ‐

Izι。脇 〒…ち(1+2ζ ):古 ―百″(ちル)2[′%2_(1◆宣)2], (3.5)

where Ug is the Bohr ma,gneton, m tine free electron mass, i tfr. position operator
++of the hol-es, .C and s the orbital and. the spin angr:lar momenta in rrnit of fi.,

respectively.

From s3rnnetry eonsideration, BR have constructed. a most general form of o

the Zeeuan-HandLtonian matrix for the acceptor gror:ncl-state in terms of the
t. r.

arrgular momentr:m operator i f,f = 3/2) *=44

●

●

●
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● ″
2θο″″0=13σ■

′
(宣 ,す)十

13σ2P(・ご鑢
3+″

し」し
3+″

L′L3)

+4.″f+926°わ2+93(%a{″ 2+%ef」「十ちaJL2),(3.6)

where the parameters grt, 92', eI, e2r and' ?3 denend. on the wrperturbed.vave

functions of the acceptor ground.-state. Here the couponents of fi are referred.

to the cubic axes ff, U; and, a of the crystal.

Nov we express the magnetic field. by the polar a4gle 0 and. the azimuthal
.+->

angle 0, i.e:, E.= Bn vith

●

●

1" = 'in9cosφ , ヽ
.   S■

nos■ nφ , ana n″   cOso。

Then the Ffzθ
αu be,Omle s

・ Zθ a“αη=|:[g.′ (古。ま)+θ
2′

(1ガく1311ン Jし
3+nz`L3)]

* le'* qrti.i)z + qr(n*"*" * nr"r" + nr2Jr2)1u2. (s. B)

For an arbitrary &irection of the rqagnetic fie1d., Eq.. (S.B) ls not necessarily

&iagonal .in the J =.3/2 spaee. The expressions for the energies of the Zeeman

subJ.eveJ.s in this case are obtained by diagonalizing f,hs lJnm'iltonian rnatrix

(3.8). I{owever, the eigenfirnctions are no J.onger d.efinect by the states of

J = 3/2.

I{hen the magnetic field is applied in the [OOf ] dj.rection, the energies

of the Zeeman sublevels are expre""ud. u,"\\

・
t=b。・

′
%rャ21ゲ》す降.+峰2+93)路

2レ2,

(3.7)

(3.9)

●

= 3/2, ■/2, ―■/2, and -3/2。   When the ttngnetic fie■ a is app■ ied in

-25・
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tne [fff ] direction, the energies of the Zeeman sublevl-es are d.eriv"a u."\h

先3/2・
士り(:gi′

=号 ク
2′
)2+き σ

`′

]・
/1″ +(9.+子ク2+子 9ン

2,(3.■
0)

F±■/2=ち (き イ =号 12′
》十(9二 十キ92・ 子93レ

2. (s. n)

C. Interaction of the ultrasonic waves with the acceptor holes

The coup■ing Of the acoustic 」honOns with the acceptor hO■ es and the

eneFgy sp■itti■gS Of the accepto■ grOundPstate are desOribed by a strain

Hnm■ ■tonian. ・   From symmetry ёons■ deration, Has,gaWa °
 has cOnstructed the

strain Hn7ni■ tOnian for the va■ence二band edge in tenIIs Of the angu■ ar monlentllm

operttor言 に二1)aも

亀島勿
υ二22,[(ゲ ーき32厖

“
+ c.P.J + Du,t(L*La * trt)u* + c.P.l,

(s. rz)
vhere zo is ct-coutlonent of the anguJ.ar momentum operator (g = fi, u, and. a

refering to the four-fold. a:ces). Du and, Dr, are the d.efornation_potentiaL

constants of, the valence ba,nd.. C'P. denotes cyclic permutation of the indices
&; lt and a. €cr3 ou the conventional strain components. The term, which

gives.the shifb of the-denter of gravity of the valence-band. ed.ge, is ignored.

in Es. (3.r2).

A viiLely used- alternative fom of the strain Hdmiltonian is vritten in
tems of .i-operator acting only on the four Bloch states defined. by J = 3)/2.2I
This form is obtainetiby proJecting Hstrain? into the J,,= 3/z space, while
all infornations about the d-like parts of the envelopes are simultaneously

relggated. to a set of the cl.efomation-potential const ants Dua and. Drra replacing
Du and Dutt res0ectively,r..in Eg.(S.fZ) (superscript llatt stands for ltacceptortt).

f,trus the strain llamiltonian f,or the aceeptor ground.-state can be written u"21

●

●

●

●
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●

もt滋づノ=:%α [(ち
2 T tt」

1)ο鰯+CoP.] J*)nW + c.P. l,
(s. rs)

Ⅲ
ere t iS α…Cα叩0五ent oF the叩 興 ar llnorlentm Operator」 (J=3/2).

First we consider the eneFgy sp■ ittingS Of the acceptoF ground「 state

ilduCed by aplp■y■■g_the uniaxiaュ  Stresso  when the un■ax■ a■ stress X is app■ ied

■n e■ ther the foll‐―fO■d or the three― fO■1 ,xls, the ground state sp■ its ■nto

two bttr's"ub■ et,1竹 |=3/2艶dl竹 |=・/2,20,22,46,47 with a ζeparation

Ag・Ven by

△=くΨ(1/2)|″しtr'`ηづIΨ
(3/2)ゝ _くΨ(■/2)|″

t,αぅηυ lΨ (・/2)>

〒flもれれαlシ ー
=1亀

焼メ|か , (3. ■4)

where Ψ(%)are the sittc。 .unn vectOrs given by Eq。 (P.|)・ 1竹>represent the

foll, acceptor― groundrstate veators correspOndiFg tO 」 = 3/2.  This resu■ts

in the Foュ ■Owing e■presgions fOr the eneFgy sp■ ittingも and fOr the cOnnectiOn

tetweenちα艶1%Orち′α ana%′ : '。r文 〃 [06■ ],2■

~S■
2)χ '

Ｊ
タ

＋

月“

α
，

２

■

一
３

＋

●

●

・

亀
α

，
２

４

一
３

〓
△

Ｄ

２

２

一
３

〓△

(:. r: )

ちα〒りc。
2+′♀i2_c32_き(。2 T C4)2+/2(o2す c4)C5], (3.■ 6)

●

vhere ,Stt *d

5) are given

ゝ
■2 are cubic cOmp■ iance cOnstants,

in Tab■ e 3_■ .  For 支// [■■■],2■

■4χ ,

arrd. c- (i = o, I, 2, 3, \,

(3. ■7)

%′
α=2

"′

[。。
2_

_ 5c42) ~子(C2lく o. C3)2 +:13c21 + c4)c5 + 
百F52],

(3. ■8)
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where s44 is a cubic compliance constant, and. c. are given in Table 3-2.

If we take only s-like parts as the acceptor-grorrnd.-state .wave-functions,

i.e., 
"O = I and c. = o (i = t,2,3, h, 5), Eqs.(S.f6) and (S.fg) give the

rel-ations ,rf = Du and. Dura = Dur.

Next we catculate the nratrix el-ements d.escribing the interaetion of the

ultrasonic vaves with the acceptor holes und.er the fol-loving asswnptions:

(f ) rire phonon d.ispersion is linear, which is a good. approxination for the

frequency range of the ultrasonic waves used, in present investigation. (Z)

Tkre crysta1 is elastical.'ly quasi-i.sotropic in such a way as to represent the

true el-astic properties of the given crystal as c].osely as possible, on the

arerage. This J-ead.s to the average velocitie" *"1+Brb9

?L= [(■■■ ~:l θ
y)'p]・/2,

(:. rg )

●

●

υ
r l「 (%埠 i ttθ暑)/ρ ]・

/2:

where C* = C!!' Ct? - 2cttr (Ctt, drr, and d44 are the three elastic constants

for cubic crystals) and p is the crystal d.ensity.

The' 6ax1ix elements are obtained. .in.,a straiglrt fornra:rd. manner by substituting
arr expansion in no:mal modes for the strain components into the stain Hamiltonian
(S.fS), and by using the acceptor-ground.-state vave firnctions presented. in
Sec. frI-A. The matrix eleuents will contain int.egrals over all space of
the products betveen trre various s-like and. d-Like parts of the vave functions,
their radial parts, and a phase factor fron the e:cpension of the strain
components in nornal modes: rt is d.ifficult to contain all these integrals.
TLre essential infornation, however, is obtained. by using ttform factorsrf
(cut-off functions) which reflect ths adyni:rbure of the d-like parts to the

cRvave f,unctions in an ave.,I.age way.'" This is d.one by taking the angular

average over all directions -of { before the spatial integral. Tlren, from

●

■28_



the spatial integral invol-ving only s-like parts, the form
o

foQ) = [r + (qrr/2)2]-2 (s. 20)

is obtain"a.28. Another type of integrals contains the produets of sinil.ar

d-tite parts and. has the form28

∫ち(9)=[・ …ユ
:卜
″昼/2)2+(F2/2)4]/[■ :十 (γ2/2)2]6.    (3.2■ )

I        In thebe expresPiOns, r. ana r2 are the effective radii for the s― ■ike and

こ―■ike iparts9 respective■y, whose va■ues are shown in Sec. III=A.

By adding the VArious contributiOn, to the Spatia■  int,gra■ S appear■■g

・          In the matr■ x e■elnents, tiё  fO■■Ow■ ng two forlII Iactors are found: 8

∫正(9)=c。 2′

b(9)十 [c.2… c32+き(c2~C4)η +ノ2(c五

∫「・(9)=C。 ?f。 (9)十 [号(c.― C3)「 十をヽ3c22+2c.cl―

12者「kC2+C4｀5+テ521f2り・

+c4)c5]f2(9)'

(3. 22)

5c42)

●

By using the two form factors, the q-d.epend.enee of the d.efor:nation-potential

constants can be oo"u"""d. u,"28

,,f tr) = oulf Q) /fo(q) I ana Du,a(q) = ou,tft e) /fo(q) I, (s. zh)

In the phonon uratrix elements , ff(q) is alvays associated- with the appearence

of the defomation-potential const arft D: 
""ra fII(q) with the appearence of

^4,Drr'. For Ge m:.mericaJ- difference between the tvo is always smalJ-;1ess than

2O % foy aAL q. This suggests the foJ-lowing approximatior,r28

∫(9)=き [〆 (7,「十ず「(9)]

(3. 23)

●

～́I(9)α 〆・(9)。
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With these expressions, and. after expanding the strain coxrpnents in.norual

mod.es, the matrix elements of -E-,----.--o t"k" on the 3or*19r28aTra'Ln

ql,"tooirf ln,, = 
,!rr*^n 

/anurz)r,'t? ,u,o)(ont * "nllrn{'fe) ,

3. z6)

where the acceptor gror:nd.-states correspond.ing to M, = 3/2, r/2, -l/2, -3/2

are labelett by n = Lt 2, 3, k, respectively. 
^qt 

is an angular frequency and

ar.6 and- an6t are destruction and creation operators, respectively, for the

phonons of the vave vector A and in the brancn t (t = 1, 2, and 3 refer to
the longitudinal , the fast-transverse, an:.c[ the slow-transverse branches, re-

spectively). u, is the sowrd. velocity in branch t. nt" Cqt*t.""u referrecL

to coutrrling pare,metu"" .27 [trey are rerated. in the following way:

●

●

rr 11 _., l+4_
VtqD qv

θ
9t2=

q9サll =

/1 13-n 2l+
"qt - "qt r

%ι
23=0,%″

i=(ら′
Pl)器・

２

も

２

サ
σ

９
】

-99t 4,
(3。  27)

●

When an ax■ s of quantization ■s taken to an arbitrary direction of the

crysta■ ,%iS not i g091 quntШ  n蝸er as describea pre屯 Ous■y.For the

tWo CeSes, where the axes 6f quantization are in the [oo■ ]and the [■■■]ai…

rections, the acceptor state are we■ ■ deFinea by the 14ご> stat'S°   In addition

to the above describea assumptiOns, we assune that the sma■ ■ alllount of the

み ■ike parts in the acLeptOヶ grOЩttSttte wtte―詢 notiOnS iS ignOrea.Under

these assuコリtion色 , We can obtain the exp■icit eⅨpressionS of the cOup■ ing

p]Fnm・ ters 
プ

η′
 fOF t五

,se tw°
 Ca:9s in terns ol the c9nVentiona■  pO■ ar

ang■es (0, φ), where (oザ .o)denotes the [00■ ]airection ana (T/2, 0)the

100i ttrecti9n。
、Thさnl tie%′子

′
al,a・ c・就ea For the axis of叩鑢ti zttion

●
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●

a■ong both thё  [00■ ]27 ana the [■■■]directions2, as given in Tab■es 3-4 and

3-5, respective■y.  In Tab■e 3-5,98

%t・:・ ■.キ
X2'|づ (y・歩ギ亀ゥ),

(s. eB)

t-r" = - : r-,*. * /z rr*. + i.(- ! rr, + lz xr).
/zLv zv ./z

In these tables, D = Duo/Drro,

lle are interestecl in the cases where a1-l acoustie phonons of three branches

propagate along ej-ther the [001] or the [ffO] direction for two axes of
a quantization, the [OOf] and the [fff] directions. For the axis of quantization

along the [Oof] direction, the coupling para,:neter" Cot*t u,". given in Tables

3-5(a) and 3-5(t) ror the propagation dopg trre [oor] and the [11o] direetions,

respectively. For the axis of quantization along ttre lfff ] d.irection, they

are. given in Tables 3-7(a) ana 3-7(b), respectively. These tables ind.icate

that the selection rules exist in the coupling of the relevant phonons with

the aeceptor holes. .

o Now we vilI d.erive the attenuation coefficient of the ultrasonic waves

by using the above results. Fo].lowing Kwokfs method, the attenuation coefficient

of the ultrasonic waves by the acceptor holes is express.a by19

o = +%- .x N-(+ D,,,o)2lc^!n'l" -put' l<r nrnt 
-'n'3 -7't" ' '-qt ' (fiwnt - En,n)z * (Tn * Tn)z '

vhere 
(s' 29)

もPπ =%′ ―し,

●

(s. 30)

and, Nn *U ,? are the' number of holes per unit vo}:me and. the level l,rid.th in

the z-th Ievel, respecti-veIy.

-3■‐



t1v, ITable 3-4. Coupling parameterc cqt'o'o for an axis of quantization along trre [oor]
d.irection in the quasi-isotbopic approximation.

-.+
,v

n 11 to/z)(3"o"20 - r) -(sn/t+)sin20 o"ot \

c ,I2 (/S/z)sin20 x (/S/a)cos2o x -(h/z)coso xqr (cosQ - zlstu0) (cosg - ising) (slng - icosO)

c .r3 (/s/z)sin2e x (.h/\)sin2O x -(/3/2)sin0 xqt (Dcos20 - isinzg) ( Dcos2s - isin2s) (asinzQ - icos2|)

●●●a



●●●●

. 'l'l
Table 3-5. Cat*", XIt, XZt, ILt,

d:irectlon in the quasi-isotropic

axis of quantization along tne [fff]and" Ir+ for an

approximation.f

(t/z)sinzosin2S

+(t/ z) sin20 ( sin0+cos0 )

(n/ /z)sin2ocos20

(t / z/z) sin20 ( cos0-s inO )

@//e) (s"o"2e-r)

-(r/2/6) [ zsin2ocosz0

-sin20 ( sinO

+cosO ) l

-(t/\) sine0sinaS

- (t/ z) cos20 ( cos0+sin0 )

-(n / z/z) sin20cos20

- 0 / z/e) cos20 ( cos0-sinO )

U3/2/2)asineo

(t/z/6) [ sin2Ocos20

-cos20 ( sinQ

+cosO) l

-(t/z)sin0cos20
- (t/ z) cos 0 ( cos$-sinO )

(D/ /2) sin0sin20

(r/ 2/2) cos0 ( cos$+s1np ;

0

(t/z/6) | 2sin0cos20

-cos0 ( cosQ

-sin0 ) l

^11qr

x-,
LT

vozt

v-,
J-t

Y-2t

f*:fne coupt-Lng

rrt' 4d rzt

T2pararneters Cor-- and.

as shown by Eq.. (S.zg)

1?
Cot*" are expressed in terms of Xrr, Xzto

in the texb.



Tab■ e 3-6.  va■ ues of coup■ilg paraneteFS

[00■ ]direction.       ‐ |

(a)Forさ ノ/[o6■ ]e‐

of quantizatlon along the%:“

′
f8rl占xiS

,

0

■

　

　

　

２

　

　

　

３

ゲ

ゲ

ゲ

0

(/3/2)(cosφ―
`sinφ

)

0

―づ(/3/奎 )(ginφ _ιCOSφ )

価)FOrこ //[■■o].

2

q9多

=qt

q9t

■

　

　

　

２

■

　

　

　

■

―D/2

0

二/3づ /2

0

±(/6/4)(■―づ)

0

0

0

―/3D/2
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Tab■e 3-7.  Va■ ues of Ooup■ing parn7nOterS

the:[1■ 11・ directiOne

(a)Fofこ //[oo■ ].

an axis of quantization along%″
′

f°
F

2

■■ ―■/2

ι//6

■//3
■3

歩

　

　

　

ウ

　

　

　

ｔ

θ

９

　

　

θ

９

　

　

θ

９

0

'//2-t(D+■
)//6

(D-2)/2/3-じ
'/2

■/2

■/2/2+`/2/6

■/2/3+づ /2

←)Forさ //[■■o].

■■ ■//2

ι/2/3

■//6

0

2//2

-づ,/2

ｔ

　

　

　

ｔ

　

　

　

ｔ

θ

９

　

　

θ
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θ

９

■2

■/2

-ιD//6
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fn ord'er to make the calculation tractable, Suzuki and MikosfriUa (Sirt)19

have rnade the following assumptions and approximations: (r) fhe ground.-state o

quartet is split by rand.ou local- strains by an amowrt A, the d.istribution of
which has the Gaussian/Lorentzian form. We take the Gaussian form here, i.e.,

9(A) = (n)-r/z o-1 "r.p[-ia - no)2 /zo2],

ち=ヴ |七。 |

Thel「

"z iS a・

most in,ependent of η and is g■ ven by 9'50

Ъ〒L%(4=・ 9:?,3,4)

( s. 31)

where Ao is the average value of, A and. o the variance. (z) The 1evel width
Tn is d.etermined. by the d:irect (one-phonor,)1)+ an4 the Ranan (tvo-phonorr)50

processes, i.e.,

●

1影 |ち
'Ⅲ

r)21:鳳
1デ寺F,(瘤):  (・ 33)

09三 Ⅲ「
5fttb)二

れ
~「〆

%号
),

(3. 32)

(3.34)

●

where 
^ ='ql. o =frufi<T" and' D = of/nu,o. ,n y!or are the average velocities.

f(q) f" the form factor given by Eq..3.Z>) which 1s. expressed approximately

by

f(q)=l:-+1qox/2)21-2" (3. 35)

where a* is the effective.-tsohr: radius of the acceptor. grolu"d.-state. TJne t_d.n
is. given for each case as d.egcribed. later. (S) ff:e internal strains are re-

●
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First' ve consid.er the aitenuation i-n the absence of the rnagnetic field..

Since the acceptor-ground.-state quartet is spJ-it into two Kra^nerf s d.oublets,

lrrl = 3/a ana lMrl = I/2 levels, we denote then by n= I and n = 2, respectively.
t fhe axis of quantization is taken to be in the [ffr] ancl. its equ:ivalent ti-

rections. fhen, the attenuation coefficient a(A) for the fast-transverse

vaves propagati.ng along the [1IO] direction is given by

presentecL by the normal
o

Und-er these assuoqrtions

attenuation coeffi cient

of the J-ocal. splitting A

" = /-: u(A)e(^)d^.

with

stresses in the ;fffJ and its equivalent dlrections.

and. approximations mentioned. aboven the measureil

o, is obtained. by integratine ot,(A) which is a fi.lnction

as

2 
「 2

(3. 36)

(3. 37)

(3. 38)

&ω 二呼:むりが軋ωキ12Ⅲ

||“

二
十∵:寿毛平キI2(nd2 + \r,が,

●

1面 F碧 | l)2*(rr*rr)""* r2)2 ''r16w 
+

〃i=[■ +exp(△/たr)]T・,〃:二 [■ +eXP(¨△/たr)]…・ 3

十 〃
「 ■  +  r2

] (3. 39)2

● 「.f=「o[l…
exp(―△/“r)]…・ , F2α =Folexp(1/たr)… .]二・ 3

(3. 40)

(3. 4■ )

(3. 42)ЪI辮 :摯μft'rめ ,

where β
. anこ β2 nre sё ,■

i■g Factors (0く β
.,

-37-
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the best fit of the calculation r,rith the experiment. They are required.

because the stresses in the <111> d.irections give larger contrj.bution to the

attenuation than that in the other directions.lg ldoreover, B, contains the

saturation effect of the hole population due to the resonance absorption of
the rrltrasonic *"t".51 For the other mod.e a^nil. the other propagation d.irec-

tion, the sirnilar expressions of the attenuation coefficient can be obtained.

It should. be remarked. that the attenuation coefficient consists of the

rel-axation te:m o, and the resonance ter.m ctr.

Ne:rt, ve consid.er the attenuation in the presence of the magnetic fie1d.

a,nd./or the ruriaxial stress. In this case, the derivation of the expression

of the attenuation.coefficient is fairly.complicateti. Hovever, vhen the

splittings induced. by the exterrral fieldts are larger than the internal split-
tingsr ve can easily obtain the expressions. We cl.erive the analybic expressions

for the axes of quantization along either the [00r] or trre [111] d:irection.

For the other clirections, we cannot oltain the analytic ex5rressions-as desc-

ribed previous\r

When the magnetic field. and, the rrniaxial stress are app]-iecl. in tfre [OOf]

cLirection, the expressions of Ennt and. lnd ,r" expressed. as follow: From

uqs.(3.9) a"ra (s.r:),

Fi2=△01こF+bla■
′
す号 クI PIZ+2(9。 す93励

2,
(3. 43)
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●
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where 4(A') is given by Eq.(S.:t+). Nn is e:cpressed. by
●

Ⅳ
π
　
¨

●

'where Ir is the aeceptor eoncentration per txlit volume. The coupling para^rneters

C-:" are chanled vith respect to the acoustic mode or the propagation direc-
qD

tion. For both the transverse vaves (t = z) propagating along trre [oof] an-

rection anct the fast-transverse r,raves (t = Z) proqagating aLong the [ffO] 4i-.

rection, accorcling to Tables 3-6(a) ana 3-6(b), respectively,

tn ?znt2 - O (n = lr 2, 3, h)nl"q2 | - ' -t' 
(s. j2)

o.75, lrn'31' = Itn'uln = o.

(* = r) propagating along trre [oor] direction,
●

For the J.ongitudinal waYes

aecord:ing to Tabl-e 3-7(a),

Itn{12 = o2h fu - a, 2, 3, h),

lcn'"l' = lQrr=\l" = lcn'3l' = ltrr'\l" =0.
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. On the other hand., vhen the uagnetic fie1d. is applied. in the [fff] direc-
,1tiono the e;4pressions of Ento and lr* are obtainecL from Ees.(3.f0) and (S.ff),

antl using the Kwokfs results, respectively, as foJ-low:
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●

(s. 6r)

The erqrression of N, is a].so given by Eq.. B,>Z) in this ease. The coupling

parameter" tn{t*1.s also changedl with respect to the acoustic motie or the

propagation clirection, vhich is derived. fbon Tables 3-?(a) ana 3-T(b): for
example, for the'transverse trraves (t = Z) propagating along the [OOf] direc-

otion,

Itn{12 = t/t+ (', = 1, z, 3, \),

|%2す |「 =・/3。

(3. 62)



●
工t shou■a be n6tea that the attenuation coeFFicient obtained abOve is

鈍 ctions of Δ:宙 ,。r支;ioe.9o(△ ,吉 :支 )。 As for△ ,we'can integrtte

accoraing to Eq。 (3.36).The effects of H ma X appear thゃ uま E“ P and L′

in the attenuation cOefFicient (3.29).  IF the attenuation is measurea as a

Funct=On oF the eXterna■  mngnetiC Fie■ a, we wi■■uleet the Fie■a at which

Z%t=%%`が ≒η
)・

嘔i,res_ts in the resonance■ tenmti°n of the u■ tra_

sonic waves.  Genera■■y speaking, the attenuation coefFicient cOnsists of

two terms in the presence oF the mngnetic Fie■ a, which is si=直 ■nitt to the case

in the absenc9 0F the mngnetic FiO■ a describea previOus■y: onё  is the resonance

tenn ana the other the re■ axation terEI Which ex■ sts under the conaition Of

l%:彎 |?ヽ 6. In Ll:柿nγ ,the ttaζTea attenmtion coefficient is given by
●

&=たIあ &(△ ,菫 ,支 )σ (△ )

=lrら
3らぁら,。θは,わ +αンタι五

"α
ttιοηに言)・ (3. 63)

●

NurericaL calcuLations cleseribecl in later sections reveal that the relaxation

attenuation is srnc]-l coupared. vith the resonaJrce attenuation below h,e f a^na

j.s henceforth dtisregard.ecl. in the present investigation in most cases.

Moreover, vhen ve compare the attenuation coefficient d.escribecl above vith

the obse:rrations, we introduce a scaLing factor B in the presence'of the

rnagnetic fieLdl by the sane reasons as $., and. $o.I1

●

_4■_



IV. EXPERIMENTAL RESULTS

A. Temperature dependence of the attenuation in the absence of the magnetic

field

Prior to the clescription of the nagnetoacoustic resonance attenuation

(UAnn), ve 'show tbe tenperature dependence of the uLtrasonic attenrration in

the absence of the magnetic fie1d.. The attenuation was rneasurecl. in the teuper-

ature range 1.3 to l+5 f at variow acor:stic power ]-eve]-s in four sa^uples with

cliff,erent concentra.tions (faUte 2-L).

Figure h-t shows the temperature cl.ependences of the attenuation of the

1'11 GHz-fast-transverse waves propagati.ng alopg tfre [ffO] direction in #15t8.

at four acoustic power levels. The attenuation inereases lrith tlecreasing the
A

teryerature below 15 K except for the case of 5 uW/cm2, lrhieh ehanggs little
witb. the teqperature. The residual attenuations of n,l+ O3/cn are causecl by

the folloving f,acts; the scattering by defects, the lack of the parallelism

of the sample faces5 and. the interference of the rrltrasonic vaves reflected.

at tvro faces of a ZnO fil-n. Tfre attenuations at Low temfieratr.ues clecrease
q1vith increasj-ng the acoustic po'wer3 the satr:ration effect)r is observecl.

The teuperature dependences of the 1.23 Gllz-transverse traves propagating

doPg the [001] d.irection in #15LA, are sholrn in Fig. t+-Z at three acoustic

power levels" The feature of the tem;rerature depenclence is sinilar to the

case shorrn in Fig" h-1. Ttre temperature clepenclence of the long:ituclinal waves

in these sa.rpLes is silriJ.ar to that of the transverse waves except for an

amount of the attenuation, which is snal-I ref,Lecting'the fast propagation of
the former vaves.

The results for the L.o6 cttz-transverse waves andl. the I.28 GLz-.JLongitud.inal

lraves propagating al-ong ttre [OOf] clirection in #15H are sholrn in Figs. l+-3

and' l+-l+, respectively. The featrre of the temperature dlepend.enee is siuilar
to the cases in #15LA ancl" #15L8 except for ar,r,attenuation increment near J K.

This increnent becones cLear vith increasing the acoustic power. Ttre temper-

●

●

●

●
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FIG. 1+-1. Terperatr.:re d.ependences of the attenuation of the 1.11- GHz-

fast-transverse waves propagating along tfre IffO] d.irection in #15LB.

Closed. and. open circles d.enote the attenuation at the acoustic power

J.eveJ-s of 0.01 and O. O6 mW/cmz, respeetively. Open and cJ.osed. triangles
denote those at 0.6 and 5 mV,/cm2, respeetively.
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J-ongitud.ina'l vaves propagating along the [o0r] clirection in #15H.

Closed. circles antl closett triangles d.enote the attenuations at the
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●
ature dependence of tlre

except for an anourt of

attenuation in #t5f, is siuilar to the case in #15H

the attenuation.

●

B. Magnetoacoustic y€sonance attenuation (MAM)

7, ILagneti,o field dependenoe of tlrc ultrasonic attenuation bg the aceeptor

lp\es

We neasuretl the rnagrretic field. dependence of the ultrasonic attenuation

in five sa,:rples (tatte 2-1). The magnetic fielcl up to 120 kG was app]-ied in

the (fIO) pJ.ane. The attenuation rras measured, in the teuperature range 1.3

to h.2 K at a fixedl acoustic poarer.

The effect of the rnagnetic field. on the attenuation of the 1.23 GHz-trans-

verse rraves propagating along the [OO1] *irection in #15tA is shown in Fig.

4-:. Since the magnetic fie.Ld. was monitored. by the magnetoresistance of the

copper vire, the abseissa is not evenly spaced. because of its non-linearlity

(hereafber rae iise this abscissa in most cases). Wtren the magnetic fieltl is

applied in the [OOf] direction, the attenuation is characterized by for.u

peaks Ao B, Cn and D. When the rnagnetic fielct is appJ.ietl in the [fff] diree-

tion, the attenuation sholrs four peaks a, b, c, and. d at ttifferent fieltls

from the above. We regard. these peaks as the resonance-attenuation peaks,

since they appear in the l-initecl. fieJ.d. region, shift vith the acoustic frequencyo

ancl saturate rsith increasing the acoustic pover. The background attenuation

rapiilly decreases up to 20 - 30 kG ancl then is aluost constrint up to 120 kG.

The overalJ- behavior of the ma,gnetic fieltl d.ependence is similar in #L5H and.

#1:6t' as shovn in F1g. l+-6,

We shov that these_ resonanee behaviors are specific to the attenuation

by the acceptor holes in gennani.*.32'33''2 We corrlcl observe the Ir{ARA in

neither B-doped Si nor Zn-dopetl GaP, though rre couJ-ci. observe the attenuation

by the acceptor holes which are eharacterized by the increase with d.ecreasing

the temperature below 20 K.zl+ fn Fig. \-7 are shovn the nagnetic fielcl

●

●
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 平agnetiC Fie■こ aependOnces of the attenllntion oF the ■.23 GHz―

transverse waves propagating a■ ong the [00■ ]direction in ″■5LA at ■.3 K

and at the acou6tic power ■eve■ of O.06 mw/c五
2◆

  The Mi■ ■er indices

attached to the ■ines indicate the direction of the lllagnetic fie■ a.

The peaks are assitted by 4,3,θ ,ana,“r宙 ノ/[ooi],ana by α,b,
0,and α for古 //[■■■].
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FttG. 4-6。 Magnetic Fie■ a dependendes of the attenuation of the transverse

waves propagating a■ Ong the [00■ ]direction in ″■5H (SO■ia■ine)ana″■6L

(broken ■ine).  II・ he rnngnetic fie■ a was app■ iea in the [oo■ ]direction.

The e=per■ nlenta■ conditions are attachea to the ■ines.  The acoustic

power■ eve■ s were■ tta O.■ mw/o『 五ノ■5H ana″■6L,respective■y.me
peaks denotea by■ , 3, θ, and, corre,pona tO the p9aks aSSlgnea by the

Sane ■etter。 ■n Fig. 4-5.
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● dependences of the attenuation in these tvo sa,mtrrles. In 3-d.opetl Si (tfre

sarmpJ-e Sil5tD in Ref . Zl+ ), ttre attenuation of the O .65 Cttz-tast-transverse

vaves propagating along the,[]-10] direction at \.2 r under fi // ttto] decreases

rapidly up to l+O trC and. then d.ecreases gradually up to 120 kG. In Zn-d.oped.

11 -C.GaP (tu1.5 x 1O*' cm-'), the attenuations of both the 0.!- and the 1.3 GHz-

longituclinal vaves propagating along the [112] direction at l+.2 f r:nder

fr // laAz] decrease rather monotoriically up to 120 kG. These nagnetic fieltL

dependences in p-Si and. p-GaP l.ook like the backgrowrtL attenuation in p-Ge.

In later sections, we d.escribe the I{ARA in Ga-doped. Ge. In the present

investigation, we concentrate our attention to the resonance-attenuation peaks

at higb magnetic fieLds (> SO kG) o in ord.er to make possible to eompare ruith

the theory (Sec. V). We found. that the I4AM variecl with both the temperature

antl the acoustic polrer reflecting the attenuation in the absence of the magnetic

fie1d. (Sec. fV-A). However, it turned. out that the resonance-peak positions

are affected by n-either the temperature nor the acoustic power. We shorr that

the I{ARA changes with the acoustic frequency, the acoustic mocte, the magnetic

fieJ-d. d.ireetiono ancl the uniaxial stress.

2. Aeoustic poue? ilependenee

When rre cha.ngecl the acoustic pover, the resonarlce-peak attenuations were

affecteil. but the shifts in the resonance-peak positions vere not observed..

We mea,suredl the acoustic pover depentlence of the MARA in #l5IB using the

1.11 GHz-fast-tra,nsverse vaves propagating al-ong the [11O] clirection. Itre

uagnetic fieJ.cL vas appliecl in tne [OOf] direction.
o Figure h-8 shovs the effect of the acoustic power on the MARA at 1.5 K.

Ttre bottom 1ine represents the MARA at M nW/cn2 anct the attenuation peaks

are f,aint. Ttre successive lines upwards represent the MARA obtained. vith

ilecreasing the acoustic pover. Nunerals attachecl to the lines shov the acoustic

polrer J.eveLs in r:nit of d3; 0 dB corresponcls to 5 mW/cm2. As the acoustic power

●

●
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FIG. l+-8. Acoustic porrer clependence of the I{ARA of the 1.11 GHz-fast-

transverse naves propagating along tfre [fJ.O] direction in #15LB at
1.5 K. The magnetic fielcL was appliecL in the [OO1] direction. The

scale of the ortlinate is ind.icated. by an arrow representing J- ciB/cn.
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Dof dB; O d.B corresponds to 6 mW/cn'. The peaks denoted. by A, B, C,

and. D correspontl to the peaks assigned by the same letters in Fig. \-5.
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'was decreased.r the attenuations of the peaks .4 and. B vere increased., whose

feature is shown in Fig. h-9. In this figure, we d.efine the resonarrce-peak

attenuations as the differences between the peak attenuations and the back-

grouncl attenuations. 0n the other hand, the resonance-peak positions clicl

not shif,t appreciably with the acoustic power, whose feature is shom in
Fig. l+-10. Ttrese behaviors of the acoustic porrer d.ependenee of the Ir4.ARA were

for:ntl at any teuperatures below h.e r or in tbe other sa^uples.

The acoustie power d.ependlence of the I4AM is related to the saturation

effect clescribecl in Sec. IV-A and, vil]- be d.iscussed. in Sec. V-C. In the

folJ-owing sectionsr our measureuents were perfornedl in the Iow acoustie pover

where the si.gnal is clear enopgh to folJ-ow the detailed behavior. O1u analysis

vhieh is relatecl to the cletermj.nation otr the Zeeman-spJ-itting para,meters of
the acceptor gror:nd.-state is carried. out in relation to the resonance-peak

positions, r^rhich are not affectecl appreciably by the acoustic power.

'.:a

3. Tanperahtre depend,ence

When the tenrperatr:re was varied,, the resonance-peak attenuations were

changecl appreci.abJy but the resona,nce-pea& positions vere affected ■itt■ee

Fignre lr-11 shovs the effect of the temperature on the IIARA in #:|5,L for the

1.23 GHz-transverse waves propagating along the [OO1] direetion at 0.06 mw/cm2.

The rnagnetic fie1d. was appl-iecl. in the [oor] d.irection. fhe bottom l-ine re-
presents the !4ARA at l-.3 K, vhich is the same as the solid. line in Fig" h-1.

The successive lines rrpward.s represent the ITARA obtained. vlth increasing the

teuperature. As clecreasing the tenperature, the attenuations of the peaks

4 antl I increased. appreciably but the resonance-peak positions shifted. litt]e,
rshose features are shovn in I'igs" l+-fZ and. l+-13, respectively. Ttre siuilar
temperatr:re dependences rrere for"rnd. in the other sa,mples or the other acoustic

mod.e.

lilhen the magnetic field was applied in the [11l] d.irection, three peaks
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(assigned by a, b, and. a in Fig.\-5) were forrnd. above,3o kG. since the peak o
b vaso howevero not clear enougir to fotlow the teuperature d.epend.ence, ve

disregard.edL this peak in this case. The tewperature d.ependenees of the

resonance-peak attenuations and. positions in #15LA for the t.85 Cttz-longitu-

d.inal waves propagating along ttre [OOf] direction are shovn in Figs. l+-rl+

ana l+-f5, respectively. Ttre attenuation of the peak 4 increaseil with ctec-

reasing the temperature d.own to 2 K and, saturatedl. belov 2 K. T?re attenu-

ation of the peak c saturateci over whole tenperatures between 1.3 an6 \,2 X.

The saturation effect wiIL be cliscussed, in Sec. V-C.

4. Acoustic frequency dependence

lihen the acoustic f,requency vas changed,, the resonance-peak positions

were shifted.. Figure l+-f6 shovs the acoustic frequeney clepenclence of the

I4ARA of the fast-transverse waves propagating along the [11O] direction at

1.5 K und.er fi // toorl in #1518. TLre successive lines downwarcls represent

the MARA obtained. with clecreasing the acoustic frequency. As d.ecreasing the

frequeney, the resonance-peak positions shifted. appreciably3 the peak,4 shiftecL

toward. the lover qagnetic fieId. and the peak B shifted. towarcl the higher ynagnetic

field lrith d.ecreasing the frequency. At 0.58 GHzo tvo resonance peaks coutcl

not be observed separately. 3e1ow 0.30 GHz, we could observe one peak at the

hielr negetic fielcl..

The feattrre of the resonance-peak shifts. with the acoustic frequency is
sholrn in 3'ig. h-t? fo" the above case. fhe peak .4 al-nost linearly shifbs

tovard. the lower qggnetic fieJ-d., vhereas the peak I towardl the higher nagnetic

fiel-cl with tlecreasing the frequency. Consequently, these two peaks approach

each other with cl.ecreasing the frequency and overrap near 92 kG"

litren the magnetic fie].d. was applied. in the [fff ] d.irection, the observed.

acoustic frequency d.epend.ence of the resonance-peak positions in #t5tl, is
shown in Fig. h-f8. The measurements rrere carried. out at 1.3 K ty using both
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the transverse ancL the l.ongitudinal waves prope,gating along the [001] airec- o

tion. Ttre peak a shifts almost linearly toward the lower magnetic field.,

vhereas the peak b tovarcl the higlrer nagnetic field with decreasing the

acoustic frequency. Consequently, these tvo peaks approach each other vith

decreasing tlee frequency ancl. overlap near ?5 t<C. In this figure, the f,requency

dependl.ence of the peak e is shor,nr.

T?re overall behaviors of the acoustic frequency d.epenclence in #15H andl

#t6t are sinilar to the above cases. We do' not shov the acowtic frequency

clepenclence of the resonance-peak attenuations, since we could. not observe

the attenuation by controlling the degree of the se,tr.uation.
o

5. Acoustic mod.e deperd,errce

fhe IT4ARA ehanges with the acoustic rccle antl the d.irection of the ultra-
sonic waves in both the magnitud.e and. the peak positions. fhis refleets the

difference in the couplin€ para^meters or the selection rules.

Figwe )+-19 
"fro*s 

the MARA of the f .86 CHz-longituclinal waves propagating

along the [oo1] direction at 1.3 K and0.t nVcn2 in #15r,A. Ttre magnetic

fieldl was appliedl in tire [OOf] d:irection" fhis corresponds to that of the

transverse waves shown by the solict line in Fig. l+-5. The effect of the nagnetie

fielit on the attenuation of the longitudinal vaves is srnaLler tha,n that of

the transverse vaves .refJ-ecting the'fast propagation of the foruetr \raves..

In ad.tition to this d.ifference in rnagnitud,eo we observe an erctra attenuation.

incrernent .nea? I+o tco for the case of the longituctinal lraves.

Figure l+-20 shows the IUABA of the L.83 GHz-fast-transverse waves ancl

of L.8h Cttz-tongituclinal vave.s propagating along the [rfo] direction at 1.5

K ancl.0.06 nflem2 in #r5i,g. For the transverse waves, the I4ABA consists of

four peaks vhosb feature vas quite simil-ar to the solid. line in Fig. l+-f .

On the other hancl, for the J.ongitudinal waveF, the feature of the Ir{ARA is

quite ttif,ferent lYom that of the transverse vaves; the peak / a.ntt B were no!
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a observed., but tvo clear resonance peaks vere found. near 18 and. \6 tc.

6. I,lagneti,e fieLd-di.rection d.epend,ance

lflren the sa^uple was rotated so that the nagnetic field. d.irection rotated.

from the [OOfl to the [fff] d.irection in the (fIO) plane, we founcl the shifbs

of the resonance-peak positions. We measurecl the nagnetic fielci-d.ireetion

dependence of the I{ARA in #L5LA using the 1.23 Gllz-ttransverse \raves and the

1.Bh GHz-longitudinal waves propagating along the [001] direction.

F'igure h-21 shows the l4AM of the transverse r.raves at several rnagnetie

fieLit ciirections. ttre [OOf] and the [fff] d.irections corresponcl to Oo and

5h.7o, respectively. Ttrus, the resonanee peaks A, Bo d, and D for 0o ancl

tte peaks d, b, co ancl d foy 5h'.7" were observed. in accord.ance with Fig. 4-:.

The successive lines dovnwards from the J.ine for Oo represent the MARA obtained.

with increasing 0, which is a.n angle from the [OOf] direction. TLre resonance-

peak positionslwere strongly affected. by the magnetic field. ciirection.

In Figs . \-ZZ anA. l+-23 are shorrn the .rnagnetic f,iel-d-tlirection d.ependences

of the resonance-peak positions observed for the transverse antl the longitutLinal

vaves, respectively. Tlrese tvo figures are quite siuilar to each other.

When the ynagnetic field. was set in the [OOf] clirection, four peaks A, B) C,

anct D vere founcl. Ttre peaks .4 ancl B str.if,t -toward. the higher rnagnetic fielcls

vith increasing 0 sligletJy. Wtren 0 > 10o, these peaks couJ.d not be founcl in

the :nagnetic fie]-cl up to 120 kG. FoJ-loving the d.isappearence of the higfr

naenetic fiel-ci peaks, tvo peaks vere fowrd. at the 1ow nagnetic fiel-d.s (near

20 and hO te). The Low-f,ielcl peaks tlidi not shifb appreciably as 0 increasecL

from 10o to l+0o. I{hen }Oo . e < ?Oo , the ].on-field. peaks shiftetl. toward. the

higtrer magnetic fields:mkipg the manimr:m near 55o. At 5).7", the peak at

l+O tg will be connected to the peaks a ot b and the peak at 20 kG to the

peak c.
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●
7. Unias'i.al stress depertd,enee

tr{tren the uniaxial stress was applied, the shifts of the resonance-peak

positions vere observed, at rather weak stre""?2 mru sa^rryJ-e #L5LC was preparecl

for this ercperiment so that the compressional- uniaxial stress and the magnetic

fieldl. were applied. in the [OO1] ttirection. fhe 1.11 GHz-fast-transverse waves

'were propagated. along the [11O] d.irection at \.2 f,

Figure lr-21+ shows the effect of the uniarcial stress on the MAM. The top

line represents the MARA in the absence of the stress. ftre successive lines

dlovnwarcis represent ttre MARA obtained. with increasing the stress. Since we

usecl the stress apparatw tlescribetl in Sec. fI-F, the stress hacl a large

emor ch:.e to the friction for the translational uotion of the roci (G) etc.

tfpical. error was 11.0 x 10? qyns/cn2 at L.h x rOT dyns/cn2: ftre e?ror was

estinated. by increasing and d.ecreasing the stress as nonitoring the MARA.

As increasing the stress, the peaks 4 and. B shifb tovard. the lover magnetic

fieJ-d.s andl. the:peaks C ancl D towarcl the higher uagnetic fielcls. At'\,t.8 x tOT
D.-rr72

{yns/cm', the peaks overlap near h5 kG. Above 2.1+ x 19t dyns/cm, we cour-o

observe no peaks in the nagnetic field up to 120 kG.

It shoulcl be notecl that the I4ARA is strongly affectecl by the stress at

rather veak LeveI. fhis means that, in ord.er to get the intrinsic attenuations,

lre :rtrst have paicl, attention to avoid. giving exbernal- stresses except for the

experiment of the uniaxial stress d.epend.ence. .

8. Acceptot-ooncentw,ti.on depend,ence

fhe resonance-peak positions were not af,fectect by the a,ceeptor eoncentra:-

o tion renarkably in the acLoptetl. sa.utrrJ-es, vhen the acoustic rcd.e e^ncl the ms.gnetic

fieltl d.irection were the sanne. The I,IAM obtained. in three sa,utrrles with differ-

rent concentratioTs by using the transverse waves propagating along tfre [OOf]
'->

d,irection und,er fi // iOOrl are shom in Figs. t+-: and. \-5. fhe resonance-peak

positions dicl not shift appreciably but the resonance-peak wiclths were broad.ened
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r,rith increasing the acceptor concentration. ftre peaks .4 and. B beca.me obscure

'wittr increasing tbe acceptor concentration. The peaks C and. D beca.me faint

and. disappearedl vitb increasing the concentration. Since the d.egrees of the

saturation effect are not the sa,me for the three cases, ve cannot coupare

the nagnitutle of, the resonance-pea.k attenuations.
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Vo ANALYSES OF EXPERIMENTAL RESULTS

Ao Temperature dependence of the lttenuation ln the abSence of the magnetic

field       ‐             1

As d.escribed. in Sec . II-C, we c€ua regard the ga11il:m impr:rities in our

samples as isolated in the first-ord.er approxination. Ttrerefore, we analyze

our experimental results in the light of the theory d.escribecl in Sec. IfI.

In this section, we consid.er the temperature ttepenclence of the attenuation

in the absence of the :mgnetic field.

The fomirlas for the r.rltrasonic attenuation in the absence of the magnetie

fielcl are given by Eqs. (S.3?) - (S.t+Z). Tno types of attenuations exist:
athe relarration-type o., andl the resonance-type or,

I

To cal-culate the coupling of the ultrasonic waves with the aceeptor holes,

lre use the cl.efornation-potential constants obtainecl. by piezospect"o""opy.S3

On the other hancL, in the calculation of the level width ln, we aciopt the

"dyna-i ctr defo:mation;potential constants d.eteruined. by the heat-pu1se ercperi-
28ment-- by the following facts: (1) The analysis of the heat-pr:lse data stand.s

basically on the same principLe adoptecl here. (2) tn is dete:mined by the

phonons vhich are in the sa.me frequency ra.nge as the phonons contained in the o

heat pulse. These phonons have the wavelepgth t/q (q is the wave number of
the phonon), which is srnaller than the eff,ective Bohr radiw a* of the acceptor

holes. (S) Ihe thircl reason *i11 be deseribedt Later in this section. Moreover,

since it is assunecl in the ilerivation of the ultrasonic attenuation formulas

in Sec. III-C that the envel-ope ftrnctions consist of so1e1y s-like parts )

the ilefo:mation-potential constants for the acceptors become equal- to those

for the valence-bancl ed.ge according to Eqs. (S.fe) ancl. (S.fA). Thus, we use o

the clefornation-potential constants of D d = 5.h5 uv and. D ,Q = 6.to uv54u u,
for ln, vhereas ,rf = 3.32 eV and. DurQ = 3,8t 

"v53'55 
,o" the coupling of the

rrltrasonic vaves with the acceptor holes

First, ve ealculate the terperature d.ependenee of the level wiclth ln in
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the absence of the magnetic fieJ.d.. Figure 5-1 shows the ealculated tenper-

ature dependences of lo and t-d (n = 1, 2), where we assune that the split-fin
ting is r:nifo:m tbroughout the santrrle. ftre splitting A is expressed in unit

of degrees of l(eJ.vin. Other constants used are given in Table 5-1. For A =

-0.02 K, which is tletermined. by the analysis of the I4AM as deseribed. in Sec.

^dY-8, ln* are smal.ler than those for A = -0.1 K by one or uore ord.ers at any

rution ot fnd to the 1eveJ. width is negligibly

srnall and. that of I" dominates

Now we calculate the tenperature d.ependence of the attenuation of the

1.11 GHz-fast-transverse waves propagating along the [ffO] direction in #15L8.

fn Fig. 5-2 is sholm the cal-culated teeerature dependl.ence of the attenuation,
Trhere we assune that the scaling factors 8.., = 3) = 1 anct the Gaussian d.istri--J-

bution for the initial splittings with AO = -0.02 K a^nd. o = 0.03 K; whose

values are deternined. by the line shapes of the IrdAM as d.escribecl in Sec. V-8.

Inserted. figr:re- shows the relaxation attenuation c\. Ttre calculatecl attenua-

tion ind.icates that the attenuation below l+.2 K, vhere the tvIAM was observed.,

is ascribed. to the resonanee attenuation or: Ttre resonance attenuation is

causeci. by the hoJ-e transitions between the split l-eveLs d.ue to the internal

stresses

15g s'li$t increment near ?.3 K is ascribetl to the relaxation attenu-

ation, which is inciepenclent on the acoustic power. This is e4plained. as

fo1-Iovs. f- near 12 K becoses equal to the energy correspond.ing to 1.11 GHztt
ultrasonic vaves as shown by a,n arrorr in Fig. 5-1 ancl. then the Lorentzian has

a maximum value. Since tbe relaxation attenuation o, inclucl.es the terms /Vr,

JVrr ancl t/I, i.n acl.d.ition to the Lorentzian, the resultant teuperature clepenil-

ence has the rnaximr:m near 7.3 K. Ttris is consistent with the observations.

At this stage, we consid.er about the third. reason for the use of the

ftdynarni crt d.efornation-potential constants in the calcr:l-ation of fr. If we

take the values ,rf = 3.32 eV anct Dr,a = 3.81- eV, the sliglrt increment near

●

●
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Tab1e 5-1. Values of physica.l para,:oreters used. in the

calculations.

Symbol NumericaL values Dimension

●

ρ

　

　

　

κ

lr,gZ * :-:O5

5.32

16

3.55 x 105

5.1+r x ro5

3.55 x 105

5.37 x 105

3,a8 x ro5

1.20 x Lo-12

elc#

cm/sec

cm/sec

cm/sec

cm/sec

cm/sec

cm/sec

2,-cm / oJrne

orloorJa

urloorl-

urlrro ja

ur[rroJa

,L

ur
:t

srr- - s*
.oqx 37.8 A

h771x o.2 mn" grams
U

*o 9.1 x 10-28 Brans

nau 3.32 eVu

d!) t 3.81 eVu'

^4r. . 1c/-. LaJrnarucJ 5.1+5 eV
t

Clr- . rC / -^D-.r'Li\mami cJ- 5.10 eV
4

"Thu MiJ-J.er intlices denote the propagation direction.
bfhe effective mass m* is ca].cu]-ated from the ioni-
zation enersr (= ro,9T)59 io the effective uass ttreory.5o

of,tr" r.""ring of "d3mamictt is discussed in See. V-A in the telct.
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● 7.3 K is shifted. tovard. tu20 K. Ihis is inconsistent with the observations.

Ttre calcrrlatecl temtrlerature dependence is sinilar to the observations

in the veak acoustic power liuit except for the scaling factors. In ord.er

to get the better fitting of the calculated. with the observationso we must

take account of the saturation effect. The satwation effect may be taken

into accor:nt by ad.Justing a scaling factor B, in the present formulas. As

the acoustic power increases, the saturation effect becomes strong and B,

is recluced. In the strong acous'tic power J-iuit, the resonarrce attenuation i"

suppressed as shown in Figs. l+:-1, \-2, h-30 and l+-l+. Unaer these consid.erations,

we can almost neglect the relaxation attenuation at 1ow temperatureso e.B.r

belo'w l+.2 t<, where the I{AM was me&sr:rei[. Ttre detai]ed. d.iscussion on the

saturation effect is given in Sec. V-C together with that on the ItlARA.

It should. be noted. that the scaling factors B, and 3, are ehanged. by the

way to taking the ra.ndorn-ly d:istributed. internal strains into the theory.

In Sec. III-Co:we took the sirple way in ord.er to perform the calcutation

in an aaalytically tractable vay: The internal stresses. are represented. by

the norrnal stresses in the [fff] and its equivalent tlirections. Ttre actual

crystal- has the nlore colrp3.ex internal stresses than the above since the

internal stresses are caused. by the interactions anrtong the acceptor iupurities

as welJ. as tbe internal mechanical strainso which viLL be cliscussecl in Sec.

VI-C. Thus, it is very d^ifficr:lt to obtain the iralues of B, and B, theoretically.

Ttrerefore, ve treat B, ancl. B, as the ad.justable scaling factors in qeyrEarison

of the oq>erimental results with the theory.

Magnetoacoustic resonance attenuation (MARA)

Introduction

As described. in the previous section, the ultrasonic attenuation below

)+.e f is mainly due to the resonance attenuation. When the attenuation is

measurecl as a fi:nction of, the uagnetic fiel-cl, the resonance absorption of

●
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the ultrasonic vaves is observeil at the fieLd.s where Enrn = hu (n, \ n).
TLre uagnitucle of the resonance attenuation is proportional to l/ (tn * ln),
where n and- zt d-enote the relevant levels to the resonance process. Sinee

I, d.ecreases with decreasing the temperatrrre as shovn in Fig. 5-1, the attenu-

ation is expected, to increase vith d.ecreasing the temperature. I,lhen the

value of f,- is smallo i.e., the relaxation tine is long, the satr:ration effectn

appearsS the attenuation d.ecreases vith increasing the acoustic pover. T'his

is consistent with the observations in Sec. IV-B-2. Hovever, since both the

teuperatr:re and the acoustic power d"o not affect the resonance-peak positions

and. therefore the energy splittings, ve can d.isregarded. these effeets in the

consid'eration of the 1.eve1 splittings of the acceptor ground-state. The

resonance fields cha.nge with the acoustic frequency, the nagnetic field &i-
rection, and the uniaxial stress as d.escribecl in Sec. IV-B. fn ad.d.ition to

these facts, the selection rrrles exist in the MARA, whieh is seen in the

acoustic nod.e depend.enee of the MARA cLescribed. in sec. rv-B-5

Wtren we aJfalyze these e4perimental results in the light of the theory

d.escribed. in Sec. III, the inforuation about the energp levels of the acceptor

ground-state is obtained.. It shorrl-d be noteiL that the theory and form:i-as

d'escribed in Sec. III are ad.equate for the anal-yses of the experinentaL resrrlts

wtde.r the.st:rong'nagnetic fields. Shuso 'we vilI derive the Zeenan-splitting

para,meters of the grorintl state in Ga-cloped Ge by cortrlaring the obseryations

with the theory above 30 kG.

2. contpatison of the obseroed resonutce fields Lyi,th the theory

fn ordler to f,iniL the resonanc'e field.s, we cil,lcrilate the ha.gpetic field.
d'ependence of the ene.rry spJ-itting Enrn We consid.er first two cases where

the magnetic field is appliecl in either the [OO]-] or the [fff1 direction.
In these two casesr the aceeptor ground.-state is well. represented by the

state for the angular nomentr:m ,f = 3/2 and the formulas are siuplified. as

●
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●
described in Se9,=II・ 乳e expressionS?f%′ ″ Eqs。 (3.43)― (3.46)fOr

宙′/[6o■ ]ana E゛ .(3.54)― (3.57)fOr古 〃 [■1■ ],ュ nc■ude five paralneters

σ
■

P'ク
21'92'939'五

a今
。
.In What io■

loWS,We try to deterコ
止ne these parame―

ters by.00コリaring the observea resOnance Fie■ as with the ca■ cu■ations.

We take ac● 61】nt oF the fo■■ow■ng iactors; the se■ection ru■es in the

coup■ ing of thё u■tra,onic waves with the acoeptor ho■ eS, the acoustic Frequency

dependencё  of the MARA. thetunitta■  stres, dependonce bf‐ tlo MARA, ana the

mngnetie Fie■ drdirection dependence of the MARA.  The se■ ection ru■ os are

derivea from Ttt.es 316 anこ 3-7.For古 〃 [00■ ],the ho■ e transiti6五 s between

■eve■s ■ ana 2 ana between ■eve■ s 3 ana 4 are a■ ■owea For both the transverse

wavel l■ Op■gati■g al■ 0■g the [00■ ]airection and the Fast―transverse waves

prOplgating a■ 。ng the l■■0]direction.  For the ■o■gituainal waveS prOpagating

a■o■g the [■■0]direction, the transitions between ■eve■s ■ and 3 ana between

■eve■s12轟a4re a■■。wさd when古 〃 [oO■].For宙 〃 [i■■],a■■transitions

nre a■■owed fof Ъoth the transverse ana the ■。,gitudina■ waves lrOpagating

a■ong the [00■ ]direction.  3ased 6n these se■ ection ru■ es, the a■ ■OWed

resonance transitions are re■ atea to the Observed peaks under古  // [00■ ]as

fO■■OWS: For the peaks ■血a B,

larrl = vtti,

●

●

Or

(5.■ )

(5。  2)

●

レ1二 |=“ω9‐

ana, fOr the peak nenT l+5 tc i-n Fig. \-zoo

1覧31=孝ω
'

-79-
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●

lsuzl = fiw. (5,4)

In ad.ttition to these resonance cond.itions, ve take the unianial stress

d.epend.ence of the l-evels into account. lihen the stres" i i" appliecl in the

[oo1] ttirection, the acceptor gror:nd,-state splits accorcling to Eq. (s.r>).

Ttris ind.icates that the lS/2, states are higlrer than lt/2, states in enerry.

First, we consider the case or fi // [oor]. since we try to d.ete::nine

the above five para^meters, it is necessary to take four cases for each reso-

nanee conditionsn (f.r) or (5.2):

IL+43>° andな 1号夕2P>° 3

12+93>IP a,a gi′・号σ2′ ぐ
3

(:. 5)

(C)9ら t9三
く9五五dィ +号 σ2い 。3

(a): 
・21 73 

く  ゙ and σ三: ・ユ
flg2′

 . °°

Consequently, eig[t possible transitions exist for the resonance peaks 4 and.

B, vhich are iliscussecl in Append.ix A. Fron the consid.eration in Appendix A,

the eiglrt cases are recluced to two as

(r) the case (t) ror (5.r),

●

(a)

(b)

●

●

(5。 6)

(2) the oこ se (a)for (5.2).

tr'urther ve take aceount of the transitions

-8o―

(5.3) and (5.h). When we take
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-o1
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-o.3
0 20  40 60 80 100 120

MAGNETIC FIELD ( KG)

FfG. 5-3. Calcul-ated. magnetic fie]-d. clependences of the enerry differences
Errn rcrfr 1/ [OOf] antl. i = 0. TLre ordinate is expressecl in two ways:

Ttre Left scale is in rxrit of d.egrees Kelvin. ftre rig[t scale is in
giga-Ilertz for plotting the observed. frequeney depend.ences of the

resonance-peak fieLd.s. Closed circles andl triangles represent the

transverse andl the J.ongitudinaL waves, respectively, propagating along

the IOO1] d.irection in #15LA. Open circles ancl closed rectangles
represent the fast-transverse and. the longitud.inal vaves, respectively,
propagating along the [11O] direction in #L5LB.
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Tabte 5-2. Para,meters of the acceptor gror:nd-state obtained

from the MAM.

-0.02 t 0.005 K

-0.15 t 0.08

o.o8 r o.oh

(0.5 t 0.2) x ro-h lcltc2

-(o.g t 0.2) x 1o-5 Klkcz
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(5.g)o the linear Zeeman-splitting para^meters are obtained. by the least-squares

fits of the calculations to the observed behavior of the I{ARA as follovs:

(I)夕三
′
〒12.75 争nd‐ σ

2′
=~・・58 fOr the case(■ )in(5.6)3

(平)σ
.′

=-0・■6響らク2'F0008 For the case(2)in(5.6).

When we take (5。 4), the Fo■■owi,g ■inearr Zeman― sp■itting parameters Are

obta■nea by the satne procedure:

.  (工工1)gil=9‐ 13 ano σ2′
=~・・6o FOr the case(■ )in(5。 6):

.(IV)σ.17-0・ 0,範a夕
2′

=°°°6 fOr the case(2)in(5。 6).

The quadratis Zenmn卜 ,p■itting lparnmeters for the abOve follT caSeS are the

デ鋤O aS 9五 す% = 0.U+ x 1o-5 K/uc2. A ftrrbher reduction in the number is

a■■owea when we take account.oF the Observations for H ノ/ [■■■]。    ‐

sinOё a■■transitions are a■■owea For宙 //[i■■]as descrhea働 。ve,

we take the way to ca■ ou■tte the en甲Ⅳ Sp■itti■ gs%′π py uS・ng the mhes

oF the ■inen_T ZeemnTsp■ittilg pnTttters obtainea abOve Four cases ana by

,,」ISting :h:iVa・
ue ?f 7`' 1',11t°  C°mpare those with the Observations,

Consequent■y, it tllrnea out that On■ y one case, (■ 1), is adequate to exp■ain

the observea beha五 ёr10f the・ MARAi oonsistent■ y, whose feature is shown in

Figs.5-3 and 5-4 fOr H〃 [oo■ ]轟 aH〃 [■■■1:respeCtive■ yO The‐ ■ues

oF the Five parnm● ters obtainea nre ■isted in Tab■ 6 5二2.

3. I4agneti,c field-diyeetion dependence of, tlrc resonance fnelds

We can ertrrlain the nagnetic fielcl-d.irection tl.epend.ence of the resonance

fieJ.dts by using the para:neters derivedl in the previous section. We consicler

●

●

●

●
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●
the case vhere the uagnetic field is rotated. from the [Oof ] to the [f11]

&irection in the (fIO) p1ane. We choose the rqagnetic field. direction as the

axis of quantization of the systeu und,er the strong r4agnetic field..

For an arbitrary'd.irection of tle rne,gnetic field ln the (fIO) planen

ve'put.0 = n/! in Eq. (S.?). ' Ttren the Zeeuan HBrniltonian is written as

Hzun*n = u"[9r t{ ■

ぬ
s・nO(J“ す 」し)十 cOs,3_1

sine(J*3 + ,tr3) + cose.rr3)J H十σ2〔
方

●

[91■ ち々{万 Si五0(`L * 
"o"o/"]2

+も )

(5。 7)

where e is thざ
iang■

e Frolll the [00■ ]dirё ctiOne  We can obtain the energies

oF the Zeetllan sub■ eve■s by aiagona■izing the HハYni■tonian Ynntrix (5.7)。   We

9a■Cuttated the eneFgies nu輛 Orica■■y by llヽ ing a cOmputer under two assumptions:

11 二 〇 kィトGl ,五d A。
 7 o ko  Since fi iS Canoe■

■ed out in the ca■ cu■ation of

E五′,l tle ttstuコ ptiOn OF 11 l o kイ トG2 is harm■ess.

Figurё  5-5 ShOWS the ca■ ou■atea mngnetic Fie■ a dependencё S of thё Zee7nnn

sub■e"ュs for茸 〃 [06■]ma苗 //[■■■].For古 〃 [00■ ],th`■ eve■ 1 3 and 4

cross near 84 kG.  Then the resonance condition (5.2)is satisfiea at bOth

slae, 。f its cross■■g, wh■ Ch are shown by broken arrows with r, for the ■.83

GHz― FaSt―lransverSe waves propagati■ g a■Ong the [■ ■0]dュrection.  Br6ken

nTrows with l show the a■■owea transitions for the ■.84 GHz―■ongituditta■

WaVeS prolp,gating a■o■g the [■■0]airectiOno  S6■ia arrOws show the a■■owё d

tiansitions for the ■.23 GHz― transverse waves propagating a■ ong the [00■ ]

dileation (hereaFter this waves is considerga).  For 古// [■■■], ■eve■s 2 and

4 6rOss near 8o kG ana the trans■ tions are a■■owed at both s■ des of there as

す9L{き Sin20(く12+」し
2)十

lo120JL2}]ノ ,

●

●
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shown by soュ id.aFrows.  Moreover, two a■ ■owea transitions ёxist in the ■Ow

mngnetic Fie■ a as showh by so■ id arrows.

‐   When the 

“

gnetic Fie■a is rotatea From the [Oo■ ]to the [■■■]directiOn

by:う°
. 30° , 50,, and 6oO: the ca■ Ou■etea mngnetic fie■ a dependences of thさ

Zeman sub■ 9ve■s are ShOWn in Fig. 5_6.  In these casё s, the movetnents Of the

■9Ve■ S With the mgnetic Fie■ a tte difFereⅢ
キ

。
■

t,e島 OVe twO cases(lig`

5-5).Whel tWO■ e鍵 ■si approachさ ach Other,the■ erユ antiCr6ss■ g oCCurζ .

This is ascribёa to the Fact that the acceptoF grOuna― ,tate io describea by

the llnear coコbinatiOn of the J 〒 3/2 states.  In other wordsi th6 Zeemttn―

Ha171i■tonian matrix in the space of」  = 3/2 states has off― diagOna■  e■ements

f°rl“e ttbitl甲 direlti9n of the ttgnetiO Fie■ こ
` When the mtrix is

aiagOna■ ized, these off― こ,gOna■  e■etllents ca“ e sp■ itti■ gs OF the ■eve■ s in

the vicinity of the crossi■ g pOiit・   At ぅ°, the sp■itting eneFgy due tO thさ

antiOrossing is sma■ ■er than the u■ trasohic waves energy and hence the rё sO_

nance condition a■■Ows'fOヽ 1摯 trans■tions as shown by sO■ id arrows.  Two arrows

■■:th9 high 7nngnetic Fie■ a shift towara the higher mngnё tic fie■ds than those

for 童 // [6oi]:  Tw3 tiantiti6五 L in the ■。w mngnetic Fie■d, which are for_

biここen for H /ノ  [ooi]ぅ ale a■■。wed in the present caseo  When O increased

t630° :thさ res6nttce conこtion tt the hiま 平gnetiC Fie■d is not sttisied

be■ow ■20 kG but twO transitions in the ■。w mngnetic Fie■d are arrowed as

sho青n by s。■io ヵTrOWS, whOse positiOns shiFt ■itt■e From thOse fOr 50。   For

500 and 6o。 , the FeatllTe oF the mngnetic Fie■ こ dependences is siコ 亡■al tO

eaCh other ana the nmticrossi18 occヽ 1's near 8o kGo  The SI■ itting energy.

is coコ parab■e w■ th the u■ trason■c waves energy and hence on■ y one trans■ tion

●is a■■owed in the high mngnetiC fie■ a.  In the ■Ow mngnetic fie■ a, twO tran―

s■tions are a■ ■owed as the cases fOf 50 and 30° .

. The above ca■ cu■atea resu■ts ,gree We■■ with the observations in Figs.

5-5 ma5_6。 0。 ねr,le ags… d△。
‐OK,which is inconsiStent with the

resit in sec.V― B-2。 l HOwevert Since△
6 iS tt°

ut_6.o2K,the introductiOn

●

●

●
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●
of it changel on■ y S■ight■y the ■eve■ di,grals in lig,。  5-5 ,nd 5-6.      ‐

We can exp■ ain‐ qua■itative■y the res6nance ■ine― shape under the strong

mЯЁnetia rie■a by using ligs. 5-5 and 5-6.  In thさ  宙 cinity of the [00i]direc―

tiOn: the sp■ itting eneFgy due to the anticrOss■ ■g is‐ Sコ巳■■ compared‐ with the
l  

‐      
‐  ‐ | :

u■trasOnic waves energy used in the present ettper■ ment.  On the10thёr hana,

in the vicittity 6F the [■ ■■]directi9n, the Sp■ itting eneFgy is ■arger than

th:t6f古 〃 [oo■ ].Morと。vel,the■ eve■ s re■emntl to ttelresonttce process

lrtove s■ow■y with thё  Ynngnetic Fie■ d for Ⅱ // [00■ ]than for 耳 // [■■■l as

shown in ligO ‐5,5. IFrom these FaCts, wetexpect the sha・rper resonande ■ine

in the マ・ cittity Oflthet[00■ ]than the t■■■]dirさotion.  ThiS is consistent

with the:obseivatュOns in Fig。  ユニ2■ .   |

■‐ 1 40娑″ιtづθ μθι′aθ′θ″θれcθ 。∫|力O Zθυ9Z υじatヵ L
.      To ca■c■atё the■ eve■ witth し,We Fe the"ap錮lcn deFottatlon■ otentid

l  l   COnこ tants ty thё・
,ame reasons dさ soribed in Sec.:V― Ao  When the Ynnignetic Fie■ a

l     1  lis app■ iё d in the [00■ ]or the [■■■]airectibni the ca■ cu■atёa mngnetiこ

|11ll導:=I:=[61il藁護1leals=∬さlliI∫L ll
l   ll l Tab■ ls 5■■ ana 5_2 and assuコ e that the initia■ sp■itti■g △  is unif9rm.
|  ‐

      | ‐          |    |

|‐ | | | I These Figureも  showl the fo■■owing Facts: The ■eve■ width ig aeter口 直nea by   .   ‐‐

|‐・ |‐ 1 囁
もこ■品 三619贔ai,～2X■0~IF_AbOr 30 1と ,ieと 6ntrゃuti6五 61「/ 1 ‐

●

to the ■eve■ wiath

mngnetio Fie■ ao  At

douinates since f,-d in""uases with increasing then
;-2

L20 kG. I-* becomes tu2 x 10 - K..T
‐  Now we cons■ der the attenuations of the ■.23 GHz―u■trason■c waves.  The

enёFⅣ 9r this Tave iζ  6.i狡 ■o~2 K tta then the fo■■owing re■就lon standS3

nw t ztf , zTnd (n = z, 3, l+).

●

(5。 8)

This indicates that the rё ■axatiOtt attenuation isl not neg■ ectea under the
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●

strong magnetic field.. However, the ca1culatedl attenuation shows that the

relaxation attenuation rnales no peak structures ancl increases sliglrt1y with

increasing the magaetic field. near 120 kG. Therefore, rire can al-so neglect

the relaxation attenuation in the presence of the magnetic fiel.d. up to 120 kG.

5. Iemperatu,re dependenee of the ?eson&tce-peak attenuations

When the resonance cond.ition is satisfied, the reson€ilnce-peak attenuation

is proportional to I/(rn * lrr) as described. previously. Since I, decreases

rrith d.ecreasing tbe teuperature as shov"n -in'Fig; !-1, the peak attenuation

increases r,gith decreasing the teuSreiatr:re. fbis is consistent vith the obser-

vations d.escribed. in Sec. IV-B-3. MoreoYer, f, is affected. by the magnetic

fiel-cl. as shom i:a Figs , 5-7 anci 5-8. To coupare the nu.merical ealculation

with the observed temperature clependence, we take aecount of the d.istributed.

initial splittings estiuated. by the line-shape fitting as wil-1 be d.escribed.

in the next section.

Figure l-! shows the calculated. teuperatwe cl.epend.ences of the resonance

attenuations of the peaks 4 (so].idt l-ines) and. B (broken lines) for the 1.23

Gllz-transverse vaves propagating along tfre [OOf ] direction in #f5f,.0, und.er

fi // iOOf l. Groups of lines .4.t and. AH ave obtainetl by fitting the calcr:Lations

to ttre data of the peak 4 at 1.3 and l+.2 K, respectively. Tlren the scaling

factor B is 0.3? for the line AI' and.0.6? for the Iine.Atr. AIL of the observecL

attenuations J.ie betveen the lines AL and", F; the scaling factor d.ecreases

vith decreasing the temperature. This is ascribed. to the saturation effect,

which is rnore probable at the louer teuperatures reflecting the clecrease of

the leveL width (rig. 5-1).

6. Acceptor-concentration dependence : Li.ne elnpes

The resonarrce f,ields are almost the sa:ne for three sauples with d.ifferent

concentrations as shown in Figs. \-: and )+-5, vhen we take account of those

●

●
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shifts d.ue to the d.ifference of the acoustic frequency. However, the 1i.ne

shape of the MARA changes with the acceptor concentration. We assune that

the resonance line-wittth is due to the distributecl. initial splittings. Then

ve try to fit the l-ine shapes by varying the initial splittings. We take up

the resonance line-shapes of the peaks.4 and.8, since their shapes are clear.

Figures 5-10, 5-11, ancL 5-12 show the calculated MARA line-shapes in
#I5T'A, #l5Et and. #L6L, respectively. These correspoacl. to the cases of Figs.

h-5 and L-5. TLre scaling factor B is adjusted so that the resonance-peak

attenuation coinsides with the erperimental: B = 0.29 for #lr5LA,, B = 0.1 for
#r5H, and B = 0.09 for #a6L. I,lhen 6 is ta"ken to be 0.02, 0.03, and 0.0\ K

for #15tA, the cb,lcirlatecl line shape is varied. as shorrn in Fig. 5-lo. A good.

fitting to the observation (the solid. ].ine in Fig. l+-5) is obtained for o =

O.O3 K. For #15H arfi #ll6L, the caLculations with o = 0.03 ancl O.O5 K, respec-

tively, are the best fits to the observations (f:.g. )+-6). Ttrese are listed
in Table 5-2. If the'val-ue of AO is chariged., the resonance fie].d.s shift and.

then the calculatedl MARA becomes inconsistent with the observation.

C. Saturation effect in the ultrasonic attenuation

The resonance process llls,y be suppressed. by the saturation effect: As

increasing the acoustic powerr the lower leveL becomes more depopulated..and.

henee the attenuation saturates. Wtren the relaxatlon tirne of the two l-evel

system is long, the acoustic power level causing the satr:ration is l-owered..

llhen ve consid.er first that the tvo J.eve1 system is Loealizecl mutually,

the acoustLc power, P, clepenilence of the ultrasonic resonance attenuation is
c(

e:cpressed, by'-

や●θsoηαπι。   &`(1 +P/Pc)~・ ,

●

●

●

●

(5。 9)

where αo is the uns■ urtted attёnmtion ttd P
θ

-96-
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which is inversely proportional to the relaxation time. We consid.er two

ercbreme cases for the acoustic power 1eve1t (f) P a, P": The nr:mber of the

resonanee process is sma1l enouglr not to influence noticeably the occupation

number. The attenuation in this acoustic power range j.s wrsaturated. and. is

ind.epenclent on the acoustic power. (Z) p ,, Pc: The resonance attenuation is

e;rpectecl to vary "" P-1.

In the absence of the rnagnetic f,ielcLo the acoustic pover clependences of

the attenuations at 1.! and h.Z f in #15L8 are sholrn in Fig. 5-13. fhe attenu-

ations are obtained by subtracting the residual attenuations in Fig. h-f.

As clescribecl. in Sec. V-A, the attenuations at 1ow tenperatures in Fig. 5-13

are mostly ascribed to the resonance process. In the presenee of the nagnetic

fieId., the acoustic pover depend.ences of the resonance attenuations of the

peaks A and B at two temperatures (f .5 
""ra 

\.2 f) in #15t8 are shovn in Fig.

5-1h. fbis figr:re is the sarne as fig. l+-!; in this case the attenuation is

plotted. logarithnically .

When we take the most probable fitting of Ee.(:.9) to the erqperimental

results in these figures, the soliit lines are obtained a^ncl then cr,O ancl P,

are a]-so obtained. as listed in Table 5-3. ftre critical acoustic power leveI

P, Ln the absence and the presence of the magnetic field are almost the sane.c

Since l- in the absence of the magnetic fielct is much smel-l.er than f, near
7L

100 kG as shovn in Fig. 5-7, it is ex5rected, that Po in the absence of the

magnetic fieldl is mrch sma1.ler than P^ near l-00 kG. This does not agree withc

the experimentat results in which two Po are similar. This indicates that

the'other interactions causing the Level broadening exist in atl.tlition to both

the dlirect and the Ra.rnan processes which are taken into aecor:nt in the present

theory d.escribed. in Sec. IfI: for exa:rple, the transverse relaxation mecha,nism

due to the interaction arnong the acceptor iwpurities as in the a,morphous
q7

materials.-' Iilren'we assume that the J.eveJ. broadening clue to the direct

process cloruinates over the transverse relaxation process near 100 kG, the

●

●

●
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Table 5-3. Unsaturated attenuation cO a"nd. critical

acoustie pover 1evel P^ in #15L8.c

(a) fn tbe absence of the magnetic field.

rsoPc
(CB/cm)

.jw1sr2 
1(K)

■.5

4.21・

7.■

3.6

0。 ■9

0.27

(b)Near ■oo kG.

●

F

(K)

α
。

(dB/cul)
２

ｍＣ

Ｐ“　耐

■。5

4。 2

3.9

2.2

0:■7

0.22

●



level- width in the absence of the magnetic fieId is rnostly deternined. by the

other mechanism than either the d.irect or the Rana,n process in the acceptor

state. growrdl-state vith the srne].]- splitting (rO.Oe f).
The saturation effect in the ultrasonic attenuation in p-Ge was observed.

first by OrtJ-ieb et al.5l f1hey measwed. the acoustic power d.epencience of
the attenuation and then the criticaL acoustLc pover J-evel is estiuatecl to

o
be 4'0.2 mflcua-. Ttreir critical acoustic power Leve1 is the sa,rne ord.er of
ou,rs.

We should' remark here about the calculated. temperature depend.ence of the

ul-trasonic attenuation in the absence of the .nragnetic fieLct clescribecl in
Sec. V-4. As d'escribed, aboven the calcr:J-ated l-- at J-ov tenperatures becomes.n
too suaLl in the absence of the rnagnetic fieJ.cl. ancL hence it is expected. that
some other rela:ration processes rury d.o&inate.. At the present stage, however,

we cannot take account of these quantitatively. Ttrerefore, ve c4tcr:late6

the teuperature d.ependence of the attenuation as shovn in Sec. V-A neglecting

these rel-axation processes.

●

●

●
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VI. DISCUSS10N

A. Linear Zeeman effect

SOさpangkat ana Fisher (SF)have investigated the transverse Zee7nnn efFect

of boron alna tha■ ■illm aCCeptors ■■ geFman■1lYn by lneans oF the optica■ absorp_

tion。  4  The g=va■ ues aer■ vea by sF are ■istea i● Tab■ e 3-3 for boron acceptors.

We atteコptea First tO exp■ain the MARA by us■ ,g the σ―Va■ues derivea by SF. 2,33

However, we Founa that these va■ ues were not aaequate to exp■ a■n the MARA

described in Sec. IV consistent■ yo  AS aescribed in Sec. V― B, we 
“

rived the

g―va■ues sO that the Observea behaviors oF the MARA were exp■ ainea consistent■ y`

It is o■ear that SFls ana Ours are quite aifferent beyona the experinenta■

ёrror even if the aifFerenc6 of the chё コ直ca■ shiFt nvn^■ g theSe ■コpurities is

taken into accounto  To reso■ ve this pFob■ em` we reconsiderea the sF's way

tO aerivё  the σ―va■ues.  By coコpari■8 the obServea excitation spectra fOr

the Zeemn coコリonents with the ca■ cu■ttions by Li五―chung and Wa■■i:(LCW)43

ma by Bhtttac五arjee ana RoⅢl製eZ(BR),4 SF have chOsきn m assiglament Out

oF thirty― two possibi■ itiё S for the D―■ine spectra (lig。  23 in Ref.34): Their

頭 aing princip■e was t9 adOpt the va■ ues which nre o■ ose to the theoretica■

花.蓬s:13籠 sとarぬed whether an a■ ternative assignment ms po8Stt■ e by un―

■o6sing a ■itt■e theiF guidi■ g princip■ e,  Then, we Found a new reasonab■ e

assignment by ettchangュ■g Dt and D5 tranPiti° ns in Fig. 23 of ReF. 34 (see

Sё●. V工二p…■).  The クーva■ues obtainea by the new assignコ にnt are given in Tab■ e

3-3 at the seoona ent=y tFor SFe  The new σ―va■ues alre in g00d agreement with

those obtainea From the MARA.

The g― Va■tLes Obtained iin the present inVestigatiOn are llluch ■ess than

those oa■ cu■atea in the efFective tnnss theory (Tab■ e 3-3).  The cat]ヽ さ is not

c■ear.  It shou■ a be notea, however, that th9 theOretical σ…Va■ues ,re

Sensitive to the va■ues of the va■ ence=bana parnmeters, as pointed out by

sOH.2■  IIlhe preSent Formu■as for the Zeeコ峨n sp■ittings Of the acceptor

ground「 state are der■ veこ under the fo■■owing aSSuttptions: The unperturbed

●

●
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ground state ュs separatea fro■ l both the exc■ tea states ana the va■ ence=band

e,ge‐ l ana the mn・ gnetiこ fie■d is sO s7nnl■  |lat the sp■ itting Of eaCh ■eve■

can be treatealindependent■ y・  Thi, IIleans that the theory aescribed in Sec.

III―B is va■ ia when γ ェs sma■■ cOコparea with unity, where γ is the dinlensiOn―

手eSS parnm.tlF for tlle 

…

etic Fie■ a intrOduced ty Yaret θウ αι. 8

1  Dy uSi■なthe Va■ues of the 」nranleters ■isted in Ttt■ e 5-■ , γ = 0。 27 is

Obtainea at 19o kG For oa― dOped Gee  ln this ca■ cu■atiOn of γ, we uSed″ | =

,I「
‐
“
0 (″o l, 11e free:llさ CtF°n mn,P)a, the effective mass of Ga― acceptor

ho■es in Gё , whose value is determ直ned frOm the ionization eneFgy of Ga― accOptor

(～ 10197轟 V'77 in iと effectitt mss approttmtione6o TheFeFor%the V五 健 Of

γ may be ■arger than the abOve Onee  Thus, a■ thOμgh the b9havior of the m

is e=p■ainea guccё ssf■■■y, the defivea zeetnan― sp■itting pnraneters may inc■ ude

solne erFor, sinc9 the theOry aplproaches its ■imit For the Va■ idity.

●  The σ…Va■ues 9f‐ the accepto■  grOund「State can be derived ttrect■ y by means

of ttSRコethoa.  In′ 」Gё , the successfヽ■ESR stuay have not been reported in

6■ knOw■ed撃 .二 IS乱 畠 al。■言韮 i6■ 五Ⅳ e searchea theコ sR signa■ in′_Ge with

X―bana micFowaves by ,weep■ ■g the magnetic fie■a from o t。 ■5 kG. This IFleans

that the ESR signa■ was searchea in the regi7n. σ >0・ 48.  The new σ―va■ues dOes

ュot conf■ ict wェ th lthe‐ ESR study。

●

●

●

B. Quadratic Zeeman effect (diamagnetic shift)
The quaclratic Zeeman effect is effective for the holes mowing in a

orbits r:ntler the strong magnetic fie1d (sec. rrr-B). rn order to check

ve calcuLate the coefficient of the quadratic Zeeman effect by taking a

nodeI. fhe llarnJ1tonian of the quadratie Zeeman effect is expressea tyL5

■arge

this,

siコp■e

0

|″″二
(。

2/嘉響)F:                   (6.■
)

where θ, ″, ana C arelthe e■ ectronic charge, the e■ ectron 7nnss, ana the light

→
Ve■9City, respective■y:  The veOtё r potentia■ A is gェ ven by

―■02-



●

-> 'l '+ ->A=iHxr.'2

->
vhere r is the position vector.

By usipg Eqs.(6.1) anti (6.2), rre can calculate the quad.ratic Zeeuan

energf (aiamagnetic shift) in tfre first-ord.er perturbation. When we take

the s-1ike envelope function of the acceptor ground-state as the r:nperturbecl

'wave functiono i.e., according to Eq.(S.a) and. Table 3-1,

(6.2)

(6◆ 3)

(6. \)

(6.5)

r!, = (nax3)-Il2ery Qr/a*),
OC

the enerry Mtt i-s caLcuLated as

Alttt = p2oxzl+m"") ," = qH2.

The coefficient g is calclrJ-ated for p-Ge as

or.)
q = o.5B x Lo-+ r/Yc'.

Ttris value is of the sa.me order o1 eZ and q, as shor,m in fable 5-2.

Now we consider the quadratic Zeerna,rr effect in p-Si ancL p-Ga,P by taking

the a,bove siupl-e ruottel. Using the quadratic Zeeman enerry expressed. by Eq..

(6。 4)l th9 ooeffiCient 9 iS Ca■ cu■ated as O。 ■■ X ■0~4 K/kG2 ana Ooo8 X ■o~4

D
K/kG- for p-Si a,nd, p-GaPo respectiveJy. ftrese values are sua]-l coupared.

o
vith one for p-Ge. [his indicates that the quadratic Zeenan effect is nore

probable for the acceptor holes with Large orbits as in Ge (ax = 37.8 i) anrp

in Si (a* = t3 i) or GaP (a* = 11 :.).

―■03-



C. Initial sp'litting of the acceptor ground-state

By couparing the u-ltrasonie measurements with the theory in the effective
mass approxination, it is fountt that the gror:nd. state of the shal-J.ov aeceptors

in the eubic semiconductors is split due to the initial 1ocal fie1d.s. The

splittings are inducecl by the static fields which break the tetrahedral

slmmetry at the acceptor site. In the absenee of the exbernal field.s , the

splitting nay be caused. by the initial Ioca]. stresses which is brought about

by the raritlonly ctistributed. crystal imperfeetions ancl the d.islocations as vel1
2bas veak correlations arnong the acceptor iupr:rities.'- We have characterize6

the feature of these splittipgs by the Gaussian d.istribution fr:nction in order

to make the ealcul-ation tractable. Consequently, the average spJ-itting AO

does not varJr appreciably with the aeceptor concentration in our seyfFles.

The values of o vary slightly. It should be noted., however, these values of
AO ancl. o vere obtained by the couparison of the I4ARA line-shape under the

strong magnetie fieL& with the theory as deseribed. in Sec. V-8, Thus, this
may not necessarily represent the splittings in the absenee of the magnetic

fielil'. Anyhorr, rre wiLL d.iscuss the origin of the initial splittings.
The'origins of the l-oeal fielcis ascribed. to the following mechanisns:

(r) tfre presence of point clefects such as vecancy, oxgen, hydragen, or carbon

inpurities; (e) tne presence of dislocationsi (3) interactions a^nong tbe

acceptor iryurities; (l+) tUe Jahn-Tel-ler effect for the acceptor state; (:)
others. We cliscuss these mechanisns

(f ) It is knomr that there are consiclerable anor:nts of electrically inactive
elements in germanium, which act as the point d.efects. The presenee of the

point defects moclifies the acceptor states througlr causing the 1ocal meehanical

stresses. Ife estimate the strain fields due to the point defects r:nder the

following assr:rptions: (a) ttre point d.efects are rand.orn-1y distributed. in an

el-astica-lly isotropic med.ia with a large but finite raclius. (b) rne strain
fieldls at the point of observation mainly come from its nearest neigbbor,

●
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Und.er these

a distance :P

assumptionso the

is obtained. as,

p::obability of find.ing the nearest neiglrbor

after Sonder and. Schweinlerr53

at
●

″ 二 二7rrr26導で_ r/rr3)dr,,

where l[ is the concentration of the point defects. A

d.istarrce J. is expressed a"6\ '65

?
E = A/r'.

a
Und.er the assr:uption (a), the proportional factor .A is

' /-
cliJ.ation A7 byo2

4 =轟 △7,

\rNA -2
=_*gr 3

A^ = -0.00021 K and o = 0.00055 K.
U

ム

一
３

(6.6)

strain field e at large

(6.7)

re■ated to the vo■ une

(6. B)

(6.9)

●

rrhere ! is the Poissonts ratio of the med.ia.

Using Xqs.(5.5) and (6.?), we obtain the ctistribution of the strain

field.s as

(″〃c)‐ (″/″ )(ゐ〃C)

、NA/0).

Here we take the values of fl = ro15 "r-3, u = o.27t and. Az = 8.t\ x 1g-23"t3

for the orefgen i4pr-rrity- in germanir:m tentatively. From the graptiicaf evalua-

tion, the d.istribution (5.9) has a width 2.2 x 1O-B centered on -8.0 x 1o-9.

Tl:.ese values correspond. to our average splitting AO and the varianee o as

４

一
３『

●
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These va■ ues aFe verF Sula cOコ pared w■ th キhe reSu■ ts in Ttt■e 5-2.  ThereFore,

the presence of the point aeFects does not p■ay a dOコ虚nant ro■e to fo.Щ the

inキtia■ sp■ittingS・    ‐     ‐  ‐

(2) Thё  dis■ocations mOdiFy the aCOeptor states by introducing mechanica■

stresses whiCh break thl tё lrahedra■  syココetry at the acceptOr sitee  since

the stress fie■a nr。饉 the dis■ ocation ■, very coコ p■icated, we make the

fbl10Wing aSSuコ ptiOns由 虚 siコp■ifiこ ations:(a)The liS■ OCttiotts are randoコ 彙y

distributea in an e■ハ。ti‐ca■■y =sOtrOpic unedia。  (b)A■■ the こ s■OcatiOns are

つara■■e■ ana straighti This‐  assuコptiOn enab■es us tO ■egara the system al

the two divn^nsiona■  one.‐ (c)The strain fie■as at the point Of Observation mnin■ y

come frαm itS nearestュ e■chbore‐  under these assuコptions ana siコリ■ifications,

the probabl■ ity of finこ ing the nearest n,■ghbOr at r is Obtained as

●

●

″=2赫島 (―TDr2),

where , is the ais■。cation densityo  A strain fie■ a c at

(6. ■■)

large d.istance n

三二 ι軍とssea by66

e = B/?. (6. ■2)

In ortLer to estimate the strain fieldl, the proportionaL factor B is assumed.

as

β αb/2T, (6. ■3)

where b is thё  ttgnituae OF the Burgers veCtor.

Using Eqs.(6。 ■■)Ana (6.■ 2), we obtain the distributiOn of the strain

fie■こ as

●

●

Qp /d.e) = (dp/ d.r) (itrl d.e) = -nD2B2e-3"r.r, (-nas" /." ) . (6. ■4)



●
Inltren we evaluate the distribution graphically by using the values of D = 103

"m-2 ""ra 
b = 5.56 x 1O-8 cm, it turns out that the distribution has a wid.th
a

1.1 x t0-6 centered on - \.r x 1o-7. with these results and. D-,a = 3.32 eVru

we obtain the average splittine AO a.nd. the varia"nce o as

Ao 7~°・°・
■K ana σ=o.o28K. (6. ■5)

Ttrese values are in good agreement with the results in TabLe 5-2. Tlrus, we

can take the presence of the d.islocations of the order of 103 "t-2 "" one of

the origins for the initial splittings.

(3) As one of the interactions arnong the acceptor iupurities, the possibility

of the preferential aggregation or clustering of the impurity atom is considered

first. Ilo'wever, the possibility of cfustering is 1ow in this kind" of dilute

concentrations. The second. is the splitting by the fornation of the molecular-

ion-t1pe conbination of the galJ.iur acceptors, which is probable in the presence

of the eompensated. impuritie".lo This effect can be nrl-ed. out since or:r sa.uples

are not eompensatetl artificially. The third is the overlap of the wave fwrctions

of the acceptor grouncl-state. fhis effect is discussed later in relation to

the other experimantaL resr:lts for the initial splittings.

(h) Bir has cliscusseci the existence of the Jahn-Teller effect for the shallow

acceptors in cubie semiconductot".64 Since the stability criteria given by

Bir are not satisfied. for the gallium acceptors i.n germanium, the static

Jahn-Te1ler effect is not stable in this case. Thus, the possibility is rulecl

out for these shallow acceptors.

C?rallis and. Ha1bo2g pointed. out the possibility of the dSmarni c Jatrn-Te1ler
?n

effect"- generating aclditional Iow-lying acceptor J-evel-s through the rnagneto-

the::nal cond.uctivity measurement. Since we have no tractable theory of this

effect, we cannot evaluate the possibility quantitatively.

(5) The electric field or the el-ectric fieId.-gradient effects by the point-

●
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d.efect charges, etc: may be other possibilities for the origins of the initial

splittings.

Several vaLues for the initial spJ-ittings of the Ga-aeceptor ground-state

in Ge have been reportecL, vhich are shovn in Table 5-1. We have characterized

the &istribution of the initial splittings by the Gaussian d.istribution. On

the other hand, ChalLis et aL 31 
".rd. 

Ortlieb et aL.51 
"""um.d. 

that the distri-
bution is constant up to a maximum vhose value is given in Table 6-1. The

of the initial splittings are vitlely distri.buted. regard.less the similar

acceptor concentrations ancL d.islocation densities. Ultrasonic ueasurements

give the smaIl values in spite of the cLifferent assr;mptions for the distribu-

tion of the initial splittings. Heat-puJ-se propagatiorr2S and. the:mal- conduc-
?'ltivity-- give the J-arger values than the former ones. In ad.clition to this

faet, our results are the smallest ones in the four extrrerimental results. Ttre

cause of this d.iserepancy is not clear at the present stage. Howeverr.we

notice the fo'lloi,ring faets.

(a) As pointed. out in Sec. V-C, the level broad.ening d.eterninecl from the MARI\

line-shapes is too smalJ. in the absence of the magnetic fie1d.. Then we suggestecl

the presence of the rela:ration mectranism due to the interaction among the

aeceptor impurities, which causes the initiirt splitting effect5-vely in the

absence of the rnagnetic fieldt. At this point, we consid.er the shrinkage effect

on the vave fr:nctions of the acceptor ground-state. By variationa-L method ,

the shrinkage of the effective Bohr radius is given by62

α器(I)= α警[■ ― (くα器3/2″器σ
2)″2],

vhere ax(n) and a* are the effective Bohr rad.i.i in the presence and. the absence

of the rnagnetie field.r respectively. r and. mx are the d.ielectric constant and.

the effective uass of the Ga-acceptor holes, respectively. Using the values

listed in Table !-1, we fintl. that the shrinkage of the effective Bohr raclius

●
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●
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tsle 6-1. Il]lttal spLitttlgg of the Ga-ecceptor groutrd-stste ln Ge anil tbe assufiptioa8 fo! the Ai6tfl-butlon.

. saq)].e cbaracteliBtlcr Asstq,tions for
cqrceatratlon Dlslocstlon^dlensity rnltleJ-apr1!!1lrgE 

.. .
(co-3) ("r-2) (K) the dletrlbution

Fje].cl]-y et al,a 5 * tolh' ir

(Heat-purse propagation) l.T * ].ot' 'nknownl

l+.2

5,9

10.0

0.09

-0.02 (o.o:)

-0.02 (0.03)

-0.02 (0.051

(a)

(g)

(c)

Challis et al,b
(tnermal conductivity) 1.3 * lo15

Ortlieb et al,c
(ultrasonic attenuation 3.0 x 1015

atH=OkG)

3;5 x tO15

I x 1o1ll

T.o * to15

e.5 * to15

Ir

^,10'
(B)

Present
(Ultrasonic attenuation
atH=lOOkc)

～700

tu700

n p00

tul+00

aSee Ref. 28, bsee Ref. 31. csee Ref. 5]..

(a) f'rre distribution is characterized by a force per r.rrit area of average magnitucte given in the Table

anct r.andom *irection.
(s) the d.istribution is constant up to a maximun value, whose value is given in the Table'

(c) tte d.istribution is representett by the Gaussian distribution fr:nction, Es.(S.31) in the texb,

with the average values Ao and. the variance o (paranthesis). Tlrese values are given in the Table.



i, 2。 6 % at loO kO・  :The shrinkage Of the wave functiOns at ■arge distances frolll

the ■mpllrity atoms i, ■arger than that of the effective Bohr radius:62  The

■nteraction anlo■ g the aCCeptor impurities can be reducea by this effect under    ‐

Strong nagnetic fie■ a`  Then, the rё ■axation mechanisln is quenchea at the strong

7nn gnetic Fie■a where the MARA was Observea.

(b). When we take the ■nrge キa■ues oF the initia■ sp■ittings, e.g。 , the va■ues

ユニ札d二島1皇二

`二

皐prttaとょion28。 i themtt conducti五け,3■ .s the paraneters

for the Callqsian distribution, the teコ peratl]Te dependence oF the u■ trasonic

attenuatiOn cannOt b91eXp■ ained:  The caicu■ ated attenuation aecreases with

de,reasi■なtle teコperttvre te■ 9w4K,■hiCh COnf■icts with the observatlons

deScribed in Sece rV_AI

D. Relation t0 0ther experimental results

7. Magnetooptical meastlpements by Sr3\

We tiiscuss the yay to d.erj-ve a new assignment for SFrs magnetooptical spectra,

which reso:L.ves the-clifference between the g-values obtainedt from the I{ARI1 and.

the SFrs resuLts as d.escribecl in Sec. VI-A.

We will discr:ss the D-line spectra in B-d.oped Ge for fr / / l}or-] identicat to
al,that of SF.'* When the magnetic fie].d. is appliedo the couponents of the D-line--t

are assigned. in thirty-two vays. We take up four cases, where the relative
intensities of the Zeeuan couponents agree weJ-l. with the theoretical ones\3, l$I

for the D-Line. These four assignraents are illustrateci. in Fig. 5-J-. fhese are

clivicl.ed. lnto two cases " viz., either ,D , O ot oD < 0, where ar, is the para.meter

of the tra,nsition probability for the D-corponents introd.ucea ty sn.h\ Since

the sign of x, is undeternined.at this point, it is necessarTr to consider two

cases. In Fig. 5-1, (a) and'(t) are two assignrnents f9r oD > O, and (c) ana (a)

are for ur< 0. Ttre assigr:ment (a) :.s the sa;ne one acloptett by Sf (fig" 23 in
Ref. 3l+). Corresponding to these four assignments, the g-values of B-acceptor

gror:nd-state can be carculated. by using the sFrs ciata as follows:

●
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FIG. 5-1. Four possible assignm.ents of the electric-
d.ipole-transition for the D-components from the
magnetooptico'I, spectra of boron in germanium und.er
-> ' ?)r
H // tO01l eiven by SF."'
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οt aZ,29,3■  .

We conSiaer the ttgnltothe脚 。■cOnducti宙ty in■まt■y Ga“doped Ge by

Cha■■is at αι。29,3■ TheとFperilllenttt resu.ts lor古 ′/[■■o]五re charttι terizea

as fo■■ows: 工n the Ynngnetic Fie■ d be■OW 89 kG, thё  conauctivity shows a s■ ight

increase lana then has a maxintumo  The maxj.コ um change is ■ess than ■ % comparea

l1111lT‐ lilll.TS,1'「 ?rl,TTす 1.:干「 l'i li'Pす Ti°
r iS Sitt・ ar

tO the other ttgneticlfiela airections,  4, the Ynngnetic Fie■ o inこreases above

OO kO,thl Ⅲducti■t,■ё
`ユ

ともとももto i30 kG轟 縫町墓島士Lと もetweとn■ .8

●

●

●

…■■2■



● ar;1d- 2.! K, or has a minimr:m at teuperatures between J..J.h and. 1.35 K. This

minimr:m shifts toward the lover magnetic field. with d.ecreasing the temperature.

The rnagnetothermal conductivity in p-Si has been erqplained. by the SM-mod.eJ-

. 1t

nodifiecL by consid.ering the linear Zeeman effect.13 Howevern the nagnetothermal

conductivity in p-Ge cor:ld not be explained. by this :nodeI. Challis et aL.29'3I

ascribecl the anomalous behavior in p-Ge to the existence of the 1ow-Iying

excitetl. states by the dlmamic Jatrn-Teller effect3o fot the acceptor state.

fhe enerry spacing between the. ground. state ancl the 1ov-Iying excitecl states

are smaller for Ga in Ge than for B in Si, provid.ed. the values of the deforma-

tion-potential- constants are similar in these materials.32 Therefore, if the

anonalous behavior in the magnetother:nal conductivity in p-Ge is caused. by

the excited states, a siudlar anomaly should. be observed. in P-Si, in contra-

dietion to the extrreriment.

ltre consid.er that the reported. anomalous behavior of, the yn4gpetothermal

conductivity in p-Ge stems from the use of the inaclequate Zeeuan-splitting

para"meters and the neglect of the quad.ratic Zeeman effect. Now we calculate

the magnetothe:mal.conductivity in p-Ge at low temperatures by using the new

g-values a,ndi taking account of the quadratic Zeeman effect. We use the usual
2'l

senri-phenomenol-ogical forutila for the lattice therual-conductivity:-'

バムつ=務
t主考壻子写 :五 (6. ■7)

w■th

●

●

●

(6. 18)

where * = nn/kf and Tggt Trr and ,h-, ^r. the phonon relaxation times due to

the bor:ntlary, the isotopie, ancl tfre 
-""".ptor-hole 

scatterings, respectively.

fhe subscript f, denotes the phonon branch as d.escribed. in Sec. III-C.
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"l Fel]テ
ti?n_rtte τ

z?~・
in tle liまt OF t,|■eOry ‐ 1 1

de,cribea in sec. I工 工by taking ,CCOunt pF the fo■ ■ow■■g three processes3               ,

thё resonance scattering9ithe secona― order e■astic scattering, and the

secona―order ine■astic scatter■■g・  Thё ettpressions oF the re■ axation rates   ‐          |

for these three processes arO giVen in Appendices B, C, ana D.  In the present

cdcu■ttion,we consider thさ case OF宙 〃 [oo■ ]SinOe the Formu■ as become

too oomp■icttea Foi宙 〃 [■■O]ana the ttperilnenta■ resits are si五 ■ar for

these two casese

We consid.er first the the:mal condluctivity assuuing that the initiaL

splittings ane honogeneou$ for siuplicity. Figures 6-Z anct 6-3 sholr the

calculated^ magnetic field, d.epentLences of tbe thermal conductivity at 1.10

ancl 2.50 K, respectively, in the sa,rryrJ-e of Challis and Hatto.29 Ttre nunerical

values of the paraneters used. are listed, in Tab1es 5-1 and 5-2. Ihe conclue-

tivity is 'normal.izecl at 30 kG, above which the present theory ean be appliecl
?'r

rather well. In these figures, the dl.ata by ehallis et aL.-* are al.so shovn

by broken Iines. At 1.10 K, tbe conductivity d.ecreases with increasing the

:ng,gnetic fieJ.d. and. then has a minimtm at sone strength of the rnagnetic fiel-ci.

The ninimr:m shifts tovarcl the higlrer me.gnetic fieLct with decreasing A as

shown in Fig. 5-2. llith further increase of the magnetie fieLd., the conductivity

increases. On the other hand,, the concluctivity d.ecreases with inereasing

both the r4agnetic fie1d. up to L30 kG anct A al 2.10 K as shown in Fig. 5-3,

In the above caLcrrlation, we assumed. the hotnogeneous initial splittings.

lihen ve take accor:nt of the clistribution of the initia-l. splittings, the

cal-cul-atecl:nay agree the observed. nragnetic fie].ct clepencl.ence. Further, the

ad.optect splitting is of the order of 1 K, which is much la.rger than one obtaineil

lbom the MARA. Ettis nay be ascribecl to the fact that, for the study of the

themal conductivity, the intimate contact between the heater ancl 11r" saynple

is requiredt to reduce the contact resistanee. We ca"nnot rule out the posibiltty

of the introd.uction of the external stresses ancl f\rrther the distribution

●
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FttG. 6-3。  Ca■ cu■ated magnetic fie■ a dependences Of the
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So■id ■ines denotea by α9 わ, ana ο indicate the reducea

therma■  conductivities llnder uniforIIrl sp■ ittings △ = 0.5,

■。0, and■ .5 K, respectiVe■ y.  BrOken ■ine represents the
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seens to us to be rather complieated..

Below 30 kG, ve cannot make the quantitative d.iscussion on the thermal

concluctivity as well as the ultrasonic attenuation because of the l-init of the

present theory. Ilowever,'we can say that, in the 1ow Uagnetic fieLd., the

movements of the Zeernan subleve1s by applying the magnetic field. are very

sl-ov as shonn in Fig. 5-5 reflecting the smal-J. g-values. [tris may orpJ-ain

the fact that the change of the concluctivity vas sligbt

●

●

●
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● VII. SUMMARY AND CONCLUDING REMARKS

We have shovn that the observed MARA, as firnctions of the acoustic fre-

quency, the tenperature, the magnetic field d.irectiono the aeceptor eoncentra-

tion, the acoustic pover, the acoustic mod.e, the propagation direction, and.

the uniaxial stress, are ex;llained. consistently in terms of the interaction

of the ultrasonic waves vith the gallium-acceptor holes in the effective uass

approximation. Consequently, ve couJ.d. deteruine the Zeeme^n-splitting para,:neters.

We have shovn that the g-values reported. by SF cannot orplain the I{ARA. Hor.rever,

by re-examining the assigruaent of SFrs d.ata, we have shown that the g-values

which are close to the present results are derived.. Ttre present g-values

seeus to be usefirl to explain the uagnetother^nal coniluctivity and to be con-

sistent vith the fact that the ESR signals have not been d.etected. in the

region corresponding to g > O.l+8. We have shown that the quadratic Zeeman

effect is appreciable in p-Ge, whose effect becomes comparable vith the ordinary

linear Zeeman effeet near 100 kG.

From the analysis of the I4ARA line-shape near 100 kG, we have

●

the initial splitting of the acceptor ground.-state. By using the
o

splittings, u'e have cal-cuJ.atedl the 1eveJ- widths ancl ve have shown

].eve]-, widths become too narrow if we consider the tlirect and the

associated. vitb the the::rna]- rchonons und.er the assuuotion tbat the

estinated.

estirnated.

that the

Rernan processes

i.upurities

are isolated,. The transverse relaxation via the interaction auong the iupurities

may be an acltlitional mechanism to the J.evel broadening.

Final.Iy, it is vorthwhile to point out some tinitations of the theory

d.escribeil in Sec. ffI, which have been noticed. dr:ring the study. First, the
o

present foruulas of the ultrasonic attenuation does not take account of the

1oca1 equilibrium of the acceptor hol-es a^ncl. therefore seens to be vaIid except

for trtt 44 1r wbere trt is the a.ngular frequency of the phonons andl t is the

relaxation time of the acceptor holes. This means that the theory is usefr:J-

.58in the low temperature ranger e.9., below 4.2 K. Secondly, the present

―■■7ニ



theory stancls vhen the Zeenan splittings of the acceptor ground-state are

larger than the initial splittings due to internal l-ocal stresses, i.e.o

lt ,*l or lr"sl " lao | .

On the other hancl, the present formulas f,or the Zeeman splittings are valid.

vhen y is smal.J- compared. vith unity as clescribed. in Sec. VI-"A..

In steacL of the plesejnt proceclure o the e:r-istence' of, the {ynam'i c Jatrn-Teller

effect for the acceptor state in germaniun has been proposed to ercplain the

nagnetothdnnal coniluctivity. We cannot-nrLe out the posibility of the effect.

Hovever, we baYe explained. the MABA and. other phenomena in terus of the

acceptor-hol.e-lattice interaction in the effective mass approxirnotion.

●

●

●

0
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APPENDIX A

Comparison of the resonance conditions (5.1) and (5.2) with the observations

Ttre left-ha^nd. sid.es of the reson&nce conclitions (5.r) ancl (5.e) are

rewritten by the folJ.owing parabola,

f;(x,r) =z(er*q3)@-n]2 +Ao+ ex-z(az eu)aoz, (A。 ■)

where

礼|=ち

`σ

.′ 1号σ2')/4(42=93): (A。 2)

Hhen double signs appear in the expressionso the upper antt the l-ower signs

corespondL to the conditions (:.r) ana (5.2), respectively. Each parabola

of f*(Xra) is classifiecl into four cases accord.ing to the coefficients as

(:.:). We finct that'the parabolas f*(Xra) for the cases (a), (U), (c), ana

(a) in (:.f) have the same properties as the parabolas f-(x,g) for the cases

(u), (a), (a), ana (c), respectively.

First, ve consid,er the case (t) ror f*(xra) or the case (a) for f_(X,fl).
fhe parabola in these cases is shovn in Fig. A-1 scbematically. When the

relation AO - 2(qZ e=)n,z < 4tu is satisfied. at X = O, lf*(X,a)l = frw

gives four roots Eg, EBt HC, and. E, as shor,rn in Fig. A-J-o where the resonance

conclition is satisf,ietl. When the uniaxial stress is appJ-ied., the paraboJ-a

is raisecl. Then EA, HB, Ilrr antL l/, shift as shown in Fig. A-I. With further

increase of X, the roots become two (fi, andt flr) ancl, when

x > l2(ez * q,,)uoz - Lolle, no roots are for:nd..

Next, ve consid.er the case (a) ror f*(xrn1 or tbe case (t) ror f_(xra1.
lihen ve calculate EO accorcl.ilrg to Eq.(1.2), ve find that flO has a negative

value for these tvo cases. Lastly, we consicler the remaining cases. Since

QZ ?3) is negativeo the roots (or the resonance fields) shift in opposite

●

●

●

●
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.        dire,tionS t0 0nes shown in lig.A― ■,

Now■ et uS CO口 pare the obserVea resOnanae_peak p6sitiottζ  under古  // [00■ ]

五nd支 //[06■ ]ghown in F,な 。4-24+ith the abOve resonance conditlon・ The  (

l      observea resOnance―peak,positions of the peaks 4 and B were shiFtea toward

the ■ower mn gnetic lFie■ as with increas■ ■8 the uniaxia■  Stress.  On the Othё r

ha五こ, the resonance―peak poSitions of the peaks σ and,were shiftea tOward

‐     the higher油 ^gnetic Fie■ag with increas■ ■g the uniaxia■  stress.

Thёse peよs disappeared at FO〒 45 kG,which is positive. This behⅣ ior i●

ettp■ ainea if we Fegara the resonance Fie■ as oF the peaks ■, 3, θ, and D as

I I  れ 'ち '・ 9'T'ら 'r?SpectiVe.y'in the caSe`b)fOrム
(χ ,″ )Or the case

(a)for∫ (χ,I).   |

●

●
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●

F(κ ″)

/―-0.

FrG. A-i-. scheuatie representation of the function f(xru).
Ttre vertieal- arrovs ind.icate the increasing direction of
the wriaxial stress i, and the coruespond.ing shifts of the
resonance fields denoteil Ay Hl,, HB, Hy and. H, are ind.ieated.
by the horizontaL arrows

●

●

●
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●
APPENDIX B

Expression for the phonon re'laxation-rate due to the resonance scattering

by acceptor holes

The orpression for the phonon relaxation-late due to the resonanee

scattering is derived, by usipg f,irst-order perturbation theory (Gotaen RuJ.e),

with a1-1. higlrer-order tqtms representecl by the introduction of the level

broatlening af,ber t<*ok.lL Ttren the relaxation rate bu"o*u"2T'28

∵・71酵 L― 墓←7月ξゲ12/。 ,t
●

‐ Xふ
∴

′り 7′
r Щ t%― 脅

tノ ,

where notations used are the snme ■n the textt  At this

■eve■ wiaths nre taken into account by s■ mp■y rep■ aoing

a■Orentz■an, ■le。 917,28

残 +L′
δ(%′πT‐ r%し

)1
(rn,r-fruqt)2 + (tn+ Tn)2

(B。 2)

The rela.xation rate is evaluated. in the quasi-isotropic approximation

for an alis of quantization along the [001] d.ireetion. Ttre relaxation rate

is cierivedl for al-L three acoustic rirod.es; fhe results are enunerated below

with the indlex t = 1 d.enoting the longitud.inal, t = 2 the fast-transverse,

ancl. f, = 3 the slow-transverse phonons. From fable 3-)+, the average relaxation
27

rate o 
-

i, t (et) = (r/l+n)//singdgdg t r-r (et),

■

一
Ｔ

(B,■ )

point, the Finite

the δ…function with

(B.3)

●

●

can be calculatedl as

〒・■ll寺 |―
きや←り]唱ゲポO X3′
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r,rrhere , = ,qt andt B, is given byo for * = 1r
●

Bi =Ⅳ
l[|;

+Ⅳ l,[=

「二  十  r2 + 22 + ■        
Γユ  す  Γ3

(rrr-hw)2+(rr+rr)2 5 (tr, - ftu)z * (rr + rr)2
ri  t  r2

11?[:争 竜 _zω )2 ‐ (「. す (Et+e-fru)z * (fz + r4)2

2 L .       「 .  十  F

(Eus - h.u)Z + (r, +

fs+rh
∵5嗜 予

+午

れ

一
５

＋
「 2  +  r4

「 2)2

２

一
５３

Ⅳ
´
＋

Γ
3  +  「 4

計
十二十     ]

「 2  +  F凛

(Ez.\-hw)z * (re+t4)2

(s. 5,

For 多 = 2 ana t = 3, 32 nnd B3 are obt,inea by the Fo■■owing substitutiOns

for the nullerica■  cOefficients in the square brackets in the above e=pressiOn.

●

■
２。

，

２

一
５

一
ａ

譴
■
４↓

２

一
５

■1午 す f°r32(渉 〒 2)3

F°r B3(す =3).
■

一　
＋

２
，

〔下
・れ下

(B.6)

(B.7)

●

●
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●

APPENDIX C

Expression for the phonon re'laxation-rate due to the second-order elastic

scattering by acceptor holes

The first te::n in the perturbati-on series f,or the elastic scattering

is of second. ord.er. It arises from tvo-step processes in which the acceptor

holes make the transitions from the initial state to any possible interned.iate

states, md succeed.ing transitions to the final state. Ttre ercpression for

the phonon relaxation-rate due to these secondl-ord.er elastic scattering by

acceptor holes is d.erived. by using the second. Sorn approxinration. Then the

rela,xation rate bu"ot"2?' 28

tも 寺
嗜ちIⅢ 月

'お

L,野納 り が彰ウ
,

|: 1 11襲 i

●

●

(c. r)
where flt ntt artd.nt d.enote the initial, the interned.iate, ancl the final states,

respectively. Notations used. are the sa.me in the te:rb.

For an axis of quantization along the [00].1 d.irection, the a,vera;ge re-

laxation rate in the quasi-isotropic approximation can be calcul-atetl by the

sane proceclure as Append.ix 3. TLre result is given by

―い詩 ‐
"愉

X
:θ

■00 %,

where O(みω)is expressea byコ qご (3.34) and σ
ウ iF given by,

(C`2)

●

σ・= ・・1:::i:i:17;[1吉

::‐
1

lra
\t@a * r)Es' + zD2@u)2\ 

_

―■25∵
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||ユ: す   ‐ |

IⅢ  I   ■
|‐

|‐

|| :   LI■
For t = 2 ,ld t 〒 3, σ2 anO θ二 ,1, 。btaineo by the Fo■■ow■■g subStitutions

for the numer■ ca■ coefficients in the square brackets in the above exprё ssion.

●

8,7 and 4→ ■fOr%(t=2)3     (Co 4)

8■ 5 and 4→ 5 fOr%(t=3). (C.5)

The unphysica■
 o多Vergenci,s in these ettpressions can be reコ ovea by

taking accOunt oF the Finite ■eve■ wiaths Of the acceptor state.  This just

c6rrさspOttas to ttaking the sttstitutiOn27,28 
‐              ‐

| 'コふ′11(%ω )2〕 Tl‐ →11{ぅか1-(Zω )2}2+「解′
2(L+LP)2]―■。(C.6)

●

●

●
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●
APPENDIX D

Expression for the phonon relaxation-rate due to the second-order inelastic

scattering by acceptor holes

Ttre inelastic scattering in the second-orcler perturbation falJ.s into

two categories. Ttre first, 4..'-l{qt), is associated. with the hoJ-e t:iansition

fromthe upper level (n) to the lover level (n'). The relaxation rate for

this process is readily obtained. from the seconcl Born approxirnation. Taking

accowrt of the d.irect and the inverse processes, we introduce the various

statisticaL factors for the phonons. f,?ris inelastic proeess gLves the

relaxatio n ,^tu27'28
●

●

iもしL輸―瘍・:ゲ鋤Σt》
9fサ
P雛如

υt                               η

諷ウ ■場( +協
「

“

%t
)12

|,(Z%鳴 P― Z%t~%′″)・ (De■ )

Another inelastic process involves the hoLe transition from the lower

1evel. (n) to the upper leve1 (n') ay either therna1ly assisted phonon absorp-

tion (fr'wohpnon < EyLrT) or inelastic scattering (fr^plrr-, > Enrn). The rel-axa-

tion rate for these processes is also obtainecl. in the seconiL Born approxima-
27.28E10n as

下L「・崎
マF粋 |~1午 鶴軸 f%角∵ o/弓 ′

l豚  1

●
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●+ (r - .1(nq,t, + t)6(frurtt, _ rrn, * En,r)J, (o. a)

wtrere e is the step firnction

tL for fru <E. -l qv n'nc'-l (o. s)t0 for ftw , >Eqv n'n.

and. n is the clistribution fr:nction of the phononsqT v"v !'4v'

nqt=lsa(fiuqtlkr) -:-l, (D.4)

ancl other notations are the sa,me in the text.
For an axis of quantization along the lool] direetion, the average

relaxation rate in the quasi-isotropic approxination can be calculated. by

the sa'rne procedure as .$ppenclix B. rt shou].d be noted. that the final e:grressions
_ - -'l , - -1 -for t, *(qt) and tr-*(qt) are similar. They wiJ-1, therefore, be vritten
together as T, 'r(qt) where the upper and. the lover subscripts are associated.

2

w:ith the upper and' the lover signs or equations, respectively, vhen double

sig:s or double eguations appear in the e:cpressions. ftren,

●
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For f, = 2, DZi Q) = I, 2, 3, h) are obtained. by the following substitutions

for the pairs of, the numerical coefficients in the curly brackets in the

above expressions, i.e.,

{8,8}‐ → {■2'7},

{4,4}→ {6,■ }, (o. ro)

For t = 3, D^. (i = I, 21 3, l+) are aLso obtainecL by the silni]-ar substltutions,-5L

i.e. t

{8,8〕 十 {o,5},
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and δ(F)is thさ  dё■ta FunctiOn ana c(F)is deFinё a by Eq。 (3.34).
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